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Keynote Lectures

1. Kim Bennell - University of Melbourne

• Keynote
• Applyng biomechanical research to inform clinical

management of musculoskeletal conditions
• https://youtu.be/8uk4KjC9Jz4

2. Irene Davis - Harvard Medical School

• ASB Borelli Award
• Why Movement Matters: Application To Treating

Overuse Injuries
• https://youtu.be/I1QZS7BWgAo

3. Joseph Hamill - University of Massachusetts Amherst

• President’s Lecture
• Another “Few” Bricks in the Wall
• https://youtu.be/O7v0priJYZg

4. Hugh Herr - Harvard University

• Wartenweiler Lecture
• On the Design of Bionic Leg Devices: The Science

of Tissue-Synthetic Interface

5. Ralph Müller - Institute for Biomechanics, ETH Zürich

• ISB Muybridge Lecture
• From Mechanics to Mechanomics: A Journey

through Bone
• https://youtu.be/ngA1zUD33go

6. Heike Vallery - Delft University of Technology

• Keynote
• Robotics for Human Motor Augmentation: The

Challenge of Minimalism
• https://youtu.be/tn1FwIVYRLA
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Invited Lectures

1. Alaa Ahmed

• Vigor of movement and economic utility: Is move-
ment a window to the mind?

• https://youtu.be/lUk5lYjgEmA

2. Thor Besier

• Personalisation of biomechanical models to under-
stand joint degeneration

• https://youtu.be/_IdfaU5PMFU

3. Andrew Biewener

• Linking in vivo muscle function to whole body me-
chanics and movement

• https://youtu.be/--YcVFIeDXY

4. Silvia Blemker

• ASB Founders Award
• https://youtu.be/8aZecGEm0EY

5. Elizabeth Brainerd

• Imaging
• https://youtu.be/9XFq6cn0x2M

6. Steven Collins

• Human-in-the-loop optimization of exoskeleton as-
sistance

• https://youtu.be/t1o-RheoNc8

7. Scott Delp

• ASB Goel
• https://youtu.be/KCXPDQqVsNc

8. Taija Finni

• Evolution and revolution of tendon research
• https://youtu.be/BteEd2THQgE

9. Samantha Harris

• Skeletal Muscle
• https://youtu.be/202gjlg34xM

10. Cheryl Hubley-Kozey

• Biomechanical and muscle activation patterns as-
sociated with clinical versus structural progression
of knee joint osteoarthritis

• https://youtu.be/-iyb_-Tbvmw

11. Stephen Robinovitch

• Preventing falls and injuries in older adults through
biomechanics
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Summary 

For most synovial joints, muscles provide the primary loading. 

Strong muscles that are working in balanced synergies are 

associated with joint health, while muscle weakness and 

muscle imbalance have been associated with joint 

degeneration often leading to osteoarthritis (OA). 

Furthermore, early OA has been thought to cause muscle 

weakness, while exercising has been suggested to reduce OA 

progression, even though it causes increased joint loading 

compared to sedentary behaviour. Here, we will try to 

untangle some of the myths surrounding muscle health, 

muscle-related joint loading, and joint degeneration leading to 

OA using pre-clinical (animal-based) research approaches. 

Introduction 

Muscles move joints and provide loading to joints. It has been 

suggested that movement and joint loading are ess ential to 

joint health, and that exercising is beneficial for healthy joints. 

In contrast, muscle weakness and muscle imbalance has been 

associated with joint degeneration and osteoarthritis (OA), but 

it remains unclear if OA (for example in the knee) caus es 

quadriceps muscle weakness or if quadriceps muscle weakness 

is an independent risk factor causing knee joint OA. 

Unravelling these questions is difficult in human subjects, as 

muscle forces and joint loading cannot be measured (easily), 

and OA progression occurs at a tremendously slow rate 

requiring years to observe reliable structural changes in 

articular cartilage and bones. The purpose of this presentation 

will be to identify the role of muscle forces in pre-clinical 

models of OA. Examples will include (i) the changes in 

muscle forces observed in a post-traumatic model of knee OA 

(anterior cruciate ligament – ACL - transection in the cat), (ii) 

changes in joint health in the presence of muscle weakness 

and muscle imbalance, and (iii) rescue of knee OA through 

strength training in a diet-induced obesity rat model.   

Methods 

For experiment (i), ACL transection was performed in the cat 

knee using an established surgical approach [1]. Muscle forces 

were measured either using an implantable tendon force 

transducer (quadriceps tendon) or a buckle-type E-shaped 

force transducer [2]. Force measurements were performed 

prior to ACL transection, and again at three time points 

between 1-3 weeks post ACL-transection.  For experiment (ii), 

muscle weakness was induced using controlled botulinum 

toxin type-A (botox) injections into the quadriceps muscles of 

rabbits (acute preparation) or by vastus lateralis denervation 

(chronic preparation) [3, 4]. Assessment of knee joint health 

were performed at 1, 3 and 6-month post botox injections. For 

experiment (iii), rats were fed a high-fat, high-sugar diet that 

produces reliable and consistent knee OA within 12 weeks of 

diet exposure. Rescue of the knee OA was attempted using a 

strength training protocol three times a week. For strength 

training, rats climbed an 80 cm ladder with increasing weight 

resistance (weights attached to tail) until they could not 

perform the task anymore.  

Results and Discussion 

ACL transection resulted in a vastly decreased loading of the 

experimental hind limb and was associated with a reduced 

hind limb extensor muscle forces, and altered activation 

patterns. This unloading of the knee resulted in a softening of 

the articular cartilage within 4 months, and altered force 

transmission across the knee for identical knee joint loading 

conditions. 

Botox-induced quadriceps muscle weakness (70% decrease in 

maximal force) was associated with visible and quantifiable 

knee OA in rabbits at 1 months follow up, and these results 

were confirmed at 3 and 6 months follow up testing. 

Finally, a strength training program in a diet-induced knee OA 

model, resulted in a complete abolition of knee OA when the 

training was started with the onset of the high-fat, high-sugar 

diet.  

Conclusions 

Muscles play a crucial role in the maintenance of joint health. 

Traumatic knee injury leads to an acute unloading of the hind 

limb, a reduction in muscle force, and associated atrophy of 

the quadriceps muscles, resulting in a weakened knee extensor 

musculature. This series of events might trigger a vicious 

circle as knee extensor weakness (induced through botox 

injections) and knee extensor imbalance (induced through 

controlled muscle denervation) leads to knee OA. However, 

strengthening muscles though a strength training program can 

rescue an obesity model from consistent and reliable knee OA.  
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Summary: Osteoarthritis (OA) is a prevalent, debilitating and 
costly condition that affects many joints in humans. OA onset 
can occur post joint trauma, e.g. anterior cruciate ligament 
rupture and reconstruction (ACLR), or from joint abnormality, 
e.g. femoroacetabular impingement (FAI). Once OA is 
established at the hip or knee, disease progression can vary 
depending on the unknown interaction of many factors. 
However, abnormal joint contact forces are believed to be a 
major factor in OA onset and progression. This presentation 
reviews recent work using EMG-informed 
neuromusculoskeletal (NMS) models to better understand the 
role of the musculature in OA progression. NMS modelling is 
revealing that muscle and joint contact forces may be lower in 
people suffering from hip or knee joint conditions. Also, lower 
joint contact forces are possibly related to fast joint tissue 
degradation, hence we may need to rethink the action of 
muscles on joint articular loading in OA processes. 

Presentation: Osteoarthritis (OA) is prevalent, debilitating 
and costly condition that affects many joints in humans (e.g. 
hip, knee, shoulder). OA onset can occur post joint trauma, 
e.g. anterior cruciate ligament rupture and reconstruction 
(ACLR), or from joint abnormality, e.g. femoroacetabular 
impingement (FAI). Once OA is established at the hip or knee 
disease progression can vary depending on the unknown 
interaction of many factors. However, abnormal joint contact 
forces are believed to be a major factor involved in the onset 
and progression of OA [1]. 

But what are abnormal joint contact forces? Over-loading the 
joint articular tissues (e.g., subchondral bone and cartilage) 
has been long-time believed to cause OA onset and 
progression. However, this belief stems from measures of 
external joint loading, e.g. knee adduction moment (KAM), by 
which we infer joint articular loading. In knees with OA, or at 
risk of OA, greater KAM has been associated with disease 
structural markers [2], progression [3], and pain and 
dysfunction [4]. However, in patients after ACLR or with hip 
OA and internal articular contact forces have lower 
magnitudes than healthy controls [5, 6, 7].  

It has now become clear that external joint loading does not 
equal internal joint loading. This is because joint loading is 
dominated by the action of muscles as they generate joint 
motion and/or stabilize the joint. Additionally, muscular action 

depends on muscle anatomy and physiology (i.e. physiological 
cross-sectional area, muscle fiber and tendon lengths), 
moments arms and activation patterns.  

In people with joint injury or OA, the muscles’ anatomy, 
physiology and activation patterns are different to normal. For 
example, compared to healthy individuals, people with hip OA 
or FAI often present with altered muscle activation patterns 
and greater muscle co-contraction [6,8]. People with hip or 
knee OA, or post ACLR have muscle atrophy [5]. Finally, all 
these conditions have altered ranges of joint motion [1]. So 
how are we to ascertain role of muscles and subsequent joint 
articular loading with all these altered neuromusculoskeletal 
(NMS) factors? 

NMS modelling (e.g. OpenSim) offers a way to investigate 
muscular and articular loading in the native joint. These 
models can be altered to reflect changes in muscle anatomy 
and physiology. Also, electromyography (EMG)-informed 
NMS models, such as CEINMS [9], can account for 
individual’s unique muscle activation patterns [9]. 

Recent work using EMG-informed NMS modelling is 
revealing that muscle and joint contact forces may be lower in 
people suffering from a joint condition, e.g. ACLR, hip and 
knee OA and FAI [1,5,6]. Also, lower joint contact forces are 
possibly related to fast joint tissue degradation [1,5,7]. So, we 
may need to rethink the action of muscles on joint articular 
loading in causing the onset and development of OA. 
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Summary 

A causal relationship between pain and gait alterations in knee 

osteoarthritis (OA) is often implied in the cross sectional 

studies, however evidence of a casual relationship between 

pain and gait mechanics in the literature is limited. We have 

explored the motor system response to acute exacerbations of 

pain in OA to begin probing how pain may lead to mobility 

deficits and progression of symptomatic OA.   

Introduction 

Pain is the primary symptom in OA and the most common 

reason individuals seek medical care. Patient reported pain and 

function are also key factors used in the decision making 

process for total joint arthroplasty timing. OA pain typically 

presents as two distinct types- a constant deep aching pain and 

a varying component that is more intense and often less 

predictable. The latter pain is often movement-evoked pain, a 

characteristic symptom in knee OA differentiating it from 

inflammatory arthritis. While minimization or removal of joint 

pain is often a key goal of clinical care, pain has an important 

physiologic role and acts with and/or stimulates motor 

adaptations to protect tissue from threats of damage. 

Removing the protective pain response may have negative 

consequence in osteoarthritis, a mechanically mediated 

disease. However, the pathogenic significance of osteoarthritic 

knee pain is not well understood.  

A greater sensitivity to pain with physical activity is related to 

overall self-reported pain, diminished walking performance, 

and may have a greater impact on quality of life than constant 

pain. However little is known about the motor system 

response, if any, to this short term fluctuation in pain. This 

presentation will discussion the evidence supporting a 

dynamic motor system response to pain variations in knee OA 

and potential implications for mobility and symptomatic 

progression of OA. In response to a painful stimuli, the current 

theoretical models suggests that activity of muscles that 

produces a painful movement will be uniformly inhibited, 

while the activity of the antagonist muscle to the painful 

movement would be facilitated [1] or alternatively that muscle 

activity is increased in all muscles regardless of the task [2].  

Pain response: Movement evoked pain 

To quantify the biomechanical and neuromuscular response to 

movement evoked pain we have developed a knee stress test 

consisting of a 20 minute treadmill walk at a preferred 

walking pace that is determined during an overground 40 m 

walk.  Motion analysis and electromyography (EMG) of lower 

extremity muscles is captured during overground walking 

trials before and after the treadmill walk. We have compared 

the changes in gait mechanics and EMG for individuals with 

knee OA who experience a pain increase of 1 or more points 

on the verbal numeric rating scales, individuals with knee OA 

who do not experience a pain change and age matched 

asymptomatic adults.   

Our study [3] with this knee stress test protocol found that 

individuals who experience pain with walking have knee 

mechanics that are similar to healthy controls but greater 

hamstrings (vs. quadriceps) and medial (vs. lateral) muscle 

activation. While those who do not experience pain have 

smaller knee flexion and total reaction moments compare to 

individuals with pain or who are asymptomatic. In response to 

pain increases with walking w expected biomechanical 

response and there are greater decreases in the 1st and 2nd peak 

knee adduction, the internal rotation and knee flexion moment 

as compared to individuals who do not experience pain with 

walking. The neuromuscular response to a pain increase is less 

clear as no changes in muscle co-activation or total muscle 

intensity have been found. However, in a preliminary analysis 

we have found that the evidence of changes in the EMG power 

for higher frequencies of the signal that may suggest the 

response to pain is more complex than initially proposed.     

Conclusions 

The key findings from this work suggest the mechanical 

environment of the joint can impact the experience of 

movement evoked pain. Individuals who do not adopt a 

compensatory gait pattern may be at greater risk for 

movement-evoked pain during weight bearing activity. In 

addition, when pain increases with a treadmill walk, changes 

in muscle activity do not fit with the current theoretical 

models for pain adaptation. Finally, the factors that lead some 

individuals to modify their muscle activity and gait mechanics 

in OA and how forces experienced during walking interact 

with OA pathologies to produce pain should be investigated 

further.  
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Role of biomechanics and muscle activity in knee osteoarthritis structural disease 
progression 

 
Kim Bennell 
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Surrogate measures of medial joint loading during walking have been found to be related to 
the structural progression of knee osteoarthritis (OA). As muscle forces contribute to joint 
loading, muscle activation in knee OA is likely to influence disease course. From one 
perspective, increased co-contraction of knee muscles has been identified in individuals 
with self-reported knee instability and thus could be a compensatory mechanism. Although 
beneficial in the short term to enhance joint protection, increased muscle co-contraction 
also elevates joint load and could underpin faster cartilage loss. We have found longitudinal 
evidence linking muscle activation to accelerated rates of structural progression. In 50 
people with medial knee OA, greater duration of medial muscle co-contraction and greater 
duration of medial relative to lateral co-contraction correlated positively with annual 
percent loss of medial tibial cartilage volume whereas lateral muscle co-contraction 
inversely correlated with cartilage loss. Others have found more prolonged lateral muscle 
activity during gait at baseline in people who showed structural progression over a 
subsequent 3-year period compared to those who did not. Whilst further research is clearly 
needed, evidence to date supports the role of altered gait biomechanics and muscle activity 
in OA progression.  
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Summary 

Computational mechanobiological models can help to 
understand mechanisms leading to the progression of 
osteoarthritis following a joint injury. Here, we present recent 
advancements of in vitro and in vivo computational 
mechanobiological modeling of cartilage for this purpose.   

Introduction 

Abnormal mechanical loading and joint injuries are major risk 
factors of osteoarthritis [1]. In clinical practise, there are no 
methods to evaluate the effect of those factors on the 
progression of the disease. Computational models have shown 
potential to investigate knee joint forces and tissue stresses 
and strains. However, many of the models cannot predict the 
progression of osteoarthritis as a function of time. 

We have developed mechanobiological computational models 
of articular cartilage in a multiscale manner [1]; at the tissue 
and joint levels. We show here particularly how cartilage 
lesions in vitro and in vivo lead to changed tissue composition 
(particularly fixed charge density, FCD) and how our novel 
mechanobiological models can mimic the experimentally 
found progression of cartilage damage. We also show some 
preliminary results of modelling of cytokine-induced 
biochemical degradation of injured cartilage.   

Methods 

In vitro experiments and finite element modeling 

Biomechanical: Cartilage explants were injuriously 
compressed (strain rate 100%/s, 50% strain) and subsequently 
subjected to a dynamic loading protocol (Figure 1). FCD 
content of the samples was analysed. The tissue was modelled 
as a fibril-reinforced poroelastic swelling material and the 
same dynamic loading was simulated. The loss of FCD was 
assumed when a maximum shear strain of 50% was exceeded 
after each loading cycle [1]. The model was iteratively 
simulated to obtain a time-dependent FCD loss. Biochemical: 
Reaction-diffusion transport equations were used to model the 
diffusion of cytokine interleukin-1 into cartilage, resulting in 
FCD degradation via aggrecanases [2].    

In vivo experiments and finite element modeling 

Magnetic resonance imaging (MRI): Imaging was conducted 
for a patient with a cartilage lesion and the lesion progression 
was followed for 2 years [3]. Mechanobiological knee model: 
A computational knee model was generated from MRI. 
Cartilages and menisci were modelled using the fibril-
reinforced poroelastic swelling material. Ligaments and 
tendons were nonlinear springs. P
The same criterion with the in vitro model for simulation of 
FCD loss as a function of time was assumed [1]. 

Results 

In vitro experiments and modeling 

The biomechanically-driven model predicted FCD loss only 
near the lesion, whereas the biochemically-driven model 
predicted FCD losses near the free surfaces (Figure 1). Both 
models predicted similar matrix degradation with experiments. 

In vivo experiments and modeling 

Computational predictions showed that the FCD content 
decreased primarily near the lesion edges (Figure 1). Our 
numerical predictions corresponded well with MRI findings. 

 
Figure 1: Workflow from in vitro to in vivo experiments to 

computational modeling. 

Conclusions 

In vitro and in vivo computational mechanobiological models 
were able to predict FCD loss consistent with experiments. 
The model could be applied to simulate different interventions 
to prevent or delay the development of osteoarthritis.  
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Summary 

Abnormal mechanical loading can initiate and progress 

degenerative joint disease. In order to predict these processes, 

failure thresholds for the tissues involved, including cartilage, 

are needed. This study used a combined experimental and 

computational framework to identify microscale first principal 

stress as a potential predictor of cartilage damage. 

Introduction 

Osteoarthritis (OA) is end-stage degenerative joint disease that 

has a mechanical component in its origin. Cartilage failure is 

integral to early disease stages. Cartilage has limited ability to 

repair if damaged. Thus, mechanical insult that creates 

structural damage in cartilage has the potential to initiate OA. 

Accurate microscale failure thresholds are required to predict 

the effects of joint-scale loading on cartilage degeneration. 

Various thresholds have been proposed. For example, clinical 

datasets have been modelled to identify contact stress-based 

failure thresholds (e.g., [1]). These predictions can be 

improved through a better understanding of specific 

mechanical thresholds of damage. 

Cartilage is a viscoelastic solid matrix made of collagen and 

proteoglycans, saturated in fluid. Because this results in both 

poroelastic and viscoelastic rate-dependent behaviour, a range 

of loading rates should be matched when identifying failure 

thresholds. Thus, the overarching goal of this research is to 

identify microscale mechanics in cartilage fracture nucleation. 

Methods 

Experimental microindentation tests were conducted. 

Hemicylindrical porcine stifle cartilage was dissected (4 

animals, 5-6 months old). Samples were mounted in a petri 

dish using cyanoacrylate and submerged in DPBS. A 20 µm 

radius spheroconical tip indented samples at slow (1 µm/s) and 

fast (600 µm/s) rates (Bruker TI 950 TriboIndenter). Load and 

displacement data were collected during testing and fracture 

nucleation was identified by a drop in the load.  

Axisymmetric poroviscoelastic fiber reinforced finite element 

(FE) models were built and analysed using FEBio. Cartilage 

was modelled as neo-Hookean with viscoelastic fibres and 

strain-dependent permeability. Fibre viscoelastic and elastic 

constants were determined by fitting load-displacement curves 

prior to failure. All other material parameters were taken from 

the literature [2-4]. First (most tensile) principal stress, first 

principal strain, and strain energy density were predicted 

beneath the impact tip. These parameters were selected 

because collagen fibres primarily resist tension and because of 

the previous use of energy based failure criteria in biological 

tissues. Values that were consistent between the two loading 

rates are proposed as governing failure.  

Results and Discussion 

Experimentally-measured fracture was rate-dependent, but 

both loading rates could be accurately predicted using a single 

set of material constants. FE predictions demonstrated distinct 

strain and strain energy at the time of fracture in the two 

loading rates (Figure 1). However, first principal stress was 

consistent between the two loading rates (Figure 1). Thus, 

these data suggest a first principal stress based failure criterion 

for cartilage fracture nucleation across rates. 

 

Figure 1: FE-predicted results under the indenter tip at the time of 

failure. Stress was nearly identical at the two rates, while strain and 

strain energy density (SED) were dramatically different. 

These data suggest a failure criterion that can be used to 

predict cartilage fracture initiation in response to mechanical 

loading. In order to match experimental data, a 

poroviscoelastic fiber reinforced model was necessary, 

indicating the level of complexity needed to accurately predict 

failure across loading rates. Future work will use additional 

experimental data with distinct boundary loading conditions to 

test the validity of these failure criteria.  

Conclusions 

This study combined experimental and computational 

predictions to provide insight into the microscale mechanics 

that cause cartilage fracture across loading rates. This 

information is vital to predicting degenerative joint disease 

that results from altered mechanical loading. 
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Introduction 
Cam type Femoroacetabular Impingement syndrome (FAIS) is 
an anatomical deformity of the coxo-femoral joint, associated 
with groin pain and reduced its range of motion limiting 
activities of daily living  and leading to early osteoarthritis. Its 
aetiology is still unclear (). Some of the functional alterations 
found for FAIS patients seem not to be directly related to the 
bony deformity impingement. Other factors may contribute to 
functional alterations such as muscle contraction patterns and 
ligamentous and capsule mechanical characteristics.   

The goal of this study was to examine coxo-femoral joint 
kinematics, in-silico muscle force contributions and hip contact 
forces in FAIS patients during level walking and squatting task. 

Methods 
Eleven symptomatic FAIS patients and 11 sex-, age-, BMI-
matched healthy participants (CON) gave written consent to 
participate in the study. The inclusion criteria for FAIS patients 
were an alpha angle (AA) higher than 50.5º or 60º in the axial 
view and the radial view respectively, a positive impingement 
test, and persistence of pain at the groin/lateral aspect of the hip. 
Control group were excepted of the above criteria. For the level 
walking, the FAIS were compared to CON while for the 
squatting task, the FAIS were compared pre- and 2 years post-
operatively. 

All participants had a pelvic computerized tomography images 
with 4 radiopaque skin markers affixed on left and right anterior 
and posterior superior iliac spine. After imaging, the radiopaque 
markers were replaced with retroreflective markers according 
to a customized marker set (UOMAM). At the motion capture 
laboratory, 3D joint kinematics and kinetics were captured with 
a 10–infrared camera system (Vicon MX-13) and two fixed 
force plates while each participant was asked to repeat 5 level 
walking and squatting trials at a self- selected pace. Motion 
capture was synchronized with EMG signals of gluteus 
maximus and medius, tensor fasciae latae, rectus femoris, 
biceps femoris and semitendinosus from the leg of interest 
sampled at 1000 Hz. 

     Muscle and hip contact forces (HCF) were subsequently 
computed by use of a musculoskeletal modeling program and 
static optimization methods (OpenSim 3.3). All simulations 
were performed in using a generic full-body MSK model 
optimized for high range of motion (ROM; e.g. deep squat 
task). The model scaling procedure consisted of a dimensional 
scaling to the anthropometric dimensions of the participant 
followed by markers adjustment. For the squatting task, the 
FAIS       

Results and Discussion 

The FAIS group walked slower and with shorter steps, 
demonstrating reduced hip extension and moments during 
contralateral foot-strike, compared with the control group. The 
FAIS group showed reduced psoas major and iliacus forces 
during contralateral foot-strike, compared with the control 
group, which resulted in lower hip contact forces in the anterior 
(p = .026), superior (p = .02), and medial directions (p = .038). 
These findings suggested that the kinematics alterations noticed 
in FAIS gait (especially in hip extension) might be due to a 
protective mechanism to prevent higher loads on the hip capsule 
where tissue damages are concentrated, or tightness of anterior 
hip ligaments and flexor muscles, which would also contribute 
to an increase in soft tissue loading at the hip. 
When comparing FAIS pre- and post-operative during the 
squatting task, the FAIS showed a larger pelvic tilt and hip 
flexion preoperatively compared to postoperative. All hip 
muscle forces showed no significant difference in magnitude 
between pre- and postoperative operations, with the exception 
of semimembranosus during the rise phase. HCF did not show 
any significant difference between the preoperative and 
postoperative phase, except for the total magnitude and the 
inferior-superior vectors were greater postoperatively during 
the ascent phase. This could be related to the increase of 
semimembranosus forces during the rise phase. The peak 
resultant HCF were directed towards the anterior-superior 
femoral head, which are consistent with the chondrolabral 
damage location in patients with FAIS. 

Conclusions 
This study provided insights of how FAIS alters hip kinematics 
muscle forces, hip contact forces, and whether motion analysis 
and musculoskeletal simulations could be used as diagnostic 
tool to predict the presence of FAIS. The findings of this work 
suggested that the kinematics and hip loading alterations in 
FAIS might be due to a protective mechanism to prevent higher 
loads at the anterior-superior femoral head location. The long-
term effect of the hip loading protection mechanism has the 
effect of changing the pattern of muscle contraction that does 
not seem to recover after chondroplasty. 
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Summary 

Surgical cam resection reduced hip torsional loading by 25% 

during flexion and internal rotation, but also increased 

microinstability by 31% during flexion and external rotation. 

As capsular repair can help restore some mobility in inherently 

unstable hips, caution must be taken to avoid large amplitudes 

of hip flexion and external rotation immediately after surgery. 

Introduction 

Cam femoroacetabular impingement (FAI) is a common cause 

of hip injuries, instability, and early joint degeneration [1]. 

Early surgical intervention attempts to improve hip function, by 

restoring mobility and alleviating symptoms, but it is unclear 

how the morphology and capsule influence joint mechanics. 

This research program examined the contributions of hip 

preservation surgical stages towards: 1) functional mobility, 2) 

joint mechanics, and 3) microinstability. 

Methods 

Twelve cadaveric hips (n = 12 males, age = 44 ± 9 years) were 

skeletonized to the capsule and prepared for this study. Hips 

indicated cam morphology on CT data and were mounted onto 

a 6-DOF industrial robot (Stäubli TX90), equipped with a 

universal force-moment sensor (ATI Omega85). The robot 

positioned each hip in four sagittal angles: Extension, Neutral 

0°, Flexion 30°, and Flexion 90°. The robot performed internal 

and external rotations of the intact hip until a 5-Nm torque was 

reached, while recording the path of hip motion and translations 

of the joint centre. After the intact stage was tested, each hip 

underwent surgical stages and was retested, which included: T-

capsulotomy, cam resection, and capsular repair (Figure 1).  

 

Figure 1: Surgical testing stages for each hip. 

Microinstability was quantified by the eccentricity of the hip 

joint centre (i.e., difference between internal-external rotation 

foci, normalized by femoral head radius). Repeated measures 

ANOVA and post-hoc paired t-tests compared within-subject 

changes in range of motion, torque, and microinstability 

between each testing stage (CI = 95%; IBM SPSS v.24). 

Results and Discussion 

Changes in range of motion: external rotation increased after 

capsulotomy, while internal rotation further increased at 

Flexion 90° only after cam resection (p = 0.001). 

Changes in torque: both internal and external torque decreased 

after capsulotomy, while cam resection further reduced internal 

torque during Flexion 90°, accounting for 25% of the intact 

hip’s torsional resistance during deep flexion (p < 0.001). 

Changes in microinstability: after cam resection, the hip shifted 

inferolaterally during external rotation at Flexion 90° and 

increased microinstability (Figure 2). Cam resection accounted 

for an increase in microinstability of 31% relative to the intact 

hip (p = 0.007), while capsular repair slightly restrained the hip 

centre and decreased microinstability. 

 

Figure 2: Hip joint microinstability after each surgical stage. 

Conclusions 

With the evolving interest in capsular function and surgical 

management, cam resection increased mobility and decreased 

adverse loading, during flexion and internal rotation. However, 

cam resection also increased microinstability during flexion and 

external rotation, thus larger amplitudes of flexion and external 

rotation should be avoided after surgery. 
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Summary 

Commonly used musculoskeletal models rely on scaled 

generic bony geometries, which poorly represent an 

individual’s skeletal anatomy. This results in erroneous joint 

centre location, muscle origin and insertion points, and 

muscle-tendon moment arm estimates leading to inaccurate 

biomechanical analyses. Personalised models based on motion 

capture and medical imaging data can be created using open-

source statistical shape modelling software, such as the MAP 

Client. To date, the MAP Client has not been applied to 

paediatric populations and therefore, this study aimed to 

determine whether accurate pelvis, femur, and tibiofibular 

paediatric bones could be accurately reconstructed combining 

statistical shape modelling and morphing techniques. 

Introduction 

Bony geometry is of upmost importance in musculoskeletal 

(MSK) modelling as it determines joint centre locations and 

the origin and insertion points for muscles. Inaccurate joint 

centres will impact joint kinematics and kinetics. Furthermore, 

inaccurate muscle origins and insertions will impact muscle 

moment arms and subsequently muscle force estimates [1]. 

Personalised MSK models created from medical images can 

ensure model fidelity, however the segmentation process and 

subsequent model creation is time consuming. Alternatively, 

statistical shape modelling and morphing methods available in 

the MAP Client [2] can provide fast and accurate 

reconstruction of adult bones [3] and automatic creation of 

personalised MSK models. To date, the accuracy of pelvis and 

lower limb bone reconstruction using the MAP Client has not 

been determined for paediatric participants, who may present 

different bony geometries depending on skeletal maturation. 

Methods 

Full lower limb magnetic resonance imaging (MRI) scans and 

motion capture (MOCAP) data were collected on 18 typically 

developing children (10.78±2.78 years, 1.45±1.62 m). Pelvis, 

femurs, and tibiofibular bones were manually segmented using 

Mimics (v20, Materialise, Leuven, BE). Marker positions 

from one static trial per subject were used for scaling.  

Within the MAP Client, eight pipelines were implemented 

combining linear or principal component (PC) guided scaling, 

iterative closest point rigid scaling, local and host mesh fitting 

methods. We tested the scenarios where only MOCAP data, 

only MRI data or both were available. All reconstructions 

were compared to correspondent full MRI segmentations and 

to linearly scaled OpenSim generic bones (gait2392).  

Jaccard index (JI), root mean square error and Hausdorff 

distance were computed to quantify volume and shape 

similarity. Colour maps of the surface distance errors for the 

pelvis bone were produced to identify areas with larger error.  

Results and Discussion 

Representative results for pelvis reconstruction are reported in 

Figure 1. Levels of accuracy comparable to previously 

reported adult results [3] were achieved by linearly scaling 

mean MAP bone models prior to mesh fitting (mean JI = 0.89 

versus 0.93 for paediatric and adult pelvis bones). Scaled 

OpenSim geometries were associated with low similarity 

indices (mean JI = 0.20). The iliac crests and ischia were the 

regions more prone to inaccuracies. Similar results were found 

for femur and tibiofibular bones. In general, MOCAP data 

alone did not provide enough information to accurately 

reconstruct bones. All MAP pipelines that included a MOCAP 

based PC scaling, as opposed to a linear scaling, produced less 

accurate reconstructions which were characterised by 

abnormal shapes for children smaller than 150 cm. 

 

Figure 1: Pelvis bone reconstructions for one subject using the eight 

developed pipelines. Surface-to-surface distance errors are reported 

via colour map. Jaccard indices are reported in grey circles. Red dots 

represent muscle attachments. LS = linear scaling, PC = principal 

component, MF = mesh fitting. 

Conclusions 

The combination of MOCAP based linear scaling and mesh 

fitting techniques within the MAP Client enables accurate 

reconstruction of paediatric pelvis, femur and tibiofibular 

bones. Reconstructed bones may be incorporated in MSK 

models increasing their subject-specificity and accuracy.   
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Summary 

Principal Component Analysis (PCA) is a technique for 

feature extraction which identify strong patterns in a dataset 

and emphasize data variation. PCA can be used to characterise 

bone shape variations in tibia, fibula and femur on a paediatric 

population. PCA was performed on 64 femurs and 67 

tibia/fibula from reconstructed CT scans bones of children 

aged 5-11. Shape and size variation of femur and tibia/fibula 

models were captured in 4 components representing between 

98-99% of bone variation. Principal Component 1 (PC1) and 2 

represented variation in length and width while PC3 accounted 

for femoral anteversion and tibial torsion differences. 

Introduction 

Children are not small adults and differ significantly with 

respect to skeletal anatomy and physiology.  Generic 

musculoskeletal models are not adapted for paediatric 

population, which is a major limitation. Alternatively, 

personalized models can be built based on information from 

clinical images [1]. However, creating subject-specific models 

is time consuming, costly, and requires high level of expertise. 

The aim of this study was to perform a PCA to characterize 

the shape of the tibia, fibula and femur bones in children aged 

from 5 to 11 yrs.  

Methods 

Whole body CT scans (0.9 mm in-slice pixel and 1.6 mm slice 

spacing) were obtained from the Victorian Institute of 

Forensic Medicine (Melbourne, Australia) from 35 children 

aged 5 to 11yrs (height: 130cm +/-17cm, mass: 35kg +/-17kg).  

Segmentation and 3D reconstruction of the tibia, fibula and 

femur were performed in Mimics (Materialise, Leuven 

Belgium) and resulted in a total of 67 tibias/fibulas and 64 

femurs (all left bones were mirrored to have all bones aligned 

in the same direction). 

PCA was performed on the population of femurs and 

tibias/fibulas with mesh node coordinates used to produce a 

model of each bone shape variation [2]. Size was not removed 

during the alignment so that allometric variations were 

preserved. 

Results and Discussion 

PCA of femur and tibia/fibula shape produced 2 models in 

which 98.58% (femur) and 98% (tibia/fibula) of shape and 

size variation were captured using 4 principal components. 

Variation represented by the first three components of the 

femur and tibia/fibula PCA models are shown in figure 1. 

PC1 accounted for the variation of bone size while PC2 

represented the variation in bone width. PC3 of femur shape 

was dominated by the anteversion twist variation and PC3 of 

tibia/fibula shape was characterised by tibial rotation. 

Conclusions 

As expected, the main variation in bone shape in children are 

size and bone joint width which accounted for 98-99% of all 

variation in the femur and tibia/fibula. Future work will extend 

this study to include 100 additional subjects and expand the 

age range to 18 yrs. We are also working on including the 

shape variation of the pelvis bone. These models will form the 

basis of a new musculoskeletal modelling scale tool, which 

will be implemented using our MAP Client software [3]. 
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Figure 1: Principal components (PC) for tibia/fibula (left) and femur (right) representing the mean shape in green and -2SD/+2SD for each PC. 

Point distances from the mean shape are represented in colours with red being 50mm and blue -10 mm.  
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Summary 

The aim of this study is to quantitatively compare three-
dimensional (3D) shape variations in the talus and calcaneus 
within individuals with unilateral CAI and healthy controls. 
Statistical shape models (SSM) of the talus and calcaneus 
were built based on the mixed data of 26 patients with CAI 
(mean age: 29 years) and 26 healthy controls (mean age: 36 
years). Using the models and ANCOVA (Analysis of 
Covariance) test, shape variations were quantitatively 
compared between the groups. Tali and calcanei did not 
significantly vary within CAI patients. Statistically significant 
shape differences between the tali (p = 0.015) and calcanei (p 
= 0.003) of CAI patients and healthy controls were found. In 
the talus, it was the curvature of talar lateral process combined 
with the inclination angle of talar neck relative to the body. In 
the calcaneus, it was the medial and lateral tuberosity 
combined with contour of anterior articular surface. 

Introduction 

A great deal of effort has been put into identifying the factors 
associated with development of CAI after sustaining a lateral 
ankle sprain (LAS).  However, research on risk factors with 
bone shape origin has been often overlooked and a few 
available [1] has been limited to simple measurements on 2D 
images that cannot fully reflect the bone’s 3D nature. Besides, 
despite the important role of the subtalar joint (STJ) in the 
hindfoot complex and its possible contributions to CAI, little 
attention has been paid to the factors that may alter the 
mechanical environment of the STJ. As the morphology of the 
articulating bones contributes to the stability of the joints and 
determines their kinematics, morphological variations are 
expected to change the mechanical environment of the joints 
and modify the risk of CAI. Therefore, we aimed to determine 
whether statistically significant shape differences exist 
between the STJ bones of patients with unilateral CAI and 
their contralateral side acting as internal control, and with 
healthy controls.  

Methods 

Two 3D SSMs, one for the talus and one for the calcaneus, 
were generated using similar approach as described in [2]. 
Computed tomography (CT) scans of 52 subjects (i.e. 26 
patients with unilateral CAI and 26 healthy controls; all the 
scans were bilateral, except those of 6 healthy controls) were 
collected. All tali (n = 98) and calcanei (n = 98) were 
segmented using Mimics (Materialize, Belgium). Triangulated 
bone surfaces were extracted from the segmentation results 
and all right side bones were mirrored in the sagittal plane. All 
tali (or calcanei)  were aligned using an unbiased registration  

algorithm [2]. Dense correspondence was automatically 
established across all aligned tali (or calcanei) [2]. To obtain 
the modes of shape variation, principal component analysis 
was performed on the covariance matrix, which contains the 
ordered coordinates of corresponding points across all tali (or 
calcanei). The shape parameters [2] describing the 
contributions of the modes of shape variation to the mean 
bone shape were quantitatively compared using ANCOVA in 
threefold: CAI vs. CAI contralateral controls, CAI vs. healthy 
controls, and CAI contralateral controls vs. healthy controls.  

Results and Discussion 

The shapes of the talus and calcaneus did not significantly (p > 
0.05) vary within CAI patients. The shape variations described 
by Mode 2 of the talus (Figure 1a, the curvature of talar lateral 
process combined with the inclination angle of talar neck 
relative to the body) and Mode 3 of the calcaneus (Figure 1b, 
the medial and lateral tuberosity combined with contour of 
anterior articular surface) were significantly different between: 
CAI vs. healthy controls (p = 0.015) and CAI contralateral vs. 
healthy controls (p = 0.035).  

Figure 1: Shape variations in the talus and calcaneus described by (a) 
Mode 2 of the talus and (b) Mode 3 of the calcaneus. 

Considering the overall different shape variations in the bones, 
CAI patients seem to be showing less STJ congruency and a 
flattened calcaneal ground-contact surface. These shape 
variations may alter the mechanical environment (e.g. 
orientation of STJ axis) of the STJ, and play a role in the 
development of CAI.  

Conclusions 

Findings suggest that specific bone shapes may increase the 
risk of developing CAI after sustaining LAS.  
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Summary 

The geometry of the talus bone is important to implant design, 

talar disorders. Our recent work has shown that the talus bone 

has the same shape among individuals and thus a template 

with different sizes can be used as a replacement [1]. The 

current study aims to find the shape of the template based on 

statistical shape variation methods utilizing a mixture of 

Gaussians model. The average shape and variations of the 

talus bone will be investigated based on the CT scans of 91 

healthy people. 

Introduction 

The geometry of human bone is a prerequisite for and of 

importance to evaluation of force and stress distribution, 

implant design, and other clinical application. In order to find 

an “average shape”, bone registration is required where the 

correspondence between landmarks among different bones is 

established. Manual registration of bone from CT scans is 

tedious and biased and often lead to inconsistent results [2]. 

Average shape and variations of the talus bone is of significant 

importance to talar replacement. Currently, custom implants 

are often utilized. However, they are usually associated with 

an increase in time between injury and surgery. Thus, an 

average shape is the best option for talus replacement. 

The study aims to implement a fast and accurate algorithm 

that is specifically designed for bone registration from CT 

scans. The algorithm is applied to the talus bone and to 

acquire the average shape and quantify variations among 

individuals.  

Methods 

The raw talus data are obtained from CT scans of 91 healthy 

individuals. Then each talus is represented as a point cloud 

(Ti), whose density function can be described as a mixture of 

multivariate Gaussians [3]. The deviation between any two 

talus models can be measured through the L2 norm shown in 

(2) .  
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iD : The density functions for talus indexed by i; 

jD : The density functions for talus indexed by j; 

 

Results and Discussion 

The algorithm is designed to find the average shape of the 

talus. The average shape along with the statistical shape 

deviation among individuals will be presented.  
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Integration of external knee joint loads in the pre-surgical planning of high tibial osteotomy: a proof-of-concept study  
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Summary 

High tibial osteotomy (HTO) is a surgical procedure used to 

correct leg malalignment and redistribute load across the knee 

to slow down or prevent the onset of osteoarthritis. In this 

study, two musculoskeletal (MSK) models, created using 

three-dimensional (3D) medical images, were used to 

calculate the knee adduction moments (KAM) during walking 

and stair climbing before and after virtual HTO surgery. These 

simulations demonstrated the effectiveness of HTO in 

reducing the KAM by up to 32% at its peak value, while a 

sensitivity study suggested that including dynamic loads at the 

pre-operative planning stage could optimize the long term 

outcome of HTO. These results will be used to inform a 

planned clinical trial.  

Introduction 

High tibial osteotomy (HTO) is a surgical intervention to 

correct the malalignment of lower limbs in young and active 

individuals at risk of developing mono-compartmental 

osteoarthritis of the knee. Pre-operative HTO planning aims to 

realign the mechanical axes of femur and tibia using two-

dimensional radiographs, or 3D bone models derived from 

computed tomography (CT) scans [1]. Currently this pre-

operative planning relies on geometrical considerations, but it 

is well known that dynamic knee loads, often quantified using 

the KAM, influence the long-term outcome of HTO, with 

better long term outcomes observed in patients with KAM 

peaks smaller than 6% body weight*height (%BW*Ht) during 

walking [2]. This work is a proof-of-concept demonstration of 

how dynamic knee joint loads could be integrated into existing 

surgical planning workflows using patient-specific MSK 

models. 

Methods 

3D bone geometries obtained from CT scans of the lower 

limbs of two cadavers (P1: female, mass: 64 kg, Ht: 171 cm; 

P2: male, mass: 45 kg, Ht: 166 cm) were used to plan a virtual 

HTO cut with a biplanar opening wedge technique, as per the 

workflow used commercially by Embody (London) [1]. The 

surgical plan, for each dataset, provided 1) the post-operative 

bone geometries, including the bone cuts, 2) the axis of the 

HTO hinge around which the correction is applied and 3) the 

planned angular correction (P1: 8°, resulting in 3.4° valgus 

alignment, P2: 7°, resulting in 3.5° valgus alignment).  

Two “pre-operative” personalised MSK models were created 

in OpenSim [3] from the anatomical datasets using 

NMSBuilder [4] and subsequently modified according to the 

HTO surgical plan. Motion capture data from two 

anthropometry-matched healthy volunteers were then selected 

from a large dataset of daily living activities collected in the 

Human Performance Laboratory of Charing Cross Hospital, 

equipped with an instrumented walkway and staircase. 

Tracking simulations of walking (Figure 1, A) and stair 

climbing were used as input for pre-operative and post-

operative conditions, assuming complete functional 

postoperative recovery. Finally, a sensitivity study was 

performed by correcting the knee joint alignment from the 

nominal alignment to 15° of valgus correction in both models 

and computing the associated KAM. 

Results and Discussion 

The pre-operative KAM peaks for walking (P1:7.5%BW*Ht, 

P2: 9.3%BW*Ht) were reduced by 32% and 24% by the HTO, 

with a similar effect observed for stair climbing (P1: 30%, P2: 

26% reductions). Post-operatively, P1 was categorised in the 

low KAM group (<6 %BW*Ht) [2] while P2 would have 

required an additional 3° of valgus correction to be similarly 

categorised [2]. 

A   B  

Figure 1: Walking simulation for P2 (red: nominal ‘pre-operative’ 

anatomy, blue: post-HTO) (A) and resulting KAM for the nominal 

anatomy, the post-HTO model and varying knee joint alignments 

(sensitivity study) ranging from nominal to 15° valgus correction (B). 

This workflow is currently being extended to include 

estimations of muscle and joint contact forces and predictive 

simulations of post-operative walking. 

Conclusions 

This proof-of-concept study demonstrates the feasibility of 

combining modelling techniques and HTO pre-surgical 

planning to optimize the intervention outcome. 
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Summary 

Jean Landa Pytel was one of the founders of the American 

Society of Biomechanics (ASB), one of the first women in the 

biomechanics PhD program at the Pennsylvania State 

University and a mentor to many women in ASB.  With her 

passing last year, it is timely to highlight the importance of 

mentoring (personified by Jean) and to explore the History of 

Women in Biomechanics and in ASB.   

 

Format 

Following a welcome and introduction of speakers, there will 

be a discussion of the background of Jean Landa Pytel with 

personal examples of the “power of one” from three of her 

mentees.  A discussion of the importance of mentorship will 

include the value of networking and collaborating and the vital 

role of professional societies1,2,3.  A history of womens’  

 

 

 

involvement/participation in ASB will conclude with take-

home messages and an announcement about a new ASB 

award. 
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Background of ISG and general trends in translational shoulder biomechanics 
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Summary 

The origin and current state of the ISG group will be 

introduced.  By reviewing the presentations of the past ISG 

meetings, general trends of developments will be highlighted. 

As examples, the three invited speakers will be introduced.  
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Practical application of shoulder biomechanics knowledge to wheelchair users 
 

Melissa Morrow1 
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Summary 
A The shoulder joint is the most common site of 
musculoskeletal pain in people with spinal cord injuries who 
use manual wheelchairs. Current understanding of shoulder 
pathology in manual wheelchair users points to an etiology 
related to overuse of the shoulder joint that is not optimized 
for weight bearing, mobility, and performing activities of daily 
living from a seated position.   With a renewed focus on 
studying the full range of functional activities beyond 
wheelchair propulsion, the shoulder biomechanics field is 
uncovering the importance of the daily demands placed on the 
shoulder in manual wheelchair users. Further, the field has 
expanded its use of advanced techniques that enables both (1) 
an accurate investigation of shoulder arthrokinematics and (2) 
understanding of the practical, daily demands placed on the 
shoulder. This presentation will highlight the latest findings 
and future directions of laboratory, imaging and real-world 
data that guides our understanding of shoulder health 
preservation for manual wheelchair users. 
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Biomechanical shoulder models can support surgical decisions for joint replacement  

 

Andreas Kontaxis 
Hospital for Special Surgery, New York, NY, USA 

Email: KontaxisA@HSS.edu  

 

Summary 

Complex computational shoulder models have been used to 

investigate and understand the biomechanics of Reverse 

Shoulder Arthroplasty (RSA), but despite the advancements in 

knowledge, impingement and limited ROM still remain a 

concern. There is a great potential using customized 

biomechanical models in conjunction with accurate 

implantation to improve impingement free ROM in RSA. 

However, there is a need for further expert model development 

to account for multiple factors that may affect ROM. 

Introduction 

Biomechanical models have allowed non-invasive prediction 

of multivariate parameters that cannot be easily measured. 

Over the past years, shoulder models have been used to 

investigate and understand the biomechanics of Reverse 

Shoulder Arthroplasty. However, despite the advancements in 

knowledge, there are still concerns over the use of RSA like 

the limited range of motion and impingement. In recent years 

Patient Specific Instrumentation (PSI) were introduced to 

improve glenoid implantation accuracy and studies have 

shown that PSIs can help surgeons achieve accurate glenoid 

placement. However, it is not well understood how accuracy 

alone can result in better functional outcomes, or whether 

placing the glenoid in neutral version and tilt will increase 

functional ROM for every subject. 

Methods 

To understand how glenoid 

and humeral placement can 

affect impingement, a 

computer shoulder model and 

a rich kinematic data set of 

Activities of Daily Living 

(ADLs) was used to identify 

all the possible intra and 

extra-articular impingement 

sites (Fig.2). The data showed 

that there are multiple 

impingement sites that can 

limit ROM and increase risk 

of dislocation. However, the 

wide variability of 

impingement within a group of 30 osteoarthritic specimens 

also suggested that optimum placement is highly depended on 

the bony morphology of each individual. 

In order to validate whether a shoulder model can help 

improve impingement free ROM in RSA, we performed a pre-

operative plan to a group of cadaveric specimens, based on an 

expert algorithm that minimizes impingement. Then a single 

surgeon performed RSA surgery in 20 cadaveric specimens 

with two methods: i)‘traditional’ surgery, where the glenoid 

baseplate placement was determined with standard surgical 

instrumentation, ii)‘guided’ surgery, where a 3-D printed, 

cadaver-specific PSI was used to guide the surgeon based on 

the expert pre-operative plan that was defined by the model. 

Results 

In-vivo motion analysis to the cadavers confirmed that when 

the pre-operative plan and the PSI surgery was used, the 

impingement free ROM was increased by 17°±5° compared to 

the group of cadavers that had received traditional RSA 

surgery. However, the PSI surgeries did not achieve the 

functional outcomes that were expected by the pre-operative 

model (Fig. 3). That was because the pre-operative model and 

the surgeries were focused only on glenoid placement and did 

not account for muscle tensioning and humeral implantation.  

Discussion - Conclusions 

Overall computer models together with PSI for accurate 

implantation can be beneficial for RSA. However there is a 

need for further development of the pre-operative planning 

models in order to account for multiple factors such as glenoid 

and humeral implantation accuracy, soft tissue balancing and 

bone quality.  

. 

 

Figure 1: A customizable 

shoulder model can help with 

patient specific joint replacement 

optimization 

Figure 2: Frequent impingement sites during ADL 

Figure 3: Motion analysis on the guided vs traditional RSA cadavers 
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Considerations for coordinate system definitions for imaging-based kinematic measures at the shoulder joint  
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Summary 

Imaging-based approaches for quantifying joint kinematics 

and arthrokinematics of joint movement have become more 

commonplace in the research environment. Both static and 

dynamic approaches are being utilized to quantify rotation and 

translation of the shoulder joint complex in global and 

anatomically-defined coordinate systems. International 

Society of Biomechanics (ISB) standard approaches have been 

defined for many of the joints in the body including the 

shoulder.  However, these standards pertain to more 

traditional, experimental surface-marker based approaches in 

which assumptions are made about the relationship between 

the skin overlying bony landmarks and the actual bony 

movement. Imaging-based approaches allow for direct 

visualization of the underlying bony morphology (and 

landmarks) making highly-accurate coordinate system 

definition possible for both joint kinematics and 

arthrokinematics of the shoulder. Standards for such 

approaches are lacking. Considerations for standardization of 

protocols that define imaging-based coordinate systems for the 

shoulder will be discussed.   
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Elevating shoulder biomechanics into the future: discussion of emergent topics  

 

Clark Dickerson1 
1Univerity of Waterloo, Canada 

Email: clark.dickerson@uwaterloo.ca 

 

Summary 

A set of hot-topics will be presented and will serve to 

stimulate the discussion with the audience. The aim is to agree 

on a limited number of important innovations for the 

development and exploitation of shoulder biomechanics.  
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Creepy effects of prolonged static flexion on sub-regional lumbar spine motion during manual lifting 
 

Dennis J. Larson1, Patricia G. Menezes2, Jarrett P. Norrie1, Stephen H.M. Brown1 
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Summary 
With recent developments in the resolution with which spine 
skin-surface motion is tracked, the opportunity presented itself 
to calculate the effects of creep deformation on spine motion 
during manual lifting across smaller sub-regions of the lumbar 
spine. Study results demonstrated that lumbar spine range of 
motion during manual lifting was unaffected by soft tissue 
creep deformation; however, the repeated, intermittent lifting 
performed during the recovery portion of the experiment 
inhibited creep deformation recovery after 30 minutes. 
Introduction 
Prolonged or repetitive flexion has been associated with risk 
factors for developing low back disorders [1]. Many studies 
have also observed lumbar spine soft tissue creep deformation 
following both prolonged static [2,3] and repetitive [4] 
flexion. When the lumbar spine is subjected to creep 
deformation, it has been shown that paraspinal sensorimotor 
mechanisms become impaired [3], which can lead to increased 
lumbar spine stress and range of motion during manual lifting 
[4]. Altogether, these studies have shown the immediate 
effects of creep deformation at the level of the whole lumbar 
spine during manual lifting; however, how the prolonged 
effects of creep deformation influence lumbar spine motion 
during manual lifting across smaller sub-regions of the spine 
remains unclear. 
Therefore, the purpose of this study was to assess regional or 
intersegmental lumbar flexion range of motion during manual 
lifting before and after a period of prolonged static flexion. 
Based on previous results, we hypothesized that lumbar range 
of motion during manual lifting would increase immediately 
following a period of prolonged static flexion, with the effects 
of creep deformation decreasing as the soft tissues of the spine 
returned to their initial state after 30 minutes of recovery.  
Methods 
Thus far, eight participants (5 males) have completed a series 
of manual lifting tasks before and after a 20 minute period of 
prolonged static spine flexion. Three-dimensional (3D) lumbar 
spine kinematic data were sampled from three columns of 7 
passive markers placed along the spine, with the midline 
column being placed over the spinous processes from T12 to 
S1. 3D spine angles were calculated from local coordinate 
systems, aligned with the surface curvature of the back, 
created at each spinal level [5]. Whole lumbar and 
intersegmental full flexion angles were normalized to the 
initial full flexion and standing flexion postures to determine 
the amount of creep deformation and lumbar range of motion, 
respectively, occurring before, during, and after the 20 minute 
prolonged flexion test. 

 

Results and Discussion 
Creep deformation was confirmed as whole lumbar flexion 
was significantly greater than initial flexion after 4 minutes of 
being in the static flexed posture, and this continued to 
increase throughout the 20 minute trial (p < .0001) (Figure 1). 
After a brief period of upright sitting, whole lumbar full 
flexion recovered slightly; however, it remained significantly 
elevated after 30 minutes (p < .0001) (Figure 1). Despite the 
confirmation of creep deformation, whole lumbar flexion 
range of motion during manual lifting was unaffected (p = 
0.612). 

 
Figure 1: Mean (±SEM) time histories of whole lumbar and regional 
flexion angles, normalized to the initial flexion angles, throughout the 

prolonged static flexion and recovery periods. 

Although the magnitude of creep deformation in the current 
study aligns with previous results [4], the hypothesized 
increase in whole lumbar flexion during manual lifting did not 
occur. However, creep deformation remained elevated 
throughout the recovery period, which could be attributed to 
the intermittent manual lifting performed during recovery. 
These results suggest that repetitive lifting delays creep 
deformation recovery and could prolong the sensorimotor 
impairment associated with creep. 
Conclusions 
Although lumbar flexion range of motion during lifting was 
unaffected by creep deformation, this study indicates that 
performing intermittent lifting following prolonged flexion 
could increase lumbar spine injury risk due to a delayed 
recovery of creep. 
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Summary 
The purpose of this investigation was to explore changes in 
passive lumbar spine properties in response to simulated low 
velocity rear impacts and assess this relation with low back 
pain (LBP) symptom reporting post impact. Participants were 
exposed to, two collision simulations: with lumbar support and 
without. For each collision simulation, measures of lumbar 
spine flexion-extension passive stiffness were obtained prior 
to impact, immediately post impact and 24 hours post impact 
to quantify time-varying changes in passive stiffness. Results 
from this investigation demonstrate time-varying changes in 
flexion-extension passive stiffness, particularly in the low 
stiffness portion of the curve. However, no participants 
developed clinically significant levels of LBP. 

Introduction 
Epidemiological research suggests that up to 50% of 
individuals involved in low speed rear impact collisions 
develop an acute onset LBP [1]. Most patients involved in low 
velocity rear-end collisions presenting with LBP display no 
findings upon radiographic examination and present without 
discernable tissue damage [1]. Subjective pain reporting 
makes it difficult to associate low velocity collision exposure 
to physical mechanical injury or pathology. Passive tissue 
characteristics (such as passive stiffness) have been 
demonstrated to be a sensitive measure for spinal instability 
and injury [2-3]. Thus, the purpose of this investigation was to 
determine if passive lumbar spine properties change in 
response to a simulated low velocity rear impact and assess 
this relation with LBP symptom reporting post impact. 

Methods 
16 participants (8 male, 8 female) were recruited. A custom-
built crash sled was used to simulate unanticipated rear impact 
collisions, with a change in velocity of approximately 8 km/h. 
Each participant was exposed to, two collision simulations: 
with lumbar support (Support – 4 cm horizontal shell 
deflection with apex at the L4 spinal level) and without lumbar 
support (Un-Supported). Collision simulations were collected 
separately with a minimum 2-week washout period between 
simulations. For each collision simulation measures of passive 
stiffness were obtained prior to impact (Pre), immediately post 
impact (Post) and 24 hours post impact (Post-24).  

During passive stiffness testing, participants laid on their right 
side on a customized frictionless table [4-5]. The legs, pelvis 
and arms were secured in a fixed position while the torso was 
permitted to move through the full range of flexion-extension 
motion. The experimenter then pulled the participant into 
maximum flexion and extension.  Movement of the lumbar 
spine and pelvis were tracked using an optoelectronic motion 
capture system (Optotrak Certus, NDI, Waterloo, Canada) at a 
rate of 100 Hz. A load cell (Model LC101-500, Omegadyne 
Inc.,) was attached in series to a metal bar to the top of the 

upper body cradle to measure the force applied by the 
experimenter. Surface EMG monitored muscle activity 
bilaterally of the thoracic and lumbar erector spinae, external 
oblique and rectus abdominus to ensure muscle activation 
remained below 5% MVC. LBP reporting was monitored 
using a 100 mm Visual Analog Scale throughout the 
experimental protocol and over the next 24 hours leading up to 
the final Post-24 measures.  

From passive trials, moment-angle curves were generated to 
quantify time-varying changes in passive stiffness. Moment-
angle curves were partitioned into 3 linear regions (low, 
transition and high stiffness) for flexion and extension [4-5]. 
Changes in the shapes of the passive moment-angle curves 
(slopes of the low, transition and high stiffness zones, 
moment-angle breakpoints and maximum lumbar flexion and 
extension angles) were quantified. Pre measures were then 
subtracted from Post and Post-24. A three-way mixed model 
ANOVA assessed the influence of Time (Post, Post-24), 
Support Type (Support and Un-Supported) and Gender on 
Passive Stiffness. 

Results and Discussion 

There was a significant Gender x Support interaction effect (p 
= 0.016) for lumbar flexion passive stiffness of the low 
stiffness zone. Female participants had a significantly greater 
change in low stiffness zone stiffness Post and Post-24 for the 
Un-Supported impact.  

A significant effect of Time was observed for the low stiffness 
flexion and extension breakpoint angle (p = 0.049; p = 0.035). 
The low stiffness breakpoint occurred at a greater angle in the 
Post trial in comparison to the Post24 trial, indicating an 
increase in length of the low stiffness zone immediately post 
impact in flexion and extension.  

No participants developed clinically significant levels of LBP 
[6].  

Conclusions 
Results from this investigation indicate that during a simulated 
unanticipated 8 km/hour rear-end impact, young healthy adults 
do not develop LBP. However, time-varying changes in 
passive stiffness of the lumbar spine were observed, 
particularly in the low stiffness portion of the curve.  
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Summary 

One-handed lifts, frequently used for lifting of light objects or 
activities of daily living (ADL), are understudied in the 

biomechanics literature. Twenty healthy participants (30-70 

years old) matched in age and sex to 18 participants with low 
back pain (LBP) were recruited to compare a one-handed 

braced-arm-to-thigh (BATT) lifting technique to common 

unsupported one-handed and two-handed lifting techniques. 

Three-dimensional (3D) trunk kinematics and L4/L5 spinal 
loading were estimated using a full-body OpenSim model, 

with detailed lumbar spine. The BATT lift significantly 

reduced trunk flexion, compared to stoop lifts. Extension 

moments, compression and antero-posterior shear forces at 
L4/L5 were significantly reduced with the BATT, compared to 

unsupported lifting techniques. Peak bracing force on the thigh 

varied substantially between participants. 

Introduction 

Despite the common use of one-handed lifting techniques for 

ADL, they have received little attention in the biomechanics 

literature. The BATT is a one-handed lifting method in which 

the dominant hand picks up low-to-moderate mass objects 
from the floor, while the free hand braces the trunk on the 

ipsilateral thigh. To date, hand support on the thigh has only 

been assessed in young healthy males, in which it reduced 

peak moments in the lower back by 13-26% [1]. However, 
since the BATT can be used to perform various ADL that 

involve lifting light-to-moderate loads, it may be particularly 

useful for individuals with low back pain. The aim of this 
study was to compare the BATT to unsupported two-handed 
and one-handed lifting techniques, by evaluating trunk motion 

and spine loading at L4/L5 in participants with LBP and 

healthy participants, aged 30-70 years old. The secondary 
aims were to compare the bracing force applied by the LBP 

and healthy groups, and to determine if the magnitude of the 

bracing force affected spinal loading. 

Methods 

Twenty healthy participants (73.6±14.5 kg, 48.1±11.5 years) 
and 18 participants with LBP (70.0±10.4 kg, 47.9±11.4 years) 

completed three repetitions of four lifting techniques: 1) two-

handed stoop (2ST); 2) two-handed squat (2SQ); 3) one-
handed stoop (1ST); and 4) BATT, in two loading conditions 

(2 & 10 kg). Kinematic and kinetic data were collected with a 

motion capture system (100 Hz, Vicon Motion Systems, UK) 
and two force platforms (2 kHz, AMTI, USA), respectively. A 
three-axis load cell (2 kHz, Kistler, SUI) secured to the thigh 

above the knee measured the bracing forces. The Lifting Full-

Body model [2] (OpenSim, USA) was used to estimate 3D 

trunk angles and spinal loading at L4/L5. Linear mixed-effects 
models were developed to compare trunk angles and L4/L5 

moments and forces between lifting techniques (SPSS v25, 

IBM, USA). 

Results and Discussion 

Trunk flexion angles were reduced during BATT compared to 
both stoop lifts (p<0.001, 9-20% across techniques). The 

BATT reduced extension moments (37-80%, p<0.001), and 

compressive (36-72%, p<0.001) (Figure 1) and antero-

posterior shear (48-137%, p<0.001) forces compared to the 
three other lifting techniques. Trunk asymmetry increased for 

the BATT compared to squat and stoop lifting techniques (98-

102% for lateral bending and 108-116% for axial rotation, 
respectively, p<0.001).  

 

Figure 1: L4/L5 compression forces for LBP and healthy participants 
for the 10 kg loading condition. 

Peak bracing force on the thigh was similar between 
participant groups (p=0.305), but was greater for the 10 kg 

(132.0 ± 56.4 N) than the 2 kg (116.6 ± 54.9 N) loading 
condition. Peak bracing force varied substantially between 

participants, suggesting a difference in participants’ ability to 
use the hand support. 

Conclusions 

Bracing the hand on the thigh to support the trunk 

substantially reduced spinal loading at L4/L5 during lifting for 

healthy and LBP groups, but also introduced asymmetry.  
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Summary 

A multiscale model of the lumbar spine was developed to 

characterize the link between whole-body and tissue-level 

biomechanics for people with and without a transtibial 

amputation during sit-to-stand. Lumbar spine kinematics 

predicted trends in tissue loads well for annulus fibrosis stress 

vs. flexion. However, for other predictions, trends only existed 

for individual participants. These results indicate that while 

certain tissue mechanics are predicted well based on spinal 

motion, other metrics require use of the multiscale model to 

understand individual tissue-level load transfer. 

Introduction 

Low back pain (LBP) is a pervasive problem in the general 

population and is especially prevalent among people with 

lower-limb amputations (LLA) [1]. Although the etiology of 

non-specific LBP can be elusive, altered movement strategies 

suggest a biomechanical contribution for people with LLA [2]. 

There are many computational models in the literature that 

estimate whole-body or tissue-level spine function. However, 

few models characterize the relationship between whole-body 

biomechanics and tissue-level load transfer that could lead to 

pain. The purpose of this study was to develop a multiscale 

model of the lumbar spine to characterize the link between 

whole-body and tissue-level biomechanics for people with and 

without a transtibial amputation (TTA) during sit-to-stand. 

Methods 

A validated whole-body musculoskeletal model (MSM) with 

lumbar spine detail was used in OpenSim 3.3 [3] and a 

validated finite element (FE) model of the lumbar spine 

created in Abaqus/Standard [4] replaced the L1-L5 geometry 

of the MSM. An optimization procedure was performed in 

Matlab to calibrate the FE model anisotropic disc properties to 

match the kinematic rhythm of the MSM. Kinematic and 

kinetic data were collected on eight participants, four able-

bodied (AB) people (1M/3F, 23.3±2.9 years, 1.66±0.06 m, 

65.9±9.3 kg) and four people with a unilateral TTA (4M, 

45.5±14.8 years, 1.84±0.02 m, 99.4±15.3 kg), during five self-

paced sit-to-stand trials. An inverse kinematic solution was 

determined using the least-squares optimization algorithm in 

Visual3D, a static optimization method that minimized the 

sum of muscle activations squared was used to determine the 

force of each muscle, and each muscle force vector was 

determined using a custom OpenSim plugin [5]. Muscle forces 

and 3-DOF rotations for each lumbar vertebra were inputs to 

the FE model. Single predictor stepwise regression was 

implemented in Matlab to determine relationships between 

kinematics and tissue loads. Tissue mechanics extracted were 

annulus stress, intradiscal pressure, and facet contact force. 

Results and Discussion 

A quadratic model of lumbar flexion angle predicted 90% of 

the variance in annulus stress. However, for other predictions 

(e.g., lateral bending and intradiscal pressure), no strong 

relationships were found for either group or for all participants 

(Figure 1). Clearer trends existed for individual participants. 

Some participants had greater tissue loads at the same degree 

of rotation, which is likely due to increased muscle activity. 

These results underscore the need for a multiscale model to 

examine tissue mechanics based on participant-specific 

kinematics and ground reaction forces. 

 

Figure 1: Participant trial averages of tissue mechanics vs. lumbar 

angle for people with and without TTA. Temperature color-map 
signifies progression of sit-to-stand (lift off to end of hip extension). 

Conclusions 

Multiscale modeling of the lumbar spine is a useful method 

for understanding individual tissue-level load transfer for 

people with and without TTA that may have links to LBP 

development and can provide insight for personalized care. 
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Summary 
A descriptive kinematic analysis was performed to compare 
stance width, foot orientation, and sagittal angle of the ankle, 
knee, hip and trunk between self-selected and a spine motion- 
constrained lifting technique. When lumbar spine motion was 
constrained, hip flexion, knee flexion and ankle dorsiflexion 
increased while trunk angle decreased in comparison to 
unconstrained lifting. The results suggest that lower extremity 
range-of-motion capacity should be considered as a potentially 
modifiable personal characteristic that influences the amount of 
lumbar spine motion used when lifting.    

Introduction 
To reduce low-back disorder risk, it may be advisable to limit 
the amount of lumbar spine flexion used during lifting based on 
epidemiological [1] and biomechanical [2] evidence. If the 
body is considered as a system of inter-connected segments [3], 
it is possible that constraining motion at one part of the system 
(i.e., lumbar spine) can influence motion in other regions of the 
system (i.e., lower extremity). Therefore, the objective was to 
describe kinematic adaptations of lower extremity joints to 
constrained lumbar spine motion during manual lifting tasks.  

Methods 
Sixteen volunteers (male = 8; female = 8) performed lifting 
tasks under two conditions in randomized order: 1) self-selected 
lifting technique; and 2) lifting with their lumbar spine 
constrained to a near-neutral position. The spine was 
constrained using a custom-built spine harness designed to limit 
lumbar spine flexion while allowing all other joints to move 
freely [4]. Lift origin was individualized to the lowest height 
that could be reached with spine posture constrained, and it 
remained fixed within a participant for the completion of both 
tasks. The mass lifted was sex-specific (mass = 9 kg for women; 
10 kg for men) and both tasks were performed at a self-selected 
movement speed. 

An optoelectronic motion capture system (Oqus 100, Qualysis, 
Gothenburg, Sweden) was used to measure trunk and lower 
extremity segment kinematics during lifting tasks. Participant- 
specific linked-segment models were then constructed to 
compute joint angles, stance width and foot orientation for all 
lifting tasks. Peak displacement with respect to the relative 
orientation of the segments in an upright standing posture was 
quantified for trunk segment, lumbar spine, and lower extremity 
joint angles and extracted from each of three repetitions 
performed together with mean foot positions. These quantities 
were averaged for each participant before being compared via 
separate paired t-tests (α = 0.05).  

Results and Discussion 

Imposition of the spine motion constraint reduced the amount 
of lumbar spine motion exhibited by an average of 26.5o 

(p<0.01). A statistically significant effect was also found for 
ankle dorsiflexion (p<0.01), knee flexion (p<0.01), hip flexion 
(p<0.01) and trunk angle (p<0.01) between lifting tasks. 
Specifically, a spine-constrained lifting technique resulted in 
greater knee, hip and ankle angles and a smaller trunk angle 
(i.e., more vertically oriented) when compared to lifting with a 
self-selected lifting technique (Figure 1). Stance width (p=0.16) 
and foot orientation (p=0.44) were not significantly different 
between conditions.  

  
Figure 1: Sagittal joint angles quantified as peak displacement from 
upright standing during self-selected (A) and spine-constrained (B) 
lifting tasks. Increased joint angles depicted in green and reduced 
joint angles depicted in red. Mean (SD) joint angles displayed. 

Conclusions 
When lifting with lumbar spine motion constrained, greater 
lower extremity joint-range-of-motion is required to perform 
the same lifting task. Thus, lifters with limitations in available 
lower extremity joint range-of-motion may have a reduced 
capacity to lift without flexing their lumbar spine. This suggests 
that the available lower extremity joint range-of-motion is a 
potentially modifiable personal characteristic that should be 
considered in the assessment and (re)training of manual lifting 
technique.  

Acknowledgments 
This research was jointly supported by the University of 
Toronto’s Faculty of Kinesiology and Physical Education and 
the Centre for Research Expertise for the Prevention of 
Musculoskeletal Disorders (CRE-MSD). 

References 
[1] Marras WS et al. (2000). Ergonomics, 43: 1866-1886. 
[2] McGill SM. (2009). Ergonomics, 52: 80-86.  
[3] Karandikar N et al. (2011). PM R, 3: 739-745.  
[4] Zehr JD et al. (2018). J Electromyogr Kinesiol, 39: 104-13

Thursday, August 01 2019: Morning 1 (0900-1000) 44

Lumbar Spine 1



Thursday, August 01 2019: Morning 1 (0900-1000) 45

1.7 Running Injuries
1. Max Paquette: Are We Moving Forward In Research On Risk Factors For Running-Related Injuries?

2. Jonatan Jungmalm: Development Of Overuse Injuries In Running - A Multidisciplinary Approach

3. Henrik Sørensen: Combining Biomechanics And Epidemiology In Running Injury Research

4. Chris Napier: Beyond ”How Hard Did It Feel?” What Can We Gain From The Use Of Wearable Sensors To Monitor
Training Loads In Running?

◦ Stefan Grau: Panel Discussion

Running Injuries



 

 

Are We Moving Forward in Research on Risk Factors for Running-Related Injuries? 

Max R. Paquette 
School of Health Studies, University of Memphis, Memphis, TN, USA 

Email: mrpqette@memphis.edu 
 

Current State of the Etiology of Running-Related Injuries 
The high incidences of running-related injuries (RRI) 

have led many biomechanists, exercise scientists, clinicians, 
and statisticians to conduct research to uncover the many 
etiological factors responsible for RRI development. Since the 
mid to late 1970s (i.e., following the “running boom”), 
biomechanists and clinicians began their quest to identify RRI 
risk factors. In the 1980s and 1990s cross-sectional analyses 
with control groups reported running kinematics and 
anthropometric differences between uninjured and injured 
runners. Since then, although a plethora of cross-sectional 
analyses have been conducted, few large prospective studies 
have been available. More recently, a small number of 
prospective studies with relatively large sample sizes (i.e., 
250+) have emerged to shed some light on possible 
biomechanical predictors of RRIs [1-3]. Interestingly, different 
biomechanical variables associated with prospectively injured 
runners were identified by these studies. Ultimately, we are still 
unable to confidently identify consistent RRI risk factors from 
the currently available prospective biomechanical research. A 
number of design and methodological limitations may 
contribute to inconsistent identification of risk factors.  

Downfalls in Biomechanics Study Designs 
One of the major design limitations of currently 

available prospective studies is the use of a single 
biomechanical testing session prior to an injury-monitoring 
period. A critical flaw in this approach is that it only captures 
biomechanical variables under non-fatigued, while running at 
few speeds or in one pair of shoes, and in perfectly controlled 
settings [4]. This approach therefore fails to capture the day-to-
day nuances of running training that might be critical to truly 
understand injury development. Further, data analyses have 
been limited by commonly used statistical tests (e.g., logistical 
regressions) that cannot account for time-dependent running 
exposures or changes in dependent variable during the injury-
monitoring period. More advanced statistical analyses 
including time-to-event analyses have been proposed to address 
current limitations in longitudinal data analyses for RRI 
detection and should help move the needle in the right direction 
for future prospective analyses [5]. There is a clear need for 
prospective experiments that include the tracking of day-to-day 
running exposures to better understand injury development.  

Considering Daily Training Workloads 
In the last 10 years we have seen an emergence of 

research focused on the influence of training-related factors on 
injury risks and development in various populations of runners. 
The majority of studies have focused on typical running-
specific training quantifiers such as volume (e.g., minutes, 
miles or kilometres per week), intensity or pace (e.g., minutes 
per mile or kilometre, heart rate), and types of training sessions 
(e.g., slow/easy running, distance or time intervals, races). 
However, since the early 1990s, other approaches to quantify 

training “loads” have been proposed and used in practice. For 
example, training impulse (TRIMPs), session rate of perceived 
exertion (sRPE) among others have been used to better quantify 
training-intensity distributions in athletes [6]. Recently, the 
term “workload” has been popular within coaching and sports 
science literature and is described as the product of both 
external (e.g., volume, pace, external forces or segmental 
accelerations) and internal (e.g., sRPE, heart rate and heart rate 
variability) training loads to provide a more complete 
quantification of training exposure. However, limited 
prospective analyses on the importance of running workloads 
and RRIs are currently available. In this presentation, 
preliminary results of a 1-year online prospective survey study 
regarding the influence of week-to-week changes in training 
workloads on RRI will be presented along with the many 
challenges of conducting such large-scale online studies.  

The Future of RRI Detection Approaches 
Although running training workloads might provide 

more in-depth quantification of training stimuli, they do not 
address the individual running biomechanics of runners. Until 
recently, including running biomechanical variables in training 
monitoring has been difficult considering the impractical and 
time-consuming laboratory-based running biomechanical 
assessments. The emergence of wearable technology has made 
it much more practical to conduct prospective analyses that 
include daily running biomechanics data along with training-
related details [7]. Although we are now able to obtain 
biomechanical data from wearable technology, there are still 
issues to overcome including data validity, management and 
analysis of large data sets, and practical implementation of 
findings for in-field interventions aimed to reduce RRI risks. 
Future experimental approaches will also need to consider 
strength, neuromuscular factors, tissue capacity, daily stressors, 
and clinical assessments to encompass all aspects of RRI risk 
factors.  

In summary, we are certainly moving forward in our 
quest to better understand RRI etiology but we might need to 
abandon typical approaches and supplement our biomechanical 
data with day-to-day training factors to truly understand RRI 
risk factors and help reduce number and rates of RRIs. Within 
this symposium, Jonatan Jungmalm and Chris Napier will share 
their work that will contribute to bridging the gap between 
complex lab-based biomechanical assessments and models, 
clinical assessments, and daily training-related workloads to 
help identify RRI risk factors.  
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Summary 

This presentation will focus on the first results from a one 

year prospective cohort study on running-related injuries 

(RRI) conducted in Gothenburg, Sweden. The study 

combined biomechanical and epidemiological measures to 

try to shed light on the associations between possible risk 

factors (clinical, biomechanical and training-related), and 

RRI risk. One target was to identify sub-groups of runners 

having certain characteristics to describe possible 

differences compared with groups of runners. This is an 

important step towards understanding how much training 

load different types of runners can tolerate before sustaining 

an injury. Moreover, the importance of including a 

comprehensive baseline screening procedure will be 

discussed and problematized in the presentation. 

Introduction 

Running is associated with several health benefits such as 

increased level of fitness and decreased risk of 

cardiovascular and psychological disease compared with 

sedentary behaviour [1]. A major downside with running 

participation is the risk of sustaining an injury. From a 

public health perspective, it is important to keep as many 

runners as possible injury-free, so that the expected health 

benefits are not lost. Research about risk factors for RRI has 

been of interest in many studies in the past, but the only 

well-known risk factor associated with RRI seems to be 

previous injury [2]. A reason behind the difficulty to 

determine risk factors might be the multifactorial nature of 

RRI, with influences from e.g. clinical/anthropometrical and 

biomechanical characteristics. One step towards a more 

comprehensive approach is to explore potential risk factors 

and their association to RRI using absolute measures of 

association. A majority of the studies in the RRI domain 

have used regression analyses and relative measures of 

association [2, 3]. Of those studies using absolute measures 

of association, a majority have compared injured and non-

injured runners, instead of comparing exposed vs. non-

exposed [4]. Studies using an absolute measure of 

association when examining the association between 

biomechanical or clinical/anthropometrical characteristics 

and RRI are therefore needed. The purpose of the present 

explorative study was to investigate whether runners with 

certain biomechanical or clinical/anthropometrical 

characteristics sustain more RRI than runners having other 

biomechanical or clinical/anthropometrical characteristics.  

 

 

Methods 

224 injury-free, recreational runners were recruited from the 

Gothenburg Half Marathon and tested at baseline [5]. 

Baseline tests consisted of clinical/anthropometrical 

assessment and biomechanical measures of running 

movement and isometric strength. The runners were 

monitored during 52 weeks. The primary outcome measure 

was any running-related injury diagnosed by a medical 

practitioner.  A 68% prediction limit was used for all 

movement- and strength-related exposure variables. The cut-

off values were ±1 standard deviation (SD).  

Results and discussion 

Cumulative injury incidence proportion was reported to be 

29% (95%CI = 24%; 35%). Runners with a late timing of 

maximal pronation or weak abductors in relation to 

adductors sustained more injuries compared with the 

corresponding reference group. Although not significant, 

runners with painful trigger points seem to sustain more RRI 

compared with runners not showing painful trigger points.  

Conclusions  

The results from the present study add new information 

regarding whether runners with certain characteristics 

sustain more RRI than runners having other characteristics.  

More injuries are likely to occur in runners with late timing 

of maximal pronation or weak abductors in relation to 

adductors. From the results from this study, it can be 

hypothesized that runners with trigger points are sustaining 

more injuries compared with runners not having trigger 

points.  
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Summary 
Most running injury studies have used either purely biome-
chanical [1,2] or purely epidemiological [3,4] methods. Re-
sults from biomechanical studies comprise stepwise kinematic 
and/or kinetic variables, e.g. joint angles and/or moments, 
while results from epidemiological studies comprise training 
variables (e.g. number and length of weekly sessions), anthro-
pometric variables (e.g. body mass), as well as number and 
type of injuries. The problems with the purely biomechanical 
studies are that despite knowledge of stepwise load, we still 
cannot say how this accumulates over time (running session, 
weeks, …) or when accumulated load exceeds the injury 
threshold. The problem with the purely epidemiological stud-
ies is that without biomechanical variables, it is impossible to 
establish the causal connection between (accumulated) load 
and injuries. By combining biomechanical and epidemiologi-
cal methods, we aim to overcome these problems. Please note 
that this paper describes a work in progress. 

Introduction 
Running is the most popular recreational sport activity with 
millions of runners worldwide. However, with running comes 
the risk of running injuries, preventing runners from running 
for shorter or longer periods, witch concomitantly compromis-
es the health and life quality benefits associated with running. 
It is therefore important to understand the development of 
running injuries, and ultimately be able to advise the individu-
al runner on how to keep running without sustaining injuries. 
Running injury studies are methodologically either biome-
chanical or epidemiological. 
Biomechanical studies routinely utilise conventional, laborato-
ry based motion analysis methods, involving a limited number 
of subjects, to quantify kinematic variables (e.g. step length, 
joint ankles, strike pattern) and/or kinetic variables (e.g. joint 
moments). Sometimes more elaborate modelling methods are 
involved, allowing estimation of forces applied to specific, 
anatomical structures. The major problems with the biome-
chanical studies are that even with precise knowledge of step-
wise, structure specific load, we would still not know how 
stepwise load accumulates over time (running session, weeks, 
…) or when accumulated load exceeds the injury threshold, 
which in itself might be modified by running. 
Epidemiological studies routinely utilise questionnaires, in-
volving hundreds or thousands of subjects, to quantify training 
variables (e.g. number and length of weekly sessions), anthro-
pometric variables (e.g. body mass), as well as number and 
type of injuries. The major problem with epidemiological 
studies is that without the above mentioned biomechanical 
variables, it is impossible to establish the causal connection 
between structure specific, accumulated load and injuries. 

The aim of our research is to combine biomechanical and epi-
demiological methods to overcome these problems.  

Methods 
Over the last decade, conventional epidemiological studies 
have been published by our group [e.g. 3,4] and others [e.g. 
5,6]. Recently, however, technological advances in smart-
watches and body and/or shoe worn censors are beginning to 
allow large scale studies with field based measurements of 
data of a more biomechanical nature (e.g. stride length and 
frequency, strike pattern, vertical displacement of the body 
centre of mass). 
Our first step in combining biomechanical and epidemiologi-
cal data is a cross-sectional laboratory study on a limited 
number of recreational runners, running with different speeds 
and styles (e.g. step length, strike pattern). We intend to meas-
ure conventional, biomechanical data (motion capture, force 
plates) while simultaneously measuring “field data” (i.e. bio-
mechanical data that can also be measured in the field using 
smartwatches and body/shoe worn censors). Having access to 
both detailed laboratory data and simultaneous field data, we 
hope to be able to establish relations between field and labora-
tory data, allowing us to predict or estimate laboratory data 
(e.g. joint kinematics, magnitude and direction of the ground 
reaction force) from field data. This will enable us to perform 
conventional, biomechanical calculations of joint moments 
and possibly also modelling based estimations of structure 
specific loads entirely from field data.  
Our second step is a prospective study on several thousand 
runners performing their usual running schedule. We intend to 
measure field data and injury data (type and time of occur-
rence). Field data will be uploaded automatically to a central 
database from the runners smartwatches via an already devel-
oped and tested app [4], while injury status will be communi-
cated via email. 

Results and Discussion 
As these studies are works in progress, we cannot present re-
sults at this time. We do, however, believe that our approach 
has the potential to reveal the underlying mechanisms for inju-
ry development, i.e. how running style is linked to stepwise 
load, and how running regime links stepwise load to accumu-
lated load and further to possible injury.  
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Summary 

Training errors are often implicated in the development of 

running-related injuries (RRIs), yet little is known about “how 

much is too much” when it comes to progression of training 

loads. Biomechanical factors are also believed to moderate RRI 

risk since the magnitude and distribution of forces dependent 

on one’s running form influences the incremental loads on a per 

step basis. We present preliminary findings from a study 

investigating RRI risk using simple consumer-grade wearable 

sensors to monitor training load and impact-related metrics. Our 

findings suggest that this method of monitoring training load 

may allow for greater prediction of RRI risk by capturing more 

than just volume and rating of perceived exertion (RPE). 

The etiology of running-related injuries 

It could be said that all overuse RRIs are a result of training 

errors, since to sustain an overuse injury one has to err by 

exceeding the limits in such a way that the repair process cannot 

keep pace with the stresses placed upon that structure. Injury 

occurs when the rate of application exceeds the rate of 

adaptation of the tissues. Training errors that have most often 

been identified as risk factors include excessive volume or 

intensity, or rapid changes in these variables. Outside of the 

running literature, a model described by Gabbett purports that 

athletes accustomed to high training loads (volume x intensity) 

have fewer injuries than athletes training at lower workloads 

[1]. Athletes who increased their acute workloads at too great a 

rate were more likely to sustain an injury. Taking this model 

and applying it to running, it makes sense that gradual increases 

and sustained running volume and intensity will have a 

protective effect against injury. Furthermore, there is evidence 

that under-training may also increase injury risk in a number of 

sports [1]. This may be one explanation for why novice runners 

are at an increased risk of running-related injury when 

compared to experienced runners. Regardless of training error, 

differences in individual thresholds exist between runners. It is 

therefore logical to assume that a combination of training and 

biomechanical factors contributes to injury risk. 

The measurement of training loads 

Training load—or more specifically change in training load—

is undeniably a major cause of RRIs. However, an appropriate 

measure of training load is yet to be found. Various analytical 

approaches have been proposed to quantify training load [1-3], 

using primary exposures such as volume (external load) and 

intensity (internal load). However, these variables may be 

moderated by biomechanical factors affecting the distribution 

and magnitudes of these loads. The fusing of these effect 

modifying variables and the classic internal and external 

training load model has not yet been investigated. With the 

growing use of wearable technology, we have been presented 

with the opportunity for the continuous monitoring of these 

biomechanical factors on a per step basis. Using wearable 

devices in the community could give greater depth of 

knowledge about how runners’ mechanics change in different 

environments, fatigue states, and over the course of a training 

program. To date, there have been no prospective studies that 

have investigated the risk of sustaining an RRI by measuring 

changes in workload (volume x intensity) and impact-related 

variables. In this presentation, we report preliminary findings 

from a 6-month prospective study investigating the role of 

volume, intensity, and impact-related metrics on RRI risk.  

Methods 

We recruited recreational runners aged 18-60 who had been 

running for at least 3 months and had not been injured within 

the last 6 months. Participants were excluded if they had a 

history of lower extremity joint surgery or any current pain with 

running. Written consent was obtained from all participants and 

ethics approval was granted from the institutional Clinical 

Research Ethics Board. Participants followed their regular 

training programs and trained in their regular running shoes. 

Each participant was fitted with two inertial measurement unit 

(IMU) sensors (RunScribe Plus, Scribe Labs, Moss Beach, 

CA), which were fastened to the laces of each running shoe. 

Three-dimensional accelerations and angular velocities, as well 

as total running time, were recorded for each run over a 6-month 

period. Participants also reported a Session Rating of Perceived 

Exertion score from 1-10, to quantify the intensity of the run. 

Injuries were monitored via a weekly online questionnaire and 

participants meeting the predetermined criteria were assessed 

by a physiotherapist for diagnosis and confirmation of RRI.  

Conclusions 

Borg’s RPE scale has been shown to be a valid and reliable tool 

for monitoring exercise intensity (internal load) independent of 

many individual attributes and without the need for more 

invasive measurements of heart rate and blood lactate [4]. 

Given the amount of data we are now able to collect using 

wearable sensors, will this further contribute to our 

understanding of external training loads and, ultimately, injury 

risk? The results of this study suggest that consumer-grade 

wearable sensors may be a practical way to monitor training 

load in runners. Further analysis may allow for more accurate 

risk assessment and provide feedback via wearable devices on 

when to alter training to avoid encountering an RRI.  
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Summary 

Knee abduction moment (KAM) during drop vertical jump 

(DVJ) and hip abductor strength predict ACL injury 

prospectively. The purpose of this study was to determine 

relationships between these risk factors during a dynamic 

landing task. Kinematics and kinetics, including muscle 

forces, during DVJ were calculated using electromyography 

(EMG)-informed musculoskeletal simulations. A multiple 

regression analysis showed that KAM was predicted by 

higher vertical and lateral ground reaction force (GRF) and 

lower gluteus medius force. Increased gluteus medius 

activation may decrease KAM by controlling the frontal 

plane pelvic and hip position during landing. 

Introduction 

Previous studies reported that KAM during drop vertical 

jump (DVJ) and hip abductor strength predicted ACL injury 

prospectively [1, 2]. Hip abductors stabilize the frontal plane 

trunk position and possibly prevent the lateral lean of GRF 

vector, which may result in decrease of KAM [3]. However, 

there is limited evidence regarding whether hip abductor 

muscle forces decrease KAM during landing. The purpose of 

this study was to determine the contribution of hip abductor 

muscle forces and frontal plane biomechanical features, such 

as frontal plane trunk and hip kinetics, and vertical and 

lateral GRF, to KAM.  

Methods 

Twelve young female athletes performed three DVJ trials, in 

which the subjects dropped off of a 30-cm-high box onto 

two force plates and immediately performed a maximum 

vertical jump. Subject-specific musculoskeletal models were 

developed using marker data. The musculoskeletal models 

were used to calculate the frontal plane trunk and hip angles, 

KAM and gluteus medius force, which is the main hip 

abductor. In the muscle force calculation, EMG data was 

used to constrain muscle activation to match the EMG 

waveform shape. A Pearson’s correlation coefficients 

between KAM and the other kinetic and kinematic variables 

were calculated. A stepwise multiple regression analysis was 

performed to predict KAM using kinematic and kinetic 

variables that were correlated to KAM. The maximum 

values between initial contact and peak knee flexion were 

used for all statistical analyses. 

Results and Discussion 

KAM was negatively correlated to the gluteus medius force 

(R = - .44, P < .01), while positively correlated to the vertical 

(R = .51, P < .01) and lateral GRF (R = .56, P < .01), lateral 

pelvic tilt (R = 0.37, P = .03) and hip adduction angle (R = 

.49, P < .01). Hip adduction angle was correlated to vertical 

GRF (R = .56, P < .01) and lateral pelvic tilt was partially 

correlated to lateral GRF (R = .30, P = .08). A multiple 

regression showed that KAM was predicted by lower gluteus 

medius force and higher vertical and lateral GRF (P < .01 for 

all variables).  

The results in this study indicated that coupled hip adduction 

and lateral pelvic tilt increased the vertical and lateral GRF, 

which resulted in higher KAM (Figure. 1). Higher vertical 

GRF was observed during trials with larger hip adduction 

angle. This might be motivated by the fact that the subjects 

landed asymmetrically with larger body weight on one leg, 

which shifted the pelvis to the same side and increased hip 

adduction angle. These biomechanical features are 

associated with ACL injury and can be limited by an 

increased activation of the gluteus medius to control the 

pelvic tilt and shift in a closed kinetic chain motion. To 

prevent ACL injury, neuromuscular training to strengthen 

the gluteus medius and increase activation during dynamic 

activities may improve pelvic and hip control and decrease 

dangerous KAM loads during a landing task. 

 

Figure 1: Schematic of the relationships between frontal plane 
biomechanics and knee abduction moment (KAM). 

Conclusions 

Gluteus medius activation helps to decrease KAM by 

controlling the frontal plane pelvic position during landing, 

and may, consequently, reduce the vertical and lateral GRF. 
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Summary 

The purpose of this study is to investigate differences in frontal 

plane knee mechanics during drop jump between those with low 

– (LQ) and high Q-angle (HQ). HQ showed not only increased 

knee abduction (ABD) angle but reduced knee adduction 

(ADD) moment through the middle of landing cycle. 

Introduction 

 Females demonstrate a greater incidence rate of non-contact 

anterior cruciate ligament (ACL) injuries than males [1]. 

Gender differences in landing mechanics [i.e., increased hip 

internal rotation and ADD with knee ABD and in/external 

rotation] have been shown to contribute to this increased risk 

[2]. Although the greater Q-angle has been thought to increase 

abnormal movements, there is conflicting evidence of the 

altered landing mechanics according to Q-angle [2,3]. 

Therefore, the purpose of this study is to investigate differences 

in frontal plane knee mechanics between individuals with LQ 

and HQ.  

Methods 

A total of 100 healthy individuals were screened using Z-score 

to exclude individuals who have Q-angle within one standard 

deviation of the group mean Q-angle (16.4 ± 4.9°). Thus, the 

only 30 participants were allocated to LQ (n = 18, Ht = 1.75 ± 

0.09 m, Mass = 71.7 ± 9.4 kg, Q-angle = 9.3 ± 2.7°) and HQ (n 

= 12, Ht = 1.64 ± 0.04 m, Mass = 55.3 ± 5.5 kg, Q-angle = 28.5 

± 2.8°). The drop jumps were captured using 8 infrared cameras 

and two force plates with 200 Hz and 2000 Hz sampling rate, 

respectively. The marker trajectory data was filtered using a 4th 

order low pass Butterworth filter with a cut-off frequency of 10 

Hz. Participants performed three successful drop jumps from a 

box 30 cm high. The landing cycle was divided into three 

specific phases: initial foot contact to heel contact [heel-contact 

(HC)], heel contact to maximal knee flexion [deceleration 

(DC)], and maximal knee flexion to toe-off [acceleration phase 

(AC)]. The dependent variables were the average fontal plane 

knee angle and moment for each phase. Multiple independent t-

tests (α = 0.05) were performed between groups per phase. 

Additionally, an ensemble curve analysis using mean and 95% 

confidence intervals (CIs) was performed. 

Results and Discussion 

The average percent of the cycle of heel contact to the ground 

and maximal knee flexion were 9.5 ± 4.1% and 46.7 ± 2.8%, 

respectively. HQ showed a significantly reduced average knee 

ADD moment during DS (t = 2.676, p = 0.012) and AC (t = 

2.357, p = 0.026) than did LQ (Table 1). While there was no 

statistically significant difference in average knee angle of each 

phase between groups, HQ showed significantly lesser knee 

ADD angle at the beginning (0 – 1%) of the landing cycle and 

greater knee ABD angle at the middle of the landing cycle (38 

– 78%) in ensemble curve analysis. Also, HQ generated 

significantly smaller knee ADD moment from 9 to 90% of 

landing cycle (Figure 1).  

Figure 1: Ensemble averages and 95% CIs of (a) knee angle and (b) 

knee moment in the frontal plane. The negative values present ABD 

angle and moment.  

Conclusions 

The results of the present study suggest that individuals with 

excessive Q-angle may have a higher risk of increased ACL 

load during drop jump activities due to a possible increased 

loading [1].  
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Table 1: Average knee ABD/ADD angles and moment for each phase 

 Knee ABD/ADD angle (°)  Knee ABD/ADD moment (N·mm/kg) 
 HS  DS  AC  HS  DS  AC 

LQ 4.4 ± 5.9  2.5 ± 8.7  1.3 ± 7.7  302.3 ± 190.8  569.4 ± 280.4*  452.9 ± 204.1* 

HQ 2.2 ± 5.3  -1.8 ± 11.8  -3.5 ± 8.8  319.0 ± 222.6  305.1 ± 239.3*  284.8 ± 169.7* 
* Statistically significant difference between groups (p < .05)  

Note. The negative values present knee ABD angle and moment. 
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Summary 

Knee joint kinematics and strain for the Anterior Medial 

(AMB) and Posterior Lateral (PLB) bundle of the Anterior 

Cruciate Ligament (ACL) were calculated using a modified 

OpenSim model for a group of Division 1 Collegiate female 

athletes during a land and cut task.  Group comparisons were 

made between those with Generalized Joint Hypermobility 

(GJH) and non-hypermobile controls (CTRL) using Statistical 

Parametric Mapping (SPM). The GJH group demonstrated 

less knee flexion and lower AMB strain during parts of the 

ground contact time, but no differences in the other planes at 

the knee or in the PLB. This may indicate that those with GJH 

adopt more cautious landing strategies to protect their more 

mobile knee joints during demanding tasks. 

Introduction 

Individuals are characterized as having Generalized Joint 

Hypermobility (GJH) when they have a greater than normal 

range-of-motion (ROM) at multiple joints[1]. Individuals with 

GJH who participate in athletics are more at-risk for knee 

injury[2]. Previous studies have examined whether those with 

GJH move differently during functional tasks. However, knee 

mechanics and modelling of ACL length during strenuous 

activities have not been reported in high level female athletes. 

The goal of this investigation was to evaluate differences in 

knee kinematics during a single leg land and cut activity in 

GJH and controls, and to determine if the modelled strain of 

the ACL during this activity were different between groups. 

Methods 

Thirty-eight Division 1 collegiate women’s Lacrosse athletes 

were screened for GJH using the Beighton and Horan Joint 

Mobility Index (BHJMI)[3]. Seven women with a score of 5 

or greater were assigned to the GJH group[4], 7 women with a 

score of 0 were used as controls, and scores of 1 to 4 were 

excluded. Subjects performed 3 trials of a land and cut task 

(CUT) off a box normalized to maximum vertical jump height.  

3D kinematic and kinetic data were collected via a 14 camera 

Vicon system (Vicon Inc. Oxford, UK) at 120 Hz with kinetic 

data collected at 960 Hz (AMTI Corp. Watertown, MA). The 

CUT involved jumping forward a scaled distance from the 

box, landing on the dominant leg, then cutting 90 degrees.  

Data were filtered using a 4th order low pass Butterworth 

filter, cutoff frequency of 12 Hz. A model was built in 

Visual3D (C-motion Inc, Germantown, MD) from a standing 

trial, and kinematic data were exported. OpenSim 3.3 was then 

used[5] with a modified gait model[6] which included 

multiple degrees of freedom at the knee and knee ligaments to 

export ACL strain for the AMB and PLB. AMB and PLB 

were normalized to their resting length during the standing 

trial (Ro=1).  Data were analysed for group differences using 

statistical parametric mapping (SPM) across the time series 

data[7] to identify periods where the t-value was above the 

critical threshold for differences (p<0.05). 

Results and Discussion 

GJH demonstrated less knee flexion and less AMB strain than 

CTRL in parts of the ground contact phase (Figure 1). There 

were no group differences in knee kinematic data in the frontal 

or transverse plane or for strain of the PLB. 

These results indicate that female athletes with GJH protect 

the AMB from strain during landing. While landing with less 

knee flexion is a risk factor for ACL injury, this difference 

may represent an attempt by GJH subjects to use a more 

cautious landing strategy overall during this strenuous task.  

 

Figure 1: Mean±SD (top row) and SPM results (bottom row) for 

AMB strain (left column) and knee angle (right column) in the GJH 

(Red) and CTRL (Black) groups. Shaded areas in the SPM results 

indicate significant between-group differences. 
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Summary 

Various types of cognitive challenges that may influence 

neuromuscular control may arise during athletic 

participation. We examined the effects of divided attention 

and memory challenges on knee loading during a jump 

landing task. Participants demonstrated less knee flexion 

when visual attention was required by a secondary task. 

Introduction 

A relationship exists between cognitive performance 

measures and non-contact ACL injury risk [1], but research 

efforts are only beginning to uncover the relationship’s 

underlying mechanisms [2]. This study seeks to better 

delineate these findings by introducing tasks that more 

specifically probe working memory and visual attention 

during a multitasking jump landing. All variables of interest 

were contributors to ACL loading [3]: peak early stance knee 

abduction angles (pKAbA) and moments (pKAbM) and 

maximum knee flexion angles (pKFA). It was hypothesized 

that introducing different types of cognitive loads during a 

jump landing would all be associated with varying severity 

of greater pKAbM and pKAbA as well as smaller pKFA. 

Methods 

After providing informed consent, female recreational soccer 

and basketball players (n=12, 1.71±0.06m, 19.6±2.1yr, 

63.04±7.94kg) performed a jump landing task [2] from the 

top of a 30-cm box placed a distance equal to half their 

height away from two force plates. They would then 

immediately jump “as high and as hard” as they could in one 

of three randomized directions: forward and 45° to the left, 

forward and 45° to the right, or straight up in the air. The 

jump-land-jump task was performed under randomly ordered 

conditions: 1) baseline (B): anticipated, no added cognitive 

load, 2) unanticipated (UA): reacting to a visual directional 

cue given 250ms prior to initial landing [2], 3) recall (R): a 

circular array of dissimilar letters was presented on a large-

screen TV to participants for 1s prior to the initial drop 

jump, and, upon completion of the jump landing, participants 

indicated the position within the array of a randomly chosen 

letter [4],  4) identify/recall (IR): R protocol, but the letter 

to be recalled was displayed 250ms prior to initial landing, 

and 5) unanticipated identify/recall (UIR): IR protocol, 

except a directional cue was given above the letter to be 

recalled 250ms prior to initial landing. Three trials were 

recorded for each condition and in each direction. Only the 

dominant limb, defined as the leg participants would use to 

kick a ball the farthest, in the straight up condition was 

analysed here. An augmented Plug-in Gait marker set was 

used to track whole-body kinematics. Kinematic and kinetic 

data were recorded at 250 Hz and 1000 Hz, respectively, and 

then fourth-order lowpass Butterworth filtered at 15 Hz. A 

22 DOF inverse kinematic model was used to calculate knee 

joint angles and moments (Visual3D), which were resolved 

with respect to the thigh segment’s coordinate system. Knee 

joint moments were normalized to subject height and weight. 

Externally defined pKAbA, pKAbM, and pKFA were 

calculated from initial contact to 50ms following IC [5]. A 

linear mixed effects model was used to investigate within-

subject loading differences across all testing conditions. 

Tukey post-hoc analysis examined differences between 

conditions. Significance was set at α=0.05. 

Results and Discussion 

Significant differences between conditions were found for 

pKFA (p=0.038; Table 1). No significant differences were 

found between conditions for pKAbA (p=0.206) or pKAbM 

(p=0.766) with the current dataset.  

Table 1: Between-Condition pKFA Differences 

Conditions Mean Change in pKFA (º) (95% CI) p-value 

UA-B -2.7 (-4.5 to -1.0) 0.001 

R-B -1.1 (-2.9 to 0.7) 0.408 

IR-B -2.0 (-3.8 to -0.2) 0.021 

UIR-B -1.9 (-3.8 to -0.1) 0.035 

Negative changes in pKFA suggest that subjects landed with 

less knee flexion during tasks that included a visual attention 

component during the initial jump (e.g., secondary letter cue 

during IR) compared to the baseline. Conversely, there was 

no significant change from the baseline in pKFA during the 

R condition, which did not require additional visual attention 

during the movement. Therefore, different modes of visual 

distraction appear to consistently influence pKFA during 

landing. These findings build on previous research [6], 

further demonstrating that effects of visual distraction on 

knee mechanics span diverse cognitive task types. 

Conclusions 

Visually-demanding tasks were associated with decreased 

pKFA in the dominant limb during a jump landing, 

motivating further investigation into the role of visual 

attention on knee loading. 
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Summary 
Muscle and knee forces were estimated for 13 female 
athletes performing a drop vertical jump (DVJ) to quantify 
tibial anterior shear force (ASF) during landing. We 
employed and compared a method that accounted for 
measured electromyography (EMG) to a more typical effort 
minimization method to evaluate the impact of in vivo 
muscle co-activation on ASF.    

Introduction 
The anterior cruciate ligament (ACL) is the primary 
structural restraint to anterior tibial translation. The DVJ is a 
motor task used to evaluate ACL injury risk [1]. During this 
task, the neuromuscular system concurrently decelerates the 
center of mass, prepares the body for the subsequent jump 
and protects the ankle and knee from the impact with the 
ground. Musculoskeletal simulations can estimate muscle 
forces and tibial ASF during DVJ [2], but the minimization 
of muscle effort has been used to solve muscle redundancy, 
which does not capture the co-contractions measured with 
EMG. Therefore, the goal of this study was to compare the 
muscle activations and joint forces estimated with an 
optimization-based method that minimizes effort and an 
EMG-informed method that accounts for subject-specific 
EMG.    

Methods 
Motion capture, ground reaction force, and EMG data were 
collected for 13 female high school athletes. Processed EMG 
data was delayed by 40 ms to account for muscle 
electromechanical delay. Musculoskeletal models scaled to 
subjects’ body proportions were used to calculate inverse 
kinematics and dynamics for three DVJ trials from each 
subject [3]. Muscle forces were estimated with an 
optimization-based method that minimized the sum of 
muscle activations (surrogate for muscle effort) and an 
EMG-informed method, in which an additional term was 
added to the objective function to track subject-specific 
EMG waveforms from 8 lower limb muscles [4]. The joint 
reaction analysis in OpenSim was used to calculate knee 
compressive force and ASF, which were compared between 
the two methods. Pearson correlation coefficients (r) were 
used to statistically compare the estimated activations from 
each method with the delayed EMG data. In addition, the 
contribution of each muscle to ASF was assessed by 
increasing each muscle force by 10 N for one representative 
DVJ trial and quantifying the corresponding change in peak 
ASF.   

Results and Discussion 

The EMG-informed method presented significantly larger 
correlations with EMG than the optimization-based method 
(p<0.001, remg-inf = 0.78±0.25 vs. ropt-based = 0.22±0.56; Fig. 
1a). The average EMG-informed peak ASF was 245 N, 
occurred 30 ms after initial contact and was larger than the 
corresponding optimization-based ASF (p<0.001). 
Compressive force at peak ASF was significantly larger with 
the EMG-informed method (on average 4047 N vs. 2266 N; 
p<0.001; Fig. 1b). An average of 45% and 15% of the 
gastrocnemius and quadriceps forces, respectively, translated 
into ASF, whereas 55% of the hamstrings force turned into 
posterior shear force. ASF predictions can be interpreted as a 
lower bound of the actual force in the ACL, as the ligament 
resists also rotational loads. EMG-informed muscle forces 
captured the in vivo measured co-contractions better than the 
optimization-based method. The gastrocnemius, which was 
minimally activated when minimizing effort, played an 
important role, as 45% of its force pushed anteriorly the 
tibia. The activation of this muscle might be explained by the 
need to protect the ankle from the impact, which triggers a 
‘sub-optimal’ ankle co-contraction [5].  

 
Figure 1: (a) EMG and muscle activations predicted for four 

representative muscles. (b) ASF comparison between methods.   

Conclusions 
The muscle co-contraction occurring during landing cannot 
be fully explained by an effort minimization criterion and 
produces larger ASF and compressive load. Especially, the 
gastrocnemius was more active than needed based on 
minimal effort and substantially contributed to peak ASF.  
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Summary 

Basketball is a sport that requires a high level of cognitive and 
mental effort. This mental effort might affect to technical 
skills such as shooting. Shooting depends on biomechanical 
factors that determine the path, accuracy, and performance. 
There is evidence that mental load and fatigue may cause a 
decrease during sport performance. The purpose of this study 
was to assess the effect of mental load on the acceleration of 
the upper limb during free throw shooting. Methods: Twelve 
professional players of the Chilean basketball league 
performed three sets of ten free throws before and after a 
mental load test (Stroop test). Results: Jerk reduction in the 
hand and a significant increase in the jerk of the trunk during 
free-throw shooting were found, without changes in 
performance. Conclusions: the mental load produces changes 
in the jerk’s values to maintain the shooting performance. 

Introduction 

Basketball is a cognitively demanding sport, that requires the 
execution of multiple and constant mental processes, high 
level of attention and mental effort [1]. It has been shown that 
load and subsequent mental fatigue influence motor tasks, 
decrease physical power and speed of reaction, and reduce the 
performance in pointing tasks (velocity and accuracy) [2]. To 
date, mental load and fatigue have been shown to negatively 
impact on endurance; however, little is known on technical 
skills such as shooting. Free-throw shooting is a cognitively 
demanding task that depends on biomechanical and cognitive 
factors. Biomechanical factors determine the kinematics 
(trajectory, velocity and acceleration) and accuracy of the shot 
[3], while cognitive factors are relevant for motor planning, 
adjustment of the speed, precision and power of the throw [4]. 
The purpose of this study was to evaluate the effect of mental 
load on throwing performance and upper limb of acceleration 
values changes (jerk) during free-throw in basketball players. 

Methods 

Six men professional basketball players between 21 and 28 
years old were recruited. Kinematic data was captured using 
two tri-dimensional accelerometers sensors (Delsys Trigno 
Wireless System, Boston, USA); one sensor was fixed on the 
dorsal side of the dominant hand and the second sensor on the 
centre of the sternal manubrium. On day one, each player 
started with five minutes of free-shooting warm up and then 
performed three series of ten consecutive free throws, with 
thirty seconds of rest between series. On day two a mental 
load test (Stroop-test) was added between series; after each 

Stroop test, a CR-10 Borg scale was asked to measure the 
perception of mental fatigue. 

Results and Discussion 

A repeated measures ANOVA analysis revealed a significant 
jerk reduction in the movement of the hand and a significant 
increase in jerk of the trunk (Figure 1). In addition, no 
significant differences were found in successful free-throws (p 
= 0.1815). 

 
Figure 1: Change of the jerk of hand and trunk, between mental load 
and no-load condition. 

Conclusions 

There are changes in the magnitude of the acceleration of the 
hand and trunk during free-throws in the mental load 
condition, that would indicate that it increases the control of 
the movement (lower jerk) of the hand at the expense of 
controlling the movement of the trunk (higher jerk), with the 
aim of maintaining accuracy of shoot 
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Summary 

Basketball shots are taken from a variety of horizontal and 

vertical positions relative to the basketball hoop with and 

without momentum. Here, we hypothesized that the greater the 

velocity of the total body, the less the arms need to contribute 

to the vertical velocity of the ball at release. The results indicate 

the greater the center of mass (CM) vertical velocity at last 

contact, the greater the time spent in the air, consequentially 

reducing the contribution of CM vertical velocity to ball release 

velocity yet achieving an advantageous higher vertical position 

of the ball at release (i.e., when encountering a defender). 

Contributions of the right and left legs to CM vertical velocity 

at last contact ranged between 40-60% across players. In 

addition, individual players were found to favour different 

ratios of horizontal to vertical ball velocity at release across 

shots which emphasizes the need for contextually relevant 

training. 

Introduction 

Basketball shots are taken from a variety of horizontal and 

vertical positions relative to the basketball hoop. Foul shots are 

initiated with near zero velocity with the body behind the foul 

line where as jump shots are initiated with vertical momentum 

generated during the jump phase of the shot. During the course 

of play, preparation of the jump shot also involves regulation of 

horizontal momentum when stepping forward into a shot. To 

achieve a high probability of shot success, sufficient vertical 

velocity of the ball needs to be achieved prior to release [1]. In 

this study, we hypothesized that individuals initiating shots 

from the same horizontal distance to backboard (foul line) with 

momentum (jump shot, step in jump shot) would generate 

greater CM vertical velocity during the shot thereby increasing 

the CM vertical velocity contribution to vertical velocity of the 

ball at release as compared to a stationary free throw. We also 

expected the contributions of the right and left legs to CM 

vertical velocity would be comparable between legs.  

Methods 

Recreational basketball players (n=7) volunteered and provided 

informed consent. Each player initiated three different shots 

from the foul line: Free throw from a stationary dribble and 

jump shots with (Step-in) and without (Jump Shot) horizontal 

momentum (after receiving a chest pass). Portable force plates 

(1200Hz, Kistler, Amherst, NY, USA) were used to measure 

reaction forces (RF) generated by each leg during shot 

initiation. Kinematics of the body motion and ball trajectory 

were video recorded (120Hz, Panasonic, Newark, NJ, USA).  

Center of mass (CM) vertical velocity was determined by 

integrating the vertical reaction forces (RF) generated by each 

leg (total RF impulse) and subtracting impulse due to body 

weight from the time the CM vertical velocity was zero to the 

time of last contact with the force plates. The CM vertical 

velocity at ball release based on time elapsed were compared to 

the ball vertical velocity at release. 

Results and Discussion 

The greater the CM vertical velocity generated during the shot 

the greater the height of release. As the CM vertical velocity at 

release increased, the difference between the ball and CM 

vertical velocity at release decreased. Contributions of the right 

and left legs to CM vertical velocity at last contact consistently 

ranged between 40-60% across players across shots. 

 

 

Figure 1: CM vertical velocity generated during the shot contributed 

to ball vertical velocity and a higher ball position at release. 

Conclusions 

Generation of vertical momentum during the shot provides 

advantages for general shot performance, as well as when 

shooting over a defender, thus emphasizes the need for 

contextually relevant training.  
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Summary 

We quantified jumping biomechanics and ultrasound imaging 

in collegiate basketball players to explore injury screening tools 

in jumping athletes. Our current results support use of shear 

wave ultrasound in conjunction with 3D jumping biomechanics 

compared to convention ultrasound, MRI, and survey scores. 

Introduction 

Patellar tendinopathy is common in jumping athletes and can 

cause significant disability and loss of play during a season 

[1,2]. Conventional imaging and patient outcomes poorly 

associate with patellar injury in high-level basketball players 

[3,4]. Shear wave ultrasound in conjunction with functional 

biomechanics may inform future injury screening tools. 

Our objective is to quantify, in collegiate basketball players, 

correlations between jumping biomechanics and patellar tendon 

imaging variables over a playing season. 

Methods 

We received institutional review board approval for human 

subject testing. Eleven male college basketball players (mean 

age 19, range 18-21 years) underwent baseline patellar tendon 

ultrasound shear wave (SW) elastography and dynamic 

function on the same day at the start of the season (Visit1) and 

at a late-season time point (Visit2). 

A musculoskeletal radiologist graded patellar tendinopathy on 

ultrasound (US) and MRI (0=normal, 1=mild, 2=moderate, 

3=severe) and location (proximal, distal). SW velocities were 

recorded longitudinally and transversely at the proximal, mid- 

and distal tendons. Players reported Victorian Institute of Sport 

VISA-P scores every two weeks across a 24-week season. 

Each athlete did a 18-inch high a box-ground-box jump and 3D 

lower extremity kinematics and kinetics were collected for the 

dominant limb. These were: knee angle, torque, power, angular 

impulse, limb force and impulse, and ground contact time. 

Paired t-tests assessed Visit1 to Visit2 changes and Pearson 

correlations assessed significance of linear dependency. 

Results and Discussion 

Peak knee extension moment and knee valgus impulse in the 

dominant limb was significantly different between Visit1 and 

Visit2 (Figure 1). Patellar tendon shear wave velocity was 

higher on average during Visit2, but not statistically significant. 

There was no VISA-P correlation with conventional MRI and 

US findings. Average VISA-P scores increased from Visit1 to 

Visit2 by 3.7±6.8 but this was not significant. Significant 

correlations were observed between dynamic and imaging 

variables (Figure 2).  

 

Figure 1: Knee kinetics in the dominant limb during the jump. 

 

 

Figure 2: Matrix of significant correlations (filled cells) among 

jumping and imaging variables. 

We observed biomechanical changes during the season and 

correlations between important quantitative imaging and 

functional measurements. The correlations suggest a stronger 

link between SW and jumping variables than conventional US 

and MRI. These correlations reflect the changes that occur 

across the basketball season and highlight those that relate 

internal structure and external function.  

Conclusions 

Correlations suggest a stronger link between SW and jumping 

variables than conventional US and MRI. Results potentially 

support a tendinopathy screening tool and identify strategic 

variables for injury management. The study is ongoing with a 

target recruitment of 40 players total.   
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Summary 

This project determined that, in a sample of NCAA Division 1 

men’s basketball players, good vertical jumpers achieve a 

greater reactive strength index modified (RSIMOD; jump height 

divided by jump time) via a faster eccentric phase and greater 

rate of eccentric force development. Among collegiate 

basketball players, poor jumpers might focus on eccentric phase 

characteristics to improve jump abilities. 

Introduction 

Recent work suggests a quicker unloading of body weight 

during the countermovement vertical jump (CMVJ) 

distinguishes good from poor recreationally active jumpers, 

with performance defined by RSIMOD [1]. However, it remains 

unknown whether a quicker unloading phase is a prominent 

feature of good jumpers in more highly trained populations, 

such as collegiate basketball players. For instance, CMVJs 

performed by high-level athletes occur in time-constrained 

environments [2] that may differ from those of recreationally 

active participants. Thus, different CMVJ features (e.g., 

eccentric and concentric sub-phase times, force production, 

etc.) could distinguish good from poor performers in collegiate 

basketball players. This project examined differences between 

good and poor jumpers during the CMVJ, defined by RSIMOD, 

from a sample of Division 1 NCAA Men’s basketball players. 

Methods 

Eleven NCAA men’s basketball players (playing positions: 6 

guards; 3 forwards ; 2 centers) were stratified during analysis 

into Good (n = 6; 21.5 ± 2.0 y; 2.0 ± 0.1 m; 95.9 ± 8.7 kg) and 

Poor (n = 5; 19.6 ± 0.9 y; 2.0 ± 0.1 m; 86.6 ± 7.3 kg) 

performance groups according to RSIMOD (cutoff = 0.75). 

Following written consent, participants completed a 

standardized warm-up led by their strength and conditioning 

coaches. Participants then performed three CMVJs using their 

preferred technique (countermovement, arm swing, etc.). Trials 

were separated by approximately 30 seconds. Three-

dimensional ground reaction force (GRF) data were recorded 

(1000 Hz) via two force platforms (OPT 464508; Advanced 

Mechanical Technology, Inc., Watertown, MA, USA). 

Raw data were processed in MATLAB (The Mathworks, Inc., 

Natick, MA, USA). GRF signals were smoothed using a low 

pass Butterworth digital filter (50 Hz) and summed along the 

vertical axis to create a vertical GRF representative of the center 

of mass. The following variables were calculated: jump height 

(determined via impulse-momentum relation), jump time, 

RSIMOD, percentage of body weight unloaded (local minimum 

GRF/body weight), vertical GRF at amortization (Amort GRF), 

eccentric rate of force development (eRFD; [Amort GRF-Local 

Minimum GRF]/time between these GRF magnitudes), and the 

durations of the unloading, eccentric, and concentric sub-

phases. To account for the small per group sample sizes, 

Cohen’s d effect sizes (ES) and Hopkins’ [3] magnitude scale 

(ES; 0.0 < trivial ≤ 0.20 < small ≤ 0.60 moderate < 1.20 < large 

≤ 2.0 < very large) were used for group comparisons. Moderate, 

large, and very large differences were considered meaningful. 

Results and Discussion 

Data are presented as mean ± SD. A very large difference in 

RSI was observed (Good: 0.89 ± 0.14 m/s; Poor: 0.68 ± 0.06 

m/s; ES = 2.09) due to moderate differences in jump height 

(Good: 0.67 ± 0.07 m; Poor: 0.58 ± 0.10 m; ES = 1.13) and 

jump time (Good: 0.77 ± 0.08 s; Poor: 0.86 ± 0.10 s; ES = 1.13). 

A large difference in eccentric time was detected alongside a 

moderate difference in eRFD (Figure 1). Trivial-to-small 

differences were detected for unloading time (Good: 0.23 ± 

0.08 s; Poor: 0.24 ± 0.13 s; ES = 0.04) and concentric time 

(Good: 0.26 ± 0.05 s; Poor: 0.27 ± 0.03 s; ES = 0.38). Finally, 

small differences in unload % (Good: 62.57 ± 13.60 %; Poor: 

60.08 ± 10.34 %; ES = 0.22) and Amort GRF (Good: 20.82 ± 

4.14 N/kg; Poor: 19.95 ± 0.93 N/kg; ES = 0.30) were detected. 

 

Figure 1: Group Tests for Eccentric Time (left) and eRFD (right). 

Conclusions 

Good jumpers display a greater RSIMOD than poor jumpers via 

greater jump displacements and faster jump times. These 

differences appear influenced by a faster eccentric phase where 

a greater, yet highly variable, rate of force development occurs 

in good versus poor jumpers. Among collegiate men’s 

basketball players, poor jumpers might focus on rapid eccentric 

force production rather than a faster unloading of body weight. 
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Summary 
The purpose of this project was to determine how 
countermovement jump performance variables change as a 
function of skill level in basketball, by comparing them 
between male high school athletes, NBA draft picks, and 
professional basketball players. Our findings suggest that 
greater jump height is facilitated by a shorter braking phase 
and high ground reaction forces during braking and propulsion 
phases, rather than power.  The results can be used to improve 
training to increase jump height in male basketball players.  

Introduction 
Basic jump height (JH) tests inform coaches and trainers on 
how high athletes can jump but not on the biomechanics of the 
jump. The countermovement jump (CMJ) was developed to 
determine lower extremity force, power, and velocity while 
measuring jump height [1- 3]. Variables such as rate of force 
development (RFD), can be improved through training to 
increase an athlete’s JH [2]. The goal of this study was to 
compare CMJ performance variables across three different 
levels of male basketball players to determine the variables 
that contribute to increase JH. We hypothesized that braking 
phase RFD, peak force (PF), peak impulse (PI), and peak 
power (PP) will be greater in professional basketball players 
and correspond to increased JH. 

Methods 
High school (n = 40, 1.74 ± 0.1 m, 68 ±14 kg, 15.7 ± 1.2 
years), NBA Draft (n = 25, 1.98 ± 0.09 m, 96 ± 21 kg, 21.7 ± 
1.4 years), and professional (n = 58, 1.98 ±0.08 m, 98 ± 13 kg, 
27.8 ± 4.6 years) male basketball players were tested under the 
same protocol. Vertical ground reaction forces from three 
CMJ were summed between limbs and divided into the six 
CMJ phases [5]. PF, PP, PI, and RFD were calculated for the 
braking and propulsion phases as well as maximum jump 
height [5]. 
Statistical analyses between groups were performed with JMP 
14 (SAS Institute Inc., Cary, NC) with matched pairs and the 
three groups were compared with one-way ANOVA tests (α = 
0.05). A Tukey post hoc analysis was conducted to detect 
differences among groups.  

Results and Discussion 
No significant differences were found in height and weight 
between the elite groups, but the high school males were 
significantly lighter and shorter than the elite groups (P < 
0.001). JH was highest in the professionals (professionals: 
0.39 ± 0.00 m; draft: 0.34 ± 0.01 m; high school: 0.34 ± 0.01 
m; P < 0.001). PF during the braking and propulsion phases 
was significantly higher in the professional group (P < 0.001) 
(Fig. 1). 

 
Figure 1: Peak vertical ground reaction forces during the breaking 
and propulsion phases of the high school (black), drafts (grey), and 

professional (dashed) basketball players. Asterisk signifies P <0.001. 

The high school group had a longer braking phase then the 
other groups (P < 0.001). A shorter braking phase 
demonstrated better neuromuscular control in the elite players. 
Although the professional group jumped the highest, when 
compared to the draft group, they presented significantly 
lower braking (554.51 ± 28.7 Nm/s, 945.14 ± 79.06 Nm/s; 
P<0.001) and propulsion (2929.35 ± 136.11 Nm/s, 9169.96 ± 
374.38 Nm/s; P <0.001) PP, and lower braking RFD (5762.75 
± 179.19 N/s, 5948.83 ± 492.87 N/s; P<0.001). There was no 
significant difference in PP or RFD between the professional 
and high school groups. 

Conclusions 
The results of this study indicate that a shorter braking phase 
and higher PF during braking and propulsion phases produce a 
larger JH. The braking and propulsion PP and PI of the draft 
group did not increase JH. Clinicians should look at CMJ 
braking phase time and PF as areas to train for increased jump 
height.  
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Summary 

We posit that an age-related shift toward shorter plantarflexor 

operating lengths functionally limits force generation, and 

thereby the ability of those muscles to respond to increased 

propulsive demands during walking. In older subjects, we 

found a strong and significant positive correlation between 

gastrocnemius fascicle length at peak ankle moment during 

normal walking and performance on a ramped impeding force 

walking condition designed to increase the propulsive demands 

to their maximum, even after controlling for isometric strength. 

Our findings allude to age-related changes in plantarflexor 

muscle operating behaviour during walking that may be an 

important determinant of gait performance in older adults.  

Introduction 

The plantarflexor muscles provide the majority of mechanical 

power needed for forward propulsion and swing initiation 

during the push-off phase of walking. Accordingly, reduced 

push-off intensity during walking, arising from diminished 

plantarflexor mechanical output, is thought to play an important 

role in age-related mobility impairment. We recently 

discovered that older adults perform significantly worse than 

young adults on tasks designed to increase the propulsive 

demands of walking to their maximum – namely, maximum 

speed walking and a maximum ramped impeding force 

condition (Fig. 1A) [1]. We posit that an age-related shift 

toward shorter plantarflexor operating lengths, likely governed 

in part by increased tendon compliance, functionally limits 

force generation and thereby the ability of those muscles to 

respond to increased propulsive demands during walking. This 

study represents an important step toward understanding the 

veracity of this overarching premise. We hypothesized that 

gastrocnemius muscle fascicle length at peak ankle moment 

during walking would be shorter in older than young adults. We 

also hypothesized that, independent of muscle strength, shorter 

fascicle lengths during normal walking would predict (i.e. 

correlate with) worse performance on tasks that increase the 

propulsive demands of walking to their maximum.  

Methods 

9 older (“OA”, 75.3±2.7 years, 5M/4F) and 9 young (“YA”, 

25.3±4.9 years, 5M/4F) adult subjects participated. We first 

recorded subjects preferred (“Pref”, YA: 1.3± 0.1 m/s, OA: 

1.3±0.1 m/s) and maximum safe (“Fast”, YA: 2.5±0.3 m/s, OA: 

1.9±0.2 m/s) walking speeds. Subjects completed one walking 

trial at each of these speeds on an instrumented treadmill 

(Bertec). We also used a custom, motor-driven horizontal 

impeding force system (Fig. 1A) as previously described [1]. In 

a third trial performed at subjects’ preferred speed, we applied 

horizontal impeding forces to subjects’ waist increasing at a rate 

of 1 %BW/s (“Ramp”). The trial ended following a 0.35 m 

displacement of the subjects’ pelvis, monitored using an 

encoder. A 60 mm ultrasound transducer (Telemed) operating 

at 61 frames/s recorded B-mode images from a longitudinal 

cross-section of the right medial gastrocnemius (MG). Open 

source MATLAB routines [2] estimated time series of MG 

fascicle lengths. Motion capture (Motion Analysis) and 3D 

ground reaction force data estimated ankle joint kinematics and 

kinetics. Finally, we characterized plantarflexor strength and 

MG length-tension relations on a dynamometer (Biodex). 

Results and Discussion 

MG fascicle lengths at peak ankle moment in OA averaged 7% 

shorter than those in YA, however this difference was not 

statistically significant (p=0.189). A significant main effect 

(p=0.009) revealed that MG fascicle shortening relative to heel-

strike was significantly diminished by age, and that this was 

exacerbated during the Fast (vs. YA, -43%, p=0.017) and Ramp 

(vs. YA, -65%, p=0.001) conditions (Fig. 1B). We also found a 

significant correlation between MG fascicle length at peak 

ankle moment during Pref and performance on the Ramp 

condition (p=0.020, r²=0.293) (Fig. 1C). This relation was 

driven by that in OA (p=0.005, r²=0.704) and remained 

significant after controlling for isometric strength (All: 

p=0.012, r²=0.353, OA: p=0.011, r²=0.687). We found no 

correlation between fascicle length and maximum speed.  

Conclusions 

We conclude that, independent of muscle strength, shorter 

gastrocnemius fascicles at peak ankle moment during normal 

walking are strongly associated with worse capacity to enhance 

push-off intensity during walking, especially in older adults.  
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Figure 1. (A) Impeding force system. (B) MG fascicle length (C) Correlations between Ramp performance and MG fascicle length during Pref.  
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Summary 

The muscles operating closest to their functional limits 

produce the “weak link” for locomotor ability. This study 

shows that both young and old adults operate at a much 

greater relative effort at their ankle than knee extensor muscles 

during walking and running. This suggests that interventions 

designed to enhance locomotor ability should focus especially 

on improving ankle extensor capacity. 

Introduction 

Age-related loss of maximum force generation capacity have 

been shown to occur similarly across different lower limb 

muscle groups, whereas decline in locomotor ability with age 

depends primarily on reduced ankle extensor moment and 

power generation during push-off [1]. Reduced ankle push-off 

function in older age is thought to be associated with a great 

demand placed on ankle extensors during walking [1,2].   

The results of the recent study [3], however, conflicts with the 

above suggestion. By relating inverse dynamics-derived joint 

moments of habitual walking to maximum dynamometer-

derived joint moments, the researchers found that hip and knee 

extensors of older adults operated near their maximum 

capacity (>90% effort), whereas ankle extensors worked well 

below their limits (71% effort). In comparison to young adults, 

the operating efforts in older adults were found to be about 1/3 

greater across leg extensor muscles [3].  

An additional and more direct method for determining 

locomotor-related muscle efforts is to measure joint moments 

during the maximum force test by using the inverse dynamics 

method. This study used the inverse dynamics method for 

determining the knee and ankle extensor muscle efforts in 

young and older adults during walking, running and sprinting.  

Methods 

Twelve young (27 yrs.) and 12 older (71 yrs.) adults 

performed locomotor tasks and a maximal hopping test. Using 

an inverse dynamics biomechanical model, the muscle forces 

of the knee and ankle extensors were quantified across 

locomotor tasks and then related to maximum forces of the 

same muscle groups obtained from a reference hopping test. 

Results and Discussion 

Ankle extensors operated at greater effort than knee extensors 

across locomotor tasks in both young and older adults (Figure 

1). The relative effort of ankle extensors across locomotor 

modes showed little differences between age-groups, because 

both locomotor-related force generation and maximum force 

development of ankle extensors were lower in old adults 

(Table 1). In contrast, knee extensors of older adults showed 

significantly greater effort compared that of young adults, 

especially during walking and sprinting. This was because 

older adults demonstrated nearly similar knee extensor force 

during locomotor tasks compared to young adults, although 

their maximum force was lesser (Table 1).     

 

Figure 1. Relative muscular efforts during locomotion.  

Conclusions 

Our results suggest that age-related distal-to-proximal shift in 

joint kinetics during human level locomotion may be due to a 

great demand placed on ankle extensors. This should be 

considered when designing interventions aimed at improving 

locomotor ability in older adults.   
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Table 1: The ankle plantarflexor and knee extensor forces during locomotor activities and a reference hopping test.   

 
Walking (1.6 m/s) Running (4.1 m/s) Sprinting (9.3 m/s vs 7.1 m/s) Hopping test 

Muscle force (BW) Young Old Young Old Young Old Young Old 

Ankle extensors 3.4 ± 0.3 3.2 ± 0.3 8.3 ± 1.6 7.1 ± 1.0* 9.5 ± 1.3 7.9 ± 1.0*** 9.9 ± 1.4 8.0 ± 1.7** 

Knee extensors 2.6 ± 0.4 3.0 ± 0.5 8.5 ± 1.5 7.5 ± 1.9 9.8 ± 2.8 9.1 ± 2.8 13.9 ± 3.0 10.2 ± 1.7*** 
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Summary 

Older endurance runners did not display smaller hip kinetics 
or larger ankle kinetics compared to older non-runners (i.e. a 
history of running did not mitigate age-related differences in 
gait kinetics) which may suggest that age-related differences 
in gait kinetics are a normal and healthy part of natural aging. 

Introduction 

Physical activity (e.g. endurance running) contributes to the 
maintenance of muscle strength in older adults, but many 
older adults report declining levels of physical activity.  Since 
muscle strength is associated with gait kinetics [1], age-related 
declines in physical activity may contribute to the typical age-
related differences in gait kinetics, i.e. smaller ankle kinetics 
and larger hip kinetics [2].  However, the effect of common 
forms of physical activity like endurance running on gait 
kinetics in older adults is unclear, and it is therefore unknown 
if age-related differences are caused primarily by decreased 
activity or age.  Relatedly, it is unknown if age-related “shifts” 
in joint kinetics can be prevented by a high level of fitness.  
Therefore, the purpose of this study was to compare ankle and 
hip kinetics between older runners and non-runners.  Due to 
the mitigating effect of fitness, we hypothesized that older 
runners would display larger ankle kinetics and smaller hip 
kinetics compared to older non-runners. 

Methods 

Participants were 12 older runners (67 ± 5 yrs, 1.79 ± 0.07 m, 
77.3 ± 13.7 kg), and 12 older non-runners (69 ± 3 yrs, 1.77 ± 
0.06 m, 78.5 ± 10.9 kg).  Older runners reported on average, 
34 ± 14 yrs of running training, and at the time of testing, ran 
at least 20 miles/wk.  Participants provided written informed 
consent to procedures approved by the local IRB. 

An instrumented gait analysis was performed while 
participants walked at 1.26-1.34 m/s.  Joint moments and 
powers were calculated using 6DOF inverse dynamics in 
Visual3D.  Isometric strength testing was performed to 
complement self-reported running history.  One-tailed 
independent samples t-tests were used to compare peak 
moments and powers between older runners and non-runners. 

Results and Discussion 

Average speed and step lengths were: older runners (1.30 ± 
0.02 m/s and 0.72 ± 0.04 m), older non-runners (1.30 ± 0.01 
m/s and 0.72 ± 0.04 m). 

Although there were some visually-evident differences 
between older runners and non-runners (Figure 1), there were 
no significant differences in the direction of the tested 
hypotheses between older runners and non-runners for any 
outcome variables (p > 0.05).  Specifically, older runners did 
not display smaller peak hip moments or powers, or larger 

peak ankle moments or powers vs. older non-runners.  
Runners vs. non-runners displayed greater isometric hip 
extensor, knee extensor, and dorsiflexor strength (p < 0.05), 
but similar plantarflexor strength (p > 0.05), which may have 
contributed to the similar ankle kinetics between groups. 

 

Figure 1: Mean sagittal plane joint moments and powers.  
Positive is extensor moment or energy generation, negative is 
flexor moment or energy absorption.  Stride begins and ends at 
heel strike.  Mean and standard deviation (solid gray and 
shaded gray) for young runners is included for reference.  
Vertical line indicates toe-off. 

Conclusions 

Habitual endurance running did not mitigate characteristic 
age-related differences in joint moments and powers, which 
may suggest that age-related differences in gait kinetics are an 
unavoidable part of natural aging.  Future work should 
characterize the effects of varying modes of physical activity 
(i.e. strength training vs. endurance training) on kinetics in 
older adults.  
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Summary 

Mild fatigue during activities of daily living may have a greater 

impact on muscle function in older versus younger adults.  

Multi-muscle pattern (MMP) analysis was performed 

combining a wavelet transform and principal component 

analysis (PCA) to discriminate contributions of principal 

patterns (PP) between midlife and young healthy adults. Results 

suggest that there are larger changes in muscle activation 

following a prolonged treadmill walk for midlife that may 

contribute to functional decline in response to bouts of activity. 

Introduction 

Muscle fatigue, or a decline in maximum muscle power, may 

contribute to declines in mobility with aging [1]. Healthy older 

adults use greater relative effort during gait compared to young 

adults due to muscle weakness [2,3]. Therefore, mild fatigue 

accumulated during a prolonged walk may have a greater 

impact on muscle activation patterns with increasing age. Thus, 

the aim of this study was to quantify the impact of a prolonged 

walk on intensity, timing, and frequency characteristics of 

muscle activation within and between muscles during walking 

in midlife and young healthy adults.   

Methods 

Seventeen older midlife (MID) (Age: 62.9±0.2yrs; Speed: 

1.31±0.01m/s; 8F) and 17 young (YNG) adults (Age: 

27.8±0.2yrs; Speed: 1.4±0.01m/s; 9F) completed a 30-minute 

treadmill walk (30MTW) at their preferred speed [1]. Surface 

electromyography (sEMG) was recorded at 2000Hz from 8 

muscles of the right leg (Fig. 1) during minute 2 and minute 30 

of the 30MTW. To quantify EMG intensity, timing, and 

frequency patterns simultaneously, 10 consecutive strides were 

wavelet transformed into 17 wavelet bands and normalized to 

100% of the gait cycle [4]. Data were stacked into a MMP 

vector for all participants at each timepoint and combined to 

perform PCA [4]. PP of muscle activation were used in further 

analysis if they described greater than random variance in the 

MMP matrix. Weight factors, representing the contribution of 

each PP to a respective MMP, were determined by projecting 

MMP onto PP. 2-way repeated measures ANOVAs were 

applied with post-hoc tests performed as appropriate. Where 

significant main effects or interaction effects (p<0.05) were 

found, PPs were combined as a weighted linear combination to 

define a new discriminant PP [5]. Weight factors for the new 

discriminant PP were compared with a Student’s t-test.  

Results and Discussion 

The residual mean plus the first 17 PPs explained 97.96% of 

variance in the original data. The weights of PPtime (Fig.1) 

decreased with time in MID (p<0.001) but not YNG (p=0.47) 

indicating a decrease in activation for VM and TA during early 

stance and late swing for MID but not YNG. A significant group 

difference in weights of PPmin30 (Fig. 1) was found indicating 

less contribution of this pattern to the overall signal in MID 

compared to YNG (p=0.01) at min30. Smaller weights for MID 

indicate less activation of VM, RF and TA in early stance and 

late swing associated with less MG activation during early 

stance and midstance, less RF activation throughout the gait 

cycle especially in lower frequencies, and less BF and ST 

activation during late swing in MID compared to YNG. 

Conclusions 

While MMPs were not different at baseline, a prolonged walk 

that may result in submaximal fatigue lead to decreased 

activation of VM and TA during early stance and late swing in 

midlife, but not in young. Together with differences in MMPs 

at the end of the walk these results suggest midlife adults adopt 

gait patterns that rely less on the knee extensors before and after 

heel-strike. This may contribute to a less dynamic gait pattern 

and a decline in mobility over the course of a day in older adults. 
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Figure 1: Discriminant PPs represented as MMPs for 8 muscles of the 

lower limb: Semitendinosus (ST), Biceps Femoris (BF), Rectus Femoris 

(RF), Vastus Medialis (VM), Vastus Lateralis (VL), Tibialis Anterior 

(TA), and Medial (MG) and Lateral (LG) Gastrocnemius; and wavelet 

bands 1-17 (center frequencies: 12.6-246.4Hz) starting from the bottom 

up at each muscle. PPtime (left) is a linear combination of PPs with a 

significant decrease across time in MID PP weights (PP1, PP3, PP4, and 

PP5). PPmin30 (right) is a linear combination of PPs with a significant 

difference in group weights at min30 (PP1 and PP3). 
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Summary 

Achilles tendon shear wave speed was measured in 16 young 

and 16 older adults walking at speeds ranging from 0.75 to 1.5 

m/s. Subject-specific calibrations were performed and used to 

estimate tendon stress from wave speed squared. We observed 

a consistent and substantial decline in tendon stress (-29%) 

during push-off in older adults across all walking speeds. 

These tendon stress reductions may contribute to the 

diminished ankle power often observed in elderly gait. 

Introduction 

Plantar flexor push-off power is diminished in older adults, 

particularly at faster speeds [1]. This reduction could arise 

from reduced muscle-tendon loading, diminished Achilles 

tendon moment arms [2] or slower shortening contractions [3]. 

Traditional joint kinetic measures cannot discriminate between 

these underlying factors. We recently introduced a shear wave 

tensiometer to assess tendon stress during movement [4]. 

Here, we used a tensiometer to test the hypothesis that: 1) 

older adults would exhibit diminished tendon stress during 

walking, and 2) age-related declines in tendon stress would 

increase with walking speed. 

Methods 

Sixteen (8M/8F) healthy young (26±5 years) and 16 (8M/8F) 

older (67±5 years) adults participated in this study. Achilles 

tendon shear wave speeds (Figure 1) were collected while 

individuals walked on an instrumented treadmill at four 

walking speeds (0.75, 1.00, 1.25, and 1.50 m/s) [4]. Subject-

specific calibrations of the tensiometer were separately 

performed. Ankle torque, T, was measured while subjects 

voluntarily performed one- and two-legged anterior-posterior 

sway on a force platform. Moment arm, r, was measured using 

coupled motion capture and ultrasonography [5]. Tendon 

cross-sectional area, A, was measured using either MR images 

or ultrasonography. Tendon stress was computed for the 

isometric trials assuming the ankle torque was generated by 

the Achilles tendon, =T/(rA). For each subject, a linear fit 

between wave speed squared and stress was calibrated [4]. 

 

Figure 1: Tensiometer consisted of (A) piezo-electric tapping device 

and (B) two accelerometers. C) Subject-specific calibration: σ-stress, 

c-wave speed, β and  - calibration constants. 

Two-way mixed ANOVAs with Bonferroni post-hoc 

corrections were used to evaluate the effects of age group and 

walking speed on peak stress during the stance phase of the 

gait cycle (p<0.05). 

Results and Discussion 

Peak tendon stress was significantly lower in older adults 

(p=0.03) (Figure 2), with an average reduction of 29% across 

walking speeds. There were no significant interaction effects 

between age and walking speed and no significant pairwise 

comparisons of walking speed for either age group (p>0.05). 

Tendon area tended to be larger in the older (74±18 mm2) 

adults than the young (64±13 mm2) adults though the 

difference was not significant. 

 

Figure 2: Achilles tendon stress during walking in young and older 

adults. 

In line with our first hypothesis, we observed a consistent and 

large age-related reduction in Achilles tendon stress during the 

push-off phase of walking. The reduction was comparable in 

magnitude to a 26% decline in plantar flexor torque reported 

by DeVita et al. at faster walking speeds [1]. Some prior 

studies have found older adults exhibit larger cross-sectional 

areas than young adults [6], which could contribute to 

diminished tendon stress measures. Surprisingly, we did not 

observe an age-by-speed effect as the substantial decline in 

Achilles tendon stress during push-off was observed at both 

slow and fast walking speeds.  

Conclusions 

Reduced Achilles tendon stress may contribute to the 

diminished ankle power during push-off in elderly gait.  
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Summary 

We used a novel prosthosis to simulate the biomechanics of 
cycling with a uni-lateral amputation in people without an 
amputation.  This provided a model for acute adaptation to the 
asymmetrical biomechanics associated with using a transtibial 
prosthesis.  We compared joint moment data to a group of 
people with transtibial amputation that have chronically 
adapted to their asymmetrical human/prosthesis system.  We 
used this novel paradigm to demonstrate neural control 
asymmetries in people with uni-lateral amputation. 

Introduction 

Locomotion is biomechanically asymmetric after unilateral 
lower limb amputation, where a mechanical prosthetic device 
takes the place of the missing biological ankle and foot.  
Moreover, the control of the distal prosthetic limb occurs 
through soft mechanical interactions between the residual limb 
and the prosthetic socket. However, it is unclear if the 
asymmetric limb control documented in this group is due to 
the mechanics of operating a biomechanically asymmetrical 
system and/or due to long term adaptations in neural control 
because task biomechanics have not been controlled for in 
previous comparisons. [1,2] 

To dissociate the neural versus biomechanical asymmetries 
during locomotion with an amputation, we developed an 
experimental pedaling paradigm using a novel ‘prosthosis’.  
This is an orthosis that can be worn over an intact limb and is 
designed to replicate the acute biomechanical asymmetries of 
using a prosthesis. We hypothesized that people with long-
term unilateral amputation would differ in joint coordination 
during pedaling compared to people wearing the prosthosis 
acutely.   

Methods 

A group of twelve cyclists with no lower limb impairment 
(Intact) (81.58 ± 10.6 kg, 1.81 ± 0.05 m, 33.5 ± 8.4 yrs) and a 
group of eight cyclists with unilateral transtibial amputation 
(TT-AMP) (82.3 ± 15.1 kg, 1.83 ± 0.08 m, 33.6 ± 9.2 yrs) 
were recruited for this IRB approved study. 

The participants pedalled a cycling ergometer at 15Nm and 90 
rpm that was instrumented with force pedals while joint 
kinematics were collected using a six camera infrared motion 
capture system.  The Intact group of cyclists pedalled 
normally and while wearing the prosthosis to simulate an 
acute amputation.  Joint motion and joint moments variables 

were compared across the Intact group pedalling normally 
(INT-Norm), the limb wearing the prosthosis (INT-Pros), and 
the amputated limb in the TTA-Amp group (TTA-Pros) using 
a one-way ANOVA. A Bonferroni post-hoc assessed 
differences between conditions. 

Results and Discussion 

Biomechanical task equivalency was demonstrated between 
the INT-Pros and TTA-Pros as no difference in angular range 
of motion between the limb and the device (INT-Pros = 7.7 ± 
5.5˚, TTA-Pros = 5.4 ± 3.1˚, p = 0.330) and similar crank 
torque asymmetries (INT-Pros = 28.4 ± 16.5%, TTA-Pros = 
20.5 ± 11.4%, p = 0. 797).  Despite the task mechanics being 
similar, joint moments proximal to the device demonstrated 
significantly different control strategies during the power 
phase (0 - 180º of crank rotation).  The hip moment for the 
INT-Pros condition (41.2 ± 15.3 Nm) was smaller (p = 0.032) 
than TTA-Pros (58.3 ± 12.7 Nm).  The knee extensor moment 
during this phase for the INT-Pros condition (23.6 ± 7.8 Nm) 
was larger (p < 0.001) than the TTA-Pros (7.81 ± 4.2 Nm) 
condition.  To summarize, the INT-Pros used an opposite 
strategy than TTA-Pros to control the same task biomechanics. 

Conclusions 

Chronically exposed TT-AMP subjects utilized a different 
asymmetric motor control strategy to acutely exposed control 
subjects to control their asymmetrical human/prosthesis 
system. We demonstrated this using our novel prosthosis that 
dissociates biomechanics from neural control contributions to 
the observed asymmetries.  The asymmetrical control strategy 
adapted by TT-AMP may help reduce pressure over boney 
prominences in the residual limb and aid in toe clearance 
during gait and likely provides a functional benefit.  
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Summary 
This study examined how people with unilateral lower limb 
amputation (LLA) perform a 180⁰ turn both toward and away 
from their prosthetic side. Results demonstrated that people 
with LLA perform turns differently than people without 
amputation, and that individuals with LLA use differing 
strategies to turn depending on their anatomical level of 
amputation and the direction of the turn. 
Introduction 

The ability to negotiate around obstacles and change heading 
while walking is essential to household and community 
ambulation, as 35-45% of all steps taken during the day 
involve turning [1]. During a turn, time spent on the inner limb 
of the turn increases, concomitantly time spent on the outer 
limb decreases [2]. The opposite is true of stride length, where 
the inner limb stride is shortened compared to the outer stride 
in order for the turn trajectory to occur. The movement 
adaptations required for turning may pose difficulties to 
someone with motor impairment.   Difficulty with turning has 
been associated with increased fall risk and injury in the 
elderly [3]. Greater time and number of steps to perform a turn 
was found to be predictive of increased fall risk in elderly 
people with LLA. The purpose of this study was to determine 
the differences between the temporal-spatial parameters of the 
prosthetic and intact limb in people with unilateral LLA 
during the 180˚ turn task of the Component Timed-Up-and-Go 
test (cTUG) [4]. We expected temporal-spatial differences 
when the 180˚ turn is performed with a prosthetic inner limb 
(PIL) compared to an intact inner limb (IIL), and differences 
based on amputation level, at either the transtibial (TT) or 
transfemoral (TF) level. 

Methods 

Forty community-ambulating subjects with unilateral LLA, 
with a mean age of 47.9 ± 14.7 years, performed the cTUG 
test turning once in each direction, both toward the intact and 
toward the prosthetic limb. An instrumented walkway 
captured temporal-spatial parameters during performance of 
the 180° turn task of the cTUG, while a custom iPad 
application recorded time and number of steps to perform the 
turn. Statistical comparisons of temporal-spatial values were 
made between turn direction and level of amputation during 
the cTUG. 
 

Results and Discussion 
People with lower limb amputation spent more time on their 
intact limb while turning than their prosthetic limb regardless 
of the position of the intact limb, and those with transfemoral 
amputation spent significantly more time on the intact limb 
than those with transtibial amputation (43.4±4.2% and 35.5± 
4.1% (p=.002), respectively). Additionally, subjects with 
transfemoral amputation performed the turn significantly 
faster when turning with an inner intact limb (Table 1). 

 
The present study demonstrates that community ambulating 
people with unilateral LLA perform a 180˚ turn using differing 
strategies, dependent on whether the prosthetic limb or the 
intact limb is the inner limb of the turn, exposing adaptations 
prosthetic users employ during gait. These differences are 
amplified at more proximal amputation levels. 
Conclusions 

This is the first study to compare inner and outer limb 
parameters of turning in people with LLA, finding that 
prosthetic users turn differently than able-bodied people, and 
exhibit differences based on level of amputation. This may put 
people with LLA at greater risk for overuse of their sound 
limb over time.  
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Summary 

Kinematic and electromyography data were collected from 

people without transtibial amputation (TTA) and with TTA for 

three prosthetic alignment conditions during sit-to-stand 

(STS). People with TTA had greater amputated side and lower 

intact side rectus femoris activity compared to people without 

TTA. Changes in amputated side muscle activity in response 

to alignment shifts suggest that lateral shifts reduce muscular 

effort associated with maintaining stability during STS. 

Introduction 

The STS motion is an important activity of daily living [1]. 

People with TTA have altered movement strategies during 

STS with asymmetric ground reaction forces and greater 

trunk-pelvis lateral bending towards the amputated limb, 

though these metrics can be highly variable across participants 

[2]. One source of variability may be differences in prosthetic 

alignment. Therefore, the purpose of this study was to 

determine the effects of prosthetic alignment on muscle 

activity during STS for people with TTA. We hypothesized 

that people with TTA would have asymmetric and greater 

lower limb muscle activity compared to people without TTA, 

and greater muscle activity when using altered alignments. 

Methods 

Seven participants with unilateral TTA (6M/1F, 45±17 years, 

1.78±0.08 m, 94±18 kg) and seven people without TTA 

(6M/1F, 40±15 years, 1.80±0.08 m, 86±17 kg) performed five 

STS trials. Participants with TTA performed sets of trials with 

their prescribed alignment and ±10-mm medial/lateral 

translations of the prosthetic pylon. We measured muscle 

activity in eight superficial muscles in the legs and back at 

1200 Hz using surface electrodes. Electromyography (EMG) 

data were low-pass filtered (4th-order Butterworth) with a 

cutoff frequency of 2.5 Hz. EMG signals were normalized to 

the STS duration and to peak magnitude. Signals for altered 

alignments were normalized to the prescribed alignment peak. 

We used 3x2 repeated measures ANOVAs with Tukey post-

hoc tests to compare muscle activity (Integrated EMG: iEMG) 

between alignments (Prescribed, Medial, Lateral) and sides 

(Intact, Amputated). We also compared iEMG between 

participants with and without TTA with t-tests. (α=0.05) 

Results and Discussion  

The amputated side gluteus medius (GM) had lower activity in 

the lateral condition compared to prescribed (p=0.03) (Fig 1). 

This lower activity may be due to a reduced demand for GM 

to stabilize the trunk as a laterally outset pylon alignment 

increases the base of support. Thus, increased lateral 

alignment for transfer-only prostheses may be beneficial. 

People with TTA had greater amputated side (p<0.01) and less 

intact side rectus femoris (RF) activity (p=0.04), compared to 

people without TTA. People with TTA also had RF 

asymmetry in all alignment conditions (p<0.01), stemming 

from a prolonged activity duration on the amputated side. The 

amputated side RF activity was greater in the medial condition 

(p=0.01), where a smaller base of support may require greater 

muscle activity associated with knee flexion to enhance 

stability. Greater RF activity may increase pressure on the 

distal anterior tibia of the residual limb, potentially 

compromising socket comfort. 

 

Figure 1: Average and integrated EMG during STS. ‘*’ = p<0.05. 

Conclusion 

Mediolateral prosthetic alignment shifts have potential to alter 

muscle activity and asymmetry in people with TTA, and may 

also affect trunk stability during STS. Future work will relate 

the kinematics and kinetics to the changes in muscle activity 

in response to alignment shifts. 
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Summary 

Kinematic and electromyography data were collected from 

nine participants with transtibial amputation (TTA) while 

walking over ground using a powered and a non-powered 

prosthesis. Peak EMG amplitude of the major thigh muscles 
was compared across prostheses and sides. There was no 

significant effect of prosthesis for any of the muscles tested. 

The lateral hamstring peak amplitude had a significant 

prosthesis x limb interaction effect (p = 0.018). However, 

paired t-tests revealed no significant differences in the peak 

amplitude of the lateral hamstring.  

Introduction 

People with transtibial amputation (TTA) tend to walk more 

slowly and use more metabolic energy than non-amputees [1]. 

People with TTA also employ a range of compensations in 

response to diminished support during walking including 

greater muscle activity in the quadriceps and hamstrings [2]. 

Powered ankle prostheses provide assistive power during 

push-off to mimic the function of the plantarflexor muscles.  

Some studies have found that this power enables people with 

TTA to walk with reduced metabolic cost [3]. However, other 

studies have found that not all users are able to reduce their 

metabolic effort [4] and higher functioning users are more 

likely to see benefits [5]. It is unclear why certain users benefit 

while others do not. The purpose of this study was to 

determine how muscle activity is affected when people walk 

with passive and powered prostheses.  

Methods 

Nine subjects with unilateral TTA (age 46.5 +/-14.9) 

participated in the study. Full study details are provided in [5]. 
Briefly, participants were randomly assigned first to either a 

powered prosthesis (BiOM) or their prescribed non-powered, 

dynamic response (DR) prosthesis. Participants walked across 

an 8-m walkway while electromyography (EMG) of the major 

muscles of the thigh were collected using surface electrodes.  

EMG data were visually inspected, demeaned, band-pass 

filtered (30-500 Hz), rectified and low-pass filtered (5th order 

Butterworth, fc = 5 Hz). The data were then normalized to a 

stride and to the peak value obtained during a maximum 

voluntary isometric contraction (MVIC). Peak EMG 

amplitude was averaged across five trials for each muscle 

under each condition (DR vs BiOM). We tested for 

differences in muscle activity between prostheses (DR, BiOM) 

and limbs (Intact, Amputated) using a series of 2x2 repeated 

measures ANOVAs. Paired t-tests were performed when 

significant main/interaction effects were found ( = 0.05).    

Results and Discussion 

There was a significant prosthesis x limb interaction effect (p 

= 0.018) for the lateral hamstring peak amplitude. However, 

paired t-tests revealed no significant differences in the peak 

EMG amplitude of the lateral hamstring muscle. There was no 

significant effect of prosthesis for any of the muscles tested.   

There was a significant limb effect for rectus femoris (p = 

0.016) and vastus medialis (p = 0.0077).  Peak amplitude was 

greater for the amputated side compared to intact side but 

paired t-tests revealed no significant difference.  The higher 

peak amplitude seen in the amputated limb quadriceps 

muscles is consistent with findings in the literature. While not 

significant, there is a trend for lateral hamstring peak 

amplitude to be higher in the amputated limb in the BiOM 

condition (Figure 1). This might be indicative of a 

compensation to decelerate the shank and stabilize the knee 

when using the powered prosthesis. The group examined in 

this study did not exhibit reduced metabolic effort as discussed 

previously. It is possible that a more-balanced study where 

more users exhibit reduced metabolic costs with a powered 

prosthesis might reveal more significant results.  

 

Figure 1: Peak EMG amplitude of rectus femoris and lateral 

hamstring for different prostheses and limb conditions.  

Conclusions 

There were no significant differences in the peak EMG 

amplitudes of the major thigh muscles across prosthesis. There 

was a significant prosthesis x limb interaction effect for the 

lateral hamstring and significant limb effects for the rectus 

femoris and the vastus medialis.   
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Summary 

The objective of this study is to restore a gastrocnemius-like 

ankle-knee coupling to individuals with lower limb 

amputation (ILLA), then 1) characterize how different 

gastrocnemius dynamics (e.g., stiffnesses) affect whole-body 

gait biomechanics and 2) explore which gastrocnemius 
behaviors are most beneficial. We have developed a custom-

modified robotic emulator system and validated that our 

system is capable of simulating a broad range of artificial 

gastrocnemius and powered ankle prosthesis behaviors. Our 

first set of experiments is getting underway. We will test 

unilateral, transtibial ILLA while we sweep across a range of 

stiffness values for a passive artificial gastrocnemius, and also 

sweep across different ankle prosthesis behaviors (e.g., 
magnitudes of net work during push-off). At the conference 

we will summarize robotic hardware development and 

validation to date, as well as the latest human subject results. 

Introduction 

Powered prosthetic ankles have been developed that can 

restore the monoarticular function of the soleus muscle, one of 

the main contributors to ankle plantarflexion push-off during 

walking. However, the benefits observed from powered ankles 

(e.g., magnitude of metabolic cost reduction) have often been 

less than those theorized/expected [1], [2].  

One potential explanation is that powered ankles do not 

restore the biarticular function of the gastrocnemius, which 

provides a mechanical coupling across the ankle and knee, and 

also contributes to plantarflexion push-off. Simulation [3] and 

experimental [4] studies find that restoring the gastrocnemius 

may improve walking performance above and beyond 

restoring soleus function alone. For instance, preliminary 

experiments found that some ILLA on powered ankles 
demonstrated large metabolic reductions when gastrocnemius 

function was restored [4]. However, systematically varying 

gastrocnemius stiffness has not yet been tested experimentally. 

The objective of our study is to fill this knowledge gap by 

using a robotic emulator to systematically vary the stiffness of 

an artificial gastrocnemius worn by ILLA and quantify how 

this affects gait biomechanics, particularly push-off dynamics 

when a burst of power is transferred from the device to user. 

Methods 

To study the role of the gastrocnemius we are using a robotic 

emulation system (HuMoTech) that we customized to include: 
a soleus actuator (to emulate the powered ankle prosthesis),  a 

separate gastrocnemius actuator (to vary behaviour of the 

ankle-knee coupling), a soft conformal leg interface (which 

attaches to the user’s thigh to provide an anchor point for the 

gastrocnemius), and a foot prosthesis (a modified version of 

HuMoTech’s standard prosthesis hardware). We have 

developed a controller that can command the artificial soleus 

and gastrocnemius in a repeatable, accurate, and precise 

manner. As subjects walk, we can independently control the 

dynamics of the soleus and gastrocnemius, in order to 

systematically analyze how different parameters affect gait.   

The experimental setup also consists of the following 
measurement systems: a force-instrumented treadmill (Bertec) 

to measure ground reaction forces, a motion capture system 

(Vicon) to measure kinematics, and an electromyography 

system (Delsys), to measure muscle activity. Multi-subject 

testing on ILLA is now getting underway, in which we will 

systematically test a range of gastrocnemius stiffnesses. The 

latest human subject results will be presented at ISB/ASB. 

Results and Discussion 

We have verified the controller’s ability to emulate different 

gastrocnemius spring stiffness profiles during walking. Fig 1. 

shows average pilot data that yields an RMS error of 2.4 N 

between the measured and target forces during stance phase of 

walking, with minimal resistance/interference during swing. 

     

Figure 1: Experimental Set-up (left), Stiffness Emulation (right). 

Conclusions 

We have developed hardware and control software to emulate 

both the monoarticular and biarticular actions of the ankle 
plantarflexors. This system will enable us to sweep across a 

broad set of stiffness and work parameters to gain new insight 

into how the gastrocnemius ankle-knee coupling dynamics 

affect the gait of ILLA walking on powered ankle prostheses.  
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Summary 

Reports that medial knee osteoarthritis (OA) is associated with 
the peak knee adduction moment during walking (pKAM) 
have led to interventions to reduce pKAM. However, these 
interventions require repeated costly gait tests to monitor 
pKAM changes. Thus, the objective of this study was to 
develop a simple, cost-effective method based on a statistical 
model to predict pKAM using only plantar pressure 
measurements. Plantar pressure and pKAM were measured 
while subjects walked with gait modifications to reduce 
pKAM. Models were trained to predict pKAM from plantar 
pressure features. The median Pearson correlation coefficient 
between predicted and reference pKAM was 0.58. For changes 
of at least 10% following gait intervention, the model 
accurately predicted pKAM reductions with a mean 
probability of 0.90 and pKAM increases with a probability of 
0.78. This study demonstrated that it is possible to use plantar 
pressure measurements to monitor pKAM in healthy subjects. 

Introduction 
The pKAM has been associated with the severity and 
progression of medial compartment knee OA [1][2]. This has 
motivated the use of gait retraining (i.e. teaching patients new 
walking patterns) to reduce pKAM. However, providing 
feedback to patients during gait retraining requires continuous 
measurement of pKAM via gait lab which is incompatible 
with routine care. Thus, simpler methods to quantify pKAM 
are needed. The objective of this study was to develop a model 
to predict pKAM using only plantar pressure measurements.  

Methods 
Ten healthy subjects (5 male, 25 ± 3 years old, 1.7 ± 0.1 m, 64 
± 6 kg) performed 54 walking trials each in a gait lab, after 
providing IRB-approved informed consent. Trials involved the 
subjects walking with modifications in speed, progression 
angle, step width, and trunk sway. A motion capture system, 
including 10 cameras and a force plate, with the software 
application BioMove (Stanford University, CA) were used to 
obtain the reference pKAM according to standard calculations 
[3]. An electronic mat placed on top of the force plate 
measured ground-shoe pressure. For each trial, 19 features 
were extracted from the pressure data using a custom 
algorithm and a regression model was developed to relate the 
pressure features to the pKAM. 

This study tested intra-subject predictions which corresponds 
to the scenario where: (1) a subject performs the first session 
with both the motion capture system and pressure mat, (2) a 
model specific to the subject is built using the data from the 
first session, and (3) only the pressure mat and model are 

necessary during later sessions. A leave-one-out procedure, 
consisting of training a model with the plantar pressure data 
and reference pKAM of all but one of a subject’s trials, then 
using the model to predict the pKAM of the remaining trial, 
and finally comparing the predicted pKAM with the reference 
pKAM, was used to assess the method. The procedure was 
repeated for the 54 trials of each subject, with the exclusion of 
trials that featured outlier pKAM measurements.  

Results and Discussion 
For all subjects, the Pearson correlation coefficient between 
predicted and reference pKAM ranged from 0.33 to 0.74 
(median = 0.58). Comparing predicted to reference pKAM 
values showed a RMSE of 16.9 ± 2.7% of the pKAM range 
observed from gait modification trials. For pKAM changes of 
at least 10% following gait intervention, the model had a 
sensitivity to pKAM reductions (correctly predicted pKAM 
reductions) of 0.90 and a sensitivity to pKAM increases 
(correctly predicted pKAM increases) of 0.78 (Figure 1).  

 
Figure 1: Plot of predicted vs. reference percent change in pKAM 

relative to natural gait for all trials of all subjects. 

Conclusions 
This study suggested that plantar pressure measurements can 
be used to monitor pKAM changes. These results are 
important because interventions to reduce pKAM could help 
patients with medial knee OA but have been used sparingly 
due the complexity of measuring pKAM. Thus, a simple 
method for estimating pKAM changes as described here could 
enhance the benefit of using interventions to reduce pKAM. 
References 
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Summary 

Knee osteoarthritis (OA) is one of the most common diseases 
in the elderly population, contributing to the impairments of 
ambulation.  The purpose of the study was to compare the 
motions of the body’s center of mass (COM) relative to the 
center of pressure (COP) between OA and healthy control 
groups, in terms of the COM-COP inclination angle (IA) and 
its rate of change (RCIA).  The current results suggest that OA 
may affect dynamic stability of the patients and they used a 
conservative strategy for balance control during level walking. 

Introduction 

About 50% of the elderly population aged 60 years and older 
have knee OA symptoms [1], contributing to the impairments 
of ambulation.  Complications of this disease, such as muscle 
weakness, knee pain, and limited knee range of motion, may 
affect dynamic stability, leading to reduced balance during 
gait.  No study has identified the differences in balance control 
between patients with bilateral medial knee OA and healthy 
subjects (Control) for both sagittal and frontal planes.  The 
purpose of the study was to fill the gap by comparing the 
motions of the body’s COM relative to the COP between OA 
and Control, in terms of the COM-COP inclination angles (IA)  
and its rate of change (RCIA).  

Methods 

Ten older adults with severe bilateral medial knee OA (M/F: 
2:8; age: 66.6±7.72 years; BMI: 26.3±3.2 kg/m2) and ten age-
matched healthy controls (M/F: 2/8; age: 66.4 ± 16.3 years; 
BMI: 25.4 ± 3.4 kg/m2) participated in the study.  Each subject 
walked at a self-selected pace while the kinematic data and 
ground reaction forces were measured using a motion capture 
system and three forceplates.  The IA and RCIA in the sagittal 
(IAA/P, RCIAA/P) and frontal (IAM/L, RCIAM/L) planes over a 
gait cycle were obtained for both OA and Control, and their 
values at key gait events and the ranges and average values 
during single limb support (SLS) were compared using 
independent t-tests (α = 0.05).  

Results and Discussion 

Compared to Control, the OA had significantly greater step 
width, but without significant differences in gait speed, 
cadence and step length (Table 1).  Compared to Control, the 
OA had significantly decreased posterior RCIAA/P at toe-off, 
as well as significantly decreased averaged values and ranges 
of IAM/L and averaged values of IAA/P during SLS (Table 2).  
The movement patterns of the COM and COP were different 
between OA and Control. These changes appeared to be a 
conservative strategy for the patients with knee OA to 
maintain body stability with reduced propulsion.  
Table 1: Means (standard deviations) of the spatial-temporal 
parameters for both OA and the Control. 

 Knee OA Control p Value 

Gait speed (mm/s) 693.1 (124.7) 853.3 (127.1) 0.600 

Cadence (steps/min) 85.5 (13.3) 103.5 (13.2) 0.738 

Step length (mm) 487.5 (24.8) 489.3 (31.7) 0.464 

Step width (mm) 122.4 (18.8) 101.2 (32.0) 0.030* 

Conclusions 

Significant differences in the COM movement relative to the 
COP were found between OA and Control as revealed by the 
differences in IAs and RCIAs.  The current results provide a 
better understanding of the characteristics of the balance 
adjustments in patients with bilateral medial knee OA, which 
will be helpful for future design of training protocols aiming at 
improving stability in these individuals during gait. 
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Summary 

For patients with knee osteoarthritis (KOA) downhill gait is 

often associated with pain. Therefore, the isometric muscle 

strength and gait biomechanics of 10 patients with moderate 

KOA was analysed during 4 different inclines and compared 

to a healthy control group (n=7). Patients with KOA showed 

significantly decreased peak knee joint moments during the 

steeper inclines of 12° and 18° and a reduced ability to 

generate eccentric and concentric muscle activation during 

knee flexion.  

Introduction 

As a low impact physical activity walking is recommended in 

the treatment of KOA, but uphill and downhill walking, which 

likely will occur during walking/hiking activities (in particular 

in mountainous regions), also have to be considered. For 

patients with early to moderate KOA often the first complaint, 

however, is difficulty with climbing stairs [1] or with walking 

downhill, but limited research exists on the biomechanics of 

downhill gait in that population. Knee joint contact mechanics 

[2] and kinematics [2, 3] are altered during the loading 

response phase of downhill gait in knee osteoarthritis patients 

during 4° decline, however, the influence on knee joint 

loading and gait parameters with varying steepness remains 

unclear. As downhill gait requires eccentric muscle strength 

the additional function of muscle strength should also be 

investigated. 

Methods 

The downhill gait and the isometric strength of a knee 

osteoarthritis group (KOA) of 10 patients with bilateral knee 

osteoarthritis, (7♀ 3♂, 69.7±5.8 yrs, K/L grade: 1-3) and of a 

control group (CON) of 7 healthy participants, (5♀ 2♂, 

58.3±8.5 yrs) was investigated. Gait analysis was performed 

using a 3D motion capture system (Oqus, Qualisys, Göteborg, 

Sweden, 200 Hz) and a hydraulic ramp system with two 

integrated force plates (AMTI, Watertown, Inc) on three 

downhill (-18°, -12°, -6°) inclinations and for the level 

condition (0°). Temporo-spatial, peak ground reaction force as 

well as peak kinetics and kinematic parameters of the knee 

were analysed. Eccentric and concentric strength was analysed 

using an IsoMed leg press (D&R Ferstl GmbH, Hemau, 

Germany, 200 Hz) in an upright seated position using a gait-

specific knee range of motion from 100° flexion to near full 

extension and an angular velocity of 60°/s. Significant 

differences between groups were calculated using an ANOVA 

with repeated measures (factor: inclinations) and a 

significance level of p=0.05. 

 

 

Results and Discussion 

The KOA group showed a tendency to walk slower with a 

reduced stride frequencies and longer ground contact times. 

KOA peak knee joint moments were significantly reduced by 

26% (-12° decline) and 28% (-18° decline) compared with the 

healthy control group (Figure 1). 

 

Figure 1: peak sagittal knee joint moments for downhill walking. 

With respect to peak isokinetic torque the KOA group 

displayed significantly decreased muscle torque in knee 

flexion in both concentric and eccentric activation (Figure 2). 

 

Figure 2: peak isokinetic hamstring and quadriceps torque 

Conclusions 

KOA gait alterations lead to significantly reduced peak knee 

joint moments compared to a healthy control group. The 

differences become more evident with a steeper inclination. 

The KOA group showed weaker knee flexion ability as well in 

concentric as eccentric condition. These findings might be 

helpful for the development of specific loading and training 

regimes for KOA patients. 
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Summary 
The abrupt lateral translation of the knee during walking, often 
referred to as varus thrust, has been used as a proxy of medial 
knee loading in patients with knee osteoarthritis. While 
attempts have been made to quantify varus thrust using high-
speed motion capture or accelerometers, there is little known 
regarding how these methods compare. The current study 
examined the convergent validity of four methods to quantify 
varus thrust. The results suggest that kinematic-based methods 
may differ from accelerometer-based methods. Future research 
should not only look to further validate these methods but 
provide a better operational definition for varus thrust.  

Introduction 
Knee osteoarthritis is the most common musculoskeletal 
disease, affecting more than 5 million Canadians. Frontal 
plane loading patterns at the knee are commonly used to 
assess disease state and risk of progression. Additionally, the 
presence of a varus thrust (VT), an abrupt knee varus motion 
during the weight acceptance phase of gait, may also be 
related to disease progression [1]. Although most commonly 
assessed visually [1], there have been recent attempts to 
quantify the amount of VT using frontal plane knee excursion 
[2], angular velocity [3], or linear accelerations [4]. Still, there 
remains limited information on how to best quantify VT, with 
no assessment of the convergent validity between methods.  

Therefore, the purpose of this study was to evaluate the 
convergent validity of four VT measures in adults with 
osteoarthritis. A significant correlation was expected between 
all methods (e.g., kinematic-based and accelerometer-based).  

Methods 
A total of nine adults (5 females; age = 63 (7) years; body 
mass index = 24.4 (3.5) kg/m2) diagnosed with medial knee 
osteoarthritis (Kellgren and Lawrence grade ≥ 2) completed 
five overground walking trials at their self-selected pace (gait 
speed = 1.13 (0.25) m/s). Three-dimensional (3D) joint angles 
(100 Hz) and tibial acceleration data (Delsys Trigno™; 2000 
Hz) were simultaneously collected. The 3D accelerations were 
aligned to the subject’s local coordinate system using a static 
and functional calibration procedure.    
A total of four methods (2 kinematic-based, 2 accelerometer-
based) were assessed in the current study. First, i) VTROM was 
measured as the dynamic knee adduction range of motion 
during the stance phase. Second, ii) VTVEL was measured as 
the first peak angular velocity in the stance phase. Third, iii) 
VTAC1 was measured as the peak lateral acceleration in the 
stance phase. Last, iv) VTAC2 was measured as the peak 
medial acceleration (i.e., lateral breaking) of the stance phase 
in the same signal. See Figure 1 for a visual representation. 
The convergent validity of these methods was assessed using a 
Spearman rank correlation coefficient.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Representative example of the four varus thrust methods. 

Results and Discussion 
The two kinematic-based methods (VTROM and VTVEL) and the 
two accelerometer-based methods (VTAC1 and VTAC2) were 
significantly correlated with each other (p = 0.02). However, 
only small to moderate correlations were present across 
kinematic-based and accelerometer-based methods (p>0.05). 

Table 1: Spearman rank correlation coeffects across all methods. 

Method VTVEL VTAC1 VTAC2 

VTROM 0.77* 
p=0.02 

0.20 
p=0.61 

0.38 
p=0.31 

VTVEL - 0.47 
p=0.21 

0.58 
p=0.10 

VTAC1 - - 0.77* 
p=0.02 

 
Conclusions 

The kinematic-based and accelerometer-based VT methods 
examined in the current paper may be addressing differing 
aspects of varus motion. Future research should not only look 
to further validate these methods but provide a more 
standardized operational definition for VT. 
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Summary 

Medial knee osteoarthritis (mKOA) progression is linked to a 
high peak knee adduction moment (pKAM). Toe-in and toe-
out gait modifications can reduce the pKAM, but prescribing a 
uniform modification to an entire cohort has yielded mixed 
clinical outcomes. Our study investigates the efficacy of 
personalized foot progression angle (FPA) modifications in 
reducing the pKAM. Eighty-eight individuals with mKOA 
walked on a treadmill naturally, then with 5° and 10° of toe-in 
and toe-out. With a personalized FPA modification, 72% of 
the cohort reduced their pKAM which was more (p<0.001) 
than the 57% and 25% that reduced their pKAM with a 
uniform toe-in and toe-out modification, respectively. The 
personalized selection of gait modifications may improve their 
efficacy in slowing the progression of mKOA. 

Introduction 

Knee osteoarthritis is a leading cause of disability worldwide 
and most often originates in the medial compartment. 
Reducing the pKAM, a surrogate measure of medial 
compartment loading, is a target for conservative interventions 
for mKOA. On average, toeing-in and toeing-out reduce the 
first and second pKAM, respectively [1]; however, uniformly 
prescribed FPA modifications have yielded mixed clinical 
results [2, 3]. In healthy adults, personalized FPA 
modifications resulted in greater pKAM reductions than 
uniformly prescribed modifications [4], but it is unknown if 
personalization is equally important in an osteoarthritic cohort. 
We hypothesize that a greater proportion of individuals with 
mKOA can reduce their larger pKAM with a personalized 
FPA modification compared to a uniform modification. 

Methods 

Eighty-eight individuals with mKOA participated in this 
study. After a 2-minute baseline walking trial on an 
instrumented treadmill, participants received real-time 
vibratory feedback to practice walking with 5° and 10° of toe-

in and toe-out relative to their baseline FPA. Then, they 
performed 2-minute evaluation trials at each modified FPA. 
The personalized FPA was selected as the 5° or 10° FPA 
change that maximally reduced each subject’s larger pKAM. 
A 5% change in pKAM was considered clinically meaningful. 
The number of participants that reduced their pKAM with a 
personalized modification was compared to a uniform 
modification with McNemar’s test of proportions (α=0.05). 

Results and Discussion 

Sixty-three of 88 (72%) participants reduced their larger 
pKAM with a personalized FPA modification. The 
personalized angle was toe-in for 46 individuals and toe-out 
for 17. A smaller proportion of participants reduced their 
pKAM with a uniform FPA modification (Figure 1): only 50 
of 88 (57%) with uniform 10° toe-in (p<0.001) and 22 of 88 
(25%) with uniform 10° toe-out (p<0.001). Furthermore, 8 
(9%) participants increased their larger pKAM with 10° toe-in 
and 37 (42%) increased it with 10° toe-out. Thus, it is possible 
that 9-42% of individuals could experience worsened mKOA 
progression from a non-personalized FPA modification. 

Conclusions 

Personalization improves the efficacy of FPA modifications at 
reducing the pKAM and may enhance their ability to slow the 
progression of mKOA. 
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Figure 1: The reduction (colormap) in each subject’s pKAM resulting from 10° toe-in or toe-out modifications. Three circles are plotted in 
vertical alignment for each subject. The small black circle represents the baseline FPA. The top and bottom circles represent 10° toe-out and toe-

in modifications, respectively and are colored green for a pKAM reduction of 5% or more, red for an increase of 5% or more, and grey for a 
change less than 5%. A circle outlined in black denotes the 10° FPA change that yielded the greatest pKAM reduction. 
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Summary 

The functional design of skeletal muscle is shaped by 
conflicting selective pressures between support and 
propulsion. This study uses a custom-built OpenSim model of 
varanid lizards to understand how size-related changes are 
reflected in changes in joint moments at the knee and ankle.  

Introduction 

The functional design of skeletal muscles is shaped by 
conflicting selective pressures between support and 
propulsion, which becomes even more important as animals 
get larger. If larger animals were geometrically scaled up 
versions of smaller animals, increases in body size would 
cause an increase in musculoskeletal stress, a result of the 
greater scaling of force in comparison to area. In large 
animals, these stresses would come dangerously close to 
points of structural or material failure in musculoskeletal 
tissues.  

In our previous study we examined the architecture of 22 
hindlimb muscles in 27 individuals from 9 species of varanid 
lizards ranging from the tiny 7.6 g Varanus brevicauda to the 
giant 40 kg Varanus komodoensis [1]. Scaling results for 
muscle mass, pennation and physiological cross-sectional area 
(PCSA), all suggest that larger varanids increase the relative 
force-generating capacity of femur adductors, knee flexors and 
ankle plantarflexors, with scaling exponents greater than 
geometric similarity predicts. Thus varanids mitigate the size-
related increases in stress by increasing muscle mass and 
PCSA rather than adopting a more upright posture with size as 
is shown in other animals. This study uses the OpenSim 
modelling framework to understand how the size-related 
changes are reflected in changes in joint moments at the knee 
and ankle.  

Methods 

We simultaneously collected 3-dimensional high-speed video 
and ground reaction forces for 27 strides in 7 individuals from 
two species of varanid, V. panoptes and V. varius which vary 
in both size and posture. High-speed video was captured at 
250fps using two Fastec IL3 cameras (Fastec Imaging 
Corporation), placed dorsally and laterally along a 10m 
runway. At the centre of the runway, within the field of view 
of both cameras was a custom-built force plate capable of 
<1mN resolution in X,Y and Z axes [2-3]. Forces were 
recorded using custom-built Labview software and 
synchronized to the high-speed cameras via an external 
trigger. 3D marker positions were determined from the 
highspeed video using DLTdv6.m in the Matlab environment. 
Data were then imported into the OpenSim environment and 
integrated into a custom-designed musculoskeletal model.  

Results and Discussion 

To build the model, CT scans for each species were converted 
to STL format after being smoothed and cleaned in Mimics 
software. Limb bones for each segment were repositioned into 
an appropriate neutral posture in the Rhinoceros environment. 
Markers were then added on landmarks to enable the model to 
be associated with kinematic data. Muscles representing the 
major flexors and extensors for the hip, knee, and ankle joints 
were manually added to the model by editing the OSIM xml 
file (Fig 1.). Origins and insertions onto body segments were 
determined from fore- and hind-limb dissections.  Finally, 
kinematics (from high-speed videography) and kinetics 
(ground reaction forces and centre of pressure) data were 
imported into the OpenSim environment.  

 
Figure 1: Muscles representing the major flexors and extensors 
for the hip, knee, and ankle joints in the hindlimb for the custom 
designed varanid OpenSim model. 

In conclusion, we have established a (open-source) workflow 
for developing animal models using OpenSim. This model will 
be used to perform inverse dynamics (ID) for the trials 
collected. ID uses the model’s motions (accelerations), mass 
properties and external forces to solve the fundamental 
equation (F = ma) for each body segment, starting from the 
distalmost segment and working proximally. We will use the 
output to understand how joint moments scale with size and 
habitat among extant varanids, and even predict the limits to 
speed in larger extinct varanids, such as the 600 kg Varanus 
prisca which may have roamed the Australian landscape at the 
same time as modern humans.   
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Summary 

Animal musculoskeletal models have great potential to 

inform human biomechanical modelling methodology. Here, 

fully subject-specific human lower limb models were created 

using similar methods to those previously used to generate a 

mouse hindlimb musculoskeletal model. The merits of both 

models and their potential influences on comparative 

biomechanics are discussed. 

Introduction 

In animal biomechanics the process of creating 

musculoskeletal biomechanics models "from scratch" is 

considered standard practice. The advent of novel imaging 

techniques such as contrast enhanced microCT has made 

gathering the musculoskeletal parameters needed to make 

these models more obtainable, particularly for smaller 

animals (1). This has allowed the creation of a wide range of 

detailed and accurate animal computational models to 

become more widespread. Such methods have been used to 

create various models, including an open access mouse 

hindlimb and pelvis musculoskeletal model (2). This has 

been used to test predictions of mouse hindlimb muscle 

function during locomotion (3), and assess how effective 

mice are as models for human neuromuscular diseases (4).  

Typically, human modelling relies largely on scaled generic 

models. While these models are undoubtedly effective, they 

may not be the optimal approach for certain tasks, such as 

investigating how muscle function relates to anatomy. 

Applying animal modelling methods to generate fully 

subject-specific models of the human musculoskeletal 

system may allow functional questions to be addressed more 

effectively.   

Subject-specific modelling of humans has recently become a 

widely used technique. This talk will discuss how the 

methods used to create detailed animal limb musculoskeletal 

models can inform the creation of subject-specific human 

models, and how both types of model can provide valuable 

data for comparative biomechanists. 

Methods 

The mouse hindlimb musculoskeletal model was created 

using I2KI enhanced microCT scanning, digital segmentation 

and microdissections (Figure 1A-C). Hindlimb joint angles 

during trotting gait were gathered using high-speed video 

and marker-based kinematics. These data were combined to 

create a simulation of trotting gait using OpenSim (5).  

Similar methods were used for human modelling, where 

subject-specific, 92 musculotendon unit actuated right and 

left lower limb musculoskeletal models were assembled in 

NMSBuilder (6). Individualised musculoskeletal geometry 

and muscle architecture were obtained for each subject from 

a validated framework of T1 MRI and diffusion tensor 

imaging (7) (Figure 1D-F). Marker based motion capture 

was used to obtain lower limb kinematics of walking over 

different artificial substrates of varying compliance. 

Simulations predicted changes in muscle function when 

walking over these different surfaces, and how these varied 

with foot musculoskeletal anatomy. To validate these 

models, muscle torques predicted through knee and ankle 

flexion/extension were compared to those measured from an 

isokinetic dynamometer. 

Results & Conclusions 

Simulations using the mouse hindlimb musculoskeletal 

model has shed light on the muscle contributions to trotting, 

predicting that rectus femoris largely dominates mechanical 

work generation during the swing and stance phases (3). 

While predictions such as these are important in the study of 

neuromuscular diseases, this model has also suggested that 

biomechanical differences in muscle function between mice 

and humans may impede the knowledge gained from mouse 

models of human neuromuscular diseases such as Duchenne 

muscular dystrophy (4). The human models were shown to 

be valid, with maximum differences in peak muscle torques 

of only 0.2Nmkg-1 between predicted and measured data. 

Valid subject-specific human models have a range of 

potential uses in clinical and non-clinical environments, such 

as predicting post-injury rehabilitation or investigating the 

effect of musculoskeletal anatomy on muscle function. These 

analyses can also inform interpretations of the hominin fossil 

record, which could allow solid investigations into the 

evolution of bipedality using these modelling frameworks.  
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Figure 1. Contrast enhanced microCT (A) and digital segmentation 

(B) were used to make a mouse hindlimb model (C), while subject-

specific human models can be created using MRI and other similar 

methods (D-F).  
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Summary 
Here we present a new musculoskeletal model of the guinea 
fowl pelvic limb. We use the model to explore how activation 
and compliance interact to influence the operating lengths and 
force capacity of muscle. 

Introduction 
Direct measurements (e.g. in vivo, in situ) are paramount to 
our understanding of neuromuscular mechanics. 
Computational modelling offers a complementary approach 
for probing muscle function. In particular, accurate 
simulations can rapidly iterate vastly more conditions than can 
be achieved experimentally and can assess variables that are 
difficult to measure directly. Here we describe the 
development of a new musculoskeletal model of the guinea 
fowl (Numida meliagris) pelvic limb.  The guinea fowl is a 
model organism for neuromuscular studies [e.g. 1-3], with 
locomotor mechanics that closely mirror those of humans [1]. 
First, we discuss approaches for developing accurate model 
inputs of muscle, tendon and joints and model validation steps. 
Secondly, we use the model in an initial investigation 
assessing how tendon elasticity and activation-dependent 
shifts in optimal fiber lengths combine to influence muscle 
force-length (F-L) operating ranges and force capacity.  We 
simulate 39 actuators under thousands of combinations of 
activation and posture. We highlight how a musculoskeletal 
modeling approach can be used to distill the influence of 
tendon elasticity and activation on F-L operating range in a 
way that is unfeasible using an experimental approach alone.

Methods 
We built a musculoskeletal model of the guinea fowl pelvic 
limb OpenSim (V 3.2; SimTK.org).  The model consists of 3D
muscle-tendon paths; optimal fiber lengths based on 
sarcomere measurements using second harmonic generation 
from two-photon laser microscopy; peak muscle stress; 
tendon-specific stiffness based on material testing (Bose 
EnduraTEC, Framingham, MA, USA); functional joint 
coordinates developed with 3D motion capture (Vicon, Oxford 
Metrics, UK); and segment inertial properties.  To assess the 
validity of our model we compared both modeled muscle 
moment arms and net passive joint moments to experimental 
values.  Experimental moment arms were measured from 
tendon travel experiments on specimens and passive joint 
moments were measured using a surgical approach in deeply 
anesthetized animals.
We simulated static fixed-end contractions across a range of 
activation levels (0 – 100%) and limb configurations intended 
to elicit the maximum in vivo range of muscle lengths (46,080 
total muscle-tendon unit lengths). We implemented three 

different muscles models; 1) no compliance, no activation-
dependent shift in L0; 2) compliance with no activation-
dependent shift in L0 and; 3) compliance with a 15% 
activation-dependent shift in L0.

Figure 1: Modelling framework. 

Results and Discussion 
At the extreme, activation-compliance effects can alter muscle 
fiber lengths up to 40% and increased or decreased force 
capacity up to 50% and 80%, respectively, during fixed-end 
contractions.  At low activation, activation-dependent shifts in 
L0 are equally important and can result in relative force 
changes for low compliance muscles of up to 60%.   We find 
some evidence that guinea fowl stand with a posture that 
maximizes both force and joint moment capacity while 
accommodating the strain in the muscle that occurs due to the 
high compliance of its muscle-tendon units.  

Conclusions 
Activation-compliance effects and activation-dependent shifts 
in L0 can have a profound influence on the length, and hence 
force capacity of muscle.  Typically, these factors hamper
force generation and are dominated by compliance at high 
activations.  There are regions of the F-L curve in which 
muscles are most sensitive to these effects, in particular 
muscles starting on the ascending limb of the F-L curve.
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Summary 
Flapping flight is the most power-demanding mode of 
locomotion, associated with a suite of anatomical 
specializations in adult birds. In contrast, many developing 
birds use their forelimbs long before acquiring "flight 
adaptations", to enhance leg performance and, in some cases, 
fly. How does anatomical development influence these 
behaviors? To address this question, we used biomechanical 
modeling and simulation techniques to analyze the ontogeny 
of pectoral limb function in a ground bird. Our simulations 
suggest that immature birds have excess muscle capacity and 
are limited more by feather morphology, possibly due to 
differences in growth. These results provide critical 
information about the ontogeny and evolution of avian 
locomotion by (i) establishing how muscular and aerodynamic 
forces interface with the skeletal system to generate movement 
in developing birds, and (ii) providing a benchmark to inform 
modeling and simulation of other locomotor behaviors, both 
across living species and among extinct avian ancestors. 
Introduction 
The developmental and evolutionary origins of bird flight are 
some of the most dramatic anatomical transformations among 
vertebrates. Most birds hatch without any semblance of a 
wing, and the first wing feathers acquired result in small 
protowings that are less aerodynamically effective than the 
wings of adults [1]. Compared to adults, immature birds also 
have small wing muscles, and less channelized skeletons with 
smaller bony processes for muscle attachment [2]. These 
extensive morphological changes rival and in many ways 
mirror those that occurred during the evolution of flight in 
extinct dinosaurs. How do such changes influence wing-based 
locomotion? This is a difficult question to answer using purely 
empirical approaches, because isolating morphological 
contributions to wing performance is extremely challenging. 
Methods 
To better understand how anatomical specializations 
contribute to avian locomotor performance, we combined 
existing empirical data with musculoskeletal modeling and 
simulation techniques to construct models of an avian wing 
(Alectoris chukar) at different ontogenetic stages. Simulations 
of wing-assisted incline running (WAIR; flapping behavior 
used by all ontogenetic stages) were then used to analyze 
pectoral limb function in models of “baby”, “juvenile”, and 
adult birds. (i) Model development. We built three 
musculoskeletal models, by using CT data to construct digital 
skeletal models, adding muscles in SIMM (Software for 
Interactive Musculoskeletal Modeling), and determining 
inertial properties (Matlab) (Figure 1). (ii) Experimental 

Data. Flapping kinematics were quantified using X-ray 
Reconstruction of Moving Morphology (data from [2]). 
Aerodynamic forces (data from [1]) were incorporated by 
estimating force distribution based on aerodynamic theory. 
(iii) Simulations. We used inverse dynamics and static 
optimization algorithms in OpenSim to simulate WAIR under 
in vivo conditions and estimate patterns of muscle activation 
and force development. We also simulated five theoretical 
conditions to assess whether baby and juvenile birds were 
capable of flapping more effective, adult-like wings. 
Results and Discussion 
Overall, our musculoskeletal models and simulations appeared 
to be reasonable approximations of the avian flight apparatus, 
because muscle activity and functional roles were largely 
consistent with data from live birds (Figure 2). In addition, 
simulations adjusting the kinematics and magnitudes of 
aerodynamic forces suggest that the muscles of baby and 
particularly juvenile birds are capable of flapping more 
aerodynamically effective (adult-like) wings. This appears to 
be possible because young birds are small, and partially 
compensate for underdeveloped flight muscles by having 
relatively long muscles and moment arms. Feathers thus 
appear to be more limiting than muscles, possibly due to their 
unique style of growth (grow then molt). 

!  
Conclusions 
Our simulations offer several new insights into avian 
development, most importantly suggesting that (i) feathers are 
more limiting than muscles in young birds, and that (ii) small 
animals do not need large muscles to produce moderate 
amounts of aerodynamic force. The methodology used here 
can be adapted to other animals, both extant and extinct. 
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Summary 

We used a predictive simulation framework to explore the 

effect of muscle-tendon (MT) properties on gait pattern 

selection and cost of transport. Increased maximal muscle 

contraction speed and hence power induced a transition from 

walking to running at lower speeds. A large decrease in tendon 

stiffness only slightly increased the cost of transport (COT) 

suggesting that small kinematic compensations reduce the 

influence of alterations in tendon stiffness on COT. Our 

simulations demonstrate the complex interaction between MT 

parameters, gait selection and movement efficiency. 

Introduction 

Muscle-tendon (MT) properties are important determinants of 

movement. However, our understanding of how MT properties 

influence selection of a movement pattern and efficiency is 

limited due to the difficulty to alter individual MT properties 

in an experimental setting. We recently developed a 

framework for rapid prediction of optimal human gaits using 

complex three-dimensional musculoskeletal models without 

relying on experimental data. Here, we used this framework to 

explore the influence of MT properties, more specifically 

Achilles tendon stiffness and maximal muscle contraction 

speed, on the movement pattern and cost of transport (COT). 

Methods 

We based our simulations on an existing musculoskeletal 

model that contained 29 degrees of freedom, 92 muscles 

actuating the lower limbs and trunk, 8 ideal torque actuators at 

the arms, and 6 contact spheres per foot. We identified the 

muscle excitations and gait cycle duration that minimized a 

weighted sum of metabolic energy rate, muscle activity and 

joint accelerations; subject to constraints describing muscle 

and skeleton dynamics, imposing left-right symmetry, and 

prescribing gait speed (defined as the average pelvis speed). 

We used a Hill-type muscle model to describe muscle 

excitation-activation coupling, MT interaction, and the 

dependence of muscle force on fiber length and velocity. We 

solved the resulting nonlinear optimal control problems using 

direct collocation. We improved the numerical conditioning of 

the resulting nonlinear programming problems (NLP) by 

formulating the muscle and skeleton dynamics with implicit 

rather than explicit differential equations. Additionally, we 

reduced computational time by applying algorithmic 

differentiation rather than finite differences. We solved the 

NLP with IPOPT in about 36 CPU minutes on a standard 

laptop. 

Results and Discussion 

Our framework predicted a continuum of walking and running 

gaits as we varied the prescribed gait speed from 0.73 to 2.73 

m/s (in increments of 0.1 m/s) without altering the cost 

function. The walk-to-run transition speed decreased with 

increasing muscle power. For nominal maximal contraction 

speeds, the transition from walking to running, characterized 

by potential and kinetic energy switching from out-of-phase to 

in-phase, occurred at 2.23 m/s, which is slightly greater than 

reported values (1.89 to 2.16 m/s). Doubling the maximal 

contraction speed and thereby the maximal power of the 

muscles reduced the walk-to-run transition speed from 2.23 m 

s-1 to 2.13 m s-1. This is in agreement with the delayed walk-

to-run transition speed in young children that has been 

attributed to reduced peak mechanical power compared to 

adults [1].  

Decreasing Achilles tendon stiffness by 40 and 70% slightly 

altered ankle kinematics and kinetics and slightly increased 

the simulated COT (Fig. 1). The increase in COT with 

decreased stiffness is in contrast with our inverse analyses that 

showed a decrease of the simulated metabolic cost for a given 

walking pattern when decreasing tendon stiffness. Our 

simulations therefore suggest that accounting for kinematic 

compensation might be important when assessing the effect of 

MT properties on movement efficiency. 

 

Figure 1:.Effect of tendon stiffness on cost of transport (COT) and 

ankle kinematics and kinetics (experimental data in gray).  

Conclusions 

Complex interactions between MT parameters and movement 

patterns determine movement cost. Inverse approaches that 

assume a constant gait pattern might therefore be less suitable 

than forward approaches to study the effect of MT properties 

on movement efficiency.    
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Summary 

This study compared the micro-architecture and apparent 

modulus (Eapp) of humeral head trabecular bone in non-

pathologic cadaveric specimens and osteoarthritic (OA) bone 

extracted from patients undergoing total shoulder arthroplasty 

(TSA). Differences were observed in both morphological 

parameters and Eapp between groups, indicating that these 

variations should be accounted for in computational models.  

Introduction 

Mechanical property relationships used in the computational 

modeling of bones are most often derived using mechanical 

testing of normal cadaveric bone. A significant percentage of 

patients undergoing joint arthroplasties exhibit some form of 

pathologic bone disease, such as OA. The accuracy of these 

models, especially those used in the development of joint 

replacement components could be improved by increasing our 

understanding of the differences in morphological and 

mechanical properties between the two groups. 

Methods 

Micro-CT scans were acquired at 20 µm spatial resolution for 

humeral heads from non-pathologic cadavers (n=18) and OA 

patients undergoing TSA (n=24). Virtual cylindrical cores 

were extracted along the medial-lateral direction. Custom-

code was used to generate micro-finite element models 

(µFEMs). Simulated compression to 0.5% apparent strain was 

performed in the medial-lateral direction. Morphometric 

parameters were compared throughout the entire core, as well 

as in four equal volumetric regions (proximal to distal) (Figure 

1). Apparent modulus-bone volume fraction relationships were 

also compared between groups (Eapp = α(BV/TV)β).  

Results and Discussion 

For the full core length, significant differences between groups 

were only present in mean trabecular thickness (Table 1). The 

greatest regional variations occurred in the most proximal 

region, with all parameters nearly equivalent between groups 

by region 3, indicating that differences in trabecular 

architecture only occurs in the most proximal aspects of OA 

humeral heads. 

 

Figure 1: Trabecular bone core and the associated regions used in 

morphological analysis 

 

Normal cadaveric bone was best fit by a power-law 

relationship (Eapp = 37260(BV/TV)2.215), while OA bone 

exhibited a more linear relationship (Eapp = 7058(BV/TV)1.109). 

This suggests the apparent modulus of normal cadaveric and 

OA trabecular bone is not equal. 

Conclusions 

Adding equal samples to this dataset will allow for 

relationships to be developed that account for variations 

between groups. These results improve our understanding of 

the variations in bone morphometric parameters and 

mechanical properties as the result of pathologic bone disease, 

leading to improved patient care. This has the potential to 

greatly improve computational modeling of patients with OA 

and computational models that are used to design and improve 

arthroplasty components.  
Table 1: Three-dimensional morphometric parameters of trabecular cores from the normal and OA groups. 

Region Group BV/TV p-value Tb.Th* 

(mm) 

p-value Tb.Sp* (mm) p-value Tb.N* (1/mm) p-value 

Entire 

Core 

Normal 0.21 ± 0.04 .055b 0.196 ± 0.017   .034b 0.756 ± 0.080   .292b 1.052 ± 0.167   .440a 

OA 0.26 ± 0.08  0.235 ± 0.062  0.733 ± 0.101  1.093 ± 0.116  

1 Normal 0.25 ± 0.06 <.001c 0.198 ± 0.022  <.001c 0.647 ± 0.104  .003c 1.249 ± 0.248  .018c 

(Proximal) OA 0.38 ± 0.16  0.264 ± 0.088  0.542 ± 0.121  1.394 ± 0.227  

2 Normal 0.22 ± 0.05  .045c 0.197 ± 0.021  .079c 0.693 ± 0.092  .166c 1.114 ± 0.210  .122c 

 OA 0.27 ± 0.16  0.220 ± 0.059  0.650 ± 0.101  1.200 ± 0.187  

3 Normal 0.19 ± 0.05  .373c 0.192 ± 0.019 .456c 0.735 ± 0.086 .900c 0.999 ± 0.190 .352c 

 OA 0.21 ± 0.07  0.201 ± 0.044  0.735 ± 0.109  1.053 ± 0.185  

4 Normal 0.17 ± 0.04 .888c 0.188 ± 0.023 .982c 0.789 ± 0.071 .798c 0.882 ± 0.144 .735c 

(Distal) OA 0.17 ± 0.06  0.188 ± 0.036  0.792 ± 0.126  0.914 ± 0.202  

Values are mean ± SD. BV/TV – Bone Volume/Total Volume; Tb.Th* – Trabecular Thickness; Tb.Sp* – Trabecular Separation; Tb.N* – 

Trabecular Number. Significant values (p < .05) are bolded. aUnpaired t-test  bMann-Whitney Rank Sum Test cTwo-way ANOVA with Holm-

Sidak Pairwise Comparisons.  
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Summary 

A fatigue testing protocol that closely mimics in vivo loading 

conditions of equine third metacarpal (MCIII) subchondral 

bone was developed to help understand the development of 

subchondral bone injury. 

Introduction 

Subchondral bone injuries and fractures caused by bone 

material fatigue are common in the third metacarpal bone 

(MCIII) of Thoroughbred racehorses [1]. Such injuries have 

been associated with the accumulation of racing and training 

galloping distance [2]. 

Standard fatigue testing of bone utilises a single load and 

frequency applied until failure. However, bones in the body 

experience a spectrum of loading magnitude and frequencies. 

In this study, we applied a spectrum fatigue testing method to 

investigate the fatigue life of equine third metacarpal (MCIII) 

subchondral bone, using loading conditions which a racehorse 

may experience during a fast-workout. We hypothesized that 

fatigue failure would occur predominantly during loading 

equivalent to the most intense gait (i.e. galloping). 

Methods 

Subchondral bone plugs (n=12, diameter = 6.5 mm, length 

=6.8 mm) were harvested from left or right medial metacarpal 

condyles of n=12 racehorses. The spectrum fatigue loading 

protocol included various stress levels and frequencies that 

simulated the loading conditions during a single workout of a 

racehorse (Figure 1). This loading regimen was repeated until 

the failure of specimens. Gait specific time, GST (%), was 

defined as the ratio of cumulative time spent under a specific 

simulated gait until failure to the total time-to-failure (TTF). 

Results and Discussion 

The mean ± standard deviation (n=12) for total time-to-failure 

(TTF) was 76,393 ± 64,243 seconds (equivalent to 18.3 ± 15.7 

workouts). Table 1 illustrates the contribution made by each 

gait type toward total fatigue life. The GST was highest for 

walking (Table 1). The smallest GST was for fast gallop 

(Table 1). All specimens failed during a gallop gait type 

(Table 1). Despite the proportion of the fatigue life under 

gallop loads being the shortest, all specimens failed under 

gallop loads supporting our hypothesis that fatigue failure 

would occur predominantly during loading equivalent to the 

most intense gait, due to the power-law relationship between 

the applied load and fatigue life [1]. 

  

Figure 1: A) A waveform signal indicating the repetition of a 

training loop (1-day fast-workout), B) the loading cycles within a 

simulated training loop, including a warm-up and cool-down routine. 

 

Table 1: GST % (Gait Specific time) averaged for all specimens. 

 Walk S.Gallop F.Gallop S.Gallop Walk 

 Warm-up  Cool-down 

GST 

(%) 
38.8±4.4 0.8± 0.1 0.6±0.1 0.8±0.1 34.6±3.2 

Step, specimens failed in 

 0 6 3 3 0 

Conclusions 

A key advantage of this new fatigue test protocol is the ability 

to test hypotheses with fewer specimens than traditional 

fatigue testing methods utilising a single load [3]. It can also 

test the effect of loading sequences which may improve 

fatigue resistance. 
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Summary 
This study characterized macroscopic cortical bone material 
properties and porosity in severe osteogenesis imperfecta (OI). 
Specimens were from long bone diaphyses of three children 
with severe OI and five controls of typically developing 
pediatric bone. They were machined into miniature beams, 
imaged by micro-CT, and characterized in bending. Severe OI 
bone demonstrated anisotropic properties to a lesser degree 
than controls. Increased cortical porosity in severe OI 
indicates a porous cortex may contribute to fracture risk. 

Introduction 
Osteogenesis imperfecta (OI) is a heritable bone fragility 
disorder with collagen network impairment. Type III (severe 
OI) is the most severe form compatible with life and affects 
20% of the OI population [3]. Intracortical vascular porosity 
has been shown to be elevated in OI and to negatively affect 
strength and modulus [4-6], which were determined to be 
lower compared to controls [5]. One study found strength and 
modulus to be lower in severe OI versus controls with a less 
pronounced degree of anisotropy (the ratio of longitudinal (L) 
to transverse (T) properties). The study also found severe OI 
bone to yield at the same strain as controls [2]. Material 
property data is needed for input into long bone finite element 
models that quantify fracture risk in children with severe OI. 
However, there are a limited number of studies describing 
material properties in severe OI. This study examined 
macroscopic bone material properties in children with severe 
OI compared to controls. It builds upon prior work [2] by 
adding imaging of the beams prior to bending failure. 

Methods 
Three cortical bone specimens were collected during routine 
surgery from children with severe OI (ages 3-10). Specimens 
were machined into miniature beams [1] with the longitudinal 
beam axis being parallel to the long diaphyseal axis (L beams) 
or in the circumferential direction of the outer cortex (T 
beams). Porosity was obtained using µCT at a resolution of 10 
μm. Scans were reconstructed, segmented and porosity was 
determined from relative bone volume via a voxel-counting 
algorithm. Beams were loaded to failure in three-point 
bending. Properties were calculated and compared to control 
data from typically developing pediatric specimens (ages 8-
11). Bending strength (sf), yield strength (sy), yield strain (ey), 
and modulus of elasticity (E) were calculated using the stress-
strain curves. Data were assessed for statistical significance 
using t-tests at an alpha level of 0.05. 

Results and Discussion 

Control data exhibited anisotropy with E, sy, ey, and sf being 
lower in the T vs L direction (p £ 0.011). OI bone ey trended 
higher in the T direction (p = 0.023). The level of anisotropy 

was less pronounced in severe OI than in controls. Significant 
differences (p < 0.001) between groups included lower 
longitudinal E, sy, and sf and greater transverse ey in OI 
(Figure 1). In both directions, E, sy, and sf trended negatively 
as a function of porosity, indicating that a porous cortex in OI 
bone contributes to bone fragility. This agrees with prior work 
by Albert et al [2]. 

 
Figure 1: Stress-strain results of representative longitudinal (L) and 
transverse (T) beams loaded in three-point bending. Specimens were 
from femoral shafts of an 8-year old boy with severe OI (OI, L; OI, 
T) and an 11-year old boy with no known musculoskeletal condition 
(Control, L; Control, T). Bending strength (sf), yield strength (sy), 
and yield strain (ey) are denoted on the curve for the Control, L beam. 

Conclusions 
Results confirm the need to better understand OI bone 
properties. Material strength and modulus were lower for 
severe OI than controls. Severe OI bone presents anisotropic 
material properties to a lesser extent than controls. 
Longitudinal and transverse modulus, yield strength, and 
flexural strength were negatively correlated with porosity. A 
porous cortex may contribute to fracture risk in children with 
severe OI. Increased data on OI bone may allow future use of 
clinic metrics, such as bone density, in quantifying fracture 
risk through finite element modeling and analysis. 
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Summary 

Rat femur fracture models are widely used in small animal 

proof of concept research. The objective of this study is to 

determine whether a significant difference exists between 

femoral 3-point bending strength of male Sprague Dawley 

(SD) and female Wistar rats as well as between Wistar rats of 

different ages. Findings show a 10% difference in shaft widths 

and 26% in ultimate stress between strains and suggest data 

between these strains of rat cannot safely be cross-referenced. 

Measurements of Wistars show an increase in femur size and 

stiffness, as well as a decrease in ultimate stress with age, 

indicating that age of rats is an important factor to control.  

Introduction 

Fractures represent one of the most commonly encountered 

injuries. The rat skeleton shares many similarities with the 

human skeleton, as the long bones elongate by epiphyseal 

growth and gain of cortical bone occurs in the periosteum, 

making it a rapid and economical model of bone healing. Rat 

femur fracture models are widely used in small animal proof 

of concept research. Because different rat strains are often 

selected based on availability or investigator’s preference, it is 

important to acknowledge and account for differences in 

phenotype when cross referencing data from separate strains. 

The study objective is to determine if significant differences 

exist in femoral 3-point bending strength between male 

Sprague Dawley (SD) and female Wistar rats as well as 

between female Wistar rats of different ages, using data from 

two previous pilot studies conducted under the same protocols.  

Methods 

A total of 18 colony control rats were included in this study, 

including 10 female Wistar rats from one experiment and 8 

adult male SD rats from a second experiment. SD rats were all 

38-week, while Wistars were from three time points of 24-

week (n=3), 39-week (n=3), and 54-week (n=4). The intact 

femurs were retrieved at necropsy, wrapped in saline-soaked 

gauze, and stored in tissue culture bottles at -29°C in the 

freezer. On the day of testing, the specimens were thawed at 

room temperature. Each femur specimen was placed on a 3-

point bending fixture mounted on a servo-hydraulic material 

testing system (MTS Landmarks, Eden Prairie, MN). The span 

between the supporting rollers was set at 15 mm, and the 

loading roller was placed centrally at the midshaft in the 

anterior-posterior direction. Compressive force was applied 

through the loading roller at a rate of 0.1 mm/sec until failure 

occurred. Force and midshaft deformation were measured with 

the MTS built-in load cell and sensor and collected at 200 Hz. 

The ultimate force, maximum deflection, stiffness, and work 

to failure were calculated based on the force-displacement 

plot. Following the failure test, the cortical thickness at the 

midshaft was also measured at four quadrants three times and 

averaged. The value of the cross-sectional moment of inertia 

(CSMI) at the midshaft was calculated under the assumption 

of elliptical shape [1]. Intrinsic biomechanical properties 

including the ultimate stress, ultimate strain, and elastic 

modulus were calculated based on these measurements. Prior 

to testing, femoral length and widths at the midshaft were 

measured. All geometric measurements were made using 

digital calipers accurate to 0.005mm. Comparisons between 

the two breeds of rats and between the three time points of the 

Wistar rats were made using nonparametric Wilcoxon tests 

due to the small sample size (p<0.05).  

Results and Discussion 

Significant differences between the two breeds were found in 

midshaft femur geometry. SD had significantly larger widths 

over Wistar, with a mean of 4.63 vs 4.20mm in ML width 

(p<0.02) and 3.84 vs 3.48mm in AP width (p<0.02). This 

contributed to a greater CSMI in AP loading for the SD (11.62 

vs. 8.27mm4, p<0.02), despite Wistar having larger cortical 

thickness in the anterior quadrant (0.98 vs. 0.75mm, p<0.04). 

Other bone geometry variables were comparable between the 

two groups. There were no significant breed differences in 

structural properties. Comparison of intrinsic properties of 

ultimate stress and elastic modulus showed that Wistar rats 

withstood higher ultimate stress than SD rats (mean of 186 vs. 

137 MPa, p<0.02), and had a higher elastic modulus (6.56 vs. 

4.70 GPa, p<0.03).  Among the three age groups of Wistar 

rats, the 54-week rats, at a mean length of 40.3mm, were 

significantly longer than the two younger groups, 35.6mm at 

24-week (p<0.05) and 38.4mm at 39-week (p<0.05). AP width 

was also significantly larger at 54-week than the two younger 

groups (3.85mm vs 3.32 and 3.48mm at 24- and 39-week 

respectively, p<0.05). Biomechanically, the 54-week rats were 

significantly stiffer than 24-week rats (931 vs. 688 N/mm, 

p<0.05), while 39-week rats had the highest ultimate stress 

among the three, with its difference reaching significant level 

over 54-week (186 vs 148MPa, p<0.05).  

Conclusions 

Findings from this study suggest care should be taken with 

respect to rat breed/sex and age when designing or interpreting 

biomechanical studies using femur fracture models. 
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Summary 

National Biomechanics Day (NBD) is a worldwide celebration 

of all things biomechanics for high school students and 

teachers, populations largely naïve to our field. NBD outreach 

events focusing on the biomechanics of sport and dance have 

been particularly effective by incorporating embodied learning 

with students’ extracurricular interests. These programs can 

serve as models for enhanced educational outreach in science, 

technology, engineering, art and mathematics (STEAM). 

Introduction 

National Biomechanics Day (NBD) began in 2016 to introduce 

biomechanics to high school students and teachers in the US 

[1]. In only three years, NBD has reached over 20,000 students 

in 17 countries. Two movement-based approaches have 

expanded upon that success through a focus on human 

performance in sport and dance. Both cases use embodied 

learning, an educational paradigm that engages students in full-

body movement in instructional settings to improve 

comprehension [2]. Here, we describe the use of sport and 

dance during exemplary NBD events to serve as models for 

future STEM outreach programs. 

Using Sport for Embodied Learning 

Sports are an accessible way to introduce students to 

biomechanics and channel their passion for athletics into 

excitement about science. With many high school students 

participating in sports, these students are often aware of how 

the laws of physics govern the sports they play and their 

performance. For example, a golfer is aware of body position, 

ball flight trajectory, club head speed, and the interaction these 

on his or her golf performance. Through the embodied learning 

experiences focused on teaching students about biomechanics 

through sports related demonstrations, a connection between 

the governing mathematical and physical principles of 

movement and sports can be strengthened.  

In 2017 and 2018, Sanford Sports Science Institute (SSSI) 

hosted NBD events focused on introducing high school students 

and teachers to biomechanics through sports performance. 

These events, along with other SSSI outreach activities, 

exposed hundreds of high school students in Sioux Falls, SD, to 

biomechanics over two years through motion capture, ground 

reaction forces / force plates, jump power testing and more. 

SSSI faculty explain the theory and biomechanics associated 

with sport activities such as jumping, landing and, sprinting and 

then the visitors perform these activities while being measured. 

We then showed them their own data further cementing their 

concepts of sport, biomechanics and science. These events 

recruit quickly, are very popular among the students, and leave 

a lasting impact (Check it out!). 

Using Dance for Embodied Learning 

In 2018, Rush University Medical Center partnered with 

Hubbard Street Dance Chicago (HSDC) to create a dance 

oriented NBD program in HSDC’s dance studios. 138 students 

from two Chicago high schools with existing dance programs 

participated in four planned learning modules. The first lesson 

introduced the intersections of biomechanics and arts, using a 

motion capture system and choreographic prompts to allow 

students to investigate and visualize three-dimensional motion. 

The second lesson discussed the action of gravity and ground 

reaction forces during balance, acceleration, turns and jumps, 

explored by students on portable force plates that overlaid real-

time force vectors on live video. In the third lesson, students 

worked in groups to identify individual muscles, their functions 

and lines of action, place surface electromyography (EMG) 

electrodes and find dance moves that would statically or 

dynamically activate these particular muscles. The fourth 

planned lesson was a HSDC led Bartenieff fundamentals dance 

class, a somatic-based practice that would allow students to 

integrate new information with previous embodied knowledge. 

The NBD events at East Carolina University (ECU) involved 

340 middle and high school students in an “informance,” a 

performance that includes a dance biomechanics breakdown of 

various jumps in dance as compared to jumps in sports while 

also using a portable jump mat to measure real-time jump 

height. The second event involved 50 students that used surface 

electromyography suits to determine the muscular activation of 

a variety of dance steps with traditional cross-training. Since 

these data are transferred from the suit to a mobile application, 

the dancers viewed real-time feedback and adjusted their 

movements according to the required muscular activation. This 

embodied learning approach allowed participants to experience 

science in action, i.e. the science of human movement. 

Conclusions 

Leveraging embodied learning to demonstrate the physical 

principles of biomechanics, high school students who may be 

predisposed to physical participation are provided accessible 

ways to understand complex ideas and become excited about 

STEAM fields and especially biomechanics through their 

passions for sports and dance. 
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Summary 

Lately there has been some frustration with academic 

publishing, highlighted by Europe's "Plan S" and University of 

California libraries considering to unsubscribe from all Elsevier 

journals. With the abilities of the internet, growing presence of 

science on social media, and the increased use of pre-prints to 

share scientific findings, scientific dissemination has room for 
improvement. We know it won't change quickly or easily, but 

we started by surveying those who access these articles daily.  

Introduction 

Currently scientific articles are read and reviewed by a small 

group of experts, which ultimately determines their legitimacy. 

However, this system is inefficient, has a biased reach, and does 
not always work. Illegitimate articles are published regularly, 

and predatory journals continue to thrive. Detailed peer review 

is necessary for maintaining accurate and quality scientific 

records. Reviewers provide a service to publishers without 

compensation. Scientific peer review is an optional duty for 

scientists and it can often be difficult to find reviewers. Thus, 

articles can take months to become published.  

Access to scientific articles, which are often aimed to improve 

human quality of life, are restricted from the majority of people 
around the world. Readers must have institutional access to 

published works or pay access fees per article. This problem 

becomes exaggerated by the fact that most science is funded by 

taxpayer dollars. Open access publishing improves the visibility 

of scientific works, however is still financially flawed. Paying 

publishing fees is difficult to impossible for students, early-

career scientists, and/or scientists in low-GDP nations. 

Furthermore, open access publishing does not address the issue 

of reviewer fatigue. The goal of this project is to get feedback 

on publishing so that we can make more informed decisions on 

how to improve this process. This abstract presents a brief 

analysis of the current survey responses.   

Methods 

Participants completed an anonymous survey to obtain opinions 

related to academic publishing.  https://is.gd/TOPSurvey 

Results and Discussion 

Thirty participants completed the initial part of the survey, 

asking current satisfaction levels in various aspects of scientific 

publishing (Figure 1 A-H). This group averaged 38.3±10.9(sd) 

years of age. 18 were academic scientists, 5 were students (4 

PhD, 1 Master’s), and 3 were neither scientists or students. All 

but one of the participants regularly accessed scientific articles. 

The participants highest degrees were 19 PhDs, 4 Master’s, and 
3 Bachelor’s degrees. 22 of the participants lived in the United 

States, while 1 each lived in Australia, Finland, and Uganda. 23 

of the participants were authors of published articles, and 19 of 

them were reviewers for at least one academic journal.  

The participants were satisfied with “access to subscription-

based journals” and very satisfied with “finding and reading 

open access articles.” They were unsatisfied with “submission 

costs for open access journals”, and unaware of “using pre-print 

services.” The participants had mixed opinions on the “ability 

to quickly and simply disseminate research findings,” and the 

“submission process for scientific articles.” They were satisfied 

with addressing comments and “reviewing journal articles.” 

Conclusions 

While these results are preliminary, we believe this shows the 

need to discuss how to improve publishing. If nothing else, we 

hope this survey sheds light on this issue and helps us think of 

alternative models that are more time and cost efficient. If you 
have a few minutes to spare, please take our survey. We 

welcome any feedback or additional ideas you may have. 

A B 
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Figure 1: Satisfaction levels in various aspects of publishing 
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Summary 
As part of 2018 National Biomechanics Day, Rush University 
Medical Center planned an ambitious off-site multi-partner 
celebration of dance biomechanics. The team shares lessons-
learned to help biomechanists plan successful collaborative 
outreach programs with like-minded community organizations.  

Introduction 
National Biomechanics Day (NBD) is an opportunity for 
biomechanists around the globe to share their work with the 
public and inspire future generations of STEM leaders. 
However, it may be daunting to inaugurate these events at 
institutions lacking pre-established infrastructure for outreach. 
In 2018, Rush University Medical Center (RUMC) and 
Hubbard Street Dance Chicago (HSDC) co-hosted a dance-
focused NBD with support from Athletico and Midwest 
Orthopaedics at Rush (MOR). The goal of this abstract is to 
share logistical considerations and lessons learned to help 
educators plan successful and collaborative outreach programs. 

Methods 
Clear points of contact between organizations were established 
to facilitate effective communication. A partnership was 
initiated between the Director of the Motion Analysis Lab at 
RUMC and the Artistic Director of HSDC based on shared 
passions about youth education and dance. Planning was 
coordinated between HSDC’s Director of Education, Youth, 
and Community Programs and RUMC’s Motion Analysis Lab 
Director and Manager.  
Planning for the event leveraged the strengths and available 
resources of each organization. HSDC provided dance studios 
as space for the event and handled logistics with schools using 
HSDC’s existing infrastructure for GK-12 outreach. RUMC 
provided lesson planning, instructors, and equipment to 
demonstrate biomechanics technology. RUMC requested 
financial support from Athletico and MOR to pay for school bus 
transportation ($300), a van for equipment transportation 
($100) and a stipend to a professional dancer for a motion 
capture demonstration ($75). With existing relationships to 
RUMC and HSDC, these for-profit companies benefitted from 
the opportunity to teach kids about science and safe dance 
practices with the added benefit of public relations prospects.  
Extra time was set aside for transportation and equipment setup. 
Packing, transport, loading in and unpacking took a total of six 
hours, while an additional three hours of setup between five 
trained volunteers was required the morning of the event to set 
up all the equipment. In total, a 20-camera optical motion 
capture system (Optitrack, USA), two portable force plates 
(Bertec, USA), a surface electromyography (EMG) system 
(Noraxon, USA), two projectors, two computers, a laptop and a 
model skeleton were transported as instructional aids. 

Results and Discussion 
The program engaged 54 students from two Chicago high 
schools and 14 educators (1 faculty, 2 post-docs, 3 
biomechanics graduate students, 2 physical therapists, 2 
professional dancers, 4 high school teachers) in three sequential 
30-minute experiential learning modules (Figure 1). Further 
details and materials are available in the ASB Teaching 
Repository under the title "Dance National Biomechanics Day".  

 
Figure 1: (Clockwise from upper left) Introduction to biomechanics; 
“Bodies in Motion” with motion capture; “Choreography of Muscles” 

with EMG; “Dancing with Newton’s Laws” with force plates. 

Due to a scheduling conflict with the HSDC instructor, a fourth 
planned module (Bartenieff principles dance class) was 
cancelled. This might have been avoided by having a backup 
instructor or offering to pay the teacher more. Anonymous 
student feedback was overwhelmingly positive, with many 
students wishing for longer modules, slightly more challenging 
material and more opportunities to dance. Given the additional 
time and resources required to transport and setup the motion 
capture system, educators may consider a low-tech option for 
off-site programs. A miscommunication between RUMC and 
MOR led to no professional photo and video documentation. 
However, social media posts from educators increased the 
visibility of the event, shared widely by accounts of the partner 
institutions and NBD. This collaborative program was awarded 
Best Content Award in the NBD 2018 Student Competition. 

Conclusion 
Through partnering with local organizations, RUMC and 
HSDC co-hosted an impactful and customized NBD dance 
biomechanics celebration. The success of this NBD encourages 
future NBDs that physically extend outward from the lab to 
share responsibility and success with community organizations.    
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Summary 

The Olympic Games are a multi-sport global event with 

several modalities. Currently, thousands of athletes participate 

in the Olympic competitions, improving teamwork, 

organization and union in pursuit of a goal. "Biomechanics", a 

discipline present in the curriculum of Physiotherapy and 

Physical Education courses, covers topics related to anatomy, 

mathematics and physics [1] related to how our body performs 

movements according to physic laws. Some students 

experience difficulties in these topics. To help them, in 2012 

we proposed the pedagogical didactic project called 

"Biomechanics Olympics" (BOG) aiming to relate the 

principles of the Olympic games with student’s objectives and 

promote a better learning [2]. Here we describe how this 

project works and the benefits it brings to teachers and 

students. 

Introduction 

Based on the characteristics of the Olympic Games and the 

difficulties experienced by students in an undergraduate 

curricular component, in 2012 an innovative teaching method 

was implemented in Biomechanics classes, which was called 

the Biomechanics Olympics Games (BOG). BOG was 

approved by the institutional education board (Institutional 

Review Board no. 1002316) and established as part of the 

course content in 2013, representing up to 20% of the 

students’ final grade. BOG was designed to motivate 

collaborative work, to increase interest in course topics, and 

reduce failure rate and involvement with experimentation and 

dissemination of science throughout the semester. The present 

study describes the Biomechanics Olympic Games and shares 

with the readers our methods and main results. 

Methods 

On the first day of class the teacher proposes to students the 

activities of BOG in addition to three written tests, laboratory 

practices and reports of laboratory practices. BOG takes place 

during an academic semester (17 weeks). Over the years there 

were modifications in tasks and activities; currently there are 8 

activities, 4 performed in class and 4 in extra-class periods. 

All activities guidelines are available online. In the second 

class the students must organize their teams, which will play 

against each other for each the tasks gaining points. The score 

is recorded on BOG's official website. At the end of the 

semester, points obtained in BOG composed up to 20% of 

their final grade. The other 80% come from combination of 

three written exams, an individual research proposal (60%) 

and three research-driven experiments performed in the 

laboratory and presented orally to the class group (20%). BOG 

has happened every semester since 2013, and this report 

considers the participation of first-year students of 

Physiotherapy enrolled in the Biomechanics course. Each 

course included 25–35 students, from both sexes, and a total 

of 45h, distributed in two theoretical classes and one 

laboratory practice per week. Currently, BOG is composed of 

8 tasks developing skills of reading, public talking, science 

popularization, scientific writing, history, art, sports, and 

collaborative work. 

Results and Discussion 

Our more important quantitative result is the change in course 

redo percentage (Fig. 1). From the average 50% of redo in 

2011-2012, we were able to reduce the redo rate to average 

15% over the years. 

 

Figure 1: Redo percentage along the years. 

Conclusions 

In addition to the reduction in redo rates, in the recent editions 

of BOG there have been more and more interest from the 

students in relation to the activities. Now they come to the 

curse already aware about the BOG. It indicates the success of 

this method of teaching. Other teachers have also adopted the 

method and apply the games in their respective areas, as BOG 

can be adapted to any course. For further details on the BOG 

initiative, including details of the activities, contact the 

authors. 
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Summary 

Persons in law enforcement often encounter physically 

demanding tasks while working. However, this population has 

also been shown to have increased risk of cardiovascular 

disease and injury. We had 20 participants perform self-

assessment of fitness then quantitatively measured 
cardiovascular fitness and body composition. Our findings 

show that 75% of the law enforcement participants 

overestimated their level of fitness at above average. However, 

when measured, 90% of participants were average to below 

average VO2 maximum (VO2 Max). Therefore, assessment 

provides accurate information and, consequently, motivation 

that could lead to decreased risk of cardiovascular disease. 

Introduction 

Law enforcement personnel are a unique population who 

perform work comprised of both sedentary periods and 

periods that are physically demanding. Due to myriad factors 

associated with their occupation, law enforcement personnel 

have higher risk of developing cardiovascular disease than the 

general population [1-2]. One way to manage this increased 

risk is regular physical activity. Law enforcement personnel 

who have high fitness levels are less likely to experience some 

musculoskeletal injuries or report experiencing back pain [3]. 

The purpose of this study was to compare self-reported 

assessments of fitness with actual cardiovascular fitness level 

and body composition. We hypothesized that most participants 

would have average or above average cardiovascular fitness, 

based on VO2 Max. We also expected self-evaluation to align 

with measured values in this population. 

Methods 

20 Law enforcement employees (16 male, 4 female; age 39± 7 

years) were recruited from the Oceanside Police Department, 

Oceanside, CA. Participants provided informed consent prior 

to participating. They were asked to rate their current fitness 

level, on a scale from 1-10, 1 indicating very poor and 10 

indicating excellent. Body composition was measured using 

bioelectrical impedance (InBodyUSA, Cerritos, CA). 

Participants then participated in a treadmill based VO2 

maximum test (Cosmed, Rome, Italy). The protocol 

terminated when individuals reached exhaustion. We looked at 

both the numerical value for the VO2 Max as well as the 

categorical rank (very poor- superior) for the individual since 

the values may change based on age and sex. 

Results and Discussion 

18 participants self-assessed at fair or above for fitness level 
(Table 1). In contrast, when measured, 18 of the participants 

were scored at fair or below. 13 participants self-assessed 

themselves as above average, but only 2 were scored as such. 

Measured values for percent body fat ranged from 10.4% to 

44.7% with the average 26.52±8.02%. Analysis showed a 

significant correlation (r=-0.642, p<0.01) between percent 

body fat and VO2 Max. 

These data indicate that there is a significant inverse 

relationship between percent body fat and VO2 Max among the 

participants. Contrary to our hypotheses, the majority of 

participants were average or below in their VO2 Max test 

despite having rated their fitness level to be average or above. 

This clearly shows a disconnect between self-assessment 

values and quantitative cardiovascular fitness data. 

Conclusions 

One barrier to persuading individuals that they need to 

participate in more physical activity is unrealistic self-

assessment of their current fitness level. The data presented 

demonstrates that quantitative assessment of cardiovascular 

fitness can provide information to law enforcement personnel 

to encourage physical activity with the intent to decrease risk 

of developing cardiovascular disease. Current research with 

this cohort of participants is ongoing to investigate the success 

of these methods. 

Acknowledgments 

The authors thank T. Ordas, L. Dill, and G. Cababa. 

References 

[1] Zimmerman FH. (2012). Cardiol Rev, 20(4): 159-166. 

[2] Hartley TA, et al. (2011). Int J Emerg Ment Health, 13(4): 

211-220. 

[3] Nabeel I, et al. (2007). Minn Med, 90(9): 40-43. 

 

Table 1: Self-rated and measured values of VO2 Max and fitness for 20 law enforcement participants. 

VO2 Max scale Very Poor Poor Fair Good Excellent Superior 

Self-Rating scale 1-2 3-4 5 6-7 8-9 10 

Self-Rated Fitness (# participants) 1 1 3 10 5 0 

VO2 Max categorical Rank (# participants) 3 3 12 2 0 0 

Measured Mean VO2 Max per category (ml/min/kg) 27.57 37.17 40.85 42.65     
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Summary 
Glenohumeral joint stability is determined by the function of 
the muscles crossing it. Our goal was to identify how muscles 
adapt in the context of an injury, like rotator cuff tear (RCT), to 
maintain joint stability. Computational model simulations were 
used to predict force contributions of muscles crossing the 
glenohumeral joint for varying scenarios representing increased 
RCT severity. Results reveal that the muscles crossing the 
glenohumeral joint adapt their function by significantly 
changing force contributions to maintain joint stability with 
increasing severity of injury. 

Introduction 
Upper limb motion relies on stability and mobility of the 
glenohumeral joint and the coordinated function of muscles. 
However, the joint’s complexity makes it susceptible to injury, 
as shoulder pain affects 16-20% of the population [1]. In the 
context of a common musculoskeletal injury like rotator cuff 
tear, which is highly prevalent in older adults, our prior work 
showed that the system appears to prioritize glenohumeral joint 
stability even as injury severity increases. RCT results in 
decreased muscle force contributions, which can disrupt the 
force balance across the glenohumeral joint, compromising 
stability. However, the way in which the remaining intact 
muscles crossing the joint compensate for decreased force 
contributions from RCT-affected muscles is not clear. Our 
objective was to use a computational modeling approach to 
identify how the musculature adapts to maintain joint stability. 

Methods 

The OpenSim (v.3.3) [2] upper extremity [3] computational 
musculoskeletal model was modified to represent muscle force-
generating properties of healthy older adult males [4]. RCT 
severity was represented by reducing peak isometric force 
values of supraspinatus (S), infraspinatus (IS), and 
subscapularis (SS) muscles to a % of nominal value. Eight 
model configurations of increased RCT severity were evaluated 
for a static posture in the scapular plane, with 45° shoulder 
elevation, 90° elbow flexion, and neutral postures of forearm 
and wrist. Computed Muscle Control (CMC) [5] and Joint 
Force Analysis tools in OpenSim were used to calculate muscle 
activation time histories and glenohumeral joint contact force 
for the static posture for a 1sec simulation. Force contribution 
of intact muscles were calculated as a product of CMC-
predicted activation and the model’s defined peak isometric 
force; force contributions for IS and SS were determined by 
taking the product of CMC-predicted activation and available 
muscle force defined in each corresponding RCT scenario. 
Friedman’s test was used to detect changes in order of muscle 
force contribution with increased RCT severity. A linear mixed-
effect model was used to predict changes in force contribution 

across muscles and scenarios. Matlab (The MathWorks, Natick, 
MA, R2018a) was used for analyses, with p≤0.05 as significant. 

Results and Discussion 
Results revealed that muscles change their force contribution to 
compensate for decreased rotator cuff muscle force contribution 
(Fig.1). The Friedman’s test revealed that there is a significant 
difference (p<0.01) in magnitude of muscle force contribution 
and proportion of the total force with increased RCT severity. 
Notably, TMIN increased its force contribution 6-fold with 
increased RCT severity. These findings were supported by 
outcomes from linear mixed-model analysis, which showed that 
muscles had different changes in contribution to compensate for 
RCT severity. For example, DELT1 decreased contribution by 
6% while TMIN increased contribution by 37%. 

 
Figure 1: Muscle force contribution as a % of the total force. Peak 
isometric force of supraspinatus (S), infraspinatus (IS), subscapularis 
(SS) muscles were reduced to a % of nominal value (e.g. S50 = 50% 
supraspinatus force) for tear scenarios. Muscles included: teres major 
(TMAJ); thoracic (LAT1), lumbar (LAT2), iliac (LAT3) 
compartments of latissimus dorsi; teres minor (TMIN); subscapularis 
(SUBSCAP);  clavicular (PEC1), sternal (PEC2), ribs (PEC3) 
compartment of pectoralis major; infraspinatus (INFRA); anterior 
(DELT1), middle (DELT2), posterior (DELT3) compartments of 
deltoid.  

Conclusions 
Intact muscles crossing the glenohumeral joint adapt to reduced 
rotator cuff muscle force contribution to maintain joint stability 
with  increased RCT severity. 
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Summary 

The follow through phase of volleyball hitting can cause 

shoulder injuries like rotator cuff tears, which is associated 

with the high arm angular velocities and the eccentric forces 

generated by the external rotators to slow the arm after 

striking the ball. We used musculoskeletal modelling and 

simulations to optimize the whole-body kinematics during 

volleyball hitting. We found that trunk motion in the direction 

of the swing during the follow through reduces the peak 

shoulder joint moments and arm velocity, which translates to 

reduced risk of rotator cuff injury. 

Introduction 

Volleyball swings are characterized by high velocity shoulder 

extension, adduction and internal rotation. External rotators 

contract eccentrically during the follow through phase to 

generate moments about the shoulder to stop the fast-moving 

arm, which can cause injuries like the rotator cuff tear [1]. 

Musculoskeletal modelling and simulations have been used to 

find optimal whole-body movement patterns that enhance 

sports performance [3] and reduce the risk of injury by 

reducing joint moments [2,3]. The purpose of this study is to 

use the same techniques to find the optimal participant 

specific whole-body kinematics that would reduce shoulder 

moments, velocity of the humerus and eccentric contraction 

of external rotators, reducing injury risk. 

Methods 

We collected experimental volleyball hitting data (10-camera 

Vicon motion capture system) from three right-handed male 

participants. We created participant-specific models and 

generated dynamically-consistent motions in OpenSim using 

the Upper and Lower Body Model (www.simtk.org) and a 

two-level optimization framework [3, 4] to significantly 

reduce pelvis residuals during this dynamic task. We analysed 

the follow through phase from the instant when the ball leaves 

the hand until the final peak of any shoulder moment. 

We used an optimization framework to find the optimal 

whole-body movement pattern that would reduce the shoulder 

moments and velocities (representing the time-varying 

lengths of external rotator muscles), effectively reducing 

injury risk. Our optimization framework reduced the shoulder 

moments by adjusting the whole-body kinematics. The 

humerus velocity and length of external rotators were reduced 

by formulating the optimization so that the shoulder 

coordinates followed a trajectory that linearly deviates from 

the original trajectory by 15o (less extension, adduction, and 

internal rotation) at the end of the follow through phase.  

 

Results and Discussion 

The peak shoulder moments were significantly reduced (p < 

0.05) (Figure 1b). All optimized movement simulations 

moved the trunk segment toward the direction of the arm 

swing. For the first participant (Figure 1a) who primarily 

swung in the sagittal plane slightly away from the body pre-

optimization, the trunk flexed more (10o ± 2o), with slightly 

more right lateral flexion (5o ± 1o) post-optimization. For the 

second participant who primarily swung across the body, the 

trunk had higher left lateral flexion (6o ± 3o) and higher 

rotation about the vertical axis (5o ± 3o) post-optimization. For 

the third participant who primarily hit cross court shots by 

internally rotating the arm, the trunk had higher rotation (5o ± 

4o) about the vertical axis post-optimization. The residuals of 

the optimized motions remained near zero, and motion of the 

trunk was balanced by legs to conserve angular momentum. 

 

Figure 1: (a) Pre- and post-optimization kinematics of participant 1 

and (b) changes in peak shoulder moments for all participants. 

The results indicate that trunk motion that precedes the motion 

of the arm in the kinematic chain, like the motion of a whip, 

helps reduce the risk of injury at the shoulder. The trunk is 

also more equipped with larger muscle to handle the increased 

load compared to the shoulder.  

Conclusions 

Trunk motion in the direction of the arm swing may reduce 

risk of injury at the shoulder by reducing peak shoulder 

moments during follow through phase of volleyball hitting. 
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Summary 

Subject-specific shoulder joint models can be used as clinical 
tools in pre-surgery planning as well as post-surgery 
rehabilitation domains. We performed a comparison of muscle 
mechanics between shoulder joint models that have generic 
and subject-specific muscle insertions. Ten healthy cadaveric 
shoulder scans were used in this study. Subject-specific 
muscle origins and insertions were determined on scapula and 
humerus using a statistical shape model (SSM)-based 
prediction algorithm. Simulations were performed using 
Newcastle Shoulder Model (NSM) and joint mechanics were 
determined. For simulated abduction and scapular plane 
elevation motions, significant differences were found in joint 
contact forces, muscle forces and moment arms. Subject-
specific insertions revealed a change in the muscle force 
balance strategies which can be an important factor during 
pre-surgical planning as well as post-surgical rehabilitation. 

Introduction 

Shoulder joint computational models can provide insights into 
the joint pathomechanics, however, lack subject-specificity 
which impacts surgical outcomes [1]. Current muscle 
modeling strategies do not incorporate subject-specific muscle 
parameters which can impact the underlying joint mechanics. 
These parameters include functional parameters such as 
muscle activation dynamics and structural parameters such as 
muscle origins and insertions, resting tone (lengths), pennation 
angles, physiological cross-sectional areas etc.  

We have recently pioneered an accurate method for 
determining subject-specific muscle insertions [2] but its 
impact on joint mechanics has not been evaluated in a 
computational framework. Thus, the aim of this study was to 
illustrate and evaluate the changes in the joint and muscle 
mechanics pre- and post-employment of subject-specific 
muscle insertions in the shoulder joint.  

Methods 

Computed tomography (CT) scans of ten right shoulders were 
acquired from five female and five male subjects who 
provided informed consent (age 62 ± 16 years). Three 
dimensional (3D) geometries of the humerus and scapula were 
reconstructed using the medical image software Mimics 
(Materialise, Leuven, Belgium). Previously developed 
augmented SSMs (bone + muscle insertion/origin regions) for 
scapula and humerus bones were non-rigidly registered to the 
new shapes using a custom-made Gaussian regression 
algorithm in an open source toolbox called Scalismo [2,3]. 
During the regression process, the muscle insertion regions for 
six shoulder muscles viz. Deltoid, Supraspinatus, 

Infraspinatus, Subscapularis, Teres Major, Teres Minor, were 
automatically tracked and predicted on the new shapes [2]. 
Using a 3D biomechanical computational model, the NSM [4], 
shoulder movement simulations were performed for two 
model constructs for each subject. For the first construct, 
manually approximated muscle insertions were used and for 
the second construct, algorithm predicted insertions were used. 
Abduction and scapular plane elevation motions were 
simulated. Changes in the joint contact forces, muscle moment 
arms, and muscle forces were compared between the two 
constructs for each subject using a student’s t-test in statistical 
parametric mapping (SPM) [5]. 

Results and Discussion 

Joint contact forces significantly differ between the constructs 
during abduction motion but not during elevation. However, 
for all muscles and for both motions, muscle moment arms 
and forces were significantly different post-employment of 
subject-specific insertions (Figure 1). Whether subject-specific 
computational models can predict joint mechanics close to 
reality or not is a debated topic. This study illustrated that 
subject-specific muscle insertions lead to altered muscle force 
balance strategies. 

 
Figure 1: Muscle force comparisons during abduction motion. 

Conclusions 

Muscle origin/insertion regions alone can play an important 
role of representing subject-specificity for underlying muscle 
mechanics predictions.  
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Summary 

The purpose of this study was to distinguish subjects with 

different shoulder disorders, using musculoskeletal simulation 

with movements of clinical physical examinations. 

Introduction 

Shoulder is one of the most important joints in human body. 

Shoulder discomfort is a common complaint in orthopedic 

clinics. In the process of diagnosis, patients with shoulder pain 

are usually accessed by shoulder physical examinations. 

However, physical examinations do not hold consistent results 

due to low sensitivity and specificity. For severer shoulder 

pain, medical images such as ultrasonography and magnetic 

resonance imaging (MRI) would be accompanied to confirm 

the diagnosis. Although with higher accuracy than physical 

examinations for identifying possible injured locations, 

medical images usually cost more and take longer and would 

be impractical for mild to moderate symptoms. Therefore, the 

purpose of this study was to distinguish subjects with  

different symptoms using musculoskeletal simulation. 

Methods 

Two patients (P01&P02) and eleven healthy subjects were 

recruited. The study protocol was approved by the Institutional 

Review Board. 

We captured human movement using a motion capture system 

with 16 markers and wireless electromyography (EMG), and 

imported motion data to a musculoskeletal simulation software 

(OpenSIM) [1] with a shoulder model combing two current 

models [2,3]. 

Subjects were first requested to do range-of-motion (ROM) 

tests such as shoulder forward flexion, extension, abduction, 

external rotation, internal rotation, horizontal adduction and 

horizontal abduction. Then, subjects were asked to perform a 

few physical examinations (PE), empty can test, external 

rotation, lift-off test, Neer’s test, Hawkins’ test, apprehension 

relocation, O’Brien’s test and speed test. After finished 

movement capture, we simulated the muscle-tendon lengths of 

17 muscles , including anterior deltoid, middle deltoid, 

posterior deltoid, supraspinatus, infraspinatus, subscapularis, 

teres minor, teres major, clavicular pectoralis major, sternal 

pectoralis major, ribs pectoralis major, thoracic latissimus 

dorsi, lumbar latissimus dorsi, iliac latissimus dorsi, 

coracobrachialis, long biceps, short biceps. Each subject, 

therefore, did 15 movements and the primary parameter, 

muscle-tendon length, of 17 muscles were then estimated ( a 

total of 255 parameters) using musculoskeletal simulation.  

Statistical analyses were performed using SPSS for Windows 

22.0 (Shapiro-Wilk test, Levene's test, student t-test, welch t-

test), Excel 2016, and Labview 2016. A p-value less than 0.05 

was considered statistical significant. 

Results and Discussion 

There was a significant difference in muscle-tendon length 

change between P01 (diagnosed with shoulder impingement 

by MRI report) and the healthy subjects (43.12% of the 

investigated parameters were significantly different). P02 

(diagnosed with SLAP Type II and Subscapularis partial tear 

by MRI report) was also significantly different from healthy 

subjects (40.74% of the investigated parameters being 

significantly different). 

According to Table 1, our method shows the proportion of the 

parameters as compared to the healthy subjects (p<0.05). The 

difference between P01 and P02 can be distinguished by 

external rotation, Neer’s test and Hawkins' test; however, P01 

and P02 cannot be distinguished in clinical physical 

examinations. The two patients presented significant 

differences from healthy subjects which were not 

distinguishable with traditional clinical physical examinations, 

but could be identified using our method. 

Table 1:Patient diagnosis (range of motion, degrees or           

proportion to healthy subjects’) using clinical PE 

assessment and our method 

Patient 
Method External 

rotation 

Neer’s 

Test 

Hawkin’s 

Test 

P01 
Our study 68.75% 38.46% 43.75% 

clinical PE 70° + + 

P02 
Our study 0.00% 78.57% 75.00% 

clinical PE 70° + + 

+ : clinical diagnosis confirmed as positive 

Conclusions 

Our method successfully distinguished patients from different 

symptoms using musculoskeletal simulation with clinical 

physical examinations. We will recruit more patients with 

other shoulder disorders to further test the feasibility of our 

development. 
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Summary 
A probabilistic evaluation of scapulohumeral muscle 
functional roles revealed a high degree of sensitivity in 
moment arms and lines of action to alterations in 
musculoskeletal geometry in healthy adults. Comparisons of 
model-predictions against published data highlight the need to 
validate lines of action in addition to moment arms. 

Introduction 
Large inter-individual differences are observed in shoulder 
kinematics and muscle activity. The need to understand the 
development of shoulder injuries provides the impetus to 
determine sources of variation in shoulder mechanics. 
Musculoskeletal geometry affects muscle functional roles by 
altering moment arms and lines of action, potentially 
explaining individual kinematic and muscular differences. 
Probabilistic evaluations of biomechanical models provide an 
effective means to quantify the sensitivity of muscle functional 
roles. To date, there has been limited evaluation of model-
predicted muscle moment arms and lines of action against 
experimental data throughout the shoulder’s range of motion. 
The purposes of this study were to: (1) evaluate the sensitivity 
of model-predicted scapulohumeral muscle functional to 
perturbations in muscle attachments; (2) compare model-
predictions against experimental data in the literature. 

Methods 

The modified Delft Shoulder and Elbow Model1,2 available in 
OpenSim 3.3 was used in the current study. Scapulohumeral 
muscles of interest included: anterior, middle and posterior 
deltoids, coracobrachialis, infraspinatus, supraspinatus, 
subscapularis, teres minor, and teres major. A distribution (± 3 
standard deviations) of 3D attachment locations for each 
muscle at the clavicle, scapula, and humerus was generated 
based on cadaveric data.1,3 Wrapping objects were adjusted 
systematically as a function of varying muscle attachments to 
maintain anatomical fidelity. The model was postured in static 
angles from 15-120° of scapular plane humeral elevation 
based on available data.4 Muscle moment arms (humeral 
elevation/depression, internal/external rotation, horizontal 
adduction/abduction) and lines of actions (superior/inferior, 
anterior/posterior) were quantified throughout elevation for 
each set of muscle attachment locations using Monte Carlo 
simulations (1000 iterations).  Multiple regressions were used 
to evaluate the sensitivity of muscle moment arms and lines of 
action to perturbations in muscle attachments.   

Results and Discussion 

Model-predicted muscle moment arms generally agreed well 
with reviewed published literature data; however, there were 
notable inconsistencies in the teres major (RMS error = 14.6 

mm) and posterior deltoid (RMS error = 27.9 mm) (Figure 1).  
Across all muscles, lower agreement for lines of actions 
compared to moment arms were found between model 
predictions and literature data. Functional role sensitivity to 
changes in musculoskeletal geometry were muscle-specific, 
with 2 standard deviations in moment arms and lines of action 
as high as 25.8 mm and 18.8°, respectively (Figure 1). 

The high sensitivity of muscle functional roles to alterations in 
musculoskeletal geometry is expected to substantially affect 
shoulder mechanics, which can contribute to the inter-
individual variation in muscle activity and movement patterns 
commonly found in lab investigations. Identifying the muscles 
most sensitive to alterations in anatomy, and quantifying the 
sensitivity in model outcomes to changes at both the muscle 
origin/insertion locations can help determine the level of 
individualization needed in subject-specific musculoskeletal 
models. Traditional validation of model geometry is 
performed exclusively against experimental moment arm data, 
but the current findings indicate that anatomically-consistent 
muscle lines of action is not concurrently guaranteed. 

 
Figure 1: Model-predicted humeral elevation moment arms (mm) 

with varying attachment locations. Black lines are experimental data 
from literature. Positive y-axis = humeral depression moment arm. 

Conclusions 
Inter-individual anatomical differences in healthy adults can 
substantially alter mechanical function of muscles, which 
affect muscle and kinematic patterns, and contribute to the 
differential risk for shoulder injuries among individuals. 
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Summary 

In this work, a device that can create unstable lifting loads was 
designed and assessed.  The device can create up to 64 N of 
unexpected load within a crate that is being lifted.  This device 
will be used in the future to examine the effects of such 
unexpected loads on lumbar lifting dynamics. 

Introduction 

Heavy lifting is a known risk factor for low back injuries [1].  
Loads that shift unexpectedly can contribute to this risk. In 
this work, a device to generate an unexpected load was 
designed, fabricated, and assessed.  The device will be used in 
future studies to investigate lifting dynamics and lumbar-
pelvic coordination as a function of unexpected loads. 

Methods 

This device consists of a wooden platform that rotates around 
a fixed axis of rotation, located at the midpoint (Figure 1). 
Using braided wire and screws positioned at the ends of the 
platform, two HS-Hitec 805BB+ servomotors are connected to 
the platform and have the ability to raise and lower the ends of 
the platform. The servomotors are connected to an Arduino 
Uno board and are powered by eight AA batteries. Through 
Arduino code, the servomotors receive the command to sweep 
from 0 to 180 degrees and then from 180 to 0 degrees.  The 
cycle time was varied from 2.5 to 5.4 seconds. Placed on top 
of the platform is a two-quart jug containing 38 ounces of 
clear glass marbles and one quart of light corn syrup. The jug 
is connected to the platform and the wooden platform is then 
placed in a milkcrate. 

To assess the device, data was collected with the crate resting 
on force plate at a rate of 1001 hertz for 30 seconds. Using 
Matlab, the average maximum total force was determined for 
the 7 cycle times between 2.5 and 5.4 seconds.  

 
Figure 1: Top view of the device 

Results and Discussion 

Maximum force was found to increase and then decrease with 
increasing cycle time (Table 1).  A cycle time of 3.7 seconds 
resulted in the largest magnitude of force, 64.4 N. Figure 2 
displays the directional forces and total force for one 
representative cycle for the 3.7-second cycle time. During 
each cycle, there are two force peaks corresponding to the 0 
and 180 end positions of each sweep.  These peaks are 
followed by oscillations due to the movement of the fluid.  
Future studies will examine other input signals with the goal 
of creating unstable load patterns that may mimic manual 
material handling tasks such as carrying a liquid filled 
container or shifting object.     

 
Figure 2: The directional and total force for one representative cycle 
for the device with an average cycle time of 3.7 seconds. 

Conclusions 

The data collected shows that this device can be used to 
generate unexpected and unstable lifting loads of up to 64 N. 
The sloshing action of the fluid following a motion change can 
be used to create sustained dynamics in a consistent 
experimental setting that may mimic manual materials 
handling of liquid filled containers. 
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Table 1: Average maximum total force increases and then decreases with increasing average cycle time 

Cycle Time (s) 2.5 2.9 3.3 3.7 4 4.7 5.4 

Maximum Total Force (N) 44.9 51.6 61.4 64.4 59.6 50.6 12.9 
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Summary 

In the current study, a combined experimental and 

computational approach to investigate  the effect of individual 

lumbar vertebral postures on lumbar spine injury risk under 

high-speed vertical acceleration was conducted. Specimen-

specific finite element (FE) models of 3-segment functional 

spinal units (FSUs) were validated against the cadaveric tests; 

then sensitivity tests of flexion, extension and lateral bending 

of individual lumbar vertebral level were performed. The FE 

model results demonstrated that greater flexion or lateral 

bending would not conclusively alter the risk of spinal 

compression fractures; however, a greater extension angle 

would result in a decrease in the chance of these injuries. 

Introduction 

Lumbar spine fractures resulting from underbody blast events 

are often associated with high fatalities and disabilities due to 

impingement of fractured bones into the spinal cord. Despite 

recent research into the mechanisms of these injuries [1], the 

effect of sitting posture on individual lumbar vertebrae in 

high-speed vertical acceleration events is currently unknown. 

To evaluate how flexion, extension and lateral bending of 

individual lumbar vertebral levels affect lumbar spine injury 

potential  under high-speed vertical acceleration, we adopted a 

combined experimental and computational approach whereby 

FE models of FSUs were validated using cadaveric specimen 

tests; then parametric analyses were performed on the model 

to analyse the effect of altering the posture on spinal injury 

potential.  

Methods 

In order to replicate the high-speed loading event, five 3-

segment FSUs of cadaveric lumbar spines, with each mid-

segment of the FSUs covering all the five lumbar vertebrae in 

normal anatomical alignment, were subjected to compressive 

loading at high speed using  an Instron® mechanical testing 

machine. FE models of these FSUs were  then developed for 

each lumbar vertebral level. The models were subsequently 

validated using the experiments before a sensitivity analysis 

on various lumbar postures was performed. The vertebrae 

were assigned element-to-element-based material properties, 

while the intervertebral discs were modelled with anisotropic 

hyperelastic properties. The spinal ligaments were modelled as 

linear elastic isotropic materials, whilst the facet cartilages 

were modelled with an isotropic, hyperelastic, Yeoh material 

model, with the material constants being characterised with 

experiment data. All the FSU FE models were realigned 

according to their corresponding FSU specimens in the 

experimental set up, with all the loading and boundary 

conditions set in accordance with experimental conditions. 

Results and Discussion 

As the flexion angle was increased, there was a reduction in 

the compressive force for all levels of the lumbar spine, 

indicative of a decrease in axial stiffness. For a higher lateral 

bending angle, there were small changes observed in the axial 

stiffness for the FE models at L1 and L2, and minimal changes 

observed for the remaining models. The fracture loads did not 

follow the observed trends in axial stiffness for flexion, 

extension and compression in most cases (Table 1). For L1, 

L2 and L4, the fracture loads increased for greater flexion 

angles and decreased for greater extension angles. The 

opposite trend was observed for L3, while L5’s fracture load 

decreased for both increased flexion and extension. No 

consistent trends were observed at all levels of the lumbar 

spine under increased lateral bending, where the fracture load 

decreased at lower lumbar vertebrae (L4 and L5) and 

increased for upper lumbar vertebrae (Table 1). 

Conclusion 

The FE model predicted that compared to normal anatomical 

alignment, a greater angle of flexion or lateral bending did not 

appear to alter the risk of spinal compression fractures. 

However, a greater extension angle was predicted to decrease 

the risk of spinal compression fractures. With the 

aforementioned predictions being consistent with previous 

literature, this study suggests the feasibility in extending the 

adopted methodology in evaluating other parameters for this 

type of injury. 
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Table 1: Experimental and FE-predicted combined cortical and trabecular bone fracture load. 

Level  

Exp. 

C+T1 

fracture 

load (N) 

FE-predicted cortical and trabecular bone fracture load (N) 

Baseline  +10⁰ increase in flexion angle  +10⁰ increase in extension angle +10⁰ increase in lateral bending angle 

L1  3613.4  4070.8  5156.5  3416.3  4118.8  

L2  7079.2  5443.9  6841.4  5051.0  6538.9  

L3  9094.4  10043.1  8824.8  11263.5  10388.7  

L4  4837.5  6499.7  7388.8 5340.0  5023.9 

L5  5800.4  7460.2  3050.6 2876.1 2878.1 
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Summary 

Activities of daily living (ADL) often involve forward 
bending. Some of these tasks can be performed using a one-

handed braced arm-to-thigh technique (BATT) to support the 

trunk on the thigh. Three common ADL (i.e. weeding, 
reaching for objects in low cupboards, and car egress) were 

simulated in the laboratory using custom apparatus. Ten young 

healthy males performed each task first using a self-selected 

technique, then using the BATT. Three-dimensional trunk 
kinematics and L4/L5 spinal loads were estimated using an 

OpenSim full-body model with a detailed lumbar spine and 

compared between techniques. The BATT significantly 

reduced extension moments, compression and antero-posterior 
(AP) shear forces at L4/L5, compared to self-selected 

techniques.  

Introduction 

Many ADL such as gardening, cleaning, and other domestic 
chores, require frequent forward bending, a documented risk 

factor for the development of low back pain [1]. Evaluation of 

spinal loads during ADL are generally underrepresented in the 

biomechanical literature. Many of these tasks can be 
performed with one hand, therefore allowing for the use of the 

BATT, where the trunk is supported by the free hand applying 

a bracing force to the ipsilateral thigh. The aim of this study 

was to evaluate three-dimensional trunk kinematics and 
kinetics (i.e. moments and intervertebral forces at L4/L5) for 

three common ADL simulated in the laboratory and to 

evaluate the effect of the BATT on spinal loads when 
compared to self-selected techniques. 

Methods 

Ten young healthy males (77.2 ± 4.6 kg, 25.6 ± 2.8 years) 

performed three simulated ADL in the laboratory: 1) Weeding 

(gardening); 2) Reaching for an object in a low cupboard; and, 
3) Car egress using the two-legs out technique, in which both 

legs are brought out of the car by swivelling on the seat before 

rising out of the vehicle. For each task, participants first 

completed three trials in a self-selected technique, before 
completing three trials with the BATT.  

The pulling action of weeding was simulated using a magnet 

placed on a magnetic plate, which in turn was fixed to a load 

cell (MC3A-1000, AMTI, USA) to measure the pulling force 
until the magnet released. Cupboard and car egress tasks were 
simulated using custom apparatus that represented the 

dimensions of a kitchen cabinet and a standard medium-sized 

Australian car (e.g. Ford Mondeo), respectively.  

Kinematic and kinetic data were collected with a motion 

capture system (100 Hz, Vicon Motion Systems, UK) and two 
force platforms (2 kHz, AMTI, USA). A three-axis load cell (2 

kHz, Kistler, SUI) secured to the thigh above the knee 

measured the bracing force for the BATT. 

 
The Lifting Full-Body model [2] (OpenSim, USA) was used 

to estimate trunk angles and spinal loading at L4/L5. Paired t-

tests were used to compare peak values between self-selected 
methods (no thigh bracing) and BATT (α=0.05) (SPSS v25, 

IBM, USA). 

Results and Discussion 

The BATT significantly reduced peak extension moments (13-
51%), compression (27-45%) (Figure 1) and AP shear forces 
(31-62%) at L4/L5, compared to self-selected techniques for 

weeding (p<0.001), cupboard (p≤0.001), and car egress 

(p≤0.005). Trunk flexion was not changed by BATT, for all 

ADL (p>0.05). Lateral bending increased with the BATT for 
weeding (p≤0.001) and cupboard tasks (p=0.004), but 

decreased for car egress (p=0.032). The changes for lateral 

bending were expected as the BATT inherently introduces 
lateral bending towards the bracing leg. 

 

Figure 1: L4/L5 compression forces for weeding, cupboard, and car 
egress in the self-selected technique and BATT. 

Conclusions 

For the first time, spinal loads for three common ADL were 
evaluated, using simulations in the laboratory. The BATT was 

applied to these three tasks, and it substantially reduced L4/L5 
extension moments, and L4/L5 compression and AP shear 
forces, compared to self-selected methods.  

References 

[1] Heneweer et al. (2011). Eur Spine J., 20: 826-845. 
[2] Beaucage-Gauvreau et al. (2018). CMBBE, in press. 

 

Thursday, August 01 2019: Morning 2 (1030-1130) 107

Lumbar Spine 2



 

 

Flexion induced creep in the low back does not consistently affect local or distal mechanical pain sensitivity 

 

Daniel Viggiani, Jack P. Callaghan 

Department of Kinesiology, University of Waterloo, Waterloo, ON, Canada 

Email: dviggiani@uwaterloo.ca  

 

Summary 

Creep, a gradual length change under constant load, may 

influence how someone senses pain. This study sought to 

determine if there were local or distal changes to mechanical 

pain sensitivity following a creep-inducing trunk flexion 

exposure. Findings showed inconsistent sensitivity changes 

immediately and 40 minutes after the exposure, with a potential 

inverse relationship between the magnitude of creep and 

changes in pain sensitivity. 

Introduction 

Prolonged, high spine flexion postures can induce creep within 

passive tissues of the low back [1], and jobs commonly 

featuring these postures have a high incidence of low back pain 

[2]. Creep can potentially alter how someone perceives 

mechanical pain through neurological [1] or inflammatory 

mechanisms [3]. Neurological processes can potentially 

decrease one’s pain sensitivity, while inflammatory pathways 

may potentially increase pain sensitivity. The purpose of this 

study was to determine the net effect of low back creep 

generated from prolonged seated spine flexion on mechanical 

pain sensitivity. 

Methods 

Nineteen participants (Males: n=7, 1.79±0.07 m, 82.3±7.5 kg, 

26.0±4.4 yrs; Females: n=12, 1.68±0.08 m, 70.6±13.0 kg, 

23.3±3.2 yrs) sat in full spine flexion for 10 minutes (creep 

exposure), followed by 40 minutes of standing (recovery 

period). Five-second seated max flexion trials were performed 

every 5 minutes in the recovery period to track recovery from 

the creep exposure. Lumbar spine flexion angles were measured 

continuously during the creep exposure and during the 

maximum flexion trials using accelerometers (ADXL 345, 

SparkFun Boulder CO) located on the T12 and S1 spinous 

processes. Surface electromyography of the L3 erector spinae 

group confirmed inactivity of these muscles during full-flexion 

measurements. 

Pressure pain thresholds (PPTs) were used as a surrogate for 

mechanical pain sensitivity [4]. PPTs were measured using a 

load cell (MLP-300, Transducer Techniques, Temecula CA) in 

series with a linear actuator (SKU: 8507816, HydroWorks 

Linear Actuator, Clark NJ) rigidly affixed to an adjustable metal 

frame. The motor applied pressures to a 1 cm2 area under 

displacement-control at a rate of 2 mm/sec that participants 

controlled using a handheld switch. PPTs were measured for a 

local (L3/L4 supraspinous ligament) and distal site (mid-tibia) 

immediately before and after the creep exposure, as well as at 

the end of the 40-minute recovery period. L3/L4 measures were 

performed while participants were in full-flexion, tibia 

measures were performed in upright standing. 

A repeated measures one-way ANOVA was used to compare 

PPT values over three levels of time (Pre, Post0, and Post40). 

Correlations were used to determine if the PPT responses from 

the L3/L4 site were related to the magnitude of creep during the 

creep exposure. 

Results and Discussion 

Participants underwent 5.0±2.8° of creep from the creep 

exposure that recovered completely following 40 minutes of 

standing. PPTs were similar to each other across all time points 

for both the L3/L4 (p = 0.670) and tibia (p = 0.492) sites (Table 

1). The magnitude of creep was not related to the change in 

PPTs in either site, however those exhibiting greater creep 

tended to have smaller changes in PPTs following the creep 

exposure (Table 1). The PPTs in the L3/L4 intervertebral joint 

space were larger than those at the tibia (p < 0.001; Table 1). 

Conclusions 

A 10-minute seated flexion exposure inducing creep in the low 

back resulted in a variable effect in mechanical pain sensitivity 

that may be related to the magnitude of creep. As a result, it is 

not clear if the neurological [1] and inflammatory processes [3] 

interfere with each other, or do not occur in the current protocol. 

Additional analyses will include more measures to aid in 

predicting whether someone’s sensitivity increases or decreases 

following a creep exposure, as well as additional measures of 

mechanical pain sensitivity. 
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Table 1: Pressure pain thresholds before and after a 10-minute creep exposure and their relation to the magnitude of creep. 

Site 
PPTs (kPa) Creep-PPT Correlation 

Pre Post0 Post40 R-value P-value 

L3/L4 1460.0±654.3 1412.6±710.2 1441.4±1034.1 -0.425 0.069 

Tibia 881.6±391.7 854.5±431.3 889.2±393.3 0.339 0.155 
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Summary 

Fundamental mechanisms that dictate the risk of spine injury, 
such as basic movement patterns, are affected by cognitive 
interference. Spine intersegmental angular change was recorded 
following a mechanical perturbation applied at the hands, both 
with and without the presence of an additional cognitive load. 
Significantly greater spine flexion occurred in the mid-lumbar 
levels in the cognitive task condition compared to the control.  

Introduction 
Cognitive interference is a phenomenon often characterized by 
the inability to appropriately share processing capacity between 
tasks for optimal performance [1]. As multitasking becomes 
more prevalent in activities of daily living, established 
autonomous gait patterns have shown significant differences in 
outcome metrics during concurrent cognitive loading [2]. It is 
likely that spine kinematics in response to a perturbation will 
also be affected if executive cognitive function is challenged, as 
performance detriments occur when the required resources for 
multiple tasks exceed the total cognitive resources available [1]. 

Spine intersegmental kinematics are a current area of research 
that enable a greater spatial resolution in the understanding of 
spine motion and control. The purpose of this study is to assess 
the intersegmental response of the spine to a perturbation with 
a concurrent cognitive task. It is hypothesized that there will be 
a larger flexion response at all regions of the thoraco-lumbar 
and lumbar spine in the presence of a serial-7 subtraction task 
than without the task. 

Methods 

Ten healthy university aged participants (7 male) volunteered 
to take part in this study to date. Participants were screened to 
ensure that they were free of any low back pain that required 
medical attention within the last 6 months.  

Retroreflective stickers were placed over spinous processes, 
from C7 to S1, to represent the curvature of the spine, as well 
as 4-6 centimetres bilateral to the midline column of markers. 
Local coordinate systems were developed to quantify angular 
motion between each adjacent marker level [3].  Perturbations 
were applied by dropping a 6.8kg mass into a bin held in the 
hands directly anterior to the participant. Perturbations were 
applied with and without an additional cognitive task. 
Participants were given a three-digit number at the beginning of 
each cognitive trial and asked to verbally perform the serial-7 
subtractions as quickly and accurately as possible while 
maintaining their typical standing posture. Participants were 

asked not to prioritize one task over the other and to maintain 
their typical standing posture without shifting between legs. 

Four repetitions of both conditions were conducted. Flexion 
angle in response to the perturbations was quantified and 
compared between conditions and across intersegmental levels.  

Results and Discussion 
Lumbar levels L2/L3, L3/L4, and L4/L5 demonstrated 
significantly more flexion (p<0.05) than all other levels. L3/L4 
was also significantly greater that L2/L3 (p<0.05). Flexion 
angle was significantly greater in the presence of the cognitive 
task at the L2/L3, L3/L4, and L4/L5 levels (p<0.0002), 
indicating that there may be a reduction in allocation of 
cognitive resources to maintain spine position during the 
concurrent executive function task.  

 
Figure 1: Mean (+SEM) intersegmental flexion angle, in response to 
the perturbation, for the cognitive and no cognitive load conditions. 

Brackets represent a significant difference between the cognitive and 
no cognitive conditions. Spine levels sharing letters indicate no 

significant difference between them (a > 0.05).  

Conclusions 
Reallocation of cognitive resources to concurrent cognitive 
tasks significantly increases the spine flexion angle, in response 
to the perturbation, at lumbar levels L2/L3, L3/L4, and L4/L5. 
Mid-to-lower lumbar levels (L2/L3, L3/L4 & L4/L5) 
demonstrate the greatest flexion which may be associated with 
higher risk of injury. Furthermore, the increases in flexion at 
these lumbar levels indicate that cognitive tasks are sufficient 
to significantly affect motor patterns and place these levels at 
even higher risk.  
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Summary 

Our goal was to estimate the lower limit on the net metabolic 
cost of transport (MCoT) in human walking. We found the 
muscle forces of a musculoskeletal model that minimized the 
total positive muscle fibre work, under the constraint that the net 
joint torques were equal to those obtained from experimental 
data. Based on muscle fibre work, we estimated net MCoT to be 
at least 3.1 J/kg/m. Since this value is higher than typically 
measured, we are facing a fundamental puzzle to explain MCoT 
based on muscle mechanics and energetics. 

Introduction 

The metabolic cost of transport (MCoT) is an important variable 
in daily life and has been studied extensively. The net MCoT in 
walking humans, as determined from oxygen consumption, 
typically ranges between 2.3 and 2.6 J/kg/m [2,3]. It is currently 
unclear how the energetics at the level of a walking human 
relate to the energetics at the level of muscle fibres. This is at 
least partly due to difficulties in estimating MCoT using 
musculoskeletal models. For example, several influential 
studies [1-3] overestimated the experimentally observed MCoT 
(by up to 50%).  

Optimizing musculoskeletal walking models for MCoT is 
difficult due to both the uncertainty relating to models of muscle 
mechanics and energetics [4] and numerical problems in finding 
optimal solutions for a highly non-linear system. Here we tried 
to circumvent these using a method based on measured 
kinematics and ground reaction forces, which only requires two 
minimalistic assumptions of actual musculoskeletal properties. 
This allowed us to estimate the lower limit on net MCoT for the 
data experimentally observed. 

Methods 

We first estimated the net joint torques (see Fig. 1A) from 
experimental data for three strides using an inverse dynamics 
analysis (IDA) using a 2D linked segment rigid-body model [5]. 
Subsequently, we performed an optimization with a 2D 
musculoskeletal model (Fig. 1B) to find the nine muscle force 
(FM) histories per leg that minimized the total positive muscle 
fibre work, under the constraint that the net joint torques of the 
model equalled those obtained from the IDA.  

We calculated muscle fibre work (WM) under two assumptions: 
i) the muscle-tendon complex lengths (lMTC) are known 
functions of joint angles [6] and ii) FM is a quadratic function of 
tendon length (lSE) with a given tendon strain at maximal 
isometric force (s_max). This assumes that the muscle forces 
act as pure force generators that can deliver any desired force. 
WM was calculated as: ∫FM d(lMTC - lSE). From WM we estimated 
the lower limit on net MCoT by taking into account only the 

energy consumption due to work, with a 25% efficiency for 
positive and -120% efficiency for negative muscle fibre 
mechanical work. We investigated the influence of tendon 
compliance on net MCoT by systematically varying s_max from 
4% to 10%.  
 

 

 

 

 

 

 

 

 

 

 

 

Results and Discussion 

The estimated net MCoT as a function of s_max is shown in 
Table 1; the lowest MCoT was 3.1 J/kg/m at s_max = 6-8%.  

Table 1: Optimized MCoT [J/kg/m] as a function of s_max. 

s_max (%) 4% 6% 8% 10% 
MCoT 3.3 3.1 3.1 3.2 

 
Note that in our method we did not take into account important 
muscle properties such as activation and contraction dynamics, 
or their associated costs (e.g. Ca2+ pumping and maintenance 
heat); these would have further increased our estimation of 
MCoT. It is likely that a 3D model would increase MCoT due 
to, for example, muscle contractions required for lateral 
stability. Thus, it is unlikely that a lower MCoT would have 
been found using a more detailed and realistic musculoskeletal 
model. Since our estimate of the lower limit on MCoT is already 
higher than typically measured experimentally, we are facing a 
fundamental puzzle to explain MCoT based on muscle 
mechanics and energetics.  
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Figure 1 A) The net hip (MH), knee (MK) and ankle (MA) moments
were estimated using an IDA [4] and were used to find the optimal FM

(Fig. 1B). Note that we calculated M(t) and FM(t) for both legs. 
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Summary 

Metabolic cost of transport (MCoT) of gait was estimated from 
marker data and ground reaction forces (GRFs). Sagittal plane 
joint angles and joint moments were determined using inverse 
kinematics and dynamics, respectively, and muscle states were 
determined by dynamic optimization. Metabolic cost of the 
simulations was calculated from two metabolic energy 
expenditure models, and adjusted based on the subject’s weight. 

Introduction 

Energy expenditure is an important metric when quantifying 
human performance, since humans prefer to move in an energy 
optimal way (e.g. [1]). Therefore, accurate estimations of 
energy expenditure could eliminate prototyping and subject 
studies when the effect of an intervention, like a prosthesis, on 
gait is assessed. Furthermore, current state-of-the-art metabolic 
cost measurement systems require the subject to walk a longer 
period of time. This is impossible for persons with impairments 
that cause a high cost of walking, such as cerebral palsy. 

Previously, a comparative study between metabolic energy 
expenditure models found that the models by Bhargava et al. 
[2], and Lichtwark and Wilson [3] correlate best with energy 
expenditure measurements [4]. Here, energy expenditure of two 
gait cycles was calculated with these models. Marker data and 
GRFs of these gait cycles were shared as part of the ISB session 
on model-based prediction of metabolic cost [5]. 

Methods 

Sagittal plane hip, knee, and ankle angles were calculated for 
two trials using inverse kinematics. Knee and ankle joint centres 
were determined based on [6], while the hip centre was 
determined based on [7]. Inverse dynamic analysis was done 
using Winter’s method [4]. Joint angles, joint moments, and 
ground reaction forces were low-pass filtered using a second 
order Butterworth filter with a cut-off frequency of 6 Hz. Heel 
strikes were detected using vertical ground reaction forces and 
all variables were averaged to find one gait cycle. 

Eight three-element Hill-type muscles were modelled in each 
leg. Muscle stimulation, activation, and contractile element 
length were determined by solving an optimal control problem, 
with the objective of minimizing effort (squared muscle 
activation), while the joint moments from the muscles were 
constrained to be equal to the calculated joint moments [8]. 

Joint angles, muscle stimulation, activation, and contractile 
element length were used to calculate the net metabolic cost. 
The net metabolic cost was adjusted using a linear model based 
on the subject’s weight and the calculated metabolic cost [4]. 
The weight-based adjustment was created using data from 
downhill, level, and uphill trials [9].  A basal rate of 1 W/kg was 
added to estimate the MCoT. 

Results and Discussion 

The estimated metabolic cost was similar for the two models 
(Table 1). The net metabolic cost after weight-based adjustment 
was as expected (3-4 J/kg/m, e.g. [4]) for both models. 

Table 1: Prediction of the net metabolic cost before and after weight 
adjustment, and MCoT in J/kg/m. 

Model Trial 
number 

Cost before 
adjustment  

Cost after 
adjustment 

MCoT 

Lichtwark 1 3.05 4.04 4.89 

 2 2.93 3.85 4.68 

Bhargava 1 2.00 4.00 4.85 

 2 1.91 3.84 4.67 

It was shown that the accuracy of the metabolic cost estimation 
after the weight-based adjustment was 17% [4]. Therefore, we 
expect the metabolic cost of trial 1 to be between 4.20 J/kg/m 
and 5.57 J/kg/m for model Lichtwark, and between 4.17 and 
5.53 J/kg/m for model Bhargava. For trial 1, we expect the cost 
for model Lichtwark to be between 4.02 and 5.33 J/kg/m, and 
between 4.01 and 5.32 J/kg/m for model Bhargava. 

The weight-based adjustment was performed because previous 
work showed that the subject’s weight affected the calculated 
metabolic cost [4]. The relationship between the subject’s 
weight and the metabolic cost calculation should be further 
explored, to eliminate the weight-based adjustment by 
improving the metabolic or musculoskeletal model.  

Conclusions 

In conclusion, we estimated the MCoT to be 4.9 J/kg/m for trial 
1, and 4.7 J/kg/m for trial 2. 
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Summary 

Muscle-based simulations have predicted the metabolic cost of 

locomotion with varying success. We investigated if 

independent recruitment of motor units within a muscle could 

reduce the predicted cost. We predicted metabolic cost using 

experimental data of walking and simulations that consisted of 

independently activated muscle fibres. Across objective 

functions and metabolic models, the simulations that allowed 

for independent muscle fibre recruitment predicted a lower 

metabolic cost compared with a mixed fibre model. 

Accounting for recruitment of fibre types in simulations 

improves physiological realism and reduces the predicted 

metabolic cost of locomotion.  

Introduction 

Muscle-based simulations based on Hill-type models have 

been used to predict the metabolic cost of locomotion (e.g. 

[1]). These simulations have performed with varying levels of 

success; however, in general, they have overestimated values 

that have been measured experimentally. Of the previous 

simulations, only one has accounted for motor recruitment [2]; 

of which the excitations of slow and fast fibres were obtained 

from a mixed with mean force-generating properties. Hence, 

previous simulations lack independent recruitment, 

mechanical efficiency, activation and contractile dynamics of 

different motor units. These drawbacks may contribute the 

overestimation of the metabolic cost. In this study, we 

investigated if accounting for independently activated muscle 

fibres in a muscle-based simulation can reduce the predicted 

metabolic cost of locomotion.   

Methods 

A full lower-limb musculoskeletal model consisting of 18 

degrees of freedom (DOF) and 80 muscle-tendon unit (MTU) 

actuators was used in this study. Each MTU was modelled as a 

Hill-type actuator with contractile and series elastic elements 

that represented the muscle fibres and tendon, respectively. 

We implemented two configurations of the contractile 

element: (1) a mixed fibre with a single excitation, and (2) 

slow and fast fibres with independent excitations. Force-

generating properties were altered to represent slow, mixed 

and fast muscle fibres. Max isometric force of each muscle 

was partitioned between the slow and fast fibres with respect 

to their fibre type proportions. 

Motion capture and ground reaction force of a gait cycle from 

two walking trials of one participant were used as inputs to the 

simulation. OpenSim was used to obtain subject-specific 

properties, MTU lengths and velocities, moment arms and net 

joint torques. Direct collocation methods were used to solve 

the muscle redundancy problem and predicted muscle 

excitations and tendon forces [3].  

A mixed objective function was used that primarily minimised 

metabolic cost [4] and muscle activations. We simulated three 

weightings: (1) min. metabolic cost (Jmetab), (2) min. activation 

(Jact), and (3) equal weights between the two functions (Jmixed). 

To compute the metabolic cost of transport, we used two 

metabolic models: (1) [4], and (2) a model that included the 

size principle [2]. Cost of transport (J/kg/m) was calculated as 

the summed integral of metabolic power over a cycle and the 

basal metabolic rate divided by the cycle duration, the body 

mass and walking speed.  

Results and Discussion 

 
Figure 1: Predicted cost of transport (MCoT) during walking.  

All simulations predicted excitations that were consistent with 

measured EMG signals. On average, simulations with the 

independent fibre took 6x longer to compute than those with 

mixed fibres (~7 vs. ~42 mins). Yet, all but one comparison 

predicted on average a ~12% lower metabolic cost of 

locomotion using the model with independent fibre types. For 

the simulation that did not predict a lower cost, the 

discrepancy was likely due to the inappropriate use of Jact for 

predicting recruitment strategies.  

Both metabolic models predicted similar metabolic costs 

across simulations with the lowest cost occurring when 

independent fibre types, Jmetab and model [4] were used (1.85 ± 

0.14 J/kg/m). Interestingly, model [2] predicted a greater 

metabolic cost when optimising for Jmetab compared with Jact, 

illustrating that the recruitment as well as metabolic models 

are sensitive to the objective function used. Basal rate was set 

at 1.2 W/kg.  

Conclusions 

Accounting for recruitment of fibre types in muscle-based 

simulations reduced the predicted cost of transport compared 

with standard Hill-type models and may potentially assist in 

predicting metabolic cost that are more comparable with 

experimental measurements.  
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Summary 

The gross metabolic cost of walking was predicted based on 
dynamic simulations generated using a 3-D musculoskeletal 
model. While predicted costs were reasonable, the magnitude 
was sensitive to how closely the simulations matched the 
experimental data, and were also likely elevated due to 
simplifications in modeling of the head, arms and torso. 

Introduction 

The metabolic cost of locomotion has broad implication that 
range from elite endurance performance to clinical gait 
disorders. Enhancing our ability to predict the cost of 
locomotion will provide a deeper understanding of the factors 
that determine the cost of movement in health and disease. 
The purpose of this study was to predict the metabolic cost of 
transport (COT) using musculoskeletal simulation and optimal 
control techniques as part of the “Model-Based Prediction for 
Metabolic Cost of Locomotion” competition at the 2019 joint 
ISB-ASB Conference in Calgary, AB, Canada.  

Methods 

Data from the two competition experimental trials were 
averaged and used to generate optimal control simulations of 
walking using a direct collocation approach [1]. Simulations 
were based on a 3-D, 23 DOF, 66 muscle OpenSim model [2] 
scaled to the size of the subject. Three solutions (Sim 1-3) 
were obtained using different weights on the two terms in the 
cost function: sum of cubed muscle activations, and the 
deviation from experimental joint angles and ground reaction 
forces (GRF). Gross metabolic COT was predicted for the 
three simulations using an updated version of our muscle 
energetics model [3]. Body mass not accounted for by 
modeled muscles was assigned a metabolic rate of 1.2 W/kg. 

 Results and Discussion 

Average tracking errors and gross COT for the three 
simulations are reported in Table 1, with joint angles and 
GRFs for Sim 2 shown in Figure 1. Sim 3 deviated more than 
desired from the experimental data and Sim 1 had elevated 
muscle activations, thus we based the energy cost prediction 
on Sim 2 (Table 1). However, this is probably an overestimate 
due to substantial trunk muscle activation associated with the 
simple model of the torso segment articulation with the pelvis. 

 

Figure 1: Sim 2 results compared with experimental data.  

Conclusions 

Predicted cost in a whole-body task will depend not only on 
the muscle energetics model and several unknown parameter 
values (e.g., fiber type, specific tension), but also depends 
heavily on the characteristics of the musculoskeletal 
simulation the energy cost prediction is based on. 
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Table 1: Results for the three optimal control simulations with different weights on muscle activation and tracking error (Sim 3 had the greatest 
weight on muscle activation and Sim 1 weighted tracking most heavily). Our official COT prediction is from Sim 2, bolded below.  

 
Kinematic Tracking 

Mean Absolute Error (deg) 
GRF Tracking 

Mean Absolute Error (N) 
Summed Muscle 
Activation Cubed 

Gross Cost of 
Transport (J/kg/m) 

Sim 1 1.14 5.84 0.171 4.78 
Sim 2 2.47 10.14 0.080 3.86 
Sim 3 4.30 18.31 0.050 3.60 
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Summary 

Return to sport testing is commonly used to assess the strength 

and function of athletes post anterior cruciate ligament 

reconstruction (ACLR). It is understood that kinematic 

asymmetries may predispose an athlete to poorer function or 

reinjury risk. The current study showed minimal interlimb 

differences in a healthy athletic population for all clinical 

Return to Sports (RTS) tests, challenging clinicians to aim for 

greater symmetry for their postoperative athletes.   

Introduction 

RTS testing is performed to assess strength and function of an 

athlete post ACLR. This involves single leg hop tests, 

isokinetic strength assessment and collection of patient-

reported outcomes [1]. Limb asymmetries during RTS testing 

heighten an athlete’s risk of reinjury and poorer long-term 

function [2,3]. Although evidence supports the evaluation of 

landing mechanics [4], this is not commonly assessed in the 

RTS cluster. To effectively use kinematic analysis in the 

clinical setting, it is essential to identify normative values in a 

healthy and active population. The objective of this study was 

to quantify limb asymmetries between dominant (DOM) and 

non-dominant (NDM) limbs for kinematic variables during a 

single leg landing task. Secondarily, correlations were 

conducted to understand the relationship between common 

RTS tests and an individual’s landing mechanics. 

Methods 

17 physically active healthy recreational athletes (12 males, 5 

females, 28.2 ± 3.6 years, height = 1.7 ± 2.0m, weight = 68.0 

± 10.9kg) were enrolled. The testing protocol included: two-

dimensional analysis of a single leg landing off a 30cm box, 

isokinetic strength testing, and single leg hop tests. The single 

leg landing task was recorded (Panasonic HC-770 camcorders; 

sampling rate: 100Hz) and analysed on Dartfish for frontal 

plane projection angle (FPPA), peak lateral trunk flexion 

(PLTF), peak knee flexion (PKF) and peak trunk flexion 

(PTF). Isokinetic peak torque for knee extension (KE) and 

flexion (KF) were collected at 60°/sec and 300°/sec using the 

Biodex System 4 Dynamometer MVP. Single leg hop tests 

included single hop distance (SLH), triple hop distance (TH), 

crossover hop distance (CH), and 6m hop time (6mH).  

The limb symmetry index (LSI) was defined as 

LSI=100*(NDM/DOM). Effect sizes were calculated for 

interlimb differences of kinematic variables. Relationships 

between RTS tests were determined by Pearson correlation 

coefficients. 

Results and Discussion 

LSIs for all single leg hop and isokinetic strength tests were 

between 93.2±8.0% and 102.8±7.5% (Table 1a). Effect sizes 

for between limb differences in kinematics were small for all 

variables collected (Table 1b).  Primarily moderate to strong 

correlations were found between isokinetic knee extension 

testing and the more arduous single leg hop tests (TH, 6mH, 

CH). Small to moderate correlations were found between 

single leg landing kinematics and single leg hop tests (Table 

2). With small between limb differences for all RTS tests and 

kinematic variables, clinicians may endorse more stringent 

cut-offs to determine if a postoperative patient is fully 

rehabilitated.   

Table 1a: LSIs for single leg hop and isokinetic testing  

Table 1b: Effect sizes of limb differences for kinematic variables. 

Conclusions 

This study presents normative data of healthy recreational 

athletes performing RTS testing with kinematic analysis. 

Clinicians should use normative data to guide their practice in 

RTS decision making with their postoperative patients.  
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            Isokinetic Knee Extension 60°/sec   |   Isokinetic Knee Extension 300°/sec                                   Single Landing Kinematics 

Hop 

Tests 

Peak Torque Total Work Peak Torque Total Work FPPA PLTF PKF PTF 

DOM     NDM DOM     NDM DOM    NDM DOM    NDM DOM     NDM DOM     NDM DOM    NDM DOM   NDM 

SLH 0.27 0.37 0.25 0.25 0.25 0.34 0.17 0.28 0.57† 0.45† 0.17 0.35 -0.37 -0.2 0.25 0.67† 

TH 0.87* 0.8* 0.65† 0.53† 0.78* .68† 0.73* 0.58* 0.38 0.21 0.34 0.41† -0.17 0.02 0.37 0.58† 

6mH -0.75* -0.7* -0.54† -0.41 -0.57† -0.56† -0.54† -0.42 -0.49† -0.32 -0.26 -0.42 0.09 -0.31 -0.2 -0.45† 

CH 0.76* 0.73* 0.71* 0.55† .68† 0.61† 0.65† 0.51† 0.44† 0.37 0.23 0.3 -0.12 -0.01 0.2 0.53† 

Table 2: Correlation statistics between single leg hop tests, isokinetic and kinematic variables for healthy individuals.  

†moderate correlation: 0.45 < r < 0.70     *Strong correlation .70<r<1.0 

Hop Tests LSI (%) Peak Torque  LSI (%) 

SLH 95.1±9.6 KE 60/s 98.4±11.3 

TLH 97.0±6.1 KF 60/s 93.2±8.0 

CH 98.3±7.7 KE 300/s 97.0±8.6 

6mH 102.8±7.5 KF 300/s 101.1±11.1 

Variable Mean DOM  Mean NDM  Effect Size 

FPPA 3.9 ± 5.6 4.5 ± 5.6 0.10 

PLF 14.0 ± 8.5 12.3 ± 6.3 0.23 

PKF 58.4 ± 7.8 57.3 ± 12.7 0.10 

PTF 17.4 ± 18.0 17.1 ± 15.2 0.02 
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Summary 

This study determined whether active lower limb muscle 
volume increased when landing with load and whether it 
differed between sexes or landing type. Twenty male and 
seventeen female participants had active hip, knee and ankle 
muscle volume quantified when performing normal and flexed 
landings with four body borne loads: 20, 25, 30 and 35 kg. 
Participants increased active muscle volume at the hip and 
ankle, but not knee when landing with load. However, females 
exhibited a greater increase in active hip muscle volume with 
load. Using greater lower limb flexion to land increased active 
hip muscle volume, and decreased active volume at the knee 
and ankle. But, only males appear to increase active hip muscle 
volume when using greater lower limb flexion to land. 

Introduction 

Military personnel frequently suffer musculoskeletal injury 
when landing with body borne load. To prevent these injuries, 
military personnel must produce sufficient force from the leg 
musculature to safely decelerate the body and dissipate the large 
GRFs that occur when landing with load [1]. Yet, it is unknown 
if military personal can similarly increase active leg muscle 
volume while landing with load - particularly, when using 
greater lower limb flexion thought to promote active absorption 
of landing forces. Female personnel, who are smaller and 
weaker than males on average, may require greater muscle 
volume to safely land with load. Thus, we hypothesized that 
active muscle volume in the lower limb would increase with 
each addition of load, and would be larger for females and when 
using greater lower limb flexion to land. 

Methods 

Thirty-seven (20 M and 17 F) participants had lower limb 
biomechanics quantified during a drop landing with four body 
borne loads: 20 kg, 25 kg, 30 kg and 35 kg. Each participant 
performed five successful trials for both landings: normal (NL) 
and flexed (FL), with each load. The NL required participants 
to step off a 30-cm box and land on a force platform. For the 
FL, each participant was further instructed to exaggerate lower 
limb flexion upon landing from the 30 cm box. 

During each landing, lower limb biomechanics were quantified 
from 3D trajectories of 32 retroreflective markers. Synchronous 
GRF data and marker trajectories were low pass filtered with a 
fourth-order Butterworth filter (12 Hz). Filtered kinematic and 
GRF data were processed using conventional inverse dynamic 
analysis to obtain net joint moments (Mjoint), which were 
normalized to height and weight. Then, muscle force (Fm) and 
volume (Vm) were calculated for the hip, knee, and ankle joint 
according to Kipp et al. [1]: 

Fm = Mjoint /r  (Eq. 1) Vm = L × Fm /σ  (Eq. 2) 
where moment arm (r) and fascicle length (L) were established 
using published data [2], and an isometric muscle force per unit 
of cross-sectional area was assumed (σ=20N/cm2) [3]. 

Active muscle volume at the hip, knee, and ankle were 
submitted to a RM ANOVA to test the main effect and 
interaction between sex (male, female), load (20, 25, 30, 35 kg), 
and landing (NL, FL). Significant interactions were submitted 
to a simple effects analysis, and a Bonferroni correction was 
used. Alpha was p < 0.05. 

Results and Discussion 

Body borne load increased active muscle volume necessary to 
safely land. Participants increased active muscle volume up to 
14% at both the hip (p<0.001) and ankle (p<0.001) with 
additional load. But, load had no impact on knee muscle volume 
(p = 0.671). Further, the active hip muscle volume necessary to 
safely land with load depended on sex (p = 0.003). At the hip, 
females exhibited greater active muscle volume with the 30 (p 
= 0.005) and 35 kg (p = 0.009) loads compared to males by 
exhibiting a significant increase in active hip muscle volume 
between 25 and 30% with those loads. 

Using greater lower limb flexion may increase usage of the 
large proximal hip muscles during landing. During FL, 
participants increased hip muscle volume (p=0.008) by 9%, and 
decreased active knee and ankle muscle volume (p<0.01; 
p<0.001) by 9% and 18%. However, the ability to increase 
active muscle volume at the hip during the FL may depend on 
sex (p = 0.024). Although females exhibited greater active hip 
muscle volume than males during NL (p=0.009), they did not 
increase active hip muscle volume during FL. Conversely, 
males exhibited a 20% increase in active hip muscle volume (p 
= 0.001) during FL compared to NL. 

 
Figure 1: Mean hip (A), knee (B), and ankle (C) muscle volume for 
males and females during normal (NL) & flexed (FL) drop landings. 

Conclusions 

Landing with load requires greater active muscle volume at the 
hip and ankle, but not knee. Increasing lower limb flexion 
during landing may promote usage of the hip musculature to 
reduce injury risk. However, due to their smaller size, females 
may rely on the large proximal hip muscles more than males to 
safely land with heavy loads, thus reducing their able to 
increase this usage during exaggerating lower limb flexion like 
their male counterparts. 
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Summary 

In this study we evaluated kinematic differences between 

thirty-one teen (13-18yr) males and females during 

unanticipated single-leg drop-jump landings. We found that 
females performed the drop-jumps with less trunk flexion and 

greater anterior pelvic tilt. These findings indicate a more 

erect landing posture in females, which may place them at a 

greater risk for sustaining an ACL injury. 

Introduction 

Female athletes are two to four times more likely to tear their 

ACL then their male counterparts, with young females (13-17 

yrs.) having the highest injury incidence of any sex-age strata 

[1]. Non-contact ACL ruptures typically occur following a 

reaction to an external stimulus, when an athlete is unable to 
pre-plan their movement strategy. To better simulate this 

situation, we developed an unanticipated single-leg drop-jump 

tasks. The purpose of this study was to determine i) if young 

female athletes perform unanticipated drop-jump landings 

with different kinematics then their male counterparts and ii) if 

the altered kinematics are associated with ACL injury 

mechanisms. 

Methods 

Thirty-one (male=15; female=16) healthy young (13-18 yrs.) 

athletes performed a series of unanticipated drop-jump 

landings. Drop-jumps consisted of stepping off a raised 

platform (aligned to the participant’s tibial plateau), 
immediately performing a two-legged maximal vertical jump, 

and landing onto a force platform with either one- or two-legs. 

The landing leg(s) was randomly signaled by displaying a 

visual cue approximately 500ms before landing. Only single-

leg landings on the dominant limb were used for the 

subsequent analysis. Joint kinematics were time normalized 

over the preparatory (flight) and reactive (landing) phases. 

Independent-sample t-tests using statistical parametric 
mapping evaluated kinematic sex-differences. 

Results and Discussion 

Male participants performed the unanticipated single-leg 

landings with greater trunk flexion during 12-100% of the  

 

preparatory phase and 1-76% of the reactive phase. However, 

female participants landed with greater anterior pelvic tilt 

during 77-100% of the preparatory phase and 1-50% of the 

reactive phase. 

The increased trunk flexion observed in males could be a 
strategy to help decelerate the CoM, since greater trunk 

flexion angles are associated with reduced impact forces 

during landing [2].  This is consistent with previous research 

demonstrating a more erect landing posture in females and a 

reduce reliance on the hip extensors for force absorption [3]. 

This may be critical considering that reduced trunk control is 

associated with ACL injury [4]. The increased pelvic anterior 

tilt could be a strategy to optimize the recruitment of the 
gluteus muscles in the presence of hip extensor weakness 

(Table 1) [5].   

Conclusions 

Young female athletes performed the unanticipated drop- 
jump landings in a more erect posture through their trunk, 

coupled with the greater anterior pelvic tilt.  These findings 

could indicate a compensatory strategy, where reduced trunk 

flexion is employed to reduce demand on the hip extensors. 

Thus, intervention programs aimed at improving landing 

position in females may benefit from targeting hip and trunk 

mechanics.  
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Table 1: Isometric strength data for the dominant limb of male and female participants during the MVIC trials 

 Hip Abduction 

(Nmm/kg) 

Hip Extension 

(Nmm/kg) 

Knee Extension 

(Nmm/kg) 

Knee Flexion 

(Nmm/kg) 

Plantar Flexion 

(Nmm/kg) 

Male 11.8±5.56 10.7±5.53 17.9±8.91 10.5±5.92 18.29±8.31 

Female 9.25±4.57 7.75±3.8 14.6±7.18 9.31±4.75 14.8±7.19 
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Summary 
A musculoskeletal simulation study is necessary to identify the 
cause-effect relationship between hip abductor weakness and 
ACL loading during athletic events such as landing and 
jumping.  The purpose of this study was to identify the effect of 
weakness of hip abductors on lower extremity kinematics and 
ACL loading during single-leg landings. Ten healthy 
participants performed single-leg landings from a height of 
45cm. 3D motion capture and ground reaction force data were 
used to perform muscle-driven musculoskeletal simulations. No 
differences between conditions were found in lower extremity 
kinematics and ACL loading. Future studies will focus on 
identifying how the extent of weakness of hip abductors alter 
ACL loading during single-leg landings. 
Introduction 
According to recent studies, weakness of hip abductors may 
contribute to greater hip adduction or internal rotation during 
dynamic activities such as landing or jumping [1]. These 
abnormal hip joint mechanics may lead to knee valgus collapse 
and it is considered the most common mechanism for ACL 
injury. Conversely, only a weak association was reported 
between hip abductor weakness or fatigue and knee joint 
mechanics.  
To understand the cause and effect relationship between hip 
abductor weakness and ACL loading during single-leg landing, 
we need an experimental study. However, an internal force such 
as ACL loading cannot be easily studied in vivo during 
movements. Computer models of the musculoskeletal system 
offer a promising means to estimate ACL loading.  
The purpose of this study was to identify the effects of hip 
abductor fatigue on ACL loading during single-leg landing. We 
hypothesized that hip induced hip abductor weakness through 
fatigue protocol would alter lower extremity kinematics, and 
would increase ACL loading during single-leg landing.  

Methods 
Human experiment 
10 healthy adults participated in this study (5 females, age 26.6 
± 1.35 years; height 1.75 ± 0.7 m, mass = 71.1 ± 14.1 kg). Three 
dimensional marker position data were collected at 200Hz by 
using a 3D motion capture system while the participants were 
performing single-leg landings from a height of 45 cm onto a 
force platform. Each participant performed single-leg landings 
in pre and post hip abductor fatigue conditions until they had 3 
successful trials of single-leg landings for each condition. The 
fatigue protocol included 3 sets of side-lying hip abduction to 
induce hip abductor weakness.  
Musculoskeletal model 
Ten 31 degree-of-freedom (DOF), 92 muscle-tendon actuated 
subject-specific models were developed in OpenSim [2,3]. The 
knee joint of the model has 5 DOF that include all three planes 
of rotation, sagittal and transverse plane translation. The model 
includes an ACL from previous study [4] and it is scaled to each 

participant. ACL loading was calculated from initial contact 
(IC) to maximum knee flexion (MKF) using change in ACL 
length. Linear elastic stiffness was 240 N/mm based on the 
cadaveric study [5]. 
Results and Discussion 
No differences between conditions were found in peak ACL 
loading, knee flexion, knee abduction, and knee internal 
rotation angle (Table 1). The mean peak ACL loading (12.52 
N/kg) was well aligned with a previous study3 in a low-risk 
group (13.04 N/kg).   

 
Figure 1:  Mean and SD of time-normalized ACL loading 
during the single-leg landing trials before (blue dashed) and 
after (red solid) fatigue from IC to MKF.  
Table 1: Peak ACL loading and Knee Kinematics before and 
after Fatigue 

 Prefatigue Postfatigue  
Variable Mean±SD Mean±SD P Value 
ACL loading (N) 884.15± 124.8 896.40 ± 110.3 0.414 
Knee Flexion 65.54 ± 7.68 66.74 ± 7.21 0.584 
Knee Abduction 5.81 ± 6.18 5.87 ± 5.42 0.923 
Knee IR 8.98 ± 6.93 8.15 ± 8.04 0.230 

Conclusions 
We only used successful trials, where subjects maintained 
balance without falling over or touching the ground with their 
non-dominant leg, which may mask the effect of hip abductor 
fatigue on ACL loading during single-leg landing. Comparing 
successful trials with unsuccessful trials may be necessary to 
identify the effect of hip abductor fatigue on ACL loading 
during single-leg landing. Future studies will focus on 
determining what extent weakness of hip abductors start to alter 
ACL loading during single-leg landings, and explore 
compensation in other joints during single-leg landings after hip 
abductor fatigue. 
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Summary 
Anterior shear forces and valgus moments at the knee expose 
the anterior cruciate ligament (ACL) to high loads. Knee joint 
loads are largely produced by muscles, but the contribution of 
individual muscles to knee joint loads during potentially 
injurious movements, such as single leg landing, is not fully 
understood. Individual muscle force contributions to the knee 
joint anterior shear force and valgus moment during single leg 
drop landing were investigated in 8 healthy males using an 
electromyography-informed musculoskeletal modelling 
approach. Anterior shear forces were primarily produced by 
the quadriceps and gastrocnemius, and opposed by the soleus 
and hamstrings. Valgus loading was primarily induced by the 
quadriceps and plantar-flexor-invertors, and opposed by the 
gluteus medius and minimus and the soleus. This data can be 
used to inform preventative and rehabilitative interventions.  

Introduction 
Anterior cruciate ligament (ACL) injury remains physically 
and financially burdensome injury, and often occurs during 
sporting maneuvers such as single leg landing [1]. The 
anterior shear force and valgus moments at the knee have been 
identified as primary mechanical loads that contribute to ACL 
strain [2]. Therefore, understanding how these mechanical 
loads arise during injurious manoeuvres could have 
implications for preventative and rehabilitative strategies. 
Muscles are known to contribute to joint loading. Therefore, 
any muscles that provide large contributions to the anterior 
shear force and/or the valgus moment may have the propensity 
to load the ACL, whereas muscles that provide large 
contributions to both posterior shear and/or varus moment 
would potentially be most effective in protecting the ACL. As 
this knowledge is currently limited, the aim of this study was 
to investigate how muscles contribute to the anterior shear 
force and valgus moment at the knee joint during single-leg-
landing.  

Methods 
Eight recreationally active healthy males (age: 27 ± 4 years; 
height: 1.77 ± 0.09m; mass: 78 ± 13kg) volunteered to 
participate in this study. Three-dimensional marker 
trajectories, ground reaction forces (GRF) and 
electromyography (EMG) data (from 10 muscles) were 
collected synchronously as participants completed a single leg 
drop landing task from a 0.30m box.  

An EMG-assisted musculoskeletal modelling approach was 
used to estimate muscle forces, and a foot-ground constraint 
was used to decompose the GRF into individual muscle 
contributions. Each muscle’s contribution to the anterior shear 
force and valgus moment at the knee were computed by 
applying each muscle force and its corresponding contribution 
to the GRF to the model in conjunction with the 
experimentally determined joint angles.  

Results and Discussion 
Excellent agreement between model-predicted and 
experimentally measured variables (i.e. muscle excitations, 
GRFs, joint moments) provided confidence in the simulations. 
We found the best muscles for generating posterior shear to be 
the hamstrings and soleus, each respectively providing up to 
and 464N and 393N of posterior shear force (Figure 1A). The 
valgus moment was primarily opposed by the gluteus medius, 
gluteus minimus and soleus, with these muscles providing 
contributions of up to 38Nm, 22Nm and 20Nm towards a knee 
varus moment, respectively (Figure 1B). 

 
Figure 1: Muscle force contributions to the anterior shear force and 
valgus moment at the knee during single leg landing.  

Conclusions 
Both knee-spanning as well as non-knee-spanning muscles 
contribute substantially to the anteroposterior shear force and 
valgus moment at the knee during single leg landing. Based on 
the findings, it is recommended the preventative strategies 
focus on improving the function of the hamstrings, soleus and 
gluteus medius/minimus.  
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Summary 

An induced power analysis was implemented on the throwing 
motion of the trunk, upper arm, and forearm during baseball 
pitching to decompose the energetic contributions to elbow 
valgus loading. Trunk flexion and rotation torques generated 
energy in arm-cocking and contributed more than half the 
energy transferred to the throwing arm via the velocity-
dependent torque. 

Introduction 

The flow of mechanical energy of segmental motion during 
baseball pitching is poorly understood, particularly in relation 
to the valgus torque at the elbow, which is prone to pitching-
related injuries. Recent segmental power analyses have shown 
that the acceleration of the elbow in valgus in the arm cocking 
phase is related to the rotations of the pelvis [1] and trunk [2]. 
However, these analyses do not address the interactive 
energetic effects of torques that flow up the kinetic chain 
through dynamic coupling. Therefore, this study employed an 
induced power analysis (IPA) to determine the components of 
muscle and velocity-dependent torques that contribute to the 
power of throwing arm segments when the elbow is under 
valgus load during baseball pitching. 

Methods 

Ten adult professional baseball players provided written 
informed consent to participate in this study. The age, height, 
and body mass of the participants were 22.9 ± 4.1 years, 1.87 ± 
0.05 m, and 86.5 ± 7.4 kg, respectively. 

Each participant pitched 15 fastballs while reflective markers 
placed on the skin were tracked using an 8-camera motion 
capture system (Motion Analysis Corp. Santa Rosa, CA) at a 
sampling rate of 300 Hz [2]. Joint kinematics and kinetics were 
estimated using the system’s PitchTrak plug-in application. The 
peak elbow valgus torque (MEV) was the primary kinetic 
variable of interest. 

A 10-DOF model that included the trunk, upper arm, forearm, 
and hand (plus ball) segments was developed for this IPA using 
a state-space dynamic approach. The generalized equations of 
motion were derived in a manner similar to previous 
implementations [3]: 

𝝉 = 	𝑰 𝜽 𝜽 − 𝑽 𝜽, 𝜽 − 𝒈(𝜽) 

where 𝜽 = joint angles vector, 𝜽 = joint velocities vector, 𝜽 = 
joint accelerations vector, 𝝉 = net muscular torque vector, 𝑰 𝜽  
= inertia matrix, 𝑽 𝜽, 𝜽  = velocity-dependent torques 
(Coriolis, centripetal), and 𝒈(𝜽) = gravitational force 

The velocity-dependent torques refer to the interaction effects 
of a muscle torque on accelerating joints distant to the ones 

about which the muscle spans. These interactive torques and 
muscle torques contribute to the power of segment i by the 
following equation: 

𝑃- = 𝑰𝒊 𝜽 𝜽𝒕
𝑻
𝜽 + [𝑰𝒊 𝜽 𝜽𝒗 − 𝑽𝒊 𝜽, 𝜽 ]𝑻𝜽 

where 	𝜽𝒕 and 𝜽𝒗 represent the accelerations induced by 
muscle and velocity-dependent torques, respectively. All 
dynamic computations of this IPA were derived in MATLAB 
(Mathworks, Natick, MA) and implemented in PitchTrak. The 
contributions of the torque-induced components to the 
mechanical work of the forearm were then determined by 
integrating each power curve in time between the instants of 
front foot contact (FC) and MEV. 

Results and Discussion 

Participants pitched with a ball speed of 35.8 ± 3.1 m/s and an 
elbow valgus torque of 70.1 ± 2.2 N·m. The flow of energy from 
the trunk to the throwing arm was facilitated via the velocity-
dependent torque, which induced power absorption in the late 
arm-cocking phase as the shoulder approaches MER when the 
elbow valgus torque reaches its peak (Figure 1). The trunk 
flexion (r1) and rotation (r3) components of the velocity-
induced energy represented 61% of the total work (114.1 J) of 
the forearm during the arm-cocking phase.  

 
Figure 1: Decomposed components of the forearm valgus 
power induced by velocity-dependent torques 

Conclusions 

Trunk motion in the early part of the arm-cocking phase appears 
to drive the power of accelerating the throwing elbow in valgus 
via velocity-dependent torques.  
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Summary 

The torso has always played an important role in baseball pitching. 

The movement of the upper limbs is greatly affected by the pelvis 

and trunk. Understanding the difference of the pelvis and the trunk 

coordination between the university baseball division I and II 

players. It will help coaches and players not only improve their 

pitching skills and also their pitching performance, and reduce the 

risk of injury. 

Introduction 

In the past, it was pointed out that if the principle of proximal 

deceleration and distal acceleration can be effectively utilized 

for acceleration, the rotation of the pelvis and the trunk can be 

used to accelerate the pitching arm, thereby increasing the 

pitching speed. [1] The angle of torso separation is 

significantly correlated with the speed of the ball during 

pitching [2], but how the angle of the trunk separation affects 

the speed of the ball is unknown. Therefore, the purpose of 

this study is to explore the difference in torso separation when 

a junior baseball player pitches. 

Methods 

Fifteen male University baseball players (7 Division one 

players; 8 Division two players) volunteered as participants 

whom weight were 85.86±17.25; 72.38±6.28 kilogram and 

pitched ball velocity were 130.43±5.44; 116.25±6.09 

kilometer per hour. The data collection was down in indoor 

that set the pitching plate height 10 cm from ground and the 

net far from pitching plate 5 m. The fastest ball velocity is 

according to one of the 12 fast balls which ball velocity was 

the fast. The kinematic data include ball release velocity, the 

angle of trunk separation in knee top, foot contact, ball release 

and the maximum value, trunk separation angular velocity in 

acceleration phase and the time from the maximum angle of 

trunk separation to ball release that were detected by Motion 

Analysis System with Cortex 7.1.0.1822. SPSS software 

version 12 was used to test the normality of all data, and 

significant differences between the two groups. Ball velocity 

was recorded with a Jugs Tribar Sport Radar Gun from behind 

pitching plate. trunk separation is derived from the pelvic and upper 

trunk angles. 

Results and Discussion 

This study shows that the significant difference of the results 

of the time from the maximum trunk separation angle to ball 

release between two groups during pitching and the other 

parameters were not significantly different (Table.1). The time 

from the maximum trunk separation angle to ball release 

represents how long the maximum trunk separation angle 

peaks before it leaves. In this study it was hypothesized that 

variations in trunk kinematics in a given pitcher would be 

significantly difference between two groups. In baseball 

pitching, rapid changes in ball speed are achieved by 

transferring momentum from proximal segments to distal 

segments, and finally to the ball. In accordance with the 

kinetic link theory, force generated by the trunk must be 

correctly transferred in the proper sequence to the throwing 

arm, and finally to the ball, to produce maximum velocity.[3] 

There was no significant difference in trunk separation angle 

and angular velocity between the two groups during each 

pitching phase. The reason may be that not every pitcher's 

movements are consistent. For example, the side pitching 

requires more rotation and the high pressure pitching requires 

more trunk to lean forward.  

Conclusions 

The kinematic data in this study shows that  the time from the 

maximum trunk separation angle may be one of the factors 

affecting the speed of the ball. They can produce faster spin 

speeds and increase ball speed. It is recommended that the 

relationship between different ball release heights and torso 

rotation be studied in the future. It can more clearly know how 

to effectively use the torso rotation in pitching. 
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Table 1: Deference of the kinematic data of the trunk between two groups.  

 
Ball Velocity 

(m/s)  

TSAKNT 

(degree) 

TSAFCT 

(degree) 

TSABRL 

(degree) 

TSAMax 

(degree) 

TSAV-A 

(degree/s) 

Time-MTB 

(s) 

Division I 36.23±1.51 5.79±6.6 36.27±14.03 -21.02±5.14 40.26±13.5 515.41±108.79 0.13±0.02 

Division II 32.29±1.69 2.54±7.0 45.73±10.92 -21.29±9.08 49.12±9.5 460.66±109.26 0.16±0.01 

p value .000* .374 .166 .947 .161 .350 .012* 

TSA: Trunk separation angle; KNT: Knee top; FCT: Foot contact; BRL: Ball release; TSAV-A: trunk separation angular velocity 

in acceleration phase; Time-MTB: the time from the maximum angle of trunk separation to ball release.                             *: p < .05 
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Summary 

Inverse dynamic (ID) analyses of baseball pitchers have 

assumed body segment inertial properties scaled from total 

body weight and segment lengths. In our recent study [1], use 

of dual energy X-ray absorptiometry (DXA) segment masses 

produced higher shoulder kinetics than use of scaled masses. 

The aim of this study was to calculate participant specific 

segment inertial properties using DXA data and compare 

pitching arm kinetic predictions using DXA vs. scaled inertial 

properties for youth baseball pitchers. The two major results 

were that 1) DXA and scaled inertial properties were different 

and 2) use of DXA segment inertial properties resulted in 

higher maximum shoulder internal rotation torques (SIRTs), 

but similar values for elbow varus torques (EVTs).  

Introduction 

Baseball pitching injuries have steadily increased in recent  

years [2]. ID analyses of baseball pitchers have assumed body 

segment inertial properties (i.e. masses, centers of mass, radii 

of gyration) scaled from total body weight and segment 

lengths [3]. In our recent study [1], we found that using DXA 

segment masses produced higher shoulder kinetic predictions 

than use of scaled masses. Since arm segments reach relatively 

high accelerations during pitching, we hypothesized that 

standard scaled, DXA mass-driven (using DXA masses but 

scaled centers of mass and radii of gyration), and full DXA-

driven (using all DXA inertial properties) ID would predict 

different pitching arm torques in youth baseball pitchers. The 

aims were to: 1) conduct DXA scans and motion analysis 

experiments, 2) develop custom code to calculate segment 

inertial properties from DXA data, and 3) calculate and 

compare elbow and shoulder torques predicted using scaled, 

DXA mass-driven, and full DXA-driven ID.  

Methods 

All protocols were approved by Cal Poly’s Institutional 

Review Board. 15 youth baseball pitchers (age 10.6 ± 0.5 

years) participated. DXA scans used a Lunar iDXA scanner 

(GE Healthcare, WI, USA). Pitching experiments used a 12-

camera motion analysis system with Cortex and PitchTrak 

software (Motion Analysis Corp., CA, USA).  Kinematics 

were tracked using 48 markers placed on anatomical 

landmarks. Each participant threw 10 pitches that were 

recorded. The upper arm, forearm, and hand mass ratios, 

center of mass locations, and radii of gyration were calculated 

using a custom code (Matlab, The MathWorks, MA, USA) 

modified from [4]. Pitchtrak was used to obtain EVT and 

SIRT with pitching arm inertial properties corresponding to 

scaled, DXA mass-driven, or full DXA-driven ID. ANOVA 

with post-hoc Tukey tests were performed to investigate 

significant differences (p<0.05 significant). 

Results and Discussion 

SIRT predictions were different when using full DXA-driven 

ID then using either scaled ID (p<0.001) or DXA mass-driven 

ID (p=.003) (Fig. 1). 

 

Fig. 1: Maximum shoulder internal rotation (left) and elbow varus 

(right) torque with scaled, DXA mass-driven, and full DXA-driven 

ID. Means ± 1 S.D. shown. * = significant difference (p≤0.05). 

Percent difference between calculated kinetics for each 

participant using scaled and full DXA-driven values ranged 

from -18 to +73% for SIRT and -14 to +26% for EVT., with 

positive percentages indicating a larger value for full DXA-

driven values. Parameter studies performed on 4 participants, 

changing one upper arm inertial property at a time from scaled 

values, indicated that the radius of gyration about the long axis 

of the upper arm was the inertial parameter that had the largest 

effect on SIRT predictions. 

Conclusions 

The major findings of this study were that 1) full DXA-driven 

ID predicts higher SIRT, but not EVT, than scaled and DXA 

mass-driven ID, and 2) participant specific errors in pitching 

arm kinetic values were as high as 73.49%. Full DXA inertia 

segment properties had the largest differences in the upper 

arm, which we believe is more accurate because DXA 

includes the mass that rotates around the shoulder joint during 

pitching, whereas scaled properties do not.  
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Summary 

Clinical measures of arm strength and pitch velocity were 

measured in college pitchers. Correlations to pitch velocity 

were identified and used to create a regression learner 

predictive neural network. The neural network allows pitch 

velocity to be determined within 2.325 mph, without 

maximum effort throwing. It may allow identification of 

under/over performing athletes, and projected velocity 

increases after strength increases/growth.   

Introduction 

The aim of throwing a fastball is to have high velocity, so the 

batter has minimal time to react to the pitch. Correlations have 

been found between throwing arm strength and maximum 

throwing velocity [1,2]. These correlations can be used to 

create a Neural Network (NN) to predict pitch velocity. NNs 

have been used to predict lower extremity joint torques during 

jumping [3]. Using a NN to predict pitch velocity would add a 

tool to evaluate pitchers. It may also allow for identifying 

under/over performing athletes, and velocity projections based 

on improvements to strength metrics. The purpose of this 

study was to develop and train a NN to predict fastball 

velocity in college baseball pitchers.  

Methods 

Thirteen collegiate level baseball pitchers (10 right, 3 left 

handed, height: 184.9 ± 7.8 cm, weight: 90.9 ± 13.5 kg, age: 

21.2 ± 2.3) participated in this study. Subjects were injury free 

in the previous twelve months with no prior shoulder or elbow 

surgery on the throwing arm. Written informed consent was 

obtained prior to study procedures. Subjects underwent two 

testing sessions: clinical measurements and throwing. A 

minimum of two days between testing sessions was required 

to ensure maximal effort for both tests. 

Grip strength, isokinetic and isometric shoulder strength data 

was obtained during the clinical measures testing session.  

Subjects underwent a standardized warm-up. Grip strength 

was measured using a handheld dynamometer (Jamar Plus+, 

Cedarburg, WI). Three repetitions, each lasting three seconds 

in duration were performed for each hand. Isokinetic and 

isometric shoulder strength testing was performed using a 

Biodex dynamometer (Biodex Cop., Shirley, NY). The subject 

was secured by chest and waist straps with their arm 

positioned in 90° of shoulder abduction and elbow flexion, 

and 30˚ of horizontal shoulder abduction to place the arm in 

the scapular plane. Isokinetic external rotation (ER) testing 

was followed by internal rotation (IR), then isometric testing 

in both directions. The isokinetic strength was tested at 90, 

180, and 270 °/sec. Isometric strength was measured in the 

same shoulder abduction and elbow flexion positions, at 0, 45, 

and 90° of ER. Subjects were given a thirty-second rest 

between tests in the same rotation direction, and a two-minute 

rest between different test sets. The second testing session 

involved a pitching assessment. After warming up, subjects 

threw ten maximum effort fastball pitches off an indoor 

mound to a net set up behind home plate (18.4 m throwing 

distance). Velocity was recorded using a Stalker Sport 2 radar 

gun (Stalker Sports Radar, Richardson, TX) behind home 

plate and netting. Velocity of the three best strikes were used.  

Pearson’s correlation was evaluated in Minitab 18 (Minitab 

Inc., Pennsylvania, PA) to identify correlations between 

clinical measures and velocity. Height, grip strength, 

concentric ER peak torque/body weight at 90°/sec, and 

isometric ER peak torque/body weight at the 45° shoulder 

abduction position were chosen as the predictive data features. 

A 4-fold cross-validation regression learner NN was created in 

Matlab R2018b (MathWorks Inc., Natick, MA) using a cubic 

support vector machine (SVM) model.   

Results and Discussion 

The cubic SVM model was used because it had the lowest 

Root Mean Square Error (RMSE) of 2.325. The model had an 

R-Squared value of 0.69, and a Mean Absolute Error (MAE) 

of 2.004. These results indicate the NN was able to predict 

fastball velocity within 2.325 mph on average, and the clinical 

measures accounted for 69% of the variation in pitch velocity. 

Previous research has found that concentric wrist extension 

and elbow extension peak torques accounted for 65% of 

variation [2] and isometric IR and concentric elbow extension 

torque-to-body weight accounted for 71% of variation in 

throwing speeds [1]. These results demonstrate velocity can be 

predicted using clinical strength measures. This is useful 

because velocity can be be determined without max effort 

throwing. Growth to the predictive measures can allow 

estimates of velocity gains. Identifying under/over performing 

athletes may give insight on injury risks and different pitching 

mechanics.  

Conclusions 

This study demonstrated the ability of a NN to predict fastball 

velocity within 2.325 mph from clinical strength measures. 

NNs and clinical measures can be used to determine pitch 

velocity without max effort throwing. It may also allow 

projected velocity growth and identification of under/over 

performing athletes.  
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Summary 
Claims have been made that excessive forearm pronation at foot 
contact (FC) during a pitch, also known as ‘Tommy John Twist’, 
causes an increase in elbow varus torque. A sample of 148 
professional pitchers were analyzed to investigate the relationship of 
forearm pronation and varus torque during a pitch. There was no 
significant correlation between forearm pronation at FC and 
maximum external rotation (MER) and elbow varus torque.  
Introduction 
Recently, some have suggested that the ‘Tommy John Twist’ 
contributes to increased elbow varus torque and thus injury. The 
‘Tommy John Twist’ is defined as reaching FC with the wrist 
pronated (~70°) such that the ball faces second base. Yet, there is a 
lack of published objective data to back up these anecdotal claims. 
Only one study was identified that investigated the relationship 
between forearm kinematics and elbow varus torque in high school 
pitchers, and no correlation between forearm position and elbow 
varus torque was identified [1]. However, there are known 
biomechanical differences in pitching mechanics between youth 
throwers and those at the professional level [2]. Therefore, the 
purpose of this study was to further investigate forearm pronation in 
pitching and its relation to elbow varus torque in higher level 
pitchers. 
Methods 
A retrospective review identified 148 professional baseball pitchers 
who had previously been tested by Motus Global’s lab (n=149, 
height= 190±6 cm, weight= 96±10 kg). Pitchers were tested pitching 
8-10 fastballs and data were collected at 480 Hz using a motion 
capture system (Motion Analysis Corp., Santa Rosa, CA). Kinematic 
and kinetic date were calculated as previously described [1]. 
The fastest pitch for each player was used in the analysis and group 
means and standard deviations were calculated (Table 1). Pearson 
correlation coefficients were calculated to evaluate the relationship 

between elbow varus torque and forearm pronation at FC and MER, 
as well as forearm pronation at FC and MER. The level of 
significance was set at p < 0.05.  
Results and Discussion 
The pronation of the forearm had no effect on elbow varus torque 
(Figure 1), which was consistent with previous research [2]. At both 
FC and MER, there was no correlation between forearm pronation 
and elbow varus torque (r2=0.00, p=0.69, r2=0.00, p=0.87, 
respectively). 
Furthermore, there was a small but significant correlation between 
forearm pronation at FC and MER (r2 = 0.17, p <0.05), suggesting 
that pitchers who reach FC in a more pronated position, tend to stay 
pronated throughout MER. This could be beneficial to the pitcher, as 
being pronated during peak varus torque may off-load more tension 
to the flexor-pronator muscle group than would occur while 
supinated. 

Table 1: Mean and Standard Deviation for forearm mechanics 

 FC MER BR 
Forearm pronation (°) 23±21 6±12  
Elbow varus torque (Nm)  84±16  
Ball velocity (m/s)   40±2 

Conclusions 
There was no significant correlation between elbow varus torque and 
forearm pronation, or ‘Tommy John Twist’, at FC and MER. In fact, 
pitchers who are more pronated at foot contact, remain pronated 
through MER. This leads us to believe that the ‘Tommy John Twist’ 
may not be a significant risk factor for injury in professional level 
pitchers.  
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Figure 1. Correlation graphs A) forearm pronation at foot contact vs elbow varus torque, B) forearm pronation at maximum external rotation 
vs torque and c) forearm pronation at FC vs pronation at MER 
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Summary 
Some evidence suggests that plantarflexor muscle fascicles in 
older adults operate at shorter lengths further down the 
ascending limb of the length-tension curve than in young 
adults. This may restrict how volitional increases in activation, 
for example in gait retraining, propagate to larger ankle 
moments during push-off. Here we found that increased 
plantarflexor activation while walking resulted in shorter 
fascicle lengths but no change in peak ankle moment. This 
outcome alludes to a structural bottleneck in ankle moment 
generation that may be functionally relevant in elderly gait.   

Introduction 
Older adults walk with deficits in push-off intensity compared 
to young adults walking at the same speed, characterized by 
smaller propulsive ground reaction forces, ankle moments, and 
less ankle power generation [1]. Nevertheless, we have 
previously shown that older adults are capable of increasing 
push-off intensity through both propulsive force and ankle 
power biofeedback [2]. However, despite both modalities 
eliciting greater plantarflexor activation, neither resulted in 
larger peak ankle moments, a key determinant of push-off 
intensity [3]. Intuitively, increased activation should increase 
muscle force output and, thus, joint moment. However, 
compared to those in young adults, evidence suggests that 
plantarflexor muscle fascicles in older adults operate at shorter 
lengths further down the ascending limb of the length-tension 
curve. We posited that increased activation may also incur 
shorter lengths, potentially negating force benefits. Thus, we 
hypothesized that: (i) lesser plantarflexor activation would be 
accompanied by longer operating lengths and a decrease in 
peak ankle moment, but (ii) greater plantarflexor activation 
would exacerbate shorter operating lengths during stance with 
no accompanying change in peak ankle moment.  

Methods 

9 healthy older adults (mean±SD; age: 73.4±3.2 years, 4M/5F) 
participated. We first assessed subjects’ preferred walking 
speed (1.26±0.18 m/s) using an instrumented walkway. 
Subjects then walked normally for 1-min on a dual-belt 
instrumented treadmill at their preferred speed with EMG 
electrodes placed bilaterally over their tibialis anterior (TA), 
lateral gastrocnemius (LG), and soleus (SOL). Using a custom 
Matlab script, EMG data from each stance phase was collected 
at 1000 Hz then demeaned and rectified before being band-
pass filtered (200-400 Hz). LG and SOL activations during the 
second half of stance (i.e. push-off) were averaged together for 
each stride (EMGPF) then across all strides taken during 
normal walking. Subjects walked again for 1-min each while 
watching a screen with visual biofeedback of their 
instantaneous EMGPF and targeting changes of ±40% of 

normal. For all trials, a motion capture system recorded the 
trajectories of markers placed on subjects’ pelvis and lower 
extremities for estimating joint kinetics. Additionally, a B-
mode ultrasound transducer was placed longitudinally along 
the MG to estimate fascicle lengths. 9 young adults walking 
normally for reference (25.3±4.9 years, 5M/4F). 

Results and Discussion 
Our older adult subjects systematically modulated their 
EMGPF to meet appropriate targets (Fig. 1). Increased EMGPF 
yielded a large increase in early-stance ankle moment but no 
change in peak ankle moment during push-off. These results 
were accompanied by shorter stance phase operating lengths 
(p<0.05). More intuitively, decreased EMGPF yielded smaller 
peak ankle moments during push-off and longer operating 
lengths (p<0.05). We observed no change in TA activation 
during push-off, thereby excluding the offsetting influence of 
greater antagonist coactivation on peak ankle moment. 

 
Figure 1: Ankle Moment, Medial Gastrocnemius (MG) fascicle 
length, and Lateral Gastrocnemius (LG) EMG versus % Stride. 

Conclusions 
We accept our first hypothesis given that lesser activation 
resulted in longer operating lengths and smaller peak ankle 
moments. We also accept our second hypothesis that increased 
plantarflexor activation led to shorter operating lengths and no 
change in peak ankle moments at push-off. These combined 
results provide support at the muscle level that ankle moment 
may be functionally limiting for older adults, persistent even 
following volitional efforts to increase calf muscle activation. 
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Summary 

The aim of the present study was to analyze joint and 
segment coordination and coordination variability during 
gait of faller and non-faller older adults at different speeds 
(preferred walking speed (PWS), 120% of PWS and 80% of 
PWS) through vector coding technique (VC). Thirty-one 
young adults, 22 non-faller and 18 faller older adults 
participated in the study, who carried out a protocol of three 
1-minute walking on a treadmill, at each speed for data 
collection, in a randomized order. There were significant 
differences in tibial-foot segment pairs, with the greatest 
differences observed at 80% and 120% PWS. 

 Introduction 

Coordination and coordination variability quantify the 
variety of movement patterns that an individual use during a 
task and can provide a measure of the flexibility/adaptability 
of individual's motor system [1]. Thus, the aim of the present 
study is to quantify the coordination and coordination 
variability of pairs of anatomical segments in fallers and 
non-fallers older adults during gait at different speeds, to test 
their potential use as a predictor of fall risk. For this, it was 
analyzed the coordination and coordination variability of the 
sagittal tibia-foot segment at different speeds (preferred 
walking speed (PWS), 120% of PWS and 80% of PWS), 
using vector coding technique (VC). 

Methods 

Thirty-one young adults (17 males, 14 females), 22 non-
fallers (9 males, 13 females) and 18 faller (10 males, 8 
females) older adults were enrolled in this study. The older 
adults were characterized as fallers if they had three or more 
falls in the last 24 months (in this study, all faller older 
adults had fallen more than 3 times in the last 24 months). 
The preferred walking speed (PWS) on a treadmill was 
determined according to a previously reported protocol [2]. 
A 4-minute familiarisation walking on the treadmill was 
allowed. Thirty-nine reflective markers were fixed at specific 
sites according to Vicon's full body plug-in-gait model 
(Vicon, Oxford Metrics, Oxford, UK). Next, the participants 
executed three 1-minute walking at PWS, 80% PWS and 
120% PWS, in a randomized order. Kinematic data were 
acquired by a motion capture system comprising 10 infrared 
cameras at 100 Hz, and low-pass filtered at 8Hz. The 
variable analyzed was the tibial-foot segment pair, for 15 
strides, normalized with 100 points, for each 1-minute 
walking, in four phases of the gait cycle: first double 
support, single support, second double support and swing 
phase. Segment angles were calculated relative to the 
laboratory global coordinate system. Phase angles represent 

the segment coordination pattern, while their standard 
deviation at each point of the gait cycle represents the 
segment coordination variability [1]. The phase angles were 
calculated as the angle of a vector connecting consecutive 
data points [3]. A mixed repeated measures ANOVA was 
used to compare groups and speeds at p<0.05. 

Results and Discussion 

With respect to the variability of coordination, statistical 
differences were found for all groups at speeds of 80% of 
PWS and 120% of PWS. For the sagittal tibial segment and 
sagittal foot, the statistical differences between young and 
non-faller older adults occurred in the first double support 
and swing phase for 120% of PWS, with variability being 
higher in the young. Comparing young with faller older 
adults, there were significant differences in the first double 
support phase for 80% of PWS, again here, the variability 
was higher in the young. Finally, when comparing non-faller 
with faller older adults, differences in the first double 
support occurred for 80% and 120% PWS, in the second 
double support phase for 80% and 120% of PWS and in the 
swing phase to 120% of PWS, in this case, the variability 
was higher for non-fallers compared to fallers older adults. 
In the last three comparisons, coordinative variability was 
greater for non-fallers. The analyzed segments had the 
rotation in the same direction, being therefore in-phase. 

Conclusions 

There were significant differences in all the analyzed 
segments, however, the greatest differences were observed at 
80% of PWS and 120% of PWS, with variability being 
higher for the non-faller older adults. Thus, evidence in this 
study suggests that there are differences between fallers and 
non-fallers older adults with respect to segmental 
coordination variability that can be used as a potential 
predictor of fall risk. Future studies may investigate what 
leads faller older adults to be different.  
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Summary 

Stride time variability in gait is a factor associated with falls in 

aging adults, especially in females. This sex difference in aging 

may originate from differences in motor output variability at 

individual joints. We analysed sagittal plane ankle, knee, and 

hip joint angles in gait from a large sample of males and 

females, aged 19-99 years. Cycle-to-cycle variabilities of mean 

joint angles and ranges-of-motion during several phases of gait 

were calculated to investigate motor output variability. Older 

age was associated with lower ankle and hip angle variability, 

but higher knee angle variability. Males had greater knee angle 

variability than females, which was enhanced by older age and 

correlated with stride time variability. Results suggest that  

higher motor output variability may help explain the risk of falls 

in older men but not in older women. 

Introduction 

Aging females have a higher risk of falling than aging males 

[1], indicating a potential sex difference in the motor patterns 

that contribute to age-related falls. Stride time variability is one 

factor that contributes to fall risk and is more strongly 

associated with age in females than in males [2]. The origin of 

this sex difference is not well understood; knowledge may be 

gained by exploring the variability of motor output at individual 

joints. Older females have higher hip, knee, and ankle 

variability than young females [3], however, it is currently 

unclear how both sex and older age affect the variability of 

motor output at these joints. Therefore, the objectives of this 

study were 1) to determine the effects of older age and sex on 

the motor output variabilities of individual joints during gait 

and 2) to explore the relationship between these variabilities 

and stride time variability. 

Methods 

Adults aged 19-99 y (N = 108, 60 females) completed six gait 

trials, walking at their preferred speed over a 10 m platform. An 

optoelectronic system and the Davis model [4] were used to 

extract sagittal plane joint angles for the hip, knee, and ankle. 

Gait cycles were defined by heel strikes from foot markers and 

used to select and time-normalize joint angles. Joint angles were 

then partitioned into several gait phases. For each gait phase and 

joint, motor output variability was quantified by the cycle-to-

cycle standard deviation (SD) of the mean joint angle 

(CCVMEAN) and by the coefficient of variation (CV) of the joint 

range-of-motion (CCVROM). Mixed effect models (Age x Sex) 

were conducted on CCVMEAN and CCVROM for each gait phase 

and joint. Significant effects were regressed to estimate decade-

by-decade rates of change and entered into Pearson r correlation 

analyses to explore relationships with stride time variability. 

Results and Discussion 

There were significant Age effects on ankle, knee, and hip 

CCVMEAN during loading, terminal stance, initial swing, mid-

swing, and terminal swing (ps < .05). Each decade of age was 

associated with lower variability in the ankle and hip, and 

higher variability in the knee. Lost motor output variability in 

the ankle and hip may be compensated at the knee with age.  

Significant Sex effects were found on ankle and knee CCVROM 

during several gait phases (ps < .05); all showed larger 

variability in males than in females. Knee CCVROM during the 

full gait cycle was also age-dependent (A*S: p =.016; Table 1), 

where each decade was associated with .33% higher variability 

for males only. Higher ankle and knee CCVROM were correlated 

with higher stride time variability (r = .198-.373, ps < .05). The 

observed sex difference in motor output variability of 

individual joints contradicts the reported sex difference in stride 

time variability [2]. Motor output variability at the knee may be 

a source of stride time variability in aging males. 

Table 1: Mean knee CCVROM in males and females < 55 years 

(M<55, F<55) and males and females ≥ 55 years (M≥55, F≥55). 

Conclusions 

Motor output variability in individual joints is affected by both 

older age and sex. Older adults seem to compensate sagittal 

plane ankle and hip variability with knee variability; males have 

greater knee variability than females, which may help explain 

stride time variability in aging males. The source of stride time 

variability in aging females requires further study. 
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Measure M<55 F<55 M≥55 F≥55 

Knee CCVROM (%) 2.5±0.8 3.7±1.3 3.9±2.1 3.5±1.2 
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Summary 

Gait adaptability may be a predicting factor in the outcome of 

joint replacement surgery. Stepping targets have been used to 

show a difference in gait adaptability between young and older 

adults, however not in a test that relates to the rehabilitation of 

gait after surgery. The aim of this study to develop such a 
Target-Stepping Test. Younger and older adults performed a 

Target-Stepping Test that imposed an gait pattern with 

asymmetric step length at 130% of their comfortable walking 

speed. A significant learning curve was detected over time for 

young adults, while no improvement was shown for older 

adults. A Target-Stepping Test imposing an asymmetric gait 

pattern at fast walking speed showed to be sensitive enough to 

detect a difference between strong and weak gait adapters. 

Introduction 

Gait adaptability is crucial in the performance of activities of 

daily living and may be a predicting factor in the outcome of 

joint replacement surgery. To date, there is no validated gait 

adaptability test. For validation different age groups may be 

compared. With older age, decline of the motor control may 

lead to a poorer gait adaptability, as shown by worse 

performance on Target-Stepping Test. These studies used 1-3 

targets along a walkway allowing speed variations [1,2]. To 

relate better to rehabilitation after surgery, the test should 

assess a new, continuous gait pattern and increase walking 

velocity, since gait of patients is lower. The aim of this study 

is to develop a Target-Stepping Test that assesses the 

adaptation to a post-joint surgery situation. 

Methods 

18 young (9 men, 23±1.8 year, BMI 23±3.0) and 21 old adults 

(13 men, 67±4.9 year, BMI 26±3.2) walked on a treadmill at 

their comfortable walking speed (CWS). During this baseline 

gait, natural step length was recorded. Subsequently, stepping 

targets were projected up to six steps ahead, progressing with 

matched velocity along the treadmill. Instructions were to step 

as precise as possible on the stepping targets, which imposed a 

constant asymmetric gait pattern with, randomly chosen, 

constantly on one side the steps 20% shorter and the other 

20% longer than the baseline step length. Gait speed was 

increased to 130% of CWS during the Target-Stepping Test, 

to make the task sufficiently challenging. Performance was 

expressed as the stepping error; the absolute deviation of the 

mid of the foot from the middle of the stepping target. These 

errors were analyzed with Repeated Measures ANOVA. 

Results and Discussion 

While the older adults seemed to perform worse, there was no 

significant difference between young and old adults on the 

overall average foot placement error (0.076±0.02 and 

0.096±0.04 m respectively, p=0.086). Errors on the short steps 

of the asymmetric pattern where significantly greater than on 

the long steps (0.108±0.05 and 0.064±0.03 m respectively, 

p<0.001). Therefore, the short steps may be most sensitive to 

differences in gait adaptability. 

As shown in Figure 1, the young adults went through a clear 

learning curve, shown by a decrease of the stepping error over 

time. On group level no learning curve was seen for older 

adults. While older adults showed no significant change in 

performance, younger adults improved their performance 

significantly after 100 steps (1
st
 0.131±0.03 m versus 5

th
 block 

0.109±0.03 m, p<0.01). This difference remained significant 

for the following blocks of 20 steps. 

Figure 1: Error of stepping on the targets imposing a short step in 

young (blue circle) and old (red triangle) adults. Errors are averaged 
per 20 stepping targets, mean and standard deviation shown. 

Conclusions 

Target-Stepping Test imposing an asymmetric gait pattern at 

fast walking speed is sensitive enough to detect the difference 

in stepping accuracy performance, because of a difference in 

learning curve between younger and older adults. Younger 

adults show increased performance after 100 steps.  

Future studies may investigate whether the Target-Stepping 

Test can be used for prediction of joint replacement surgery 

outcome. 
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Summary 

When walking at similar speeds, greater positive hip extensor 

and/or flexor work is thought to compensate for lower positive 

ankle work during push-off in older versus young adults. 

Ankle moments contribute to positive ankle work in walking 

and are reduced in old age. We used induced acceleration 

analysis to determine the causal links between reduced ankle 

moments and increased hip joint kinetics during aging. Results 

suggest that older adults do not increase ipsilateral hip flexor - 

but may increase contralateral hip extensor - kinetic output to 

compensate for lower ankle moments in level/uphill walking. 

Introduction 

When walking at similar speeds, old adults perform less ankle 

work but more hip extensor and/or flexor work than young 

adults [1]. Plantarflexion function in late stance assists in both 

forward propulsion and swing initiation. Thus, greater hip 

extensor and flexor work in older adults may serve as inter- 

and intra-limb compensation strategies, respectively. The age-

related reduction in positive ankle work during walking arises 

in part from lower ankle moments, effects that are more 

pronounced during uphill versus level walking [1]. Therefore, 

our purpose was to study the intra- and inter-limb effects of 

ankle moment deficits in older adults using induced 

acceleration analysis (IAA) [2], which computes joint angular 

accelerations induced by net joint moments. We hypothesized 

that in older compared to young adults, ankle moments induce 

lower hip accelerations in level walking, and that this age 

effect is more pronounced in uphill walking.  

Methods 

17 healthy young (age: 23±4 y) and 22 older adults (age: 76±6 

y) walked on an instrumented treadmill at 1.4 m/s for 1-min. 

each at 0% and +10% grades. Leg joint angles and moments 

during walking were obtained from inverse kinematics and 

dynamics. These variables served as inputs for IAA to 

estimate moment-induced hip accelerations. These were 

integrated (to obtain velocity) during early and late stance and 

tested with two-way (between-factor: age, within-factor: 

slope) ANOVAs. 

Results and Discussion 

Across walking conditions, older vs. young adults generated 

13% (11%) lower (p<0.05) plantarflexion impulses (work), 

comparable (p>0.05) hip extension impulses and work, and 

comparable hip flexion impulses but greater work (16%). In 

addition, older adults adopted 4° more hip flexion during 

stance than young. However, in contrast to our hypothesis, age 

had no effect on ankle moment-induced hip velocity in early 

(Figure 1A) or late stance (Figure 1B). Still, hip flexion 

moments induced 18% greater hip velocities in the older 

adults across conditions. However, in partial support of our 

hypothesis, older adults (n=13, ‘subgroup’) who did show an 

age-related increase in hip extensor impulse and work 

(p<0.05) had lower ankle  moment- and greater hip moment-

induced hip velocities in the early stance phase compared to 

young adults (Figure 1A). 

 

Figure 1: Net joint moment-induced hip joint velocities during gait. 

Positive (negative) values indicate hip flexion (extension) motion. 

Conclusions 

Our results suggest that greater positive hip flexion work, but 

not hip extension work, during walking in old adults may be 

disassociated from age-related deficits in peak ankle moment 

and is either: 1) more associated with deficits in peak ankle 

power generation and/or 2) associated with the hip 

musculature itself, perhaps via changes in hip joint posture. 

Older adults who did or did not show the age-related increase 

in hip extensor moment will be the subject of further 

secondary analyses. 
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Summary 
 

Performance-based function and self-report (balance, health, 

prosthetic use) comparisons were made between individuals 

with transtibial osteomyoplastic (Ertl) and non-Ertl 

amputations. Functional task results found significantly greater 

functional ability in those with an Ertl amputation. No 

differences were found between groups in their self-

assessments of balance, health, and prosthetic use. These results 

suggest that functional performance differences exist between 

individuals with Ertl and non-Ertl amputations. 
 

Introduction 
 

Two common transtibial amputation techniques are: transtibial 

osteomyoplastic amputation (Ertl) and non-Ertl amputations [1, 

2]. The most commonly of the two transtibial amputation 

techniques is the non-Ertl technique that does not surgically 

connect the distal tibia and fibula [3]. The Ertl technique 

connects the tibia and fibula and seals the medullary canal and 

sutures the anterior and posterior musculatures together. It has 

been suggested that the Ertl may enhance “end-bearing” 

capability of the residual limb compared to the Burgess [4]. 

This improved “end-bearing” may improve functional ability of 

these individuals, however, there is no literature support. Thus, 

comparisons must be made to establish if functional differences 

exist between persons with Ertl and non-Ertl amputations.  
 

Methods 
 

Two groups of transtibial amputees were recruited: non-Ertl (n 

= 7; 88.3 ± 16.0 kg, 1.78 ± 0.08 m; 55 ± 5yrs) and Ertl (n = 5; 

79.8 ± 15.5 kg, 1.79 ± 0.08 m; 55 ± 8 yrs). Inclusion criteria: 

traumatic amputation, no concomitant musculoskeletal injuries, 

neurological, or visual impairments. All participants were 

physically active at least 3 days a week. Four performance-

based functional tests were measured: six-minute walk test 

(6MWT), stair negotiation, sit to stand test (STS), and 5-meter 

walk test (5MW). The 6MWT was measured in a walkway 

where participants walked from one end to the other for 6 

minutes. The 6MWT has been used and validated in numerous 

patient populations including those with TTA [5, 6]. Stair 

negotiation was completed on a standard flight of stairs (13 

steps) “as fast as possible”. The ascent, descent, and total times 

during the task were measured. During the STS task, 

participants “sit down and stand as fast as possible five times in 

a row.” The 5MW is commonly used to assess normal walking 

speed over 5 m. Several questionnaires (SF-36, Lower Extremity 

Functional Scale, LEAFS; Activities-specific Balance Confidence 

scale, ABC; and Orthotics and Prosthetic Users Survey, OPUS) 

assessed perceptions of balance, health, and prosthetic fit. 

Differences in functional scores and questionnaire responses 

between groups were determined using an ANOVA. 

Significance was set at α = 0.05. 

Results and Discussion 
 

For all functional tests, except the 5MW, the Ertl group 

performed tasks in shorter time and walked longer distances 

than the non-Ertl group. The Ertl group performed the STS task 

4 seconds faster, walked ~330 feet further, and ascended a flight 

of stairs in roughly half the time than that of the non-Ertl group. 

The stair decent was also significantly shorter in the Ertl group.  

Table 1. Outcomes from functional task measures. 

Task Non-Ertl Ertl 

6MWT (ft) 1570 ± 229 1905 ± 178* 

Stair ascent (s) 6.2 ± 1.5 4.0 ± 1.5* 

Stair descent (s) 7.9 ± 5.0 4.4 ± 1.7* 

Total Stair Time (s) 14.1 ± 6.3 8.4 ± 3.1* 

Sit to Stand Time (s) 13.3 ± 3.1 9.3 ± 2.6* 

Five-meter walk speed (m/s) 1.3 ± 0.2 1.4 ± 0.2 

Note.*denotes significant difference between Ertl & Non-Ertl groups. 

The only performance-based measure without a significant 

difference between groups was the 5MW. This is an interesting 

outcome since this is a commonly used clinical outcome 

measure. When compared to the 6MWT, clear differences arise 

that are not evident over a 5-meter distance.  

 

No between-group differences were found in the LEAFs, ABC, 

and OPUS questionnaires. Additionally, no significant 

differences were found between groups in any of the 

components of the SF-36 questionnaire.  

 

It is important to note that socket design was similar between 

groups (total surface bearing, lock and pin systems) and both 

groups used similar prosthetic feet (dynamic elastic storage and 

release feet). Although the results from the questionnaires show 

that each group perceived their health and functional ability 

similarly, the Ertl group performed functionally better than the 

non-Ertl group. 

Table 2. LEAFs, ABC, OPUS Questionnaire scores.  

Questionnaire Non-Ertl Ertl 

LEFS 64.26 ± 8.36 67.25 ± 11.23 

ABC 91.25 ± 6.30 96.34 ± 3.70 

OPUS 63.57 ± 9.41 68.08 ± 11.06 
 

Conclusions 
 

These results suggest a functional difference between people 

with Ertl and non-Ertl transtibial amputation.  
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Summary 

This study compared the accuracy, precision and 

consistency of unilateral transtibial amputees (UTAs) 

stepping in to a floor-based target against able-bodied 

participants. UTAs exhibited reduced precision and 

consistency during the task, meaning they may find 

required changes in foot placement inherently more 

difficult during activities of daily living due to; 1) reduced 

proprioceptive feedback, 2) control of the prosthetic limb 

during single stance and 3) being mechanically less stable 

at the residuum/socket interface.  

Introduction 

Accurate foot placement underpins stable gait when 

completing activities of daily living (ADL) [1]. Reduced 

proprioceptive feedback resulting from the surgical removal of 

the lower limb presents unique challenges to unilateral 

transtibial amputees (UTAs). This is particularly relevant 

during ADL where accurate placement of the intact and 

prosthetic limbs is required to maintain balance and avoid 

falling e.g. negotiating cluttered travel paths. This study aimed 

to determine the accuracy, precision and consistency of UTAs 

prosthetic (PROS) and intact (INT) foot segment placement 

when stepping in to floor-based targets, in comparison to able-

bodied participant’s dominant (DOM) foot.  

Methods 

Eight healthy, active (K3 or above on Medicare scale), UTAs 

(47 ± 13yrs), who wore their habitual prosthesis and were at 

least six months’ post amputation were compared to eight 

able-bodied (33 ± 15yrs) participants during a targeted 

stepping task (Figure 1).  
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Figure 1. (a) Participants were asked to walk along the walkway, (b) 

accurately placing their PROS or INT side (UTAs) or DOM side in 

the center of a rectangular floor-based target. (c) Increases in target 

length/width reduced task complexity in the AP and ML directions, 

respectively. Participants completed three trials for each limb and 

target condition. 

Reflective markers were positioned on each foot segment and 

floor-based target, and captured at 100 Hz (Oqus Qualisys). 

Accuracy (scalar quantity; absolute foot placement error), 

precision (vector quantity; foot placement constant error) and 

consistency (foot placement variability) of the foot segment 

centre, relative to the centre of the floor-based target, were 

calculated along AP and ML axes [2] in Visual3D (C-Motion). 

A two-way repeated measure ANOVA compared between the 

UTAs PROS and INT limb and target size. A two-way mixed 

design ANOVA compared between participant groups and 

target size. 

Results and Discussion 

The DOM limb was more accurate (p≤0.019) and precise 

(p≤0.033) in the AP direction than the PROS and INT limb 

regardless of target size. UTAs overstepped the target centre 

(INT; 32 ± 28mm, PROS; 27 ± 20mm) compared to the DOM 

limb (9 ± 17mm) and were more inconsistent (INT; 22 ± 

10mm, PROS; 20 ± 10mm, DOM; 14 ± 9mm, p≤0.031). There 

was a significant interaction between the INT and DOM limb 

and target size for ML foot precision, which was reduced for 

the wider target (150x200%) and the magnitude of increase 

was greater for the INT (25 ± 17 mm) compared to the DOM 

limb (12 ± 10 mm, p=0.015). UTAs were also less consistent 

when placing their INT limb (10 ± 7mm) in the centre of the 

target compared to the DOM limb (6 ± 4mm, p<0.008). 

Reduced precision and consistency suggests UTAs may find 

INT limb ML placement inherently more difficult. This may 

be due to reduced proprioceptive feedback, control of the 

PROS limb during single stance, or being mechanically less 

stable at the residuum/socket interface. As target size 

increases, UTAs may compromise precision and consistency 

of the targeting limb (INT) to focus more on coping with the 

propulsive and stability limitations of their prosthetic device.  

Conclusions 

UTAs are less able to produce precise and consistent foot 

placements, which could impact on ADL where falls are likely 

to occur. These data underpin current knowledge regarding 

UTAs strategies for completing ADL. The importance of foot-

targeting interventions long-term, and whether current practice 

improves gait adaptability and reduces UTAs fall risk, should 

be explored.  
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Summary 

Persons with transtibial amputation often exhibit problematic 

trunk motion during walking [1], yet optimal clinical 

interventions have yet to be established. This study applied an 

induced acceleration simulation analysis to identify 

differences in the whole-body strategy persons with versus 

without TTA use to modulate angular trunk motion.  Joint 

moment deficits at the affected limb ankle and knee were 

found to induce altered frontal and sagittal trunk segment 

accelerations.  These data can inform development of new 

clinical techniques to correct problematic trunk motion. 

Introduction 

Simulations of walking suggest that uninjured persons 

modulate trunk angular accelerations in part via indirect 

contributions from muscle forces/moments about the ankle 

and knee [2,3]. Persons with TTA commonly exhibit 

compensations in ankle, knee, and hip kinetics alongside trunk 

deviations [1,4]. Therefore, the aim of this study was to 

characterize how compensations in lower extremity and 

lumbar joint moments during walking contribute to altered 

angular trunk dynamics in persons with a unilateral TTA. 

Methods 

Full body kinematics and ground reaction forces were 

collected from 10 persons with a unilateral TTA and 10 

uninjured persons walking overground at a self-selected speed 

(~1.4 meters/sec).  OpenSim was used to estimate joint angles 

and moments, and to improve model dynamic consistency via 

the Residual Reduction Algorithm. An induced acceleration 

(IA) analysis was then used to decompose net total trunk 

angular accelerations into constituent accelerations caused by 

joint moments about the lumbar, hip, knee, and ankle. Joint 

moment and induced acceleration time trajectories over stance 

were compared between groups using statistical parametric 

mapping (un-paired t-test, α=0.05) [5].  

Results and Discussion 

Relative to uninjured persons, persons with TTA had greater 

prosthetic ankle moment IA acting to lean the trunk 

ipsilaterally (9-16% stance, P=0.003, Fig. 1d), even though 

ankle moment magnitude was similar over the duration 

(P>0.05, Fig. 1a). Persons with TTA also had a reduced knee 

extensor moment (10-34% stance, P<0.001, Fig. 1b), that 

corresponded with lesser IA acting to lean the trunk 

ipsilaterally (10-25% stance, P<0.001, Fig. 1d) and to flex the 

trunk anteriorly (9-36% stance, P<0.001). Our findings 

highlight that altered torque production about the ankle and 

knee can challenge control of angular trunk dynamics in 

persons with a unilateral TTA. These data can inform 

development of new physical therapy treatments and 

prosthetic devices to correct problematic trunk motion. 

Fig. 1: Ensemble average net joint moments (a) and corresponding 

angular accelerations (c) induced on the trunk in the frontal plane for 

the TTA (dashed line) and uninjured groups (solid line). 

(b,d) Bars indicate stance duration where trajectories significantly 

differed as relative (TTA – uninjured) mean differences. 
A=Affected, U=Unaffected, S=Sagittal, F=Frontal 
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Summary 

A prosthetic shock-absorbing pylon (SAP) attenuates impact 

forces to dissipate shock in individuals with amputation. 

However, it is unclear how a SAP and their spring stiffness 

affect the mechanical work done by the prosthetic limb. We 

observed that SAP spring stiffness had a speed-dependent effect 

on the energy dissipated, but not generated, which suggests a 

damping effect from the prosthesis. 

Introduction 

A prosthetic shock-absorbing pylon (SAP) is intended to 

attenuate impact forces to dissipate shock during prosthetic 

limb stance, and are reportedly preferred by prosthesis users 

because of comfort and tendency to reduce residual limb pain 

[1,2]. However, it remains unclear how a SAP and its primary 

functional property (spring stiffness) affect the mechanical 

work done by the prosthetic limb during walking. Therefore, the 

purpose of this study was to investigate the effects of SAP 

spring stiffness and walking speed on the mechanical work of 

the prosthetic limb throughout stance in individuals with 

unilateral transtibial amputation (TTA). We hypothesized that 

(1) a more compliant spring will result in more negative work 

during early stance, and subsequently produce more positive 

work (i.e., greater energy stored and returned), and (2) 

increased walking speed will amplify the effects of SAP spring 

stiffness on mechanical work from an increase in ground 

reaction forces. 

Methods 

A secondary analysis was performed on 12 subjects with 

unilateral TTA from a previous study (4F/8M; age: 

48.9±17.9yrs; height: 1.80±0.10m; mass: 84.8±21.0kg; time 

since amputation: 12.8±8.9yrs; means±standard deviation) [2]. 

Subjects walked overground at self-selected customary 

(1.220.01m/s) and fast (1.530.01m/s) walking speeds on four 

SAP stiffnesses using either spring set 1 or spring set 2 

dependent on body mass (Table 1). Ankle-foot power was 

calculated using the Unified Deformable power analysis on at 

least three clean foot strikes and five strides per stiffness and 

speed condition [3]. Statistical analysis was performed using a 

two-way repeated measures ANOVA to assess the main and 

interaction effects of stiffness and speed on the negative and 

positive work of the prosthetic limb (α = 0.05). 

Results and Discussion 

Our first hypothesis was not supported as neither negative nor 

positive work were significantly different across stiffness 

(p≥0.82). Furthermore, our second hypothesis was not 

supported, as there was no significant interaction effect between 

stiffness and speed in negative or positive work (p≥0.63). 

However, the magnitude of negative work increased with speed 

across stiffnesses (p=0.03), where fast walking produced larger 

negative work (-0.41±0.19J/kg) than customary walking  

(-0.34±0.12J/kg). However, positive work was not significantly 

different between speeds (p=0.11). In fact, positive work 

remained relatively low (~13% of negative work) across all 

conditions (stiffness and speeds), suggesting a presence of a 

damper from the prosthesis. This damping may be due to the 

SAP’s rubber gasket sliding on the pylon during spring 

compression/extension [1]. Additionally, the deformation of the 

prosthetic foot may also contribute to this energy loss. 

 
Figure 1: Prosthetic ankle-foot work during stance (N=12). 

Conclusions 

SAP stiffness and speed showed some effects on negative work, 

but not on positive work, which suggests a damping effect from 

the prosthesis. Future research will investigate how the energy 

is transferred from the prosthesis to the user during walking to 

understand the role of these components on whole-body center-

of-mass and contralateral limb energetics. 
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Table 1: The four SAP stiffnesses and their stiffness values for each spring set. 

 

Prosthetic Stiffness Condition Soft Medium Normal Rigid 

Spring Set 1 Stiffness Values (kN/m) 68.2 89.3 111.8 3556.9 

Spring Set 2 Stiffness Values (kN/m) 85.6 111.8 153.8 3556.9 
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Summary 
This study utilized inertial sensors placed on bilateral thighs 
and bilateral shanks to examine the movement of the four 
individual segments of the lower limbs during gait in people 
with unilateral lower limb amputation (LLA). Differences 
were exhibited between groups based on having amputation at 
the transtibial (TT) or transfemoral (TF) level, and within 
groups, where prosthetic side thigh and shank performed 
differently compared to intact limb thigh and shank.  

Introduction 
People with LLA commonly exhibit asymmetrical gait 
patterns [1], and asymmetries increase with a more proximal 
level of amputation [2]. These movement inequities may put 
the individual at greater risk for detrimental secondary health 
problems [3]. Quantifying deviations during gait has become 
increasingly more objective with wearable sensor technology 
[4]. Inertial sensor technology has the potential to provide 
more continuous investigation of movement patterns during 
everyday function, establishing a basis for news ways of 
evaluating gait and mobility. However, often this data is used 
to simply report results of typical temporal-spatial measures, 
which may not reflect abnormal limb movement during gait. 
The purpose of this study was to analyse movement of the 
individual thighs and shanks via multiple inertial sensors 
during gait in people with unilateral LLA for symmetry and 
repeatability of movement. We expected there would be 
differences in performance of the prosthetic side thigh and 
shank compared to the intact limb (segmental symmetry), and 
that people with TT amputation would present differently than 
those with TF amputation. 

Methods 
One hundred and twenty-eight people with unilateral LLA 
were recruited as subjects. The mean age of the sample was 
49.5±15.2 years, with a mean time since amputation of 9.8 
±10.8 years. Subjects performed three trials of straight-path 
walking at their comfortable pace over an instrumented 
walkway to obtain gait parameters, while wearing four inertial 
sensors placed over the distal lateral femurs and proximal 
medial tibias (Fig. 1). Sagittal plane angular velocities were 
captured by the gyroscopes and segmented into thigh and 
shank motions based on gait events. Dynamic time warping 
was used to calculate the stride differences of each segment. 
Comparing contralateral segments resulted in the segmental 
symmetry measure and comparing ipsilateral segmental 
movement during consecutive strides resulted in the segmental 
repeatability measure (100% being perfect symmetry or 
repeatability). Statistical analysis determined test-retest 
reliability of the segmental measures, and between and within-
group differences.  

Results and Discussion 
Test-retest reliability of the measures was determined using 
intraclass correlation coefficients (ICC) with 96% confidence 
interval. Excellent ICCs resulted for thigh (.97, .95-.98) and 
shank symmetry (.99, .98-.99) measures. Thigh symmetry 
scores were significantly different between TT and TF 
amputation groups (93.5±6% and 86.5±14%, p<.0001, 
respectively), as were shank (93.5±7% and 90.5±7.7%, 
p<.0002, respectively). Thigh repeatability of the prosthetic 
limb and shank repeatability of the intact limb were also 
significantly different (p<.002). In contrast, temporal-spatial 
gait parameters recorded on an electronic walkway generally 
could not distinguish between the groups. 

 
Figure 1: Example of a single TF amputation subject’s segmental 
angular velocity during straight-path walking. Yellow circles indicate 
sensor placement. 

Conclusions 
This study determined that analysing segmental motion of the 
lower limbs during gait provides information about lower limb 
movement during gait beyond typical temporal-spatial 
parameters in people with LLA. Determining reliability and 
discriminate validity of these new measures allows for 
confidence in application for pathological gait analysis. 
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Summary 
In hip osteoarthritis, pain may limit kinematic variability during 
gait and thereby concentrate repetitive loads on the hip joint. 
This exploratory study examined hip kinematic variability 
according to pain and structural disease severity. We found no 
evidence to suggest that kinematic variability, as measured in 
this study differs according to pain or disease severity. Future 
research should consider coordination variability. 

Introduction 
Hip osteoarthritis (OA) is a chronic disease and factors such as 
hip pain and stage of disease can influence magnitudes of hip 
joint loads [1,2]. In addition to hip joint loads, variability of the 
hip joint movement during gait is an important consideration in 
the context of hip OA. Limited movement variability, perhaps 
due to pain [3], may concentrate repetitive loads which may in 
turn compromise joint health. The purpose of this exploratory 
study was to evaluate hip joint kinematic variability according 
to pain severity and radiographic disease severity.  

Methods 

55 participants (age = 60.8±7.8 yrs; females 49%; height = 
1.67±0.10 m; mass 77.2±13.8 kg) with unilateral hip OA 
according to the American College of Rheumatology criteria 
were included. Participants were classified according to pain 
severity during walking: no pain, mild pain and moderate pain 
using the pain subscale of the Western Ontario McMasters 
Universities Osteoarthritis Index. Radiographic disease severity 
was assessed according to the Kellgren-Lawrence grading 
system. Participants underwent 3D gait analysis at self-selected 
walking pace. A full gait cycle was extracted from the affected 
limb, for a total of 5 gait cycles per participant.  Kinematic 
variability was estimated as the curve coefficient of variation 
(%) for hip kinematics in the sagittal and frontal planes (i.e. 
stride to stride variability) [4]. Low and high hip frontal plane 
kinematic variability is illustrated in Figure 1. A one-way 
ANOVA was used to determine between-group differences.  

Results and Discussion 

There were no statistical differences in kinematic variability, 
according to pain or disease severity (p>0.05; Table 1).  

 

 
Figure 1: Example of low (top) and high (bottom) frontal plane 
kinematic variability from two individual participants. 

A strength of this study is that only people with unilateral 
symptoms were included. However, many participants (45%) 
had bilateral radiographic hip OA, thereby introducing 
heterogeneity in our sample. Notably, walking pain was not 
assessed during gait analysis, but rather over the 2 to 7 days 
prior to testing. There were also limited number of patients with 
severe structural disease severity. Other measures, such as 
coordination variability, may be more sensitive to detect 
differences in movement variability. Coordination variability 
has distinguished between people with and without 
patellofemoral pain [3]. Our future research will consider this 
approach, particularly between the pelvis and trunk. 

Conclusions 
Preliminary evidence suggests no differences in hip joint 
kinematic variability according to pain or disease severity. 
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Table 1 Walking speed and kinematic variability (%) according to pain and radiographic disease severity  
 Pain Severity  Radiographic Disease Severity 

 No Pain 
(n = 10) 

Mild Pain (n 
= 28) 

Moderate Pain 
(n = 17)  KL Grade 2  

(n = 29) 
KL Grade 3 

(n = 21) 
KL Grade 4  

(n = 5) 
Walking speed (m/s) 1.29 (0.11) 1.25 (0.17) 1.12 (0.21) a,b  1.25 (0.15) 1.20 (0.18) 1.13 (0.32) a,b 
  Sagittal Plane (%) 0.07 (0.02) 0.08 (0.04) 0.07 (0.03)  0.08 (0.03) 0.07 (0.04) 0.06 (0.03) 
  Frontal Plane (%) 0.17 (0.04) 0.22 (0.10) 0.16 (0.08)  0.21 (0.09) 0.17 (0.08) 0.18 (0.14) 
Values are mean (standard deviation); higher value = higher variability; KL; Kellgren Lawrence grading scale a Different to No pain and 
KL Grade 2 (p<0.05); b Different to Mild pain and KL Grade 3 (p<0.05) 
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Summary	

The	 aim	 of	 this	 study	 is	 to	 determine	 which	 functional	
exercises	(n=9)	shows	the	largest	difference	in	calculated	hip	
and	 knee	 contact	 force	 (CF)	 between	 hip/knee	 OA	 patient	
groups	and	the	healthy	controls	(HC).	The	exercises	consisted	
of	 level	 walking,	 ascending	 and	 descending	 stairs,	 forward	
lunge,	sideward	lunge,	sit-to-stand	and	stand-to-sit,	single	leg	
stance	and	single	leg	squat.	Our	preliminary	results	show	that	
descending	 stairs	 has	 the	 largest	 discriminating	 value	
between	 HC	 and	 hip	 OA	 patients.	 Further	 research	 will	
include	 a	 knee	 OA	 patient	 group	 and	 additional	 hip	 OA	
patients	and	HC.		

Introduction	

Osteoarthritis	(OA)	is	a	common	musculoskeletal	disorder	and	
many	factors	contribute	to	the	onset	and	progression	of	OA,	
amongst	 them	 inappropriate	 joint	 loading	 (CF)	 [1].	 Different	
activities	 impose	 different	 CFs	 in	 HC,	 where	 therapeutic	
exercises	(e.g.	forward	lunge)	impose	larger	forces	compared	
to	gait	[2].	Moreover,	CFs	differ	between	HC	and	OA	patients	
in	 functional	exercises	 like	 level	walking	 [3].	Better insight in 
contact force during different therapeutic exercises and in the 
magnitude of these differences compared to HC could help to 
better quantify daily joint loading in OA patients. In addition, 
identifying the exercise that presents the largest difference 
could serve as an interesting biomarker for classifying patients 
based on their CFs. Therefore, the	 purpose	 of	 this	 study	 is	
twofold:	(1)	to	determine	the	CF	for	a	large	range	of	exercises	
for	HC,	hip	OA	and	knee	OA	patients.	(2)	To	determine	which	
exercise	 presents	 the	 largest	 difference	 in	 CFs	 between	 HC	
and	hip/knee	OA	patients.		

Methods	

We	 recruited	 twelve	 HC,	 twenty	 patients	 with	 hip	 OA	 and	
nineteen	 patients	 with	 knee	 OA	 to	 perform	 nine	 functional	
exercises	 in	 the	 Movement	 Lab	 of	 the	 KU	 Leuven:	 level	
walking,	 ascending	 and	 descending	 stairs,	 forward	 lunge,	
sideward	 lunge,	 sit-to-stand,	 stand-to-sit,	 single	 leg	 stance	
and	single	 leg	squat.	We	used	 integrated	3D	motion	capture	
(Vicon,	Oxford	Metrics100Hz),	including	ground	reaction	force	
data	 (AMTI,	 Watertown,USA,1000Hz)	 of	 five	 repetitions	 of	
each	 exercise	 as	 input	 for	 musculoskeletal	 modelling	 in	
OpenSim.	 Thereafter,	 we	 calculated	 the	 resultant	 hip	 and	
knee	CFs	using	 a	 standard	OpenSim	workflow.	 The	peak	hip	
CF	and	CF	impulse	were	used	for	statistical	analysis	(one-way	
ANOVA).	

Results	and	Discussion	

Preliminary	analysis	on	eight	hip	OA	patients	(age	60.9	±	5.8,	
BMI:	25.2	±	3.8)	and	eight	HC	(age:	59.1	±	6.7,	BMI:	25.6	±	3.2)	
showed	significantly	higher	CF	 impulse	of	 the	hip	 (F(1,	10)	=	
8.13,	 p	 =	 0.017,	 	 ω=	 0.61)	 for	 stairs	 descend,	 and	 for	 	 level	
walking	 (F(1,	 13)	 =	 5.06,	 p=0.034,	 	 ω=	 0.48)	 for	 the	 hip	 OA	
patients	 compared	 to	 HC.	 These	 preliminary	 results	 show	
that,	 at	 this	 moment,	 descending	 stairs	 and	 level	 walking	
discriminate	 best	 between	 hip	 OA	 patients	 and	 HC	 when	
considering	hip	CF	impulse,	with	stair	descending	showing	the	
largest	difference.	No	significant	differences	 in	peak	CF	were	
found.	Further	research	will	focus	on	the	inclusion	of	knee	OA	
patients,	 recruit	 additional	 hip	 OA	 patients	 and	 HC.	 In	
addition,	 the	 single	 leg	 stance	 and	 single	 leg	 squat	 will	 be	
analysed.			

	
Figure	1:	Average	Hip	CF	impulses	of	hip	OA	patients	and	HC.	The	*	

indicates	a	significant	difference.	

Conclusions	

Descending	 stairs	 shows	 the	 largest	 difference	 in	 hip	 CF	
impulse	 between	 healthy	 controls	 and	 hip	 OA	 patients	 and	
could	 potentially	 be	 used	 as	 a	 biomarker	 for	 aberrant	 joint	
loading	pattern	associated	with	degenerative	joint	disease.			
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Summary 
Aims of this study is to classify degenerative osteoarthritis 
patients (hip joint) by logistic regression and neural network 
techniques using only 3-axis GRF (ground reaction force) and 
to develop an algorithm for predicting degenerative 
osteoarthritis. The accuracy of the classification reached 
92.2% using a neural network method. 

Introduction 
Degenerative osteoarthritis of the hip joint causes severe pain 
and abnormal gait. It occurs due to the degeneration of the 
joint by aging [1]. A surgery that replaces the hip joint with 
the artificial joint is required. But the patient is difficult to 
know the right time to receive the surgery. Although there are 
studies that predicted degenerative arthritis of the knee 
through the gait analysis [2], there are few studies on the 
prediction of the hip joint. If the gait analysis accurately 
predicts the damage of the hip joint, degenerative arthritis can 
be prevented from deteriorating and will be easy to cope with. 
Algorithms and systems that predict the disease through these 
biomechanical analyses are attracting attention [3]. The gait 
test of the patients scheduled for surgery due to a degenerative 
hip was conducted. The result was compared with nonpatients’ 
result by logistic regression and neural network to find out 
whether the difference can be classified.  

Methods 
The participants walked above the force plates for 2m. The 
walking was repeated 10 times in total. The GRF of 3 
directions (anterior-posterior, lateral-medial, vertical) were 
measured. This test was conducted with 20 patients (5 males 
and 15 females) and 12 healthy nonpatients (3 males and 9 
females). The protocol was approved by the Kyungpook 
National University Chilgok Hospital (KNUCH 2018-04-026).  
Training data and testing data were used by cross-validation 
(Train 75%, Test 25%). The GRF data was divided by the 
participant’s mass for the normalization. The number of the 
hidden layer was set to 2. The number of the nodes were set to 
6 in the first hidden layer, and 3 in the second hidden layer. 
The computing speed was enhanced using the Adam 
optimization method. Iteration was performed 100 times. 
Mini-batch was performed each, as the size of 1, 5, and 10. 

 
Figure 1: Gait data acquisition and processing. 

Results and Discussion 
The expected result is whether the subject has a degenerative 
hip joint or not. A total of 2400 data was used, excluding the 
data that had the markers covered in the middle of the test. 
The accuracy was calculated by using the confusion matrix 
method (Figure 2). The number on the front indicates the 
number of used axes and the number on the back indicates the 
number of mini-batches. The case of 2D have shown the 
higher accuracy with the larger batch size. There was no 
significant increase from the size of 10 or more. However, in 
the case of 3D, the accuracy tended to decrease as the batch 
size exceeded 5.  

 
Figure 2: Accuracy of the estimation 

Conclusions 
The result has shown 92.2% of accuracy. Computing speeds 
were all below 20ms. Therefore, it seems that it will be easy to 
construct a system that diagnoses immediately after the 
measurement. Especially, high accuracy of 90.2% was reached 
using only two axes (anterior-posterior and lateral-medial), 
without using all three axes as input. 
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Summary 
Variable Stiffness Shoes (VSS) have been developed to reduce 
external knee adduction moment (KAM) in patients with 
osteoarthritis (OA). This study’s findings suggest transverse 
and frontal plane gait adaptations in VSS that occur at the knee 
and hip need to be considered to understand the potential impact 
of VSS on structural or symptomatic OA progression.    

Introduction 
Radiographic progression of medial compartment OA has been 
associated with the KAM magnitude and medial compartment 
loading [1]. Numerous non-invasive interventions have been 
developed in an attempt to reduce KAM to modify patient’s 
symptoms and risk for OA progression [2]. One such 
intervention is the VSS that has a stiffer lateral than medial sole.    
The mechanism of action for reducing KAM in the VSS is 
reported to be via a shift in the foot centre of pressure (COP) 
medially and reduction in medial lateral ground reaction force 
(GRF), resulting in a reduced frontal plane lever arm and thus 
moment at the knee compared to neutral shoes [3]. These 
changes in COP and GRF are suggested to arise through an 
“adaptive dynamic” response to the footwear during gait, which 
currently has only been characterized in the frontal plane by an 
increase in ankle eversion and knee abduction angles [3, 4].  
While the reductions in KAM with VSS have been related to 
short term (6-12 month) symptom relief [2], these reductions 
have not been linked to structural or symptomatic changes in 
OA progression [5]. Investigating VSS impact on lower 
extremity joints outside of the frontal plane may provide insight 
into factors contributing to the magnitude of the biomechanical 
response and resulting impact on OA progression. Therefore, 
the aim of this study was to quantify changes in sagittal and 
transverse plane gait mechanics in participants with knee OA in 
VSS as compared to a neutral walking shoe.  

Methods 
Fourteen adults with mild-moderate physician diagnosed 
symptomatic knee OA were included in this study.  Participants 
walked overground through a 10m collection space at 1.2 m/s 
while kinematic and kinetic data were collected on the more 
symptomatic OA leg in two different shoe conditions; a neutral 
walking shoe (New Balance MW411v2) and a VSS (Abeo 
SMART 3400).  Visual 3D and a custom MATLAB script were 
used to calculate 3D joint angles and moments for the hip, knee 
and ankle.  Paired T-test were used to compare the differences 
in previously reported outcomes with VSS (COP, GRF, and 
frontal plane gait mechanics), as well as hip, knee and ankle 
flexion/extension and internal/external rotation moments and 
angles between the two footwear conditions (alpha = 0.05). 
 

Results and Discussion 
In contrast to the literature and as a result of substantial variance 
in participants’ gait patterns with the VSS, there was not a 
significant change in KAM (p = 0.064) and 8 of 14 participants 
had an increase in KAM of 0.08 %BW*Ht with the VSS (Figure 
1).  There were also no significant changes in ankle eversion or 
a medial shift in COP (p = 0.140, p = 0.062).  However, a 
significant decrease in knee flexion at toe off (p = 0.048) and 
significant increases in first peak hip adduction moment (p = 
0.033), hip internal rotation moment (p = 0.021), knee external 
rotation moment (p = 0.036), and 2nd peak vertical GRF (p = 
0.001) were found.  Individual responses to the footwear varied 
between the different planes of motion as evidence by some 
individuals having small changes in KAM but large changes in 
knee external rotation or flexion moments (Figure 1).  In 
summary, the increases in transverse plane joint moments 
combined with the lack of consistent KAM reduction suggests 
individuals tested in this study had an overall negative impact 
with VSS on knee joint loading.   

 
Figure 1: Change in external knee moments between the footwear 

conditions for each participant.    

Conclusions 
In contrast to the literature, study participants adopted varied 
gait patterns in the VSS that would overall suggest a negative 
impact on knee joint loading. Changes in sagittal and transverse 
plane knee moments may lead to increases in joint forces and 
thus, should be considered when investigating the ability of 
footwear interventions to impact OA progression in future 
clinical trials.   
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Summary 

The purpose of this study was to determine the relationship 

between lean muscle volume of the thigh, calculated from 

MRI, and clinical mobility outcomes after accounting for thigh 

fatty tissue volume in women with knee osteoarthritis (OA). 

Secondarily, we aimed to quantify the relationship between 

lean muscle volume and peak knee extensor moment during 

gait. Our significant models were driven primarily by fat 

volume, not lean tissue volume, suggesting a mechanistic role 

of BMI and local fatty tissue volume in limiting mobility 

among women with knee OA. 

Introduction 

Weakness in the thigh musculature is a risk factor for 

osteoarthritis (OA) [1]. This weakness, in part, is due to a 

decrease in muscle quality, or strength per unit of lean muscle 

[2]. Intramuscular fat fraction in the quadriceps and 

hamstrings were not associated with clinical measures of 

mobility in women with knee OA [3]. However, volume of 

lean tissue of the entire thigh, after accounting for total fat 

volume, may provide a more comprehensive view on the 

relationship of muscle quality and mobility performance. The 

purpose of this study was to determine the relationship 

between lean thigh tissue volume and clinical mobility 

outcomes, after accounting for total thigh fat volume, in older 

women with symptomatic knee OA. A secondary purpose was 

to determine the relationship between lean thigh tissue and 

peak knee extension moment during the stance phase of gait. 

Methods 

Women with symptomatic knee OA were recruited. Eligibility 

was assessed using the American College of Rheumatology 

guidelines. At the laboratory visit, the six-minute walk test 

(6MWT, m), 30-second chair stand test (30s-CST, repetitions), 

timed up and go (TUG, s), and stair ascent and descent time 

(s) were used to assess mobility. All mobility tests were 

completed according to established guidelines [4]. 

Participants then completed gait analyses. Rigid-body clusters 

were placed centrally on the pelvis, and thigh, shank, and foot 

of the most symptomatic knee. Participants walked down a 14-

metre walkway equipped with a floor-embedded force plate 

(AMTI, Watertown, MA). Ground reaction forces, captured at 

1000 Hz, were time-synchronized with motion capture data 

(100 Hz). Kinematic and kinetic data from the biomechanical 

gait analyses were filtered using a dual-pass Butterworth filter 

at a cutoff of 6 Hz. The external knee extensor moment during 

gait was calculated using inverse dynamics [5] and the peak 

knee extensor moment during stance was extracted.  

Participants completed a second visit to receive MRI scans of 

the thigh of the most symptomatic knee. The Iterative 

Decomposition of water and fat with Echo Asymmetry and 

Least squares estimation (IDEAL) technique was used to 

obtain 2D fat-separated images. Images were acquired in the 

axial plane [75 slices, 3 mm spacing, TR 2025 ms, TE 30.504 

ms, 252 mm FOV, 111o flip angle, and 320x288 matrix size]. 

All images were manually segmented using sliceOmatic 

(Tomovision, Magog, QC). Subcutaneous fat (SF), intra-

muscular fat (IaMF), inter-muscular fat (IeMF), and muscle 

were segmented separately. Total lean tissue volume was the 

summation of the quadriceps, hamstrings, and adductor 

muscles. Total volume of fatty tissue was the summation of 

the SF, IaMF, and IeMF.   

Relationships between lean tissue and mobility, accounting for 

fat volume, were explored using linear regressions with robust 

standard errors. The relationship between lean tissue and peak 

knee extensor moment was also assessed in the same manner.   

Results and Discussion 
Data were analysed from 23 participants for the mobility 

measures (66.6±7.8 years, 31.0±5.6 kg/m2). The model for 

6MWT [F(2,20) = 8.43, p=0.002, R2=0.47] and 30s-CST 

[F(2,20)=4.29, p=0.030, R2=0.19] were significant (Table 1). 

In these linear models, significance was driven by the fat 

volume rather than lean tissue. In further exploration of the 

data, total fat volume of the thigh was highly correlated with 

BMI (r=0.89, p<0.001) and thigh circumference (r=0.92, 

p<0.001). Therefore, our models likely suggest poorer 

mobility in those with higher BMI (greater fatty tissue volume 

and thigh circumference), independent of lean tissue volume.         

Gait data were available for 21 participants. The model was 

not significant.   

Conclusions 

Women with knee OA who had higher BMI, and in turn 

greater local fatty tissue volume and thigh circumference, 

performed poorly on the 6MWT and 30s-CST mobility tests. 

Whereas, volume of lean muscle tissue in women with knee 

OA was not a strong predictor of mobility performance [3]. 

Future work should evaluate longitudinal changes in muscle 

quality in knee OA, and how it affects mobility performance.  
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Table 1: β [95% CI] (p-value) of the linear regression models for the 6MWT and 30s-CST. Significance of the models was driven by fat volume. 

 Total Fat Volume Total Muscle Volume  Total Fat Volume Total Muscle Volume 

6MWT 
-0.070 [-0.106 – -0.034]  

(0.001) 

0.088 [-0.023 – 0.201]  

(0.115) 

30s-CST -0.001[-0.003 – -0.000]  

(0.009) 

0.001 [-0.002 – 0.005]  

(0.464) 
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Summary 

High tibial osteotomy (HTO) is currently planned based only 

on radiographs obtained during a static standing position. This 

study aimed to develop a simulation tool to predict changes in 

the knee adduction moment (KAM) after a HTO based on the 

pre-operative data and forward dynamic model simulations.    

Introduction 

HTO is a surgical procedure widely performed to treat medial 

knee osteoarthritis (OA), by altering the mechanical leg axis 

and redistributing the load on the tibiofemoral joint.  

The KAM reflects an individual’s walking characteristics and 

is related to OA progression and to long-term outcome after 

HTO. A reduction of the KAM is expected after the surgery due 

to lower limb realignment [1]. However, the correction angle of 

a HTO is discussed controversially in the literature. To date, all 

methods used for surgical planning are only based on 

radiographs obtained during a static standing position [1, 2] 

ignoring patient specific gait characteristics. 

This study aimed to develop and validate a procedure for 

predicting the post-operative KAM based on pre-operative 3D 

motion analysis and forward dynamic model simulations. In 

future, this approach may help to improve surgical planning 

procedures by predicting the optimum correction angle based 

on patient specific gait characteristics.     

Methods 

Ten male patients (46.2 ± 9.2 years; 1.79 ± 0.05 m; 81.8 ± 5.8 

kg) with indication for HTO underwent a 3D gait analysis (1.7 

m/s) before surgery. Pre-operative motion data along with the 

valgus angle planned for the surgery were subsequently used 

for forward dynamic model simulations. The simulations aimed 

to predict the post-operative KAM that should be expected as 

result of leg realignment. After surgery (248 ± 109 days), 

patients underwent the same procedures of pre-operative gait 

analysis, and the actual post-operative KAM was then 

compared to the results of the model simulations. 

Kinematics and kinetics were evaluated using a 3D motion 

capture system (VICON®) and two force plates (Kistler®). Joint 

moments were calculated by an inverse dynamic model 

(Dynamicus®alaska).  

For predicting the KAM using pre-operative motion data, a 

simulation model was developed, in which an additional joint 

was defined about two cm below the lateral knee joint gap. This 

point forms the center of rotation of the medial open wedge 

HTO [3] and in this virtual joint the planned correction angles 

were simulated. Subsequently, a new data processing with the 

pre-operative motion data was performed using the same model 

described above in the gait analysis. Agreement between 

simulation and post-surgery KAM was evaluated using root 

mean square error (RMSE) and Lin’s concordance correlation 

coefficient (LCC).  

Results and Discussion 

Post-operative KAM peaks were significantly reduced 

compared to pre-operative values (Figure1).     

 

Figure 1: Mean KAM of 10 patients (pre, post-surgery, and 

simulation) during the stance phase of gait. 

Mean RMSE for the KAM between post-operative and 

simulation data was 0.61%BWxHt (range: 0.21 – 1.01) and 

LCC was 0.644 for the 1st peak KAM and 0.314 for the 2nd peak. 

Although high agreement between post-operative and 

simulation data could have been expected by visual inspection 

of Figure 1, the RMSE and LCC only had moderate agreement. 

Individual inspection of the results revealed high agreement for 

five patients and low agreement for five patients. Possible 

changes in gait pattern after the surgery in patients presenting 

low agreement may explain the poor simulation results for these 

patients.      

Conclusions 

For five patients the simulation model has predicted the KAM 

with reasonable precision. Possible changes in gait pattern after 

surgery should be analyzed in future studies for further 

optimization of the simulation tool.   
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Summary 

When walking function is impaired post-stroke, the number of 

paretic leg muscle synergies is often reduced. However, it is 

unknown whether this reduction is the primary cause of 

impairment. In this study, we used direct collocation optimal 

control to generate two walking predictions using a reduced 

number of paretic leg muscle synergies in a subject post-

stroke. Our results show that a reduced number of paretic leg 

synergies need not cause impaired walking but could cause it 

if construction of the lower-dimensional synergies is 

constrained to be consistent with experimental observations. 

Introduction 

Muscle synergies may provide a helpful avenue for predicting 

patient function following clinical interventions, such as those 

arising from neurorehabilitation or orthopedic surgery. 

Theoretically, muscle synergies reduce the achievable control 

space, making predicted muscle forces and consequently 

predicted motions more unique. In individuals post-stroke, a 

reduced number of muscle synergies has been associated with 

a deterioration in walking function [1]. This study explores the 

effect of reducing the complexity of paretic leg locomotor 

control on walking function post-stroke. 

Methods 

This study analyzed walking data collected previously from a 

male subject post-stroke. The subject’s neuromusculoskeletal 

system was modeled using four components: a kinematic 

model, an EMG-driven model, a foot-ground contact model, 

and a motion prediction model using the concept of muscle 

synergies; see [2] for details. 

The subject-specific neuromusculoskeletal model was used to 

develop two predictions for how the subject would walk after 

the number of synergies controlling his paretic leg was 

reduced from the calibrated case of five down to two. In the 

first optimization, the two paretic leg synergy activations and 

vectors were free to vary. In the second optimization, the two 

paretic leg synergy vectors were constrained to be a linear 

combination of the original five paretic leg synergy vectors. 

Additionally, deviations of the two paretic leg synergy 

activations away from a linear combination of the original five 

paretic leg synergy activations were minimized. During both 

predictions, the five synergy vectors for the healthy leg were 

fixed to those found during model calibration. Changes in the 

five healthy leg synergy activations away from the original 

five healthy leg synergy activations were also minimized. 

Results and Discussion 

When predicting a new walking motion using two 

unconstrained synergies to control the paretic leg, we found 

minimal differences compared to walking controlled by five 

synergies (Fig. 1). There were no large differences between 

the five- and two-synergy solutions when looking at the joint 

moments (NRMSE <14%) and ground reaction forces 

(NRMSE <15%) for both legs. In contrast, predicted muscle 

activations showed large changes for the paretic leg 

(NRMSE=33%) but not the non-paretic leg (NRMSE=11.8%). 

Additionally, the stride length did not exhibit a large change 

(6.93% error). 

When predicting a new walking motion using two constrained 

synergies to control the paretic leg, we found clear differences 

in joint angles compared to walking controlled by five 

synergies (Fig. 1). A large difference was also observed for 

muscle activations (NRMSE = 308%) and joint moments 

(NRMSE = 41.1%) produced by the paretic leg. The 

optimization predicted hip hiking and a foot drop of the 

paretic leg along with a significant decrease in stride length 

(29.1% error), which can be directly associated with a 

degradation of walking performance. 

Conclusions 

Our findings suggest that a less complex neural control 

structure need not cause impaired walking but rather that 

walking impairments may be the result of limitations in the 

formation of the less complex synergies. 
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Figure 1| Comparison of joint angles produced between the different control strategies: five synergies (black), two synergies (blue), and two 

constrained synergies (red). 
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Summary 

Musculoskeletal models (MSKMs) can provide estimates of 

joint contact forces (CFs), hence enabling monitoring of 

joint loading. By comparing models with different levels of 

personalisation based on magnetic resonance images (MRI) 

information, we quantified how anatomical accuracy affects 

the estimate of joint CFs. 

Introduction 

Commonly, MSKMs rely on linear scaling of generic data to 

the subject’s anthropometry ignoring anatomical variations 

which, on the contrary, have proved to be non-negligible 

[1,4]. Little is known about intra- and inter-subject variabil-

ity in muscle volumes and whether this should be accounted 

for in the model personalisation, especially in populations 

where muscle loss can be significant, such as elderly women 

[2]. This study aims at filling this gap by investigating the 

effect of muscle volume personalisation on the estimate of 

muscle and joint CFs in a cohort of postmenopausal women.  

Methods 

Stereo-photogrammetric (Vicon), force plate (Kistler) and 

EMG (Cometa) data were collected together with MRI for 

eleven women (age: 69±7 y.o., mass: 70±8 kg, height: 169±3 

cm). Three lower-limb models were built for each subject:1) 

a generic model (Gen) scaled from the gait2392 [3]; 2) a 

hybrid model (Hyb) with MRI-segmented bones and person-

alised ideal joints [1]; 3) a subject-specific model (SSp) with 

muscle paths derived from the MRI-segmented muscles. 

Maximal isometric force (Fmax) was either linearly scaled to 

body mass (Gen), linearly scaled to lower limbs’ mass 

(Hyb), or estimated for the individual muscle as Fmax=k*VM/ 

lopt with k= specific tension (61 N/cm2), lopt=optimal fibre 

length, VM=muscle volume calculated from the MRI seg-

mentation (SSp). Left and right VM were compared through 

paired t-test (α=0.05). Joint CFs estimated with the three 

models were compared (considering the two limbs separate-

ly) using 1D repeated measures Anova test (α=0.05) with 

Statistical Parametric Mapping (http://www.spm1d.org/). 

Results and Discussion 

Fmax was found to be highly variable between and within 

subjects due to differences in muscle volumes (Fig. 1). Mus-

cle activations were overall in agreement with EMG data for 

all models. At group level, no relevant differences were 

found in the peak joint CFs estimated with the three models, 

mainly due to high between-subject variability (Fig. 2). At 

individual level, inter-model differences became significant 

especially comparing SSp and Gen, where they ranged be-

tween -1.2÷2.7 BW for single cases (Fig.2), with highest 

estimates from the SSp observed during initial loading and 

push off. This confirms literature findings [4], where a larger 

second hip peak CF was observed for healthy adults when 

comparing an MRI-based approach (similar to SSp but with-

out Fmax personalisation) to a generic-scaled model. Smaller 

but still relevant differences were observed between Hyb and 

Gen (-1.0÷1.6 BW) and Hyb and SSp (-1.5÷1.7 BW). 

 

Fig. 1: Mean±SD of VM (*=left vs right significant difference) and 

percentage difference between the limbs observed for each subject. 

Fig. 2: Mean±1SD joint CFs (bold lines) for the three models and 

differences between SSp and Gen estimates (thin lines) for individ-

ual limbs. Significant differences between- (top, orange) and with-

in- (bottom, grey) subjects are also shown. 

Conclusion 

MSKMs neglecting skeletal and muscle anatomical variabil-

ity might have significant effects on joint CF estimations in 

older women, which should only be ignored if interested in 

group level comparisons.  
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Summary 

Analysis of hip contact forces, computed through musculo-

skeletal modelling, of 132 total hip replacement patients while 

performing several activities of daily living. 

Introduction 

Preclinical wear testing of implants is currently performed 

using a stylized waveform which resembles loads during gait, 

but does not take into account the load variability experienced 

in other activities of daily living (ADLs) [1]. These 

differences in loadings could partially explain the 

heterogeneity in implant survival rates across total hip 

replacement (THR) patients, which current testing standards 

fail to predict. While data from instrumented implants [1] 

represent only a small subset of the overall population, the use 

of motion capture analysis and musculoskeletal modelling can 

overcome this limitation, enabling the analysis of large cohorts 

of patients. This study aimed to identify differences in hip 

contact force (HCF) across different activities of daily living 

(ADLs) in a large cohort of THR patients. 

Methods 

132 THR patients, >12 months post-surgery, underwent 3D 

kinematic (Vicon, UK) and kinetic (AMTI, USA) analysis 

whilst performing different ADLs, among which were level 

gait, fast gait, stair ascent and descent, sit down and stand up 

from a chair, squats and lunges. A total of 2148 trials were 

processed and analysed through musculoskeletal modeling 

(AnyBody Technology, Denmark) and average HCF for each 

patient during each activity were computed. Mean predicted 

HCFs were qualitatively compared to measurements from 

instrumented implants [1] and across all activities. 

Results and Discussion 

The predicted HCF showed comparable trends and values with 

data from instrumented implants [1] for all the compared 

activities, (Figure 1). The analysis of the resultant HCF 

revealed differences between the waveform profiles between 

ADLs. Stair ascent and descent present higher or comparable 

HCF throughout their loaded phase compared to level 

walking, while fast walking is characterized by higher peak 

HCF values and a lower force during mid-stance. The larger 

kinematic variability of the non-locomotive tasks 

demonstrated by larger waveform differences in HCF, with 

lunge presenting the highest loads. These differences between 

the various HCF profiles and ISO standards could potentially 

be critical when considering 3-dimensional orientation and 

topological distribution of the load, which can ultimately 

affect implant success and long-term performance. 

 

Figure 1: Predicted mean HCF, with min/max range of variation, 

across 132 patients for different ADLs, compared to data from 

instrumented implants and current preclinical testing standards. 

Conclusions 

This study has been the first to explore HCF in a large cohort 

of 132 THR patients during different ADLs. Predicted mean 

HCFs were comparable with data from instrumented implants, 

while the ranges of variation were generally wider, as might 

be expected from a larger dataset. We identified differences in 

the overall loading patterns at the hip during different ADLs. 

Neither differences between activities, nor population 

variability are considered in current preclinical testing 

standards, such as ISO 14242-1, which could partially explain 

the unpredicted heterogeneity in implant survival rates.  
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Summary 

This study explores potential causes of inconsistencies in non-

invasive approaches aimed at reducing medial compartment 

knee loading. Patient-specific musculoskeletal (MS) models 

were developed using two scaling methods: MRI-based 

morphing and linear scaling, to investigate if different 

modeling approaches identify different gait alterations with 

the greatest medial contact force (MCF) reduction. This was 

done with respect to the patients individually and as a group. 

We discovered that different model scaling techniques can 

produce different MCF results. Furthermore, independent of 

modeling approach, a ‘one-size-fits-all’ gait alteration did not 

exist, suggesting the importance of individually assigned 

interventions. However, this study does not aim to make 

clinical recommendations; but rather to establish groundwork 

for future studies to identify gait alterations that can achieve a 

desired MCF.  

Introduction 

Knee osteoarthritis (KOA) is a leading cause of global 

disability due to the irreversible deterioration of knee joint 

cartilage [1]. Gait modifications and laterally wedged shoe 

insoles are common non-invasive approaches used to treat 

medial compartment KOA However, the outcome of these 

alterations is a controversial topic, potentially because these 

are often evaluated on a patient cohort level. The importance 

of patient-specific assigned alterations [2] and MS modeling 

[3] has been highlighted as of late. However, the type of 

scaling technique used to obtain patient-specific models has 

not been considered when determining which intervention 

produces the greatest MCF reduction. The purpose of this 

study was to investigate how gait alterations may have a 

unique effect on individual patients; and furthermore, the way 

we scale our MS models to estimate MCF may influence knee 

loading conditions and ultimately the selection of gait 

alteration. 

Methods 

Motion capture was recorded of five patients with clinical 

evidence of medial KOA during normal walking, walking with 

patient-specific lateral wedged insoles (0°, 5°, and 10°), 

walking with a gait modification (toe-in, toe-out, wide stance). 

Patient-specific MS models were constructed in the AnyBody 

Modeling System (AMS) from manually segmented MRI 

images of the patients that were used to morph a generic 

model to the patient-specific bone geometries. Linear scaling 

(LS) was also used to create an additional five patient-specific 

models for comparison in AMS. MCF was examined in terms 

of peak and impulse values during stance phase of walking.  

 

Figure 1: Structure for patient-specific models using (A) MRI-based 

morphing and (B) LS techniques. *Adapted from [4], ** [5] 

Results and Discussion 

We found that the gait alteration resulting in the greatest 

reduction in MCF differed between model types and 

furthermore, varied from patient to patient. In fact, the only 

significant peak MCF reductions occurred when applying 

patient-specifically assigned gait alterations (18.75±4.44 

%BW and 20.51±4.49 %BW) for MRI and LS models, 

respectively. 

Conclusions 

A uniform gait alteration aimed at minimizing MCF does not 

exist for these five patients, suggesting the need for more 

personalized gait alterations. Additionally, varying the scaling 

and morphing techniques used to develop the MS models 

leads to the identification of different MCF reducing gait 

alterations, highlighting the importance of further 

investigation of scaling approaches through model validation. 
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Summary 
This study investigates the mechanical effect of load-bearing 
through a prosthetic socket on the residuum of a transfemoral 
(TF) amputee using a combined musculoskeletal and finite 
element modelling approach [1]. We use finite element results 
to estimate the risk of bone resorption in the amputated femur 
when subjected to a physiological loading scenario of muscle 
and joint reaction forces experienced during daily activities. 
Findings suggest that the mechanical loading environment 
experienced by amputees while wearing a prosthesis could 
contribute to a decrease in bone mineral density (BMD) and 
increased fracture risk. 

Introduction 
Osteoporosis of the pelvis and femur occur in a large proportion 
of TF amputees. Its prevalence in this, typically young, 
population has frequently been reported at above 70% [2,3]. 
Osteoporotic bone carries an increased fracture risk, with many 
fractures occurring with minimal trauma [4]. Fracture has 
serious implications on mobility, physical dependency and 
morbidity [5]. For amputees this has a disproportionate effect 
on functionality as it can compromise future prosthetic use. To 
prevent or reverse the onset of this skeletal disease we must first 
understand the potential underpinning mechanisms.  

Methods 
Through the development of biofidelic musculoskeletal (MSK) 
and adaptive finite element (FE) computational models, we aim 
to determine whether the prosthetic socket contributes to the 
observed trend of deteriorating bone health in TF amputees. The 
MSK and FE model geometry is derived from the MRI-scans 
of a bilateral amputee (Figure 1). The combined modelling 
approach allows us to estimate the joint reaction and muscle 
forces experienced by a TF amputee during gait [1,6]. 
Additionally, by including the prosthetic socket in FE analysis, 
we aim to evaluate the effect of load-transmission through the 
socket on the residual femur. 

We use the strain environment to identify areas at risk of bone 
resorption by comparing stimulation in the amputated femur to 
a stimulation envelope created for an able-bodied, body-
matched, volunteer. 

Results and Discussion 

Our results confirm the hypothesis that weight-bearing through 
a prosthetic socket causes significant changes to the load-path 
through bone and tissues when compared to weight-bearing on 
a healthy limb. Forces during gait transfer from the ground to 
the prosthesis, into the carbon fibre socket before being spread 
over large areas of the residuum soft tissue. Relatively little load 
is transferred axially through the shaft of the femur. 
Consequently, large areas of the femoral shaft and neck do not 

experience sufficiently high levels of stimulation (Figure 1). 
Altered muscle activation patterns, associated with TF amputee 
gait, may also affect loading of the femur. For example, lower 
strains along the intertrochanteric line could be attributed to 
reduced contribution of the vastus muscles. With the addition 
of other activities, such as sitting and standing, we expect to see 
some improvement. However, we believe that both altered 
weight-bearing through the socket and altered muscle activation 
could be key contributors to low BMD in the TF amputee 
population. 

Figure 1: Corresponding musculoskeletal model (left) and associated 
bone resorption risk in the amputated femur of a TF amputee (right). 

Conclusions 

We believe the results show that the mechanical loading 
environment experienced by amputees while wearing a 
prosthesis should be considered a contributor to declining BMD 
in the amputee population. Ultimately, we aim to determine a 
means for stimulating bone health, whether that is by 
identifying key areas for loading in physiotherapy, use of 
alternative prosthetic devices or by prescribing a daily quota for 
basic activities such as walking, stair ascent and stair descent. 
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Summary 

The objective of this research was to determine the in vivo 

measurement precision (reproducibility) of magnetic 

resonance (MR) based finite element (FE) modeling 

outcomes. MR images (1.5T) of the left proximal femur of 13 

participants were used to construct FE models. Precision 

errors of the FE outcomes ranged from 3 to 31%, with stress 

outcomes having highest measurement reproducibility.  

Introduction 

Hip fractures are a life threatening injury, with an estimated 

30,000 occurring annually in Canada [1]. Dual-energy x-ray 

absorptiometry (DXA) measurement of areal bone mineral 

density at the proximal femur provides the clinical standard 

for osteoporosis diagnosis and fracture risk assessment [2]. 

The inherent limitations of DXA (planar measures, size 

dependence) inhibits its ability to estimate bone strength. 

Subject-specific FE modeling from MR images  can be used 

to non-invasively estimate bone strength at the proximal 

femur [3]. However, the precision (repeatability) of FE-

derived mechanical outcomes (stress/strain) are unknown. 

Knowledge of measurement error is important to establish the 

reliability of a technique.  

The objective of this research was to determine the in vivo 

measurement precision of MR-based FE outcomes for loading 

configurations simulating a fall and stance.  

Methods 

MR images (T1-weighted, turbo spin echo sequence, 

0.45x0.45 mm in-plane pixel size, 4 mm slice thickness) of 

the left proximal femur from 13 participants (5M:8F; age: 

30.4 ± 12 years), each scanned 3 times were obtained from a 

previous study  [4]. Images were corrected for inhomogeneity 

shading variation [5] and linearly interpolated to create an 

isotopic cubic array (0.45 mm). The proximal femur was then 

semi-automatically segmented (Analyze). 

Using custom algorithms (Matlab), images were aligned into 

sideways fall and stance configurations and then the FE 

models generated. Each voxel was converted into a 

hexahedral element. Bone material properties were assumed 

to be linearly elastic and isotropic, with elastic moduli (E) and 

compressive yield strength (Syc) derived from bone volume 

fraction and  ash density relations, where E = 12.9*[1.08(1–

Intensitypixel/Intensitymax)]2 and Syc-=-125.2*(1–

Intensitypixel/Intensitymax)2.2 [6]. Tensile yield strength (Syt) 

was found using the relation of 0.7*Syc = Syt [7]. A Poisson’s 

ratio of 0.3 was assumed for all elements. 

For the FE models (Figure 1), a distributed load was applied 

over the femoral head (fall: 2*bodyweight; stance: 

1*bodyweight), with boundary conditions applied as in 

previous studies [3]. Outcomes were analysed at 4.5mm thick  

 

regions of interest at the neck, intertrochanteric, and shaft. FE 

outcomes included the mean von Mises stress, mean von 

Mises strain, and percentage of failed tissue (von Mises yield, 

Brittle Coulomb-Mohr, minimum principal strain, Hoffman 

stress, and Hoffman strain). The short-term precision of each 

outcome was evaluated using CV%RMS.  

 
Figure 1. FE models of the proximal femur. A: Stance loading 

configuration; B and C: Fall loading configuration 

Results and Discussion 

CV%RMS ranged from 3-10% for stress outcomes, while 

CV%RMS was higher for strain measures (>21%) (Table 1).  

von Mises strain and minimum principal strain appeared least 

precise (Table 1).  

Table 1. Regional finite element CV%RMS outcome results 

 
 

To our knowledge, this is the first study to report the 

repeatability of MR-based FE outcomes of the proximal 

femur. Previous studies have used MR and FE modeling to 

evaluate hip strength; however, they have not reported 

measurement precision [3].  Excluding strain, our results 

support applying MR-based FE modeling for non-invasively 

assessing mechanical behavior of the hip. 

Conclusions  

FE stress outcomes have a greater measurement precision than 

strain measures. Results indicate that femoral strength can be 

reliably estimated using MR based FE modeling. 
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Summary  

It is uncertain whether low tibia osteotomy(LTO) with 
fibular osteotomy(FO) is more effective for the translation of 
concentrated pressure on medial malleolus than LTO without 
FO. This study quantitatively analyzes the peak pressure 
changes on the medial malleolus after LTO with and without 
FO using finite element analysis. The results showed a 6% 
and 1% difference in peak pressures measured on the medial 
talar and medial tibial surfaces respectively, concluding that 
LTO alone can be effective in relieving pressure in the 
medial malleolus during treatment of varus ankle deformity. 

Introduction  

Low tibia osteotomy(LTO) is well accepted for the treatment 
of malalignment, varus ankle deformity and the delay of 
ankle arthritis by shifting the concentrated stresses from the 
medial malleolus to lateral [1,2]. However, as to whether 
fibular osteotomy(FO) is additionally required with LTO still 
remains controversial. While previous studies[3,4] have 
suggested that LTO alone is sufficient to reduce concentrated 
pressure on the medial malleolus, others have reported  that 
LTO with FO is more effective in reducing pressure on the 
medial ankle joint[1,2]. The objective of this study therefore, 
was to contribute to this subject by quantitatively comparing 
changes in peak pressures between the deformed ankle state 
(10°varus) and the post-operative states(LTO with and 
without FO), using the finite element analysis(FEA). 

Methods  

A previously validated intact 3D foot-FE model[5] was 
modified to create an intact model, a pre-op 
model(10°varus ankle deformity), and two post-op 
models(LTO alone; LTO with FO). The Achilles tendon and 
the plantar fascia of the previous model were replaced by ten 
force vectors and 3D trust elements, respectively[5], in order 
to maintain same location for all FE model elements. The 
pre-op 10° varus ankle deformity was chosen to represent 
severe ankle varus. A previous study reported a high 7.3° 
varus was optimal pre-op threshold for predicting post-op 
effect[2].  The model was constructed by medially adjusting 
the locations of the talar and calcaneal bone of the intact 
model. The two post-op models were constructed from the 
pre-op model. Osteotomy was performed at 4-5cm from the 
medial malleolar tip to the horizontal direction[1,3,6]. The 
opening wedge height was determined as tan θ=H/W(θ : 
axial ankle ; H: wedge height; W: tibial width)[6]. The 
wedge was positioned accordingly. In the post-op LTO with 
FO model, the FO was obliquely initiated at same level of 
LTO in excising 5mm fibular bone segment[1]. The joint 
interfaces between talus and tibia were defined as ‘node to 
surface’ ‘frictionless’ contact to mimic adjacent joint 
moments. The wedge inserts were assigned the same 
material property as bone allograft[2]. All FE models were 
simulated assuming a two-legged standing position with a 
vertical ground reaction force of 325N. This was estimated 
as half the subject’s weight[5]. Achilles tendon force of 
162.5N was applied using 6 muscle forces to represent an 
assumed 50% acting muscle force during the standing 

posture[5]. To analyze the relative peak pressure(PP) 
changes on the ankle joint, the talar surface and distal tibial 
surface were divided into medial and lateral areas on the 
transvers plane.  

Results and Discussion 

The pre-op model showed about 300% difference in PP on 
the media talar and tibial surfaces as compared to the intact 
model. The post-op models showed an 80% and 74% 
decrease in PP in the medial talar surfaces in the LTO only 
and LTO with FO models, respectively. Furthermore, both 
post-op models showed about 80% decrease in PP on the 
distal tibial surfaces. 

 
Figure 1: The results of the pressure on the ankle joint: (a)between 
the normal and pre-op model; (b)among the pre-op model and post-
op models 

 
Figure 2: The results of the pressure distribution: (a)on talar 
surfaces; (b)on tibial surfaces 

Conclusions  

The two post-op models showed similar effect on PP 
reduction. Peak pressure difference on the medial talar and 
medial tibial surfaces were recorded within 6% and 1% 
respectively. The results of this study indicate that LTO 
alone is equally effective as LTO with FO. Therefore, LTO 
alone would be sufficient to relieve concentrated pressure in 
the medial malleolus. 
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Summary 

Previously developed structural finite element models of 

trabecular bone adaptation have used randomised networks of 

truss elements, resulting in high nodal connectivity (the 

number of structural elements connecting to each node). With 

element level adaptation nodal connectivity can reduce but 

remains higher than that observed in bone samples. This study 

proposes the use of a Voronoi network of beam elements, 

resulting in lower nodal connectivity and allowing structural 

adaptation to be carried out at the element and network level. 

Introduction 

The majority of studies seeking to model trabecular bone 

adaptation in response to mechanical stimulus have adopted a 

continuum finite element modelling (cFEM) approach, at 

either the macroscale using elements larger than individual 

trabeculae [1], or at the microscale using elements smaller 

than individual trabeculae [2]. While cFEM can be effectively 

utilised to investigate bone modelling and remodelling at both 

scales, at macroscale it is not capable of elucidating possible 

structural forms for trabecular bone, and at microscale it is 

exceptionally computationally demanding. 

A computationally efficient alternative to microscale cFEM is 

structural FEM (sFEM) in which the structure being modelled 

is represented as an idealised network of truss or beam 

elements rather than as a continuum of solid elements. For 

human vertebral bone samples [3] demonstrated excellent 

agreement between both FEM approaches, with a 1,000 to 

10,000 fold reduction in computational time for sFEM models 

built using beam elements in comparison to microscale cFEM 

models, depending on the mesh resolution. 

Studies that have used sFEM to model bone adaptation in the 

femur and pelvis [5] in response to multiple load cases have 

used truss elements, which deform in the axial direction but 

ignore bending. This is consistent with Wolff’s ‘law’ that bone 

forms along trajectories associated with the directions of 

principal compressive or tensile stresses, minimising bending. 

The resulting sFEM models have been successfully used to 

predict fracture loads and patterns in the femur [6]. 

However, the use of truss elements in bone adaptation may 

artificially result in structures with high nodal connectivity 

(NC) as seen in optimised long-span space structures such as 

those used in airports, railway stations and conference centres. 

A minimum NC of 6 results due to the orthotropy of the 

principal stress directions that bone is believed to form along, 

while a higher NC is required to resist multiple load cases. 

Recent studies [6] contradict the trajectory hypothesis for bone 

adaption, indicating frequent NC values of 3 and 4 with 

elements connecting into nodes in common structural 

arrangements or motifs. A Voronoi network provides nodes 

which frequently have an NC of 4. 

Methods 

This study presents preliminary results from in-silico bone 

samples built using the Voronoi method of partitioning space 

around points, so that each edge in the resulting structure is 

equidistant from two or more points. 3D Voronoi networks are 

built in Rhino using the Grasshopper parametric design tool 

and analysed using the Abaqus finite element solver. 

The strain driven adaptation described in [4] is being extended 

allowing bending moments as well as axial forces to be 

considered in element level bone adaptation. 

Results and Discussion 

The biaxial bending moment distribution for a virtual bone 

sample built using a Voronoi network based on 100 randomly 

distributed points in a 25x25x25mm cube, subject to a 10% 

compressive strain is presented in Figure 1. 

     

Figure 1: (Left) Un-deformed shape in blue, deformed shape in red 

(Right) Biaxial bending moment shown on the un-deformed shape, 

red indicates a high value, blue indicates a low value. 

Each structural member is composed of 4 beam elements with 

a cubic shape function. It can be seen that higher moment 

values are concentrated towards the nodes, while lower values 

are experienced at the centre of each structural member. 

Conclusions 

Based on these preliminary results using a Voronoi network is 

considered a promising approach to model trabecular bone 

adaptation. Element level bone adaptation is achieved by 

adapting cross-sections along structural members. Network 

level adaptation is achieved by altering the position of the 

points used to build the Voronoi network. 
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SUMMARY 

The aim of this study was to use computational simulation to 

investigate the effect of orthopaedic plate stiffness and its 

thickness, on the mechanical response of the fracture site 

within an osteoporotic tibia, and to determine the optimised 

conditions in favour of the bone healing process. 

INTRODUCTION 

Locking compression plates (LCP) have been used for long 

bone fractures as an internal fixation. However, the stiffness of 

the fixators is significantly greater than the adjacent bone, and 

thus the majority of the load will be held by the fixator. This 

stress shielding effect may lead to focal resorption of the bone 

around fixators, and thus delaying the bone healing process [1]. 

It has been shown that mechanical factors (e.g., strain) can 

influence tissue differentiation, especially at the early stages 

(granulation phase) of the fracture healing process [1,3,5-6]. 

METHODS 

An intact tibia model of a mature male was used from 

GrabCAD.com. A finite element model (FEM) of the tibia 

with a 3mm medial transverse fracture was created in 

SOLIDWORKS (Dassault Systems, USA). The tibia was 

modelled as a homogeneous isotropic material with a Young’s 

modulus (E) and Poisson’s ratio (ν) of 10GPa and 0.3, 

respectively [2]. The fracture site was assumed to be in the 

granulation phase filled with the fibrous tissue (E=5MPa, 

ν=0.49) [3]. An LCP containing seven screw-holes with a 

uniform spacing of 18mm, and four screws were created 

(Figure 1a). The screws were placed symmetrically within the 

outermost holes of the plates [1,3]. To investigate the effect of 

stiffness on the mechanical response of the fracture site, three 

materials were assigned to the plate and screws: stainless steel 

(E=193GPa, ν=0.3), plain weave glass/polypropylene 

composite (Er=5.3, Eθ=20, Ez=20GPa; and νrθ=0.021, 

νrz=0.095, νθz=0.78), and carbon/epoxy (Er=10G, Eθ=70, 

Ez=70GPa; and νrθ=0.019, νrz=0.019, νθz=0.13) [3,4]. To 

explore the effect of plate geometry, three thickness values 

were used: 3, 4, and 6mm. The distal end of the tibia was fixed, 

while an axial compressive load of 350N (i.e., 50% of body 

weight) was applied to the proximal end of the tibia along the 

mechanical axis (shown as a dashed line in Figure 1a) [1]. 

RESULTS AND DISCUSSION 

The strain magnitudes at the fracture site were the greatest 

when glass/polypropylene (GP) composite plate was used, 

intermediate for carbon/epoxy (CE), and the lowest for 

stainless steel (SS), regardless of thickness (Figure 1b). When 

the plate thickness was 3mm, the average octahedral shear 

strain at the fracture site was ~3.6, 5.1, and 8.5% for the SS, 

CE, and GP, respectively. The average octahedral shear strain 

at the fracture site was ~3.6, 3.2 and 2.3% for the SS plate, 

~5.1, 4.7, and 3.9% for the CE plate, ~8.5, 7.5, and 6.2%, for 

the GP plate with a thickness of 3, 4, and 6mm, respectively. 

Our results demonstrated that the change of the plate thickness 

and stiffness, affected the mechanical response of the fracture 

site. According to previous studies, the mineralization process 

can be accelerated if the fracture site is subjected to strain 

magnitudes of 2.5-5% at the early stages of healing [1,5-6]. 

However, extremely high or low strain magnitudes may delay 

the fracture healing process [1,3-6].  
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Figure 1: (a) FEM of the osteoporotic tibia, plate and screws. Scale 

bar represents 10 mm. (b) Strain distribution at the mid-section of the 

fracture site for different case studies.  

CONCLUSIONS 

The intermediate stiffness plate (CE) with thickness values of 

4 and 6mm, and the high stiffness plate (SS) with a 3mm 

thickness created the most favourable mechanical environment 

at the fracture site. This is based on ~40-60% of the fracture 

site was subjected to strain magnitudes of 2.5-5%. Using the 4 

and 6mm SS plates resulted in very small strain values, and 

the GP plate resulted in very large strain magnitudes (Figure 

1b). Both of these designs were rejected because they may 

delay the fracture healing process. This knowledge can be 

used to identify the optimal designs to accelerate bone 

formation. 
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SUMMARY 

Kangaroo rats use vertical leaps to outjump predators. To 

investigate how these animals achieve higher jumps, we used 

sonomicrometry (SONO) and electromyography (EMG) 

techniques in the vastus lateralis (VL) muscle, a large knee 

extensor, and lateral gastrocnemius (LG) muscle, a large 

ankle extensor, while these animals were jumping at different 

heights. To achieve higher jumps these animals do not shorten 

their muscle fibers more, but they do activate more muscle 

fibers. This suggests that increased mechanical output, 

needed for a higher leap, is achieved through more muscle 

force and not through greater length changes in muscles.    

INTRODUCTION 

Kangaroo rats (family Heteromyidae) are bipedal hopping 

rodents that use erratic vertical jumps to escape their 

predators, mainly owls and snakes [1]. From inverse 

dynamics analysis, we know that the ankle is the main 

contributor to net joint work and that of this work delivered 

at the ankle joint, up to 48% is being transferred from more 

proximal muscles [2].  Therefore, the VL muscle and the LG 

muscle likely both play important roles in propelling the 

animal.  We examined the in vivo performance of the LG and 

VL muscle during vertical jumping over a range of jump 

heights. We hypothesized that muscle shortening strain would 

be independent of jump height, but that relative 

electromyography (EMG) intensity would increase with 

increasing jump height.  

 

METHODS 

Five adult, wild-caught desert kangaroo rats (D. deserti) [105 

+/- 15g] were stimulated to jump off, of a force plate over an 

obstacle, which changed height every trial (0.1 – 0.5 meters). 

SONO and EMG data were collected at 2000Hz. Jumping 

trials were recorded at 200 frames s-1 using a high-speed 

camera (Xcitex Inc, Woburn, MA, USA), positioned 

perpendicular to the experimental set up. Video data were 

digitized using ProAnalyst (Xcitex Inc, Woburn, MA, USA), 

after which the complete dataset was analyzed using a 

customized analysis script for Matlab (2015a, MathWorks, 

Natick, MA, USA).  

 

RESULTS and DISCUSSION 

Out data suggests that our hypotheses are supported. There 

appears to be a linear relationship between jump height and 

relative EMG intensity for both the LG as well as the VL 

muscle, whereas net muscle shortening in both muscles does 

not change over increasing jump height.  

 

CONCLUSIONS 

These results suggest that the increase in mechanical work  

 

Figure 1. Muscle shortening (upper two graphs) and relative 

EMG activity (lower two graphs) of the lateral gastrocnemius 

(LG) and vastus lateralis (VL) muscle over jump height. No 

muscle shortening change was found over jump heights for both 

muscles but normalized relative EMG activity did show a linear 

relationship with jump height. Marker shapes indicates a single 

individual.  

 

required to achieve higher jumps is likely due to great muscle 

force and not due to greater length changes by the muscles. 
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Summary 

Constraining step length and speed in humans can result in 
pronounced changes in gait, but such situations seldom occur 
naturally. In contrast, many quadrupeds have pairs of legs with 
differing lengths. Since these pairs translate at the same 
absolute speed and stride lengths, they present a naturally-
constrained step length / speed relationship. Using a model 
optimizing cost of transport and mimicking the morphology of 
Belgian Malinois dogs, we show that the shorter pair of legs is 
always more compliant than the longer pair, and that some 
speeds require both pairs to use different bipedal gaits to 
minimize cost. This suggests that quadrupeds, if selecting the 
most economical gait, will on occasion simultaneously use 
different control strategies for the front and hind limb pairs. 

Introduction 

Human subjects adjust gait in constrained circumstance, for 
example by increasing compliance as step length is forced to 
increase [1]. Some, but not all aspects of these adaptations are 
predicted by cost of transport (CoT) minimization [2]. If gait in 
the unusual circumstances violates CoT minimization, it is not 
clear whether this is a result of a misapplied optimization 
algorithm (i.e. the central nervous system (CNS) using an 
energy proxy that fails in the unusual circumstance) or whether 
the CNS has higher baseline priorities than energetics. 

Quadrupeds provide a unique way to test issues of constraint in 
natural circumstances. Fore and hind quarters translate at the 
same average speed and use identical step lengths if the gait is 
symmetrical. However, the mammal forelimb is generally 
shorter than the hindlimbs. Therefore, forelimbs should 
experience larger leg-length-normalized speeds (!) and step 
lengths ("), and so exhibit increased compliance and/or 
transition to a new gait before the hindlimbs.  

Methods 

The basic model is described at [3]. Leg lengths were measured 
from sagittal view images of the breed standard with a 
calibration measurement from [4]. Forelimb and hindlimb 
lengths were respectively taken as the shoulder-to-manus and 
hip-to-pes distances in standing. Leg lengths dictated maximum 
length of limbs, while minimum length was unconstrained. 

Speed and stride length were prescribed from an empirical 
regression [4]. Simulations optimized the cost function [Limb 
Work + Force rate + small smoothing terms] following [3]. 250-
500 separate initial randomized guesses were used for each 
speed, and only the lowest cost solution was kept. 

Results and Discussion 

Simulations minimizing cost of transport correctly predicted 
symmetrical walking at slow  !, trotting at high !, and closely 

matched the walk-trot transition (WTT) speed. In both pairs of 
limbs, compliance increases with speed and exhibits a sharp 
change in slope at the WTT, as expected (Figure 1b). However, 
forelimb compliance always exceeds hindlimb, consistent with 
its higher normalized step length. 

Hodographs are a visual way to distinguish gaits by plotting 
vertical vs horizontal velocity [5]. The hind- and forequarters 
exhibit pendular walking profiles before the WTT (Figure 1c) 
and spring-like running profiles after. However, immediately 
prior to the natural WTT, the forequarters exhibit a circular 
“grounded running” profile while the hindquarters use a figure-
eight “pendular running” profile, predicted to be work-
minimizing at intermediate speeds and large step lengths [2], 
and occurring naturally in some birds [5]. 

 
Figure 1: Phase offset (a) and leg compliance (b) as a function of 

non-dimensional speed ! = !/ %&ℎ. Hodographs (c) show velocity 
fluctuations of fore and hindquarters in a gait cycle for three solutions 

Conclusions 

Simulations minimizing cost of transport in a dog model predict 
that a transitional zone exists between walking and trotting, 
where the forequarters and hindquarters are simultaneously 
performing vastly different “gaits” analogous to control 
strategies identified in bipeds. Further work will test whether 
such hybrid gaits occur naturally in dogs near the walk-trot 
transition. 
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Summary 

Decreased physical activity throughout ontogeny results in 

decreases of peak vertical jumping performance but does not 

alter sub-max VO2 in a bipedal animal model.  

Introduction 

It is well accepted that the musculoskeletal system remodels in 

response to its mechanical environment and that this 

musculoskeletal plasticity is especially pronounced in growing 

animals.  Therefore, adaptations to inactivity during childhood 

may amplify health risks associated with inactivity by 

predisposing individuals to continued inactivity later in 

adulthood. Yet, while activity-related structural changes to the 

musculoskeletal system during growth are well studied, we 

know very little about their impact on locomotor function. For 

instance, despite several studies exploring the factors that 

influence running economy, the relative contributions of 

genetics and training are still unclear [1]. 

The aim of this study is to determine how activity level during 

growth affects locomotor function as an adult.  We explored 

this question through the use of a fast-growing, bipedal animal 

model (guinea fowl) raised throughout its growth period with 

either high or low levels of activity.  We postulated functional 

capacity during adulthood is shaped by musculoskeletal 

adaptation to locomotor demands during maturation.  

Specifically, we predicted that inactivity during growth would 

lead to a reduction in both maximal jumping performance and 

sub-maximal running economy. 

Methods 

One-day-old guinea fowl (Numida meleagris) were obtained 

from a regional breeder (Guineafarm, OH).  From 4 weeks of 

age through skeletal maturity (6 months), guinea fowl were 

reared in one of two conditions: (1) An exercise control group 

(EXE n=16) were housed in a large, circular pen that allowed 

ample room for locomotion and objects for jumping/perching, 

and (2) an inactive treatment group (INA, n=6) were raised in 

small, square pens with low ceilings that restricted movement 

and impeded running. 

At skeletal maturity, the functional capacity of both groups 

was tested for peak power capacity (vertical jump test) and 

locomotor cost of running (sub-maximal VO2). For the 

jumping task, birds were placed on a force plate enclosed by a 

vertical box and encouraged to jump repeatedly during two 

trials lasting 5 minutes each.  Maximum weight-normalized 

peak vertical GRF was recorded for each bird. Locomotor 

energetic cost was evaluated by measuring sub-max VO2 with 

a flow-through metabolic system while birds ran on a 

treadmill for 6 minutes at 1.5 m/s.  Data were averaged over 

the last minute of the trial and normalized by body mass. Due 

to the difference in sample sizes, comparisons between groups 

were made with a Kruskal-Wallis one-way analysis of 

variance on ranks. 

Results and Discussion 

We found no difference in running economy between active 

and inactive cohorts (p = 0.51, Figure 1A), while inactive 

birds produced smaller peak vertical GRF during jumping than 

active birds (p = 0.009, Figure1B).   

 

Figure 1: Comparison of adult running economy (A) and vertical 

jump performance (B) between controls (EXE) and birds raised with 

decreased activity levels throughout their growth period (INA). 
Boxplots summarize the data while red circles represent data from 

each individual. 

These results support conclusions from longitudinal studies in 

humans, which found little correlation between activity level 

and economy in youths [2,3]. These results suggest that peak 

functional performance is sensitive to variation in functional 

demands during growth while running economy is more 

conserved.  Our results do not differentiate between 

physiological, neural and behavioural adaptation. In on-going 

work we are evaluating the associated musculoskeletal 

variation. 

Conclusions 

Our results suggest that peak performance is influenced by 

activity during childhood, while running economy is 

insensitive to activity level during growth. 
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Summary: An understanding of mechanical work and power 
during swimming is critical for determining the physiological 
(and thus behavioral) envelope of bottlenose dolphins. 
Building on previous work, we present center of mass (COM) 
estimates of power during a controlled swimming task. These 
estimates make use of a custom sensor package for 
measurement of animal kinematics. Importantly, we were able 
to use data collect from six animals during more than 17 
kilometers of swimming for the estimates presented here. 

Introduction: Direct measurements of energetic cost and/or 
external forces (thrust for propulsion or drag on the body) are 
challenging for large swimming animals. While recent work 
has been conducted to directly measure thrust created by 
swimming bottlenose dolphins using particle image 
velocimetry [Fish et al. 2014], these techniques rely on 
camera-based kinematic data collection that restrict 
measurements to a few fluke strokes of straight-line 
swimming. This work presents experimental estimates of 
COM power during continuous swimming, using data 
collected with multi-sensor tags and models of the external 
forces acting on the animal.  

Methods: Six male bottlenose dolphins were trained with 
operant conditioning to swim underwater around a target 
placed on the far side of their lagoon while wearing a tag. Five 
to ten laps were completed during each trial. The tag was 
secured to the animal using 4 suction cups and recorded speed, 
acceleration, angular velocity, heading and depth. Simple 
models of drag [Van der Hoop et al. 2019], were combined 
with a model of the surface affect during shallow water 
swimming [Herttel 1966], induced inertia created by water 
displaced by the body [Vogel 1996], and measured kinematics 
(acceleration and speed) to estimate propulsive force during 
swimming. Estimated forces along with the measured speed 
were used to estimate power during the swimming task. 

Average speed and power were calculated for sections of the 
trials when the animals were actively swimming. Power 
estimates were normalized using the animal’s weight and 
length, Mg1.5L0.5 (ave: 9123 kgm2 s-3), and a power curve was 
fit to the estimates. All trials were conducted in a man-made 
lagoon ~38 m × 42 m, up to 3.5 m deep, at Dolphin Quest 
Oahu, HI, U.S.A.. Experiments were approved by the 
University of Michigan Animal Care and Use Committee. 

Results and Discussion: Over 220 laps (~17 km) were 
collected from the six animals. During the straight line 
swimming task animal speeds ranged from 1.7-4.7 m/s with an 
average speed of 3 +/- 0.6 m/s. Power ranged from 0.1 to 1.8 
kW with an average of 0.6 +/- 0.4 kW. Figure 2 presents the 
average power estimates plotted with a power fit, Pfit = 
0.006U2.1 (R2 = 0.88).  

Figure 2: Average power vs speed for each lap for all six animals. 

Conclusions: Our power estimates compare well to the results 
in both Fish 1993 and Fish et al. 2014, and can be calculated 
directly from biologging tag data. This will enable our 
approach to be applied to data collected from wild free 
swimming animals. While these results are promising, future 
work will focus on the collection of breath-by-breath 
respirometry in conjunction with the tag data to validate the 
estimated values. 
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Figure 1: Custom Biologging tag used to collect 
kinematic data. 
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Summary 

Humans and chimpanzees walk quite differently, and it is 
unclear how posture and morphology influence the distinct 
gait patterns observed between species. We instructed humans 
to walk with various crouched postures to imitate the bipedal 
gait patterns of chimpanzees. While kinematics and ground 
reaction forces (GRF) became more similar to chimpanzees, 
differences remained, likely reflecting the substantial 
differences in pelvis and limb morphology between species.  

Introduction 

Human gait is unique among primates [1] featuring an upright 
trunk and extended lower limbs during stance phase. 
Chimpanzees sometimes walk bipedally but do so with a 
forward-leaning trunk, flexed, abducted hind limbs, and a 
mono-phasic GRF pattern [2,3]. While morphology likely 
plays an important role in determining gait patterns, it is 
difficult to disentangle the effects of morphology from the 
distinct bipedal walking postures between these two species. 
Human crouched walking has been used to study the evolution 
of human bipedalism [e.g. 4], yet it is not known how well this 
mimics bipedal walking with an ape-like morphology. The 
purpose of this study was to determine the degree to which 
human gait patterns approximate those of chimpanzees as 
humans walk with different crouched postures.  

Methods 

Kinematic and kinetic data were collected for ten human 
subjects [5F/5M, 27±5 yr, 68±11 kg] as they walked 
overground. Four walking posture conditions were performed 
in the following order: (1) Normal, (2) Crouched-limb (CL; 
walk while flexing at the hips and knees), (3) Crouched-limb 
flexed-trunk (CLFT; CL plus forward torso flexion), and (4) 
human imitation of chimpanzee (IMIT; CLFT plus focus on 
elevating the pelvis on the swing side) at a speed that matched 
the bipedal chimpanzees (1.10±0.02 m s-1) and at each 
subject’s preferred speed (1.30±0.15 m s-1). 

Human data were compared with our previously published 
[2,3] kinematic and kinetic data for three male chimpanzees 

[5.5±0.2 yr, 26.5±6.7 kg] walking bipedally overground 
(1.09±0.10 m s-1). Pelvis tilt, list and rotation, hip flexion, 
adduction and rotation, knee and ankle flexion angles, as well 
as vertical, anterior-posterior, and medial-lateral GRFs were 
compared between species by calculating zero-lag cross-
correlation coefficients and root-mean-square differences 
(RMSD) for these variables.  

Results and Discussion 

There was no effect of speed on the overall results, so only the 
matched-speed data is presented. The IMIT condition 
produced a more similar pattern to the chimpanzee gait than 
the other three human conditions; however, CL had the lowest 
RMSD overall (Table 1). In each of the crouched-posture 
conditions the sagittal plane hip and knee angles had a high 
similarity to that of chimpanzee gait. The additional frontal-
plane instructions during the IMIT condition notably improved 
the motion patterns for the pelvis list and hip adduction angles. 
However, some substantial differences still remained. For 
example, none of the conditions produced monophasic GRFs, 
or as much hip external rotation as seen in chimpanzees.  

Conclusions 

The kinematic and GRF differences that persisted in the 
crouched conditions could reflect the stark differences in 
morphology (e.g., pelvis shape, limb segment lengths) 
between the two species and demonstrate the limits of making 
inferences about early hominin walking by having modern 
humans walk with a crouched posture.  
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Table 1: Zero-lag cross-correlation coefficients (greater values indicate more similar motion patterns) and root-mean-square differences (lesser 
values indicate more similar magnitudes) for each human posture vs. chimpanzee for each variable. Pelvis angles, hip angles, and GRFs are 

averaged over the 3 components for each variable. Asterisks note the variable that matches best with the chimpanzee data. 

 Cross-correlation coefficients Root-mean-square differences 

 Pelvis Hip Knee Ankle 
Kinematic 

Mean  
GRF Pelvis (°) Hip (°) Knee (°) Ankle (°) 

Kinematic 
Mean (°) 

GRF 
(BW) 

Normal 0.06 0.59 0.91 *0.74 0.45 0.88 *7.1 21.6 33.0 *7.5 15.8 0.09 

CL 0.27 0.94 *0.99 0.72 0.67 0.92 9.0 12.2 *8.0 18.8 *11.3 *0.06 

CLFT 0.30 0.93 *0.99 0.71 0.67 0.92 10.9 12.3 10.7 18.7 12.4 0.07 

IMIT *0.50 *0.98 *0.99 0.73 *0.77 *0.94 10.9 *10.7 10.7 17.7 11.7 0.07 
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Summary 

Activities of daily living (ADL) require rotator cuff muscles. 

Architecturally and neuroanatomically distinct partitions 

within these muscles demonstrate differential activation in 

moderate-to-high demand tasks. However, partition activation 

during ADLs is unknown. This study investigated 

supraspinatus and infraspinatus partition activation in six 

ADLs. Differences occurred in partition activation between 

ADLs, but no differences between partitions within ADLs, 

affecting potential clinical research.  

Introduction 

Successful performance of activities of daily living (ADLs) is 

imperative for independent living and requires coordinated 

action of rotator cuff muscles including supraspinatus and 

infraspinatus. Architecturally distinct partitions and 

activations within these two muscles exist [1-4], but their 

contributions in ADL performance are unknown. This 

information is invaluable for development of rehabilitation 

programs targeting the recovery of partitional control 

following rotator cuff damage. This study investigated 

supraspinatus and infraspinatus partitional control in six 

commonly performed daily tasks. 

Methods 

24 healthy, right-hand dominant individuals (22.7 ± 2.7) 

participated. Indwelling electromyography (EMG) was 

collected from: anterior (SUPANT) and posterior supraspinatus 

(SUPPOST) partitions, and superior, middle (INFMID) and 

inferior infraspinatus partitions [1], using a 30 mm (27 gauge) 

or 50 mm (25 gauge) needles (Quinke Point, Kimberley Clark 

Spinal QP Needle). The data were collected and sampled at 

3000 Hz (Noraxon Telemyo 2400 G2, Noraxon, Arizona, 

USA; 10-1000 Hz band-pass, CMRR > 100 dB at 60 Hz, input 

impedance 100 MΩ) and converted to a digital signal (16-bit 

A/D card, maximum +/- 10 V range).  Ten researcher-resisted 

maximal voluntary exertions (MVE) were performed. 

Participants then performed six ADLs: combing hair (CH), 

opening a jar (OJ), reaching overhead (RO), reaching at 

shoulder height (RS), using a spoon (SP), and pouring water 

from a pitcher (PP). Each ADL was repeated 3 times. 

The raw EMG data were digitally bandpass filtered (10-1000 

Hz), full wave rectified and low pass filtered with a 2nd order 

Butterworth filter (fc=2 Hz). Activation of each partition 

during ADLs was normalized to the maximum obtained 

during MVE performance. Average EMG was quantified for 

each muscle partition in each ADL. One-way repeated 

measures (rm)ANOVAs with Tukey’s-HSD post hoc tests 

were conducted for each muscle to evaluate each ADL task. 

To evaluate the EMG curves over time, statistical parameter 

mapping (SPM) rmANOVAs were performed by task. All 

statistical analyses occurred in JMP and Matlab with α = 0.05.  

Results and Discussion 

There were differences in muscle activation between ADLs 

across all 5 rotator cuff partitions (p<0.05). For example, RO 

displayed higher activation of the SUPANT and SUPPOST than 

SP, CH and OJ (p<0.05; Figure 1). RO caused more activation 

of INFMID (18.6±2.0%) than SP (9.2±1.7%), PP (10.4±1.7%) 

and OJ (8.4±1.7%) (p<0.05). No differences existed between 

partitions, within any ADL (p>0.05). Waveform EMG curves 

analysis with the SPM method revealed no differences 

between the partitions in either muscle (p>0.05).    
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Figure 1: SUPANT (grey) and SUPPOST (white) activation for select 

ADL tasks. Task-based partition differences are denoted by letters 

and numbers. 

Both supraspinatus and middle infraspinatus partitions were 

moderately (~20%) active in more demanding ADLs, such as 

RO, supporting findings on global supraspinatus and 

infraspinatus activation in ADLs [5]. However, no differential 

partitional activation existed within ADLs as previously 

reported in moderate-to-high activation tasks [1]. This 

suggests that in low exertion tasks (5-25% MVE), the 

partitions were equally active, as in loaded elevation tasks [2].   

Conclusions 

Supraspinatus and infraspinatus partitions activated equally in 

all ADLs examined, but their overall activation was high in 

more demanding ADLs. These findings have implications in 

rotator cuff rehabilitation, where lower partitional activity is 

more desirable to restore daily activity function.    
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Summary 

Rotator cuff pathology is the most common cause of shoulder 
pain, specifically shoulder impingement syndrome (SIS). SIS 
is commonly associated with changes in the glenohumeral and 
scapulothoracic movement patterns, suggesting dysfunction in 
the muscular activation order. The aims were to determine the 
scapular muscles activation timing in adults with SIS during 
arm elevation functional tasks. Methods: 31 people were 
recruited (20-control and 11-SIS group). The function 
evaluated was reached a jar on the upper shelf (eye level) and 
leave it on the bottom shelf (anterior superior iliac spines 
level), performed at self-selected comfortable speed. Muscular 
activity was measured using surface electromyography in 
shoulder, elbow and wrist muscles. Results: The muscle onset 
showed a delay in the medium trapezius muscle and an early 
extensor carpi radialis activation in the SIS group. Conclusion: 
The results show changes in the muscular activity during 
functional tasks for SIS patients. 

Introduction 

Shoulder pain is a major worldwide health problem. Rotator 
cuff pathology is the most common cause of shoulder pain 
(40%), specifically shoulder impingement syndrome (SIS) [1]. 
Alterations in normal muscle activation has been suggested as 
a possible etiological factor for the development and 
persistence of SIS [2]. There have been studies of muscle 
activity in complex situations but have little to do with the 
activities of daily living, in which complex movements 
demand interaction between all segments of the upper 
extremity (UE) kinetic chain, with the activity of each 
segment influencing the response of the next. To perform a 
full shoulder assessment of its functional state it is not enough 
to measure the muscle strength and / or range of motion, it is 
also necessary to incorporate the UE as a functional unit under 
complex situations that are just appreciated during functional 
movements [3]. The aim of this study is to assess the muscles 
timing of UE region in subjects with SIS during dynamic 
elevation task based on activity of daily living. 

Methods 

31 adult volunteers were recruited (20 subjects in control 
group and 11 patients for SIS group), between 19 and 65 years 
old. In order to capture the 3D movement, an optic system 
(Vicon Motion System, Oxford, UK) was used for a complete 
body reconstruction. For surface EMG records, a 16 EMG 
channels (Delsys Trigno Wireless System, Boston, USA) were 
used for the acquisition. The muscles recorded was: Upper 
Trapezium (UP), Middle Trapezium (MT) and Lower 

Trapezium (LT); Anterior Deltoid (AD), Middle Deltoid (MD) 
and Posterior Deltoid (PD); Serratus Anterior (SA), Biceps 
Brachii (BB), Triceps Brachii (TB), Flexor Carpi Radialis 
(FCR) and Extensor Carpi Radialis Longus (ECRL). Each 
group performed a shoulder reach task using 1 kg jar 
according to UE functional assessment (FIT-HaNSA) 
protocol. Task: Take a jar on eye level shelf and leave it on 
anterior superior iliac spines level shelf, performed at self-
selected comfortable speed. Intraclass Correlation Coefficient 
(ICC) was performed to compare the reliability of each 
repetition and one-way analysis of variance (ANOVA) for the 
dependent variables of onset muscle activation time.  

Results and Discussion 

ICC showed high reliability. Figure 1 shows the results of 
comparison procedure for onset activation of each muscle in 
between group. These results show changes in the onset of 
muscle activation during reach functional task in SIS. The 
delay activation onset time occurred in MT, and anticipation 
timing was found in DP and ECRL. 

 
Figure 1: Muscle onset activation between groups (* p < 0.05). 

Conclusions 

These results suggest that group with SIS shows the existence 
of diverse strategies for controlling the movement of each 
joint involved in performing shoulder elevation tasks. 
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Summary 

We investigated the effect of a continuous upward force 

applied to the arm on shoulder neuromuscular activity and 

kinematics in healthy young adults. With assistance compared 

to without, muscle activity was lower in muscles contributing 

to shoulder elevation and unchanged in other muscles. The 

shoulder kinematics between assistance conditions differed 

during the first 40% of movement, but remained similar at 

higher elevation angles. Importantly, our results suggest that 

continuous passive assistance may help people with shoulder 

disability move more efficiently. 

Introduction 

Neuromuscular disorders affecting the shoulder can impair 

movement ability and strength [1] even after surgical 

intervention [2]. Several mechanically passive assistive 

devices have been developed to enhance shoulder function 

[e.g. 3], but their effect on neuromuscular activity is unclear.  

We conducted a study to determine how a mechanically 

passive antigravity assistive force affects shoulder muscle 

activity in healthy young adults during shoulder elevation (SE) 

movements. We hypothesized that activations of muscles 

contributing to SE would be lower with assistance than 

without, and joint kinematics would differ at higher SE angles. 

Methods 

Fifteen able-bodied subjects (10 male, 5 female; height= 

173.4±14.2 cm, mass=75.4±11.9 kg) were seated below a 

mounted elastic spring (Speedaire 5YAP0), which applied a 

nearly constant upward force on the subjects’ dominant arm 

scaled to counteract gravity when SE was 90°. Subjects 

performed 20 trials of abduction and scaption motions both 

with and without assistance (80 trials total); the order of test 

conditions was randomized across subjects. The target SE 

angle (90°) and duration (2 seconds) were constrained with a 

physical target and metronome, respectively.  

We used motion capture (OptiTrack) and electromyography 

(EMG, Noraxon) to measure upper limb kinematics and EMG 

of nine muscles crossing the shoulder, respectively. Muscle 

activations were computed by normalizing smoothed EMG 

signals by EMG during maximum voluntary contractions. SE 

angles were computed according to ISB standards. Between 

assistance conditions, we compared (1) peak activation using a 

paired Student’s t-tests, and (2) SE angular position and 

velocity using statistical parametric mapping (SPM). 

Results and Discussion 

For abduction, activations were significantly lower (p ≤ 0.05) 

with assistance than without for all muscles that generate 

positive SE joint moments (Figure 1). The results were similar 

for scaption, except that posterior deltoid activations were not 

different between conditions of assistance, while pectoralis 

activation was significantly lower with assistance.  

 

SPM showed no significant kinematic difference between 

assistance conditions during the last 60% of the movement 

(Figure 2). Higher mean resting SE angle with assistance 

likely caused the lower velocity, given that movement 

duration was the same across trials. These higher resting SE 

angles were caused by the limitation of applying a constant 

force, despite a variable gravitational moment throughout SE. 

We observed similar results with scaption. 

 

Conclusions 

The assistive force effectively decreased muscle activation 

during SE for several muscles without altering kinematics. 

This differed from our simulation results [4] which showed 

higher activation in SE antagonist muscles with assistance. 

Thus, continuous passive assistance may improve the 

efficiency of movements involving shoulder elevation. 
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Figure 1: Comparison of max activation during abduction for 9 

muscles that cross the shoulder (* = p ≤ .05). Shaded region 

distinguishes muscles that generate negative SE moment. 

 

Figure 2: SPM analysis between conditions for angular position 

and velocity during abduction. Shaded areas show significance. 
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Summary 

This study reports a preliminary longitudinal analysis of 

shoulder muscles EMG onsets in patients surgically treated for 

rotator-cuff tear. Fourteen patients were recruited. Anterior 

Deltoid, Upper and Lower Trapezius onsets were collected 

during humerus elevation. Three sessions were completed for 

each subject (before surgery, 45 and 90 days after surgery). 

Results support the effect of rehabilitation on scapular control, 

particularly for sagittal compared to abduction movement. 

Introduction 

ISEO (INAIL Shoulder and Elbow Outpatient protocol) is one 

of the mostly used and documented protocols for the 

evaluation of shoulder biomechanics [1,2]. It provides real-

time data on shoulder kinematics and can be used in 

combination with electromyography (EMG). 

INAIL Prostheses Centre and Cervesi Hospital have devised 

an on-going RCT study aiming to verify if ISEO, when used 

as biofeedback device, can improves the functionality and 

activity of patient arthroscopically treated for rotator cuff tear, 

both in the short (90 days after surgery) and medium term (1 

year after surgery). In this abstract we report about one of the 

aims of the RCT, i.e. the change of muscles onset during 

humerus movements, pre-op and along the course of 

rehabilitation. 

Methods 

Fourteen patients aged between 35 and 65 y.o. where 

recruited. All patients were arthroscopically treated for rotator 

cuff tear, and post-surgical rehabilitation was executed by the 

same staff. Patients were evaluated before surgery (T0), and at 

45 (T1) and 90 (T2) days after surgery by means of the 

Cometa® Mini Wave wireless EMG system. Each evaluation 

included EMG analysis of anterior Deltoid (D), Upper (U) and 

Lower (L) trapezius during humerus elevation in the sagittal 

(flexion-FL) and scapular (abduction-AB) planes. Five 

repetitions were executed and the third was used for the 

analysis. D, U and L onset was calculated using Noraxon® 

EMG software, and data were used to complete frequency 

tables, describing the different muscle onset sequences. 

Results and Discussion 

Table 1 reports the frequency tables for FL and AB 

movements.  

For FL, at T0 patients are clustered in two sequences: D-U-L 

and U-D-L, with L always last to start, which is suggestive of 

a compensation in elevation for the shoulder girdle as a whole. 

At T1 and T2 more patients show patterns in which L starts as 

second or first in the sequence, which is suggestive of an 

increased scapula control (lateral rotation).  

For AB, at T0 patients are highly scattered, while at T1 they 

tend to shift to a U-D pattern, which is suggestive of an 

increased tightness of the complex. At T2, this clusterization 

tends to disappear with more patients having L as first or 

second muscle to become active. 

FL Time 

SEQUENCE T0 T1 T2 

D U L 8 8 6 

D L U 0 2 3 

U L D 0 0 1 

L U D 0 0 0 

L D U 0 0 1 

U D L 6 4 3 

    

AA Time 

SEQUENCE T0 T1 T2 

D U L 5 3 6 

D L U 3 3 2 

U L D 2 0 1 

L U D 0 0 2 

L D U 0 0 0 

U D L 4 8 3 

Table 1: Frequency tables of muscle onset sequences for FL and AB 

movements, at T0, T1 and T2. 

Conclusions 

The preliminary results of the RCT are suggestive of a 

stereotyped behaviour of patients’ pre-op for FE, which is not 

evident for AB. Particularly for FE, rehabilitation tends to 

make the lower trapezius active sooner, with increased 

evidences at 90 days post-op.  
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Summary 

The supraspinatus includes two distinct regions. Relationships 

between regional indwelling electromyography (EMG) and a 

surface EMG were defined during arm elevation across several 

factors. Sex, elevation angle and intensity influenced the 

relationships for both regions, while plane of elevation 

influenced posterior supraspinatus (p<0.01). These responses 

varied, with surface EMG alternately underestimating and 

overestimating depending on scenario, by up to 53%. These 

findings should inform EMG measurement modality choices. 

Introduction 

The supraspinatus is the most common site of initial rotator 

cuff pathology. Its complex morphology consists of anterior 

and posterior regions and has postural regional activation 

sensitivity [1]. Experimental measurement of this muscle 

commonly employs either indwelling or surface electrodes [2]. 

Defining relationships between regional indwelling and 

surface electrode recordings could assist empiricists and was 

the purpose of this study, with the expectation that a posture-

sensitive relationship exists to allow reliable estimation of 

indwelling signals from surface signals. 

Methods 

40 participants (20 M, 20 F) completed 6 arm elevation tasks 

while 2 factors were varied: plane of elevation (0/40/90°) and 

hand force intensity (2 levels: unloaded/40% of maximal 

elevation strength). Each task was completed twice at a fixed 

cadence. Indwelling electromyography (EMG) was collected 

from the anterior and posterior supraspinatus at 3000Hz 

(Noraxon Telemyo 2400T G2), while a surface electrode was 

placed over the supraspinatus. All EMG signals were linear 

enveloped and normalized to muscle specific maximal 

outputs. Motion capture was collected for the torso and right 

upper extremity using an 8 camera VICON MX20 system 

(VICON, Oxford, UK) at 50Hz. Kinematic analysis consisted 

of data filtering, marker reconstruction and local joint 

coordinate system reconstruction; shoulder orientation was 

determined using ISB standards [3]. Activation levels were 

extracted at 5/45/90/120° of elevation for both ascending and 

descending motions. Linear regressions of the anterior and 

posterior indwelling supraspinatus relative to the surface 

electrode were completed, and lines of best fit with a fixed 

intercept of zero were determined for each main effect (plane, 

intensity, angle) for each participant. Regressions greater than 

1 indicate underestimation of indwelling EMG by surface 

EMG, and values less than 1 indicate the opposite. 2-way 

repeated measures ANOVAs (5 factors: sex. muscle region, 

plane of elevation, elevation angle, intensity) with 2-way 

interactions examined differences in these regressions. 

 

 

Results and Discussion 

Main effects of sex, load, plane and intensity existed, but no 

interaction effects existed. Anterior indwelling signals were 

slightly underestimated compared to surface signals in both 

sexes, while surface signals underestimated posterior 

supraspinatus activation in females and overestimated in males 

(p<0.01). The anterior region was underestimated by 3% or 

5% in males and females, respectively, while the posterior 

region was underestimated by 13% in females and 

overestimated by 21% in males. Main effects of load and 

angle existed in both regions (p<0.01), with surface signals 

underestimating at low angles (53% in anterior at 5°) and 

overestimating at high angles (11% in both regions at 120°) 

(Figure 1), and increasing loads shifting from underestimation 

(19% in anterior at unloaded) to overestimation (14% in 

posterior at 40% load). This may reflect the nonlinearity of the 

EMG-force relationship [4]. A main effect of plane influenced 

the posterior region (p<0.01), with surface EMG in the 0° 

plane overestimating activation by 11%, while in the 90° plane 

underestimating activation by 2%. This confirms similar prior 

reports of overestimations by surface recordings [2].  

Fig

ure 1: The influence of thoracohumeral elevation angle on the 

indwelling EMG to surface EMG ratios (p<0.01). Differences within 

a partition are denoted by different letters. 

Conclusions 

Previously unavailable relationships between surface and 

indwelling EMG of supraspinatus indicate relative estimations 

of surface signals are sensitive to plane of elevation, angle of 

elevation and intensity. These changes should be considered 

choosing an EMG modality when examining supraspinatus.  
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Summary 

Cervical spine loads associated with non-injurious physical 

activities that involve notably asymmetrical coronal motion of 

the head and neck have not to date been reported in the 

literature. In the current study, three-dimensional forces and 

moments are calculated at the upper cervical spine from the 

head accelerations recorded from 30 healthy volunteers (15 

male) performing simple, non-injurious physical activities with 

notable left-right asymmetry (e.g. rapid side-to-side head 

turning and shaking the head as if to expel water from the ear). 

The findings reported here provide quantified examples of 

loading that the cervical spine can be expected to withstand 

without reported injury and/or discomfort. These findings 

provide useful context for the evaluation of loading recorded 

during potentially injurious events with asymmetrical cervical 

spine loading. 

Introduction 

Loads imparted to the cervical spine have been previously 

reported for non-injurious physical activities with loading 

distributed symmetrically in the sagittal plane [1], [2]. These 

previous findings have provided valuable context by which to 

evaluate and compare loading imparted to the cervical spine 

during other symmetrical events (e.g. fore-aft motor vehicle 

collisions). However, no effort has yet evaluated the cervical 

spine loading environment during such activities that involve 

coronal plane asymmetry. Evaluation of such activities will 

provide valuable data for comparison of cervical spine loads 

recorded during potentially injurious events involving notable 

asymmetries (e.g. side-impact motor vehicle collisions). 

Methods 

Data were collected and processed according to the methods 

described in [2]. Briefly, 30 volunteers (15 male) were recruited 

to perform simple activities while instrumented with a head-

mounted array of 3-axis gyroscopic rate sensors and linear 

accelerometers. Each participant performed multiple cycles of 

each activity investigated. Participants completed the activities 

in a randomized order and were asked to perform each activity 

in a quick and precise manner. Participants were 18 to 44 years 

old (mean: 28), 61 to 75 inches tall (mean: 68), and 112 to 235 

pounds (mean: 160).  

Motion was recorded for each activity using instrumentation 

mounted at the vertex of the head, via an adjustable, lightweight 

headband, with the instrumentation axes positioned coincident 

with the mid-sagittal plane and the coronal plane through the 

external auditory meati.  

Head accelerations and velocities were sampled at 500 Hz and 

low-pass filtered using a 100 Hz anti-aliasing filter. Upper neck 

forces and moments were calculated using head linear and 

rotational accelerations translated from the vertex recording to 

the head’s center of mass. Anthropometric values for head mass 

and vector distances from the head center of mass to the vertex 

and occipital condyle were determined via regression equations 

[3]. The head was treated as a rigid body for calculation of the 

moments using Equation 1: 

 𝑀𝑎𝑜𝑗
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ = 𝐼𝑐𝑚̅̅ ̅̅ �̅� − 𝑟𝑎𝑜𝑗⃑⃑ ⃑⃑ ⃑⃑  × 𝐹𝑎𝑜𝑗

⃑⃑ ⃑⃑ ⃑⃑  ⃑ (1) 

where 𝐹𝑎𝑜𝑗
⃑⃑ ⃑⃑ ⃑⃑  ⃑ is the reaction force vector at the atlantooccipital 

joint (AOJ), 𝑀𝑎𝑜𝑗
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ is the moment vector at the AOJ, 𝐼𝑐𝑚̅̅ ̅̅  are the 

moments of inertia of the head, 𝛼  is the rotational acceleration 

vector at the sensor, and 𝑟𝑎𝑜𝑗⃑⃑ ⃑⃑ ⃑⃑   is the translation vector from the 

sensor location to the AOJ. 

Results and Discussion 

All participants performed all requested physical activities, and 

no participants reported any injury or discomfort during or after 

testing. Mean ipsilateral peak upper neck forces for asymmetric 

physical activities ranged from 8 pounds when looking side to 

side to 38 pounds when shaking water from ears (Figure 1). 

 

Figure 1: Average ipsilateral peak upper neck loading. Error bars are 

range of peak values of subjects. 

Conclusions 

Previous work has reported cervical spine loading during non-

injurious physical activities involving symmetric head and neck 

motion, but no research has yet reported cervical spine loading 

during non-injurious activities involving asymmetric head and 

neck motion. Here, we provide the first quantification of the 

magnitude of such loading, to our knowledge. 
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Summary 

Cervical spine injuries are one of the most common diagnosed 

pathologies in traffic car accidents. Diagnosis is given 

according to patient’s symptoms and visual inspection. 

However, it is unknown if the diagnosis reflects also the 

functional impairment of the patient. The ROM data acquired 

with the EBI-5 from neck traffic car injured between June and 

July 2018 were used for this investigation. Normalized range 

of motion of the flexo-extension (NFE), lateral bending (NB) 

and rotations (NR) were used as the dependent variables and 

to create the Neck Functional Holistic Analysis Score 

(NFHAS).  A total of 243 patients were included in this 

cohort. Traditional diagnostic methods do not seem to reflect 

the differences in the functional impairment of a neck injury, 

the NFHAS classifies the patients according to functionality. 

Introduction 

Cervical spine injuries are one of the most common diagnosed 

pathologies in traffic car accidents [1]. It has been reported 

that 57% of  Swedish patients with cervical pathology are 

incorrectly diagnosed according to the ICD-10 [2]. Since the 

functional staging of a patient is vital for the rehabilitation 

process, we want to know if the diagnoses given to the 

patients reflect characteristics of their functional impairment. 

Methods 

The ROM data acquired with the EBI-5 from neck traffic car 

injured between June and July 2018 were used for this 

investigation. 4 types of medical diagnosis were identified: 

80% cervicalgia; 7,19% cervical sprains; 3,2% whiplash 

injury; 6,5% with various diagnoses. Normalized range of 

motion of the flexo-extension (NFE), lateral bending (NB) and 

rotations (NR) were used as the dependent variables and to 

create the Neck Functional Holistic Analysis Score (NFHAS). 

These normalized values were used as the vertices of a 

polygon. The area of this polygon normalized against the ideal 

constitute the NFHAS, it represents the global ROM. A k-

means algorithm was applied to the NFHAS results. Non-

normally distributed data were compared using Kruksal-

Wallis test, and Mann-Whitney’s U for post hoc testing. 

Results and Discussion 

A total of 243 patients were included in this cohort. Mean age 

was 41,23 years (SD=13,01).  

Significant differences could not be found in the functional 

outcomes (NFE, NB, NR) of each medical diagnosis group 

(p>0.05).  Classical diagnosis encompassed patient with very 

different functional outcomes. 

The cumulative variance within groups was calculated for 

different numbers of clusters. The results are depicted in 

Figure 1. The reduction of variance when a new cluster is 

added starts to decrease beyond 5 clusters. According to this 

result and the clinical implications of clustering, the best 

number of clusters to classify the NFHAS was using 5 groups. 

 

Figure 1: Cumulative variance with different numbers of clusters 

The clusters formed classify patients according to their NFHAS, 

which helps to group functionally alike patients correctly. The results 

can be seen in Figure 2. 

 

Figure 2: Functional classification of the patients using the NFHAS 

Conclusions 

Traditional diagnostic methods do not seem to reflect the 

differences in the functional impairment of a neck injury. The 

NFHAS classifies the patients in statistically different clusters, 

thus reflecting differences in the functional loss. The NFHAS 

classification has 5 groups with increasing loss of 

functionality, ranging from Group I to Group V. 
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Summary 

Understanding the complex 3D-kinematics of the upper 

cervical spine during manual mobilization is essential for 

clinical examination and therapy. Some information about 

rotational motion components of passive mobilizing 

movements is available in literature but also translational 

components should be considered to understand the complex 

overall inter-segmental motions. This study aims to describe 

the amount, trajectories and reproducibility of atlanto-occipital 

facet joints displacement during a passive regional flexion-

extension mobilization and of the atlanto-axial facet joints 

during axial rotation mobilization. The information may be 

relevant from a clinical biomechanical point of view as well as 

regarding its applicability in clinical practice. 

Introduction 

Around half of the whole axial rotation in the cervical spine 

takes place at the C1-C2 level. The average range of motion 

for axial rotation varies from 31° to 58° (Panjabi et al., 1988, 

Penning, 1978). Flexion-extension motion at C0-C1 level have 

been described in vitro and in vivo during passive and active 

mobilization using various movement analysis methods, 

reporting ranges of motion between 4° and 35°, approximating 

half of overall cervical flexion-extension. 

Although the amount of motion expressed as rotation around 

the 3 axes of space (X, Y, and Z) has been assessed, few 

studies have really analyzed intra-articular joint movement 

considering the displacement of  articular surfaces during 

mobilization techniques. Some information is available about 

C1-C2 facets joints, from in vivo three-dimensional CT 

studies aimed to investigate the limits of normal movement in 

children and adults (Mönckeberg et al., 2009) These studies 

found a wide contact loss between the facet joints during axial 

rotation (from 70% to 78% on average). A similar study on 

adults estimated a contact loss between 6.16 and 8.68 mm 

(Duan et al., 2007). 

Methods 

20 fresh frozen human cervical specimens were examined in a 

test-retest setting. Two experienced manual therapists 

performed the mobilizations, while a Zebris CMS20 

ultrasound-based motion tracking system was performing a 

continuous recording. The amount and trajectories of the 

centre of the facet joint  of C1 and C2 displacement relative to 

their counterparts were calculated along the XYZ axes during 

respectively flexion-extension and axial rotation 

mobilizations.  Difference between measurements was 

evaluated with the Friedman two-way ANOVA test. Intra- and 

inter-rater reliability were estimated through ICC scores. 

Results and Discussion 

Intra-tester and Inter-tester reproducibility varied between 

0.02 and 0.92 indicating great variability in performance. 

Trajectories along every axis were analyzed separately for 

flexion and extension and for the right and left axial rotation, 

considering whether the tendency was positive or negative and 

if there were changes of direction during the movement. 

During flexion, the left facet moved rightward in 54.3% of 

cases, superiorly in 62.9% and posteriorly in 61.4%. The right 

facet moved rightward in 51.3% of cases, inferiorly in 58.6% 

and posteriorly in 58.6%. During extension, the left faced 

moved rightward in the 54.3% of cases, inferiorly in 72.9% 

and in 50% anteriorly and in 50% posteriorly.  During a right 

rotation the right facet moved rightward in 71.4% of cases, 

inferiorly in 58.6% and posteriorly in 58.6%. The left facet 

had a preferential rightward (64%), upward (75%) and 

forward (80%) trajectory, while the right facet moved leftward 

(64%), upward (54%) and backward (95%).During the right 

rotation, the left facet followed mainly a leftward (56%), 

downward (61%) and backward (86%) trajectory, while the 

right facet moved leftward (73%), upward (62%) and forward 

(95%). 

Conclusions 

3D-displacements range from 2.7 to 23.2 mm and are 

generally larger in C1-C2 during axial rotation with large 

intra- and inter-performer variability.  Trajectories generally 

bilaterally compensate. 
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Summary 

Bilateral cervical facet dislocation (BFD) with facet fracture 
(Fx) is a devastating neck injury that is rarely recreated 
experimentally. Neck muscle activation increases 
intervertebral shear and compression forces during cervical 
trauma, but the role of these combined loads during BFD is 
understudied. A method was developed to reliably apply 
destructive, constrained anterior shear motion with 
superimposed intervertebral axial compression or distraction 
to human cadaver cervical motion segments. The effect of 
superimposed axial compression versus distraction on facet 
mechanics and fracture mechanism was assessed for the five 
(of 12) specimens for which 20 mm of anterior shear was 
achieved. BFD+Fx was produced in all five of these 
specimens. 

Introduction 

Intervertebral anterior shear motions occur during the 
experimental production of BFD [1], yet the role of this 
loading direction during cervical trauma has not been 
thoroughly investigated. Clinically, facet fracture occurs in 
over 58% of traumatic BFDs [2]; however, it is rarely 
produced experimentally, possibly due to a lack of neck 
muscle replication [3]. Muscle activation may impose an 
intervertebral compression load during injury, which would 
increase loading of the facets and prevent isolated dislocation 
via intervertebral separation. This separation has been 
observed during inertially-produced BFD without Fx [1]. The 
mechanical response of the facets during compression or 
distraction with anterior shear loading 
experimentally. This paper presents a methodology to reliably 
produce C6/C7 BFD using anterior shear motion 
superimposed with intervertebral compression or distraction. 
The effect of the superimposed axial conditions on the 
mechanical response of the facets, and the fractures observed, 
was assessed. 

Methods 

Cervical motion segments 
male) were failed under constrained quasi-static anterior shear 
loading (1 mm/s to 20 mm) using a materials testing machine, 
with either 300 N of axial intervertebral compression 
(simulating neck muscle activation [4]), or 2.5 mm distraction 
(simulating inertial intervertebral separation [1]). Initially, 
four-vertebra motion segments (C5-T1, N=6) were augmented 
with screws/wire and embedded in polymethyl methacrylate, 
with only the C6/C7 disc and facet joints unconstrained. 
However, these tests were unsuccessful due to large coupled 
flexion moments, causing motion at the embedded levels 
(N=4) or fracture at the embedded vertebra/screw interface 

(N=2). To overcome this, two-level (C6/C7) segments were 
used for the remaining tests (N=6). Screw/wire constructs 
were attached to the exposed vertebral endplates and posterior 
elements, and embedded (along with the distal third of each 
vertebra). Forces and moments were recorded throughout each 
test using a six-axis load cell

 The bilateral C6 
inferior facets were instrumented with motion capture marker-
carriers and triaxial rosette strain gauges to measure facet 
deflections, and principal and shear strains, respectively, at the 
point of  Specimens underwent post-
test computed tomography imaging to determine the presence 
and features of facet fractures. Descriptive statistics were 
obtained. 

Results and Discussion 

BFD+Fx was produced in 5 of 6 two-level specimens. Shear 
and axial load, displacement, and shear strains, were generally 
greater at failure for the compressed specimens (n=3) 
compared to the distracted specimens (n=2; Figure 1). Non-
sagittal facet deflections were also generally larger for the 
compressed specimens, but sagittal deflections were 
comparable between groups. Inferior facet fractures of C6 
were observed in all dislocated specimens (4 bilateral, 1 
unilateral), while additional C7 superior facet fractures 
occurred in 3/5 (2 compressed).  

 
Figure 1: Shear displacement, and shear and axial loads, at the point 

of initial anatomical failure. Specimen number is indicated. 

Conclusions 

The methodology developed reliably produced BFD+Fx in 5/6 
two-level specimens and permitted investigation of the effect 
of compression/distraction on facet mechanics and fracture 
mechanism.  
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Summary 
Neck pain (NP) is one of the most common and disabling 
musculoskeletal conditions in the world and is more prevalent 
in females. As a part of clinical examination for individuals 
with NP, ultrasound (US)-based imaging biomarkers of the 
cervical muscles have been increasingly utilized: cross-
sectional area, thickness, and stiffness measurements [via US-
base shear wave elastography (SWE) technology]. However, 
reliability of such measurements and sex differences in healthy 
young individuals are limited. A total of 13 females and 11 
males participated in the study. Measurements were repeated 
later within the same day for reliability analyses. Sex 
differences were examined with independent t-tests. Good to 
excellent reliabilities were found except for the 
sternocleidomastoid SWE stiffness. For sex comparisons, 
males had significantly thicker sternocleidomastoid and 
cervical extensor muscles than females. Stiffness 
measurements were not different between sexes.  

Introduction 
NP is a common musculoskeletal condition with a prevalence 
which is higher in females and peaks around ages 40-60 years 
old. While most NP is non-specific, NP can result from sport-
related concussion and automobile accidents [1,2]. Young and 
athletic populations also suffer NP [3,4]. US-based imaging of 
cervical muscles has been increasingly utilized as part of the 
comprehensive clinical examination. However, reliability and 
sex differences in those measurements are scarcely available. 

Methods 
A total of 13 females (age: 23.7 ± 1.9 years, height: 167.1 ± 
6.1 cm, and weight: 63.8 ± 5.6 kg) and 11 males (age: 25.6 ± 
4.9 years, height: 178.7 ± 8.3 cm, weight: 78.9 ± 12.0 kg) 
participated in the study. An Aixplorer Mach 30 Ultrasound 
System (SuperSonic Imagine, Inc. USA, Bothell, WA) with 
the super linear probe (5-18 MHz) was used for all US scans. 
The same examiner (T.N.) performed all US scans and 
collected all measures. The test order was: 1) the longus colli 
(LC) and sternocleidomastoid (SCM) in B-Mode, 2) isolated 
SCM in SWE-Mode, 3) the cervical extensor muscles (CEM) 
in B-Mode, and 4) the upper trapezius (UT) in SWE-Mode. 
For reliability purpose, the same subjects were scanned for the 
same muscle groups twice (about 45 minutes apart) by the 
same examiner. 

The intrarater test-retest reliability, precision, and clinical 
reference values were calculated using intraclass coefficient 
correlation (ICC) model 3.1, standard error of measurements 
(SEM), and minimal detectable change at 95% confidence 

interval (MDC95). Independent t-tests or Mann-Whitney U 
tests were used to determine sex differences. 

Results and Discussion 
Good to excellent reliability (Table 1, ICC = 0.734 – 0.890) 
was found in all US-based measures except for the 
sternocleidomastoid SWE stiffness (ICC = 0.554) [5,6]. 

Table 1: Intrarater Test-retest Reliability, Precision, and Clinical 
Reference Values. 

 
Means and standard deviations for all measurements and sex 
differences are found in Table 2. Males had significantly 
thicker sternocleidomastoid than females (P < 0.001). 
Similarly, males had significantly thicker cervical extensor 
muscles than females (P < 0.026). However, there were no sex 
difference on the longus colli cross-sectional area (P = 0.072). 
In addition, there were no sex differences on the 
sternocleidomastoid SWE stiffness (P = 0.302) and the upper 
trapezius SWE stiffness (P = 0.703). 

Table 2: Sex Differences of US Measurements. 

 
Conclusions 
Smaller muscle size in females may not necessarily reflect less 
muscle stiffness. Simple and reliable US-based biomarkers 
may be a useful clinical tool in conjunction with other 
neuromuscular tests. Future studies should include individuals 
with NP and evaluate effects of intervention strategies. 
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Summary 

We propose that the metabolic cost of walking can be 

estimated from a simple mechanical model composed of 

centre of mass velocity redirection, body weight support, torso 

and swing dynamics, and foot-to-ground clearance. From 

human biomechanical walking data provided by the ISB 2019 

metabolic cost modelling session, we estimated the gross 

metabolic cost of transport to be 2.988 J/kg/m. The model 

only required parameters calculable from kinematic data. 

Introduction 

Although relatively easy to measure experimentally, whole-

body metabolic cost is difficult to model due to the intricacies 

of the musculoskeletal system. Previous empirical studies 

suggest that a large portion of the energetic cost of walking 

can be attributed to a few factors, such as ~28% for body 

weight support and ~45% for CoM work [1]. Trends in 

mechanical work measures also correlated well with energetic 

expenditure (e.g. for changes in step length [2]). However, few 

models have combined different mechanical measures to 

develop meaningful estimates of the human metabolic rate 

under general walking conditions. 

We propose a simple metabolic cost model based on 

mechanical measures to provide cost estimates of walking. 

This model has been previously used to estimate costs at 

varying speeds and step frequencies and six different walking 

conditions, such as increased step width and added mass. 

Methods 

In our previous work (full details in [3]), we demonstrated that 

the total energy expended by the body during gait is largely 

determined by a linear combination of four main mechanical 

components. These components are sagittal and frontal 

dynamics, center of mass (CoM) velocity redirection, ground 

clearance, and body weight support. To convert mechanical 

work to metabolic cost, we used a constant efficiency of 25%. 

For first cost component, we utilized a 3D linear model that 

can describe major sagittal plane and frontal plane dynamics 

(i.e. pendular falling, swing and torso-balancing effects) over a 

wide range of walking speeds and step frequencies [4].  

To estimate the cost of walking, our model uses subject mass, 

height, step frequency, average foot-to-ground clearance 

during swing (determined from the maximum height of the 

marker at the tip of the big toe), and average trunk angle 

(determined from markers on the C7 and the left and right 

posterior superior iliac spine). Only the subject’s mass, height, 

and step frequency are necessary. Ground clearance and trunk 

angle are used to fine-tune the model through adjustment of 

individual cost components. 

We calculated the gross metabolic cost of transport (MCoT) 

based on two sets of biomechanical walking data (Walk01 and 

Walk02) from one healthy adult male (age 38 years, height 

1.83 m, mass 71.2 kg), provided by the ISB 2019 metabolic 

cost modelling session. The model provided net metabolic cost 

from the sum of the four cost components. We then added a 

basal rate of 1.0 W/kg to calculate MCoT. 

Results and Discussion 

We estimated MCoT to be 2.9763 J/kg/m and 2.9998 J/kg/m 

for Walk01 and Walk02, respectively (Table 1). These values 

seem similar in magnitude to measured costs of normal 

walking conditions (e.g. net 2.13 J/kg/m [5]). From both visual 

inspection of gait kinematics and calculated gait parameters 

(Table 2), the subject seems to be performing normal walking 

for both sets of data. 

Table 1: MCoT (gross), net cost, and cost components: 3LP torso 

and swing dynamics (3LP), CoM velocity redirection, ground 

clearance (GC), and body weight support (BWS). Units in J/kg/m. 

 MCoT Net 3LP CoM GC BWS 

Walk01 2.9763 2.1306 0.5658 0.2325 1.0468 0.2855 

Walk02 2.9998 2.1701 0.5929 0.2415 1.0536 0.2821 

Table 2: Subject gait parameters. GC: ground clearance 

 Speed 

(m/s) 

Stride Time 

(s) 

GC height 

(m) 

Trunk angle 

(deg) 

Walk01 1.1824 1.0300 0.0565 4.8189 

Walk02 1.2052 1.0075 0.0571 5.2911 

We derived step parameters from force plate data, but all 

inputs could have been calculated from kinematic data instead. 

The provided gait data also included electromyographic 

signals, which our model did not need. 

Conclusions 

We demonstrated how a simple mechanical model can 

estimate metabolic cost and cost components with few 

parameters. The model’s estimate is comparable to the cost of 

normal walking, which is corroborated by kinematic measures. 
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Summary 
The leg-dominance theory suggests that kinetic and kinematic 
asymmetries place athletes, particularly females, at a higher risk 
of non-contact anterior cruciate ligament (ACL) injuries. Sex 
and age effects on asymmetry of sagittal plane lower extremity 
joint angles and moments during the stance phase of double-leg 
(DJ) and single-leg (SJ) drop jump landings were examined 
between pre- and post-pubescent male and female athletes in 
this study. For the SJ, pre-pubescent athletes had significantly 
greater ankle and hip peak flexion angle asymmetries compared 
to post-pubescent athletes and an interaction effect was found 
for knee flexion angle, with pre-pubescent males having greater 
asymmetries. For the DJ, males had significantly greater peak 
hip extension moments compared to females. This study did not 
provide support to the leg-dominance theory with respect to 
explaining the higher prevalence of female ACL injuries. 
Introduction 
Non-contact ACL injury is relatively common and very 
debilitating, with females being at a higher risk of sustaining 
such an injury [1].  Research into ACL injuries has proposed 
the leg-dominance theory, which suggests that kinetic and 
kinematic asymmetries may predispose individuals, 
particularly females, to higher rates of ACL injuries [1]. Knee 
valgus moment asymmetry has been shown to predict ACL 
injury [2] and knee flexion asymmetry has been suggested to 
predict reinjury for individuals who have undergone ACL 
reconstruction [3]. Research on lower extremity asymmetry as 
a potential risk factor for ACL injuries is currently inconclusive. 
This study’s purpose was to examine sex and age effects on 
asymmetry in lower extremity sagittal plane biomechanics 
during double (DJ) and single-leg (SJ) drop jump landings.  
Methods 
Data was collected at the John MacIntyre motion Laboratory of 
Applied Biomechanics at Acadia University between June 2015 
and December 2018. A total of 128 participants between the 
ages of 8-25 (22 pre-pubescent male: 10.1±1.6 years; 24 pre-
pubescent females: 10.6±1.2 years; 37 post-pubescent males: 
20.7±2.5 years; 45 post-pubescent females: 19.7±1.9 years) 
involved in cutting and jumping sports were included in this 
study. 3D marker position, ground reaction forces and EMG 
data were collected during the DJ and SJ landing trials. Hip, 
knee and ankle internal joint moments were calculated in 
Visual3D (C-motion) using an inverse dynamics method. Joint 
angles were calculated using Euler angles, with the standing 
calibration trial joint angles at each joint being subtracted from 

the calculated joint angles during the jump-landing trials. An 
asymmetry index was calculated for peak sagittal plane joint 
angles and moments by taking the absolute value of the 
difference between the right and left leg and dividing that value 
by the average of the right and left leg [4]. The asymmetry index 
values for each peak parameter were compared using a 2-way 
between subject ANOVA to test for significant sex (male vs 
female), age (pre- vs post-puberty) and interaction effect 
(p<0.05). Bonferroni corrected pairwise comparisons were used 
when an interaction effect was identified.  
Results and Discussion 
There were no statistically significant effects for lower 
extremity peak joint angle asymmetries for the DJ (Table 1). 
Age had a significant effect on peak ankle and hip flexion 
angles, with pre-pubescent participants showing greater 
asymmetries during the SJ compared to post-pubescent 
participants. For knee flexion angles during the SJ, there was an 
interaction effect, with pairwise comparisons indicating that the 
pre-puberscent males had greater asymmetries compared to the 
other three groups. For peak moment asymmetries, post-
pubescent participants had greater asymmetries compared to 
pre-pubescent participants for peak hip extension moments 
during the SJ. For the DJ, pre-pubescent participants had greater 
peak knee extension moment asymmetries compared to the 
post-pubescent participants, while for peak hip extension 
moments, males had greater asymmetries compared to females. 
Because there were no kinematic sex effects, this study does not 
support the leg-dominance theory of females being at increased 
risk of injury because of greater kinematic asymmetries 
compared to their male counterparts. Even when there was a sex 
effect present for moments, it was found that males had greater 
hip extension moment asymmetries compared to females. 
Furthermore, many of the age effects identified could be due to 
the fact that most post-pubescent participants were varsity 
athletes, who tended to have more sports experience compared 
to the pre-pubescent athletes who displayed more asymmetries.  
Conclusions 
More research is needed to better understand why females are 
more likely to sustain a non-contact ACL injury and the role 
that the leg-dominance theory has with respect to this injury.  
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Table 1: Peak ankle, knee and hip flexion/extension moment and angle group mean (SD) asymmetry indexes 

      Peak Extension Moment Asymmetry Indexes   Peak Flexion Angle Asymmetry Indexes 
   Pre Male Post Male Pre Female Post Female  Pre Male Post Male Pre Female Post Female 

Ankle DJ  -10.9(6.3) -8.8 (8.3) -8.9 (5.9) -7.2 (5.6)  9.5 (7.9) 8.0 (6.1) 8.5 (7.0) 6.6 (6.4) 
 SJ  -6.6 (7.4) -8.2 (7.0) -11.3 (9.5) -7.9 (5.7) A 15.8 (10.8) 9.3 (7.3) 12.4 (10.8) 10.6 (7.9) 
Knee DJ A -18.3 (14.0) -12.5 (9.5) -16.1 (11.2) -12.5 (12.8)  4.4 (3.1) 3.8 (3.1) 4.3 (2.9) 3.2 (3.2) 
 SJ  -10.3 (6.3) -9.9 (7.9) -9.9 (6.4) -9.5 (9.8) I 12.1 (6.9) 5.7 (3.8) 6.3 (4.9) 6.6 (5.3) 
Hip DJ S -26.3 (19.9) -21.1 (10.1) -13.0 (8.9) -17.3 (15.1)  4.7 (4.9) 4.2 (2.9) 3.1 (1.7) 3.4 (3.8) 
 SJ A -12.7 (9.0) -14.4 (11.5) -8.9 (7.3) -16.8 (15.5) A 13.2 (9.5) 7.8 (5.6) 9.6 (7.0) 8.9 (8.4) 

 Note: A: age effect (p < 0.05); S: sex effect (p < 0.05); I: interaction effect (p < 0.05); positive values=flexion, negative values=extension 
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SUMMARY 

Perception of knee healthy is important in return to physical 

activity after knee injuries. The association between the 

subjective measurements and objective markers of knee stress 

is important. Here we found a positive relationship between 

perception of knee health and impact forces on participants 

with reconstructed anterior cruciate ligament. 

INTRODUCTION  

Impaired landing technique increases risk for knee injury in 

sports, especially for the anterior cruciate ligament (ACL) in 

which impact forces [1] increase tension stress [2]. After an 

ACL reconstruction, only about 65% of individuals return to 

their previous levels of activity [3]. Return to sport is limited 

by fear of re-injury and movement, anxiety, depression, and 

frustration [4]. The lack of confidence may influence the 

rehabilitation process and then perception of health becomes 

an important component of rehabilitation. Here we determine 

whether the perception of knee health correlates with the 

magnitude of ground reaction forces (GRF) in landing tasks 

performed by participants submitted to ACL reconstruction. 

METHODS 

Twenty men with complete autograft (patellar or hamstring 

tendon) unilateral ACL reconstruction [mean (SD), age 32.5 

(5.8) years old, body mass 84.9 (12.4), height 175.9 (7.2) cm, 

following 66.9 (15.9) months after surgery] participated in this 

research. Perception of knee health was assessed using the 

International Knee Documentation Committee (IKDC) and the 

Knee Injury and Osteoarthritis Outcome Score (KOOS). GRF 

was determined during landing task by two force plates 

(AMTI OR6-6-2000, Watertown, MA, EUA) sampling at 

1000 Hz. Participants performed three bilateral drop landings 

(DL) from a 40 cm box with arms resting at the chest. Any 

instruction on the landing technique was delivered to avoid a 

coaching effect. GRF was filtered by a 4th order zero-lag 

Butterworth low pass filter, with cut-off frequency of 20 Hz 

and normalized to the body weight (BW). Peak and time to 

peak of vertical GRF were determined. Correlations between 

GRF and perception of knee health were verified by Person or 

Spearman tests, following Shapiro-Wilk test outcomes. 

RESULTS AND DISCUSSION 

Peak GRF in reconstructed leg was directly related with 

perception of knee health (Figure 1). In uninjured leg, 

correlations were not significant (r = -0.105 to 0.274). For 

both the legs time to peak of GRF did not correlate with 

perception (r = -0.302 to 0.180). 

 

Figure 1: Correlation between IKDC and KOOS scores and peak 
GRF peak in the ACL reconstructed leg. 

Correlation between perception of knee health and GRF in the 

reconstructed leg suggests a less protective kinesiophobia 

pattern when perception of healthy is better. Kinesiophobia is 

a main factors affecting physical activity level after injury [4]. 

It may also influence the symmetry we found in GRF (data not 

shown). 

CONCLUSIONS 

Perception of knee healthy positively correlates with GRF 

peak after long term of ACL reconstruction.  
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Vertical Drop Jump Biomechanics in Youth with Juvenile Idiopathic Arthritis Compared to Typically Developing Youth 
 

Gregor Kuntze1,2, Robyn Scholz2, Colleen Nesbitt1, Shane Esau1, Susanne Benseler3, Carolyn Emery1, Janet Ronsky2,1 
1Faculty of Kinesiology, University of Calgary, Calgary, AB, Canada 

2Department of Mechanical Engineering, University of Calgary, Calgary, AB, Canada 
Email: gkuntze@ucalgary.ca  

 

Summary 

This study examined differences in hip, knee and ankle joint 
kinematics of a vertical drop jump (VDJ) task between youth 
with Juvenile Idiopathic Arthritis (JIA) and their age and sex 
matched typically developing (TD) peers. Youth with JIA 
performed the VDJ with significantly less knee flexion, 
reduced ankle plantar flexion, as well as shorter vertical jump 
duration. These findings indicate biomechanical differences 
that may relate to an underlying hesitation to perform high 
impact tasks and limitations regarding maximal jump ability. 

Introduction 

JIA affects ~3 in 1000 children under the age of 16. JIA leads 
to changes in body structure and function outcomes and may 
affect dynamic joint mechanics due to inflammation and joint 
pain [1,2]. The recent introduction of novel drug therapies 
decreases the disease burden, raising expectations for physical 
activity participation by youth with JIA. Consequently, there 
is a continuing need to assess body structure and function 
consequences of JIA for youth who receive modern drug 
therapies. This study quantified differences in a VDJ task 
between youth with JIA and their age and sex matched TD 
peers to inform targets for physical therapy management.  

Methods 

46 youth [female n=16; age 15.3yrs (2.4)] volunteered for this 
ethics approved study (Ethics ID# REB15-3125). Hip, knee 
and ankle kinematics for youth with JIA (n=23) and their TD 
peers were recorded (Motion Analysis, USA, 240Hz). 
Participants performed five VDJs stepping off a raised 
platform (height 31cm), landing with both legs simultaneously 
and immediately performing a maximum effort vertical jump. 
Two OR6-6 force plates (AMTI, USA, 2400Hz) recorded 
bilateral ground reaction forces. Motion data were processed 
using Evart (Motion Analysis) and joint kinematics were 
computed in Visual3D (C-Motion, USA). Data processing was 
conducted in Matlab (MathWorks, USA).  

Outcomes for the indexed (most affected / dominant) and 
contralateral (less affected / non-dominant) legs included: max 
hip and knee flexion angle; max ankle dorsiflexion angle; first 
support phase duration; and jump phase durations. All data 
were tested for normality and analyses using paired samples t-
tests (α=0.05,  SPSS, IBM, USA). 

 

Results and Discussion 

Participant characteristics: JIA [height 1.64m (0.12); weight 
56.8kg (11.1)]; CON [height 1.65m (0.10); weight 54.2kg 
(12.4)]. Youth with JIA performed the VDJ with a more 
extended knee and less ankle dorsiflexion (Figure 1, Table 1). 
Further, trends for limited hip flexion and decreased jump 
duration were observed for youth with JIA (Table 1)  

 
Figure 1: Mean support phase hip, knee and ankle joint kinematics 

for TD youth (green) and youth with JIA (red). 

Conclusions 

These findings indicate multi-joint movement alterations in 
youth with JIA related to reduced jump performance, despite 
modern disease management. These differences likely relate to 
hesitation by youth with JIA to perform high-impact activities. 
Further work exploring joint stability and kinetics is needed to 
clarify the underlying mechanisms for VDJ performance 
differences and force generating ability for youth with JIA. 
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Table 1: Summary of matched pair differences (TD-JIA) of VDJ kinematic and timing outcomes for the indexed and contralateral legs. 

 
Max Hip 
Flexion 

[mean (SD)] 
P-value 

Max Knee 
Flexion 

[mean (SD)] 
P-value 

Max Ankle 
Dorsiflexion 
[mean (SD)] 

P-
value 

Support 
Phase 

Duration 
[mean (SD)] 

P-value 
Jump Phase 

Duration 
[mean (SD)] 

P-value 

Indexed -3.8° (9.2) 0.06 6.9° (13.0) 0.02 -2.4° (4.9) 0.03 0.03s (0.15) 0.33 0.02s (0.05) 0.11 
Contralateral -3.6° (10.6) 0.11 6.4° (11.7) 0.02 -2.1° (4.7) 0.04 0.04s (0.16) 0.23 0.02s (0.05) 0.08 
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Summary 

In this study we evaluated kinematic differences between 

thirty-one teen (13-18yr) males and females during 

unanticipated single-leg drop-jump landings. We found that 
females performed the drop-jumps with less trunk flexion and 

greater anterior pelvic tilt. These findings indicate a more 

erect landing posture in females, which may place them at a 

greater risk for sustaining an ACL injury. 

Introduction 

Female athletes are two to four times more likely to tear their 

ACL then their male counterparts, with young females (13-17 

yrs.) having the highest injury incidence of any sex-age strata 

[1]. Non-contact ACL ruptures typically occur following a 

reaction to an external stimulus, when an athlete is unable to 
pre-plan their movement strategy. To better simulate this 

situation, we developed an unanticipated single-leg drop-jump 

tasks. The purpose of this study was to determine i) if young 

female athletes perform unanticipated drop-jump landings 

with different kinematics then their male counterparts and ii) if 

the altered kinematics are associated with ACL injury 

mechanisms. 

Methods 

Thirty-one (male=15; female=16) healthy young (13-18 yrs.) 

athletes performed a series of unanticipated drop-jump 

landings. Drop-jumps consisted of stepping off a raised 

platform (aligned to the participant’s tibial plateau), 
immediately performing a two-legged maximal vertical jump, 

and landing onto a force platform with either one- or two-legs. 

The landing leg(s) was randomly signaled by displaying a 

visual cue approximately 500ms before landing. Only single-

leg landings on the dominant limb were used for the 

subsequent analysis. Joint kinematics were time normalized 

over the preparatory (flight) and reactive (landing) phases. 

Independent-sample t-tests using statistical parametric 
mapping evaluated kinematic sex-differences. 

Results and Discussion 

Male participants performed the unanticipated single-leg 

landings with greater trunk flexion during 12-100% of the  

 

preparatory phase and 1-76% of the reactive phase. However, 

female participants landed with greater anterior pelvic tilt 

during 77-100% of the preparatory phase and 1-50% of the 

reactive phase. 

The increased trunk flexion observed in males could be a 
strategy to help decelerate the CoM, since greater trunk 

flexion angles are associated with reduced impact forces 

during landing [2].  This is consistent with previous research 

demonstrating a more erect landing posture in females and a 

reduce reliance on the hip extensors for force absorption [3]. 

This may be critical considering that reduced trunk control is 

associated with ACL injury [4]. The increased pelvic anterior 

tilt could be a strategy to optimize the recruitment of the 
gluteus muscles in the presence of hip extensor weakness 

(Table 1) [5].   

Conclusions 

Young female athletes performed the unanticipated drop- 
jump landings in a more erect posture through their trunk, 

coupled with the greater anterior pelvic tilt.  These findings 

could indicate a compensatory strategy, where reduced trunk 

flexion is employed to reduce demand on the hip extensors. 

Thus, intervention programs aimed at improving landing 

position in females may benefit from targeting hip and trunk 

mechanics.  
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Table 1: Isometric strength data for the dominant limb of male and female participants during the MVIC trials 

 Hip Abduction 

(Nmm/kg) 

Hip Extension 

(Nmm/kg) 

Knee Extension 

(Nmm/kg) 

Knee Flexion 

(Nmm/kg) 

Plantar Flexion 

(Nmm/kg) 

Male 11.8±5.56 10.7±5.53 17.9±8.91 10.5±5.92 18.29±8.31 

Female 9.25±4.57 7.75±3.8 14.6±7.18 9.31±4.75 14.8±7.19 
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Summary 
A prototype lower body soft exoskeleton suit (comprised of 
varied hip passive elastic bands) was designed to enhance 
forward skating start performance of hockey players [1]. To 
better understand the interaction between the suit and athlete, 
this further study analysed lower body muscle activity (surface 
EMG) during skate starts with and without the exoskeleton. 
Findings revealed that band conditions had no significant effect 
on muscle activity during the acceleration task indicating the 
need for further investigation into the mechanisms behind the 
suit’s time performance benefits. 
Introduction 
Recent studies have demonstrated the feasibility to collect on 
ice skaters’ 3D body motion kinematics [1-3] and surface 
electromyography (sEMG) of selected muscles [2,4]. These 
investigations have given insight into skating’s locomotion 
pattern and factors affecting performance speed. For example, 
optimal skate starts’ run-to-skate transition end speeds are 
influence by player plyometric strength, equipment restrictions, 
and hip-knee coordination technique [3,5,7]. To address these 
factors, a soft exoskeleton employing passive elastics about the 
hip was built [1]. Pilot testing revealed an average reduction of 
acceleration times by 1.5%: small gains but meaningful for 
winning puck control. However, kinematic analysis revealed 
little difference in gross lower limb kinematics. To further study 
the interaction of the exoskeleton and the skater, the activity of 
7 superficial lower limb muscles were examined. 
Methods 
Seven elite male hockey players participated in the study. 
Wireless Noraxon surface EMG sensors were placed on the 
participant’s dominant leg over 7 muscles: Gluteus Maximus 
(GMA), Gluteus Medius (GME), Adductor Longus (ADD), 
Bicep Femoris (BF), Vastus Medialis (VME), Peroneus Longus 
(PNE), Gastrocnemius (GAS). Participants were fitted with a 
climbing waist harness with cam buckles to secure Latex bands 
(length normalized to 35% leg length) across the posterior 
aspect of the hip joint.  
Participants were given a 5-minute skating warmup and 
familiarization period with the exoskeleton prior to completing 
12 forward facing skating start trials accelerating over 15 m. 
Three pairs of elastics varying stiffness were tested in addition 
to a no-band control condition. Test condition order was 
randomized and subjects blind to band resistant properties.  
Data analysis was performed for the first 7 strides using 
customized MATLAB scripts adapted from the biomechZoo 
toolbox [6]. EMG data were rectified, filtered and normalized 
as a percent of EMG maximum for each muscle across all 
conditions within participant. Stride ON and OFF events refer 
to the blade contacting the ice and the blade leaving the ice 
respectively. ‘Stance’ phases were in turn defined for each leg 
between ON and OFF events (i.e. S1ON – S3OFF becomes 

ST1). Mixed-ANOVA statistical analysis compared muscle 
activity between conditions by stance phases. 
Results and Discussion 
A significant ‘stance’ main effect was found for all muscles 
(example muscle; Figure 1). This reflects the skater’s running-
to-steady state skating stride transition during standstill 
accelerations [3,7]. In the later end of the skate acceleration 
window (ST6) the control condition showed the highest %EMG 
maximum activation for all muscles aside from the bicep 
femoris, through statistically insignificant. However, the novel 
lower body exoskeleton did not grossly perturb the level of 
muscle activity while skating despite skaters reporting a 
perceived improved power and stability. 

 
Figure 1: Grouped means for GME muscle activity during the first 7 
steps of an acceleration task. Control (green line) and band conditions 
(least stiff - red; medium stiffness – black; most stiff – purple) along 
with standard deviation bands are visible. Side 1 leg (black) and Side 

2 leg (orange) events are shown. * indicates Stance main effect. 

Conclusions 
Further testing is warranted to identify the underlying 
mechanism(s) leading to the improved skate start performance 
times with the soft exoskeleton, as well as investigate its effects 
on long term use and on other skating skills. 
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Summary 

This study’s objective was to compare lower extremity joint 
coordination between high-calibre (HC) and low-calibre (LC) 
ice hockey players during forward stride skating. A 10-camera 
Vicon motion capture system collected kinematic data on 8 HC 
and 8 LC players. Continuous relative phase (CRP) was 
calculated for three segment pairs: shank-sagittal & thigh-
sagittal, shank-sagittal & thigh-frontal, and foot-sagittal & 
shank-sagittal. Principal component analysis (PCA) was used 
to extract the features of greatest variability of CRP. HC players 
demonstrated more out-of-phase coordination of the shank-
sagittal & thigh-frontal (p=0.046) throughout the entire skating 
stride than LC. In the sagittal plane, HC players demonstrated 
more out-of-phase coordination of the thigh & shank (p=0.004) 
and the of foot & shank (p=0.038) during glide phase. 

Introduction 

Skating, an integral component of hockey, is a complex and 
dynamic movement requiring a considerable amount of joint 
coordination [1]. Inter-joint coordination has previously been 
quantified in other sports using continuous relative phase 
(CRP), which is a continuous measurement of the interaction 
between joints or segments throughout a given task [2]. 
Mechanics of forward skating in HC and LC hockey players 
have been compared previously, however, no study has focused 
on the associated inter-joint coordination. 

The study’s objective was to compare lower extremity joint 
coordination between high-calibre (HC) and low-calibre (LC) 
ice hockey players during forward stride skating. It was 
hypothesized that HC players would demonstrate less in-phase 
movement in lower extremity segments than LC players.  

Methods 

Sixteen male hockey players (age 24.1 ± 3 years) participated 
in this study. HC players (n=8) were recruited from the 
university varsity team and had played at major junior level or 
higher. LC players (n=8) were recruited from local teams and 
had played hockey at a level lower than major junior. 

A 10-camera Vicon motion capture system was used to collect 
forward skating data on an indoor ice surface. Data were 
sampled at 240Hz and a modified Helen Hayes marker set-up 
with 24 passive retro-reflexive markers was used. All players 
wore Bauer MX3 skates.  

CRP was calculated for shank-sagittal & thigh-sagittal, shank-
sagittal & thigh-frontal, and foot-sagittal & shank-sagittal 
segment pairs by determining the absolute difference in the 
phase angles of the segments. Phase angles were computed 
using the Hilbert transform approach [3]. Separate PCAs were 
conducted on CRP waveforms for each pair of segments in each 
individual trial. PCA was used to extract important waveform 
characteristics from the CRP waveforms [4]. Independent t-

tests were used to compare the first 3 PC scores for CRP of each 
segment pair. Significance level for all tests was set at α = 0.05.  

Results and Discussion 

For shank-sagittal & thigh-sagittal (p=0.004), HC players had 
higher PC1 scores which indicated more out-of-phase 
coordination during glide and push-off phases of skating stride 
(0-60%) (Figure 1). 

 
Figure 1: Mean CRP of shank-sagittal & thigh-sagittal. 

PC1 for shank-sagittal & thigh-frontal (p=0.046) captured the 
amplitude of CRP throughout the entire stride. HC players 
displayed higher PC1 scores, demonstrating more out-of-phase 
coordination between the shank-sagittal & thigh-frontal.  

HC players had lower PC3 scores (p=0.038) for foot-sagittal & 
shank-sagittal CRP. This indicated that the HC players were 
more out-of-phase during the glide phase. 

Conclusions 

Comparison of HC and LC inter-joint coordination provides 
insight into ideal skating mechanics. HC players were more out-
of-phase in lower extremity segments than LC players. This 
may be advantageous for more efficient joint coupling, as in-
phase coordination has been considered an easier to perform, 
yet less effective coordination mode [5].  
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Summary 

To remain internationally competitive in figure skating, 

athletes must be able to perform jumps safely. The axel jump 

has been considered traditionally the most difficult jump and 

as athletes trains since very young age, it is fundamental to 

recognize landing techniques rising injury risk. This study 

presents a biomechanical analyses of figure skating axel jump, 

with the aim to detect injury risk factors associated to poor 

landing kinetics and kinematics. Results agreed with the 

athletes’ coach technical evaluations. 

Introduction 

Figure skating involves a technical evaluation methodology 

based on subjective marking: coaches are responsible for a 

quick and accurate determination of gesture execution quality. 

Coaches’ evaluation mostly focuses on technical elements and 

on the overall aesthetic appearance of a performance [1]; 

however, landing after a jump is widely acknowledged as one 

of the most critical elements of a skater's training program and 

one of the major causes of injuries [2]. Figure skating has an 

inherent risk of injury because of the involved high technical 

and physiologic demands on the athletes. As training since 

young age (female figure skaters begin practicing as early as 

5 years old), athletes must avoid applying stress to the 

neuromuscular and skeletal systems that can lead to tissue 

breakdown and resultant injuries. Therefore, it is crucial to 

understand the sport specific gestures from a biomechanical 

and physiologic perspective [2]. 

The aim of this study is twofold: first to identify the 

biomechanical variables that contribute to reduce the injury 

risk in executing landings from an axel jump, as it is 

considered the most difficult jump; second to establish 

whether landings rated as biomechanically optimal are also 

awarded technical success.  

Methods 

After the parents signed the informed consent, 10 female 

competitive figure skaters (mean±SD: age 13.31±1.97 years; 

BMI 19.11±1.86 Kg/m2) were acquired while executing 3 

consecutive axel jumps. Kinematics and kinetics data were 

collected by means of a 12 camera stereophotogrammetric 

system (BTS, 340 Hz), a plantar pressure system (Novel, 

Pedar-X) and an 8 channels surface electromyographic system 

(sEMG; BTS, 1000 Hz). Markers were applied as in [3] and 

sEMG of the following muscles was collected bilaterally: 

tibialis anterior, gastrocnemius lateralis, rectus femoris and 

biceps femoris long head. sEMG onset and offset activation 

timing was obtained [4] and peak of the envelope computed 

[5]. Peak of Pressure, its position in % of the task duration, 

the Centre of Pressure displacement, vertical ground forces, 

3D joint rotations [3] and moments [6] were extracted. 

Figure 1: Vertical force and landing leg joints moments (mean±SD). 

Results and Discussion 

Results of these analyses were twofold: a biomechanical 

profile of axel landings was obtained (Fig. 1), and jump 

landing strategies visually rated by the coach were in 

agreement with the biomechanical assessment of the same 

performances. In term of joints rotations an excessive trunk 

abduction-adduction range of motion, accompanied by 

excessive knee flexion on the landing leg, reduced extension 

of the contralateral leg was associated with poor kinetics: high 

valgus moments, high hip abduction moments and pure 

control by the hip-knee-ankle flexor-extensor muscles during 

landing. 

Conclusions 

This methodology can be used for an early detection of 

subjects at injury risk and could be adopted to develop subject 

specific preventive protocol aiming at optimizing athletes 

performance and safety.  
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Summary  

This study aimed to determine the breakpoints in superficial 

electromyography (sEMG) signal during a maximal 

incremental skating test (IT) and compare them to the first 

(VT1) and second (VT2) ventilatory threshold. Ten well-

trained long track speed skaters performed a maximal 

incremental skating test on a slide board. sEMG signals from 

six lower limb muscles were recorded for the last 15 s of each 

stage and converted to root mean square (RMS) for 

determination of breakpoints in linearity using mathematical 

(2 and 3 linear regressions) and visual methods. All three 

forms of breakpoints detection were correlated with the VT2. 

The combined quadriceps (vastus lateralis-VL + vastus 

medialis-VM) and gluteus muscles (gluteus maximus-GM + 

gluteus medius-GMd) showed higher breakpoint detection rate 

and higher correlations with VT2. The 2 lines mathematically 

detected breakpoints displayed higher validity indices to VT2, 

while the visually determined breakpoints were significantly 

higher than VT2. 

Introduction 

An abrupt increase in EMG activity has been reported during 

incremental physical activity. This has been termed as EMG 

threshold (EMGth) with more recent research suggesting that 

there are two identifiable EMGth that correlate to the aerobic 

and anaerobic physiological thresholds [1]. However, to the 

best of our knowledge the EMGth during skating has not yet 

been investigated, potentially due to the difficulty of 

replicating the movement on dry land or controlling test 

conditions on ice. The purpose of this study was to compare 

different EMGth detection methods in speed skating during a 

maximal specific testing. 

Methods 

Ten well-trained male endurance speed skaters specialized in 

the 1,000, 1,500, and 3,000 m event performed an IT on a 

slide board with increase in skating cadence in pushes/min 

(ppm) every minute, until volitional exhaustion [2]. Athletes 

were asked to maintain a constant hunched skating posture 

during the test. Ventilatory data was constantly monitored and 

VT1 and VT2 were visually detected. sEMG activity of VL, 

VM, GM, GMd, biceps femoris (BF), and adductor magnus 

(AM) of the right leg were monitored for the last 15 s of each 

stage. VM and VL and GM and GMd were combined to 

determine the EMG breakpoints of Quads and Gluts, 

respectively. The EMGth was defined as a non-linear increase 

of the RMS values during the test. A triple segmental linear 

regression (3-Lines) of the entire dataset was performed using 

GraphPad to detect the first (EMGth1) and second (EMGth2) 

breakpoints. A double segmental linear regression (2-Lines) 

was also performed, set to start at the VT1 stage to identify 

only the EMGth2. EMG breakpoints were also visually 

determined by 2 independent observers (Figure 1). 
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Figure 1: Methods used to determine EMGth. Dashed line: 3-

Lines. Solid line: 2-Lines. Arrows: visual detection.  

Results and Discussion 

EMGth1 had a low detection rate (less than 50%) for all 

methods. Gluts and Quads had the highest detection rate 

among muscles. The interrater reliability for the EMGth2-

visual method was high (ICC>0.8 for all muscles). 

Comparison between detection methods and VT2 are 

presented in Table 1. The 2-lines EMGth2 presented the 

lowest bias and limit of agreement values (-0.11, -1.6 to 1.3 

for Quads and 0.44, -1.0 to 1.9 for Gluts).  

Table 1: Comparison between VT2 and EMGth2 in ppm, detected by 

the visual, 2-Lines and 3-Lines regression models. 

Stage at VT2=7.47±1.08ppm. # significant difference from 

VT2. Significant correlation with VT2 (*p<0.05, **p< 0.005). 

Conclusions  

The 2-Lines mathematical method was able to detect the 

EMGth2 in speed skaters performing on a slide board, while 

visual method seems to overestimate VT2. 
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Summary 
Professional player feedback and regulations implemented by 
the National Hockey League (NHL) dictate equipment 
modifications for ice hockey goaltenders. Recent regulation 
changes for goaltender chest and arm equipment in the NHL has 
sparked concern about player safety and performance. The 
objective of this research was to quantify mobility performance 
differences as a result of the mandatory rule change. Fourteen 
participants conducted reach envelope analysis in four 
equipment conditions, including a condition that met the new 
equipment standards. There were no statistically significant 
differences in reach envelope between the equipment 
conditions, despite the decrease in shoulder and under arm 
equipment girth.  

Introduction 
Nearly one third of goaltender injuries are non-contact [1] and 
equipment restrictions combined with repetitive use may be a 
potential cause. Arm reach is an important component of ice 
hockey goaltender performance; however, upper body 
goaltender equipment surrounds the limbs and can restrict arm 
movement. These features can limit performance and increase 
injury risk [2]. The NHL recently implemented a size reduction 
in goaltender chest and arm equipment, which may affect 
goaltender mobility. Therefore, the purpose of this research was 
to quantify the effect of the new, league-regulated, upper body 
equipment on reach envelope compared to professional chest 
and arm equipment models that were legal in the 2017-2018 
NHL season.  

Methods 
Fourteen male participants performed three reach envelope tests 
in four conditions: (1) control, no equipment (CTRL); (2) 2018-
19 legal (PROTO); (3) 2017-18 highly protective-low mobility 
(HPLM); and (4) 2017-18 low protective-high mobility 
(LPHM) chest and arm equipment. Reach envelope testing was 
conducted using Certus Optotrack motion capture. A stylus 
probe to identify the location of the participant’s acromion and 
a rigid marker cluster on a goaltending catching glove were 
used to track the location of the participant’s hand throughout 
the test. Participants were instructed to trace their largest 
volume of reach, then fill in that area with horizontal and 
vertical sweeps, similar to that of painting [3].   
Three-dimensional Cartesian coordinate glove and acromion 
data was converted to cylindrical coordinates using a custom 
LabVIEW program [3]. Cylindrical coordinates were sorted 
into 7-by-7 vertical and horizontal regions, with each measuring 
30° by 30°. Within each region, maximum reach lengths were 
normalized to arm length (r-value). A quadratic regression 

analysis identified r-value differences between the four 
conditions for all horizontal and vertical reach regions. 

Results and Discussion 

No significant differences were found between the four testing 
conditions. However, PROTO trended toward higher r-values 
than HPLM and LPHM (Figure 1).  

Figure 1: Differences between all conditions for the 165-195° arm 
elevation vertical region. All horizontal regions are represented by 
the x-axis. Data point size represents the proportion of participants 
who reached the region. 
The proposed changes to goaltender equipment did not appear 
to impede reach performance more than previous equipment 
models and may moderately improve reach envelope (Figure 1). 
While not statistically significant, the differences between 
PROTO and the other two equipment models were 
approximately greater than the width of a puck in many 
horizontal regions. These findings may provide a meaningful 
reach performance advantage while equipped in PROTO. 

At the end-range of shoulder horizontal abduction/adduction, 
all equipment models perform noticeably worse than CTRL. 
These limitations may be unavoidable due to equipment 
restrictions that ensure player safety from puck impacts.  

Conclusions 
Goaltender upper body equipment is likely to restrict arm 
mobility. Though not significant, the new legal (PROTO) 
equipment increased reach envelope compared to previous 
goaltender chest and arm models. These data suggest a positive 
performance modification.  

Acknowledgments 
This research was funded with a Mitacs Accelerate grant 
(IT09023), between Dalhousie University and CCM Hockey.   

References 
[1] McKnight CM., et al. (1992). J. Ath. Train., 27(4): 338. 
[2] Coca et al (2010). Appl Ergo. 41:636-641 
[3] Johnson H., et al. (2016). Occ. Ergo., 12(4): 179

  

Thursday, August 01 2019: Morning 3 (1145-1245) 188

Hockey/Skating



Thursday, August 01 2019: Morning 3 (1145-1245) 189

3.10 Walking - Elderly 3
1. Sandra Hundza: Novel Insights On The Relative Importance Of Clinical And Gait Measures For Detecting Fall Risk In

Community-Dwelling Older Adults

2. Hyeyoung Cho: Gaze Diversion In Obstacle Crossing: Effects Of Aging

3. Andreia Aires: Gait Kinetic Analysis In Older Adults After Stair Negotiation

4. Chuyi Cui: Gait Termination After Stepping Down A Curb: Effect Of Concurrent Cognitive Task

5. Emily Gerstle: Transition Step Mechanics: How Influential Are Age And Fall History?

Walking - Elderly 3



 

 

Novel insights on the relative importance of clinical and gait measures for detecting fall risk in community-dwelling older 

adults 
Sandra R. Hundza1, Drew Commandeur1, Jeremy Angus1. Stuart MacDonald2, Isaac Williams1, Marc Klimstra1 

1Exercise Science, University of Victoria, Victoria, BC, Canada 
2Department of Psychology, University of Victoria, Victoria, BC, Canada 

Email: shundza@uvic.ca  

 

Summary 

We sought to extend recent research that explored model-

based approaches for combining clinical and gait measures 

(e.g., mobility, balance, strength, postural sway, difference 

scores between dual- and-single-task gait conditions) to 

determine the most sensitive grouping for retrospectively 

classifying fallers from non-fallers. In the present study, the 

clinical assessment battery was augmented by incorporating 

more challenging balance items while removing clinical 

measures characterized by ceiling effects and restricted range. 

The current analysis yielded improved specificity, but slightly 

lower sensitivity. Notably, in both analyses, gait variables 

were central in identifying fall risk, with single- vs. dual-task 

difference scores of particular predictive importance. The 

differences observed between the best-fitting models across 

the two cohorts implies that modelling methods should 

accommodate and harness individual differences (e.g., 

machine learning techniques).     

Introduction 

Falling is the leading cause of fatal and non-fatal injuries 

among adults aged ≥65 years [1]. Researchers and clinicians 

seek to develop a clinical tool that accurately predicts fall-risk. 

We previously examined the predictivity of gait indicators and 

clinical measures of mobility, balance, strength, endurance 

and postural sway. Gait variables emerged as the most 

predictive of fall risk, with difference scores (DS) between 

dual- and single-task conditions of particular importance [2]. 

In contrast, the clinical measures were not predictive, and 

were characterized by ceiling effects and restricted range. In 

the present study, we sought to replicate and extend our initial 

research with an improved clinical assessment battery that 

included higher level balance items. The research focus was to 

develop a composite predictive model derived from all clinical 

and gait domains, and to directly compare the current and 

previous models vis-à-vis their ability to classify fall history.  

Methods 

Thirty-two older adults (>70yrs, 16 fallers, 16 non-fallers) 

completed a battery of 76 (45 gait, 26 clinical, 5 

physiological) measures. This revised battery included more 

challenging clinical measures of mobility, while retaining the 

gait (GaitRITE), postural sway and physiological measures. 

Within each domain, highly collinear and theoretically-

redundant measures were removed. Next, a Principal 

Component Analysis (PCA) identified those clinical and gait 

variables that accounted for the most unique variance using 

methods outlined in King and Jackson [3]. Finally, a backward 

stepwise logistic regression was performed on the reduced set 

of variables from the PCA to develop predictive equations. 

 

Results  

Results from the logistic regression model using the PCA-

reduced set of variables are displayed in Table 1 (see Results 

from PCA with Current Data). For comparison, the 

corresponding logistic regression findings from our previous 

work are also displayed in Table 1 (see Results from Previous 

Model and Data). The results of the logistic regression using 

the PCA-reduced set of variables from our previous model 

with the current data are displayed in the third section of Table 

1 (Results from Previous PCA with Current Data).   

  Sensitivity Specificity 
Total 

Model 

Results from PCA with 

Current Data  
81.3 75.0 78.0 

Variables: SWD, SWVD, S%CVD, CTSIB4, LFScooting (R) 

Results from Previous 

Model and Data 
92.3 66.7 82.9 

Variables: SLD, SWD, SWVD, STD, SVVD  

Results from Previous 

PCA with Current Data  
86.7 85.7 86.2 

Variables: SLD,  SWD, SWVD, STV, STD,S%CD,SVVD, CTSIB 5 

Table 1: Model Classifications for Fallers vs Non-fallers  

Discussion and Conclusions 

In both our previous and current analysis, the reduced PCA 

data set comprised similar gait and clinical postural sway 

variables. With the addition of the refined clinical measures, 

the current model yielded improved specificity with slightly 

reduced sensitivity. Notably, for both the previous and current 

models, gait indices (mean and variability, difference scores) 

were of particular importance for identifying fall risk. 

However, the inclusion of postural sway and balance variables 

in the current model underscores that classification accuracy 

for the current cohort is further improved with the clinical 

measures. Finally, logistic models based upon the current 

cohort employing PCA variables from our previous study 

resulted in improved overall model classification, with 

postural sway emerging as a salient classifying variable. The 

differences observed between the best-fitting models across 

the two cohorts implies that modelling methods should 

accommodate and harness individual differences (e.g., 

machine learning techniques).     
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Summary (150 words limit) 

When stepping over obstacles, diverted gaze may reduce the 

ability to gather visual information and impair performance. 

The study examined how diverted gaze affected young versus 

older adults. Participants completed two tasks (standing, 

stepping over an obstacle) with a simple reaction time (RT) task 

in two diverted gaze conditions (RT task on the obstacle, away 

from the obstacle). When gaze was diverted away from the 

obstacle, young adults placed the trail foot closer to the 

obstacle, demonstrating higher trip-risk. Conversely, older 

adults adopted more cautious strategies with longer reaction 

times and foot placement farther away from the obstacle to 

reduce the risk of trip. 

Introduction 

Although vision is a critical component when stepping over the 

obstacle [1], gaze is frequently diverted away from the gait task 

in daily life due to unexpected or intentional situations. 

Diverted gaze may affect the ability to gather visual information 

from the obstacle and thus may impair performance. 

Conversely, in a standing task that does not require obstacle 

information for success, diverted gaze from the obstacle should 

not affect performance. Since older adults have increased visual 

fixation on the obstacle compared to young adults [2], the effect 

of diverted gaze while walking for older adults may be more 

critical than young adults. The purpose of this study was to 

understand how diverted gaze affects young and older adults 

while obstacle crossing. 

 

 

Figure 1: Trail toe-obstacle horizontal distance of gait baseline, RT 

cue on the obstacle, and RT task cue away from the obstacle. Error bars 

represent standard error. Different letters indicate statistically 
significant differences. 

Methods 

Young adults (N=17, 20.9 ± 1.9 yrs.) and older adults (N=14, 

69.7 ± 5.4 yrs.) completed two tasks: 1) standing and 2) 

stepping over an obstacle on an 8 m walkway. The concurrent 

simple reaction time (RT) task was to press a button as soon as 

possible when a light cue was on. Gaze was diverted by placing 

the RT light cue on one of two locations: 1) on the obstacle or 

2) at eye level away from the obstacle. Baseline obstacle 

crossing without RT task was also measured. Twenty trials for 

each condition were block randomized (total 100 trials). Toe 

clearance for lead and trail limbs, trail limb toe to obstacle 

horizontal distance, lead limb heel to obstacle horizontal 

distance, and RT were measured. 

Results and Discussion 

An interaction of task by age was observed for RT (p=0.01). 

While the RT was not affected by task in young adults, the RT 

was longer when stepping over the obstacle than standing in 

older adults. A longer RT likely results from structural changes 

to the aging brain which impair the ability to multitask when 

walking [3]. No significant differences were observed in lead 

and trail toe clearance, and lead heel to obstacle horizontal 

distance. An interaction of age by walking condition was 

observed for horizontal trail toe obstacle distance (p=0.001) 

[Figure 1]. For young adults, foot placement was closer to the 

obstacle when gaze was diverted away from the obstacle, 

demonstrating higher risk of trip [4] when gaze was diverted 

away from the obstacle. Conversely, for older adults, foot 

placement was farther away from the obstacle when gaze was 

diverted to the obstacle, which likely reflects a more cautious 

strategy due to the concurrent task. We are continuing analyses 

on gait speed. 

Conclusions 

Diverted gaze affected performance in young and older adults. 

While young adults demonstrated increased risk of tripping 

with diverted gaze away from the obstacle, older adults adopted 

more cautious strategies with longer reaction times and foot 

placement farther away from the obstacle to decrease the risk 

of tripping.  
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Summary 

The aim of this study is to investigate how the gait kinetics of 
elderly change after stair negotiation. The Ground Reaction 
Force (GRF) during walking can be an important descriptor of 
human locomotion and can describe disturbance in gait. The 
GRF measurement of 33 female subjects (70.48±6.66 yrs) 
were recorded using 8 force plates to obtain the gait kinetics 
data, after three different situations: 1) Baseline Situation - no 
previous activity (BS), 2) Climbing Situation (CS) and 3) 
Descending situation (DS). Initial findings obtained show that 
there was no significant difference among the situations for 18 
parameters of GRF evaluated. Results showed that going up or 
down stairs in this population does not affect the main 
parameters of GRF during walking. 

Introduction 

Taking stairs is a complex but common task in daily living 
activities of old adults that can happen before or after physical 
activities, which would cause changes in motor control 
causing fatigue and loss of balance. Besides that, there is an 
ageing-induced physiological change such as declining 
strength, endurance, balance and cognitive decline that can 
adversely affect the activities of daily living, including the 
ability to negotiate stairs [1]. Several studies have been carried 
out to analyse the distribution of forces during the ascent or 
descent of stairs, as well as the comparison between them, 
however, there are no studies after performing these tasks 
while walking at ground level [2]. The purpose of this study 
was to evaluate the effects of the stair negotiation in GRF 
during gait in older adults. 

Methods 

Thirty-three female subjects (70.48 ± 6.66 yrs), able to walk 
without any assistance and physically active, took part of this 
study, which was approved by the local committee of ethics in 
research. The data collection was performed after 3 different 
situations: 1) Baseline Situation (BS): no previous activity, 2) 
after Climbing Situation (CS) and 3) after Descending 
situation (DS). All subjects were instructed to complete five 
gait trials at a self-selected pace in order to measure 2 
components of GRF (Fy – anterior-posterior and Fz - vertical), 
recorded with 8 force plates (BTS P6000, BTS 
Bioengineering, Italy) on a walkway of 6 m with sampling 
frequencies ranging from 200 Hz to 1000 Hz. 

Results and Discussion 

The 18 parameters used to compare the three situations were 
obtained from the Fy and Fz curve (Figure 1). No significant 
(p > 0.05) differences in measured parameters were observed 
between tested groups, suggesting that stair negotiation does 
not appear to significantly interfere with GRF during gait in 
the elderly.  

 
Figure 1: Vertical and Anterior-posterior (GRF) profiles, normalized 
by body weight during the stance phase. (a) Fz (vertical): F1=loading 
response peak; t1=time to F1; F2=terminal stance peak; t2=time to 
F3; F3=midstance valley; t3=time to F2; tc=duration of stance phase; 
I1= Impulse of load response and midstance; I2= Impulse of terminal 
stance and preswing; I3= total impulse of the vertical GRF. (b) Fy 
(anterior-posterior): F4=braking peak; t4=time to F4; F5=propulsive 
peak; t5= duration of braking phase; t6=time to F5; t7=time of 
propulsive phase; I4=Braking Impulse; I5=Propulsive Impulse. 

A limited number of studies have examined the effect of stair 
negotiation on walking. To our knowledge this is the first 
study to evaluate how gait kinetics is affected after climbing 
or descending stairs by older adults. One of the reasons for 
non-modification of GRF may be due to the level of physical 
activity of the study participants, since in negotiating stairs, 
low foot clearance increases the risk of tripping and fall and 
foot clearance may be related to physical fitness, which differs 
between active and sedentary participants [3]. In this same 
study the authors found that even though sedentary older 
adults negotiate stairs in a slightly different way than active 
older adults, 30 min of walking at preferred speed does not 
affect clearance in stair negotiation. 

Conclusions  

Identify risk situations through biomechanical responses to 
everyday situations, such as climbing stairs, becomes 
fundamental for maintaining quality of life and guarantee 
independence in aging. This study proposed gait analysis after 
stair negotiation in order to find out if climbing or descending 
stairs could change gait kinetics of elderly people. Results 
showed that going up or down stairs in this population does 
not affect the main parameters of GRF during walking. 
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Summary 

This study examined the effect of a concurrent cognitive task 
on gait termination in older adults. Nine older adults walked and 
stepped down a curb, and stopped immediately after stepping 
down if a light stimulus was activated. Trials were performed 
with and without a concurrent cognitive task. We found that 
older adults walked slower while engaging in the cognitive task 
and took longer to terminate their gait. This may indicate that 
the additional cognitive demand of the concurrent task impaired 
the ability of older adults to make quick postural changes.  

Introduction 
Negotiating stairs or steps is a common cause of falls and 
injuries among older adults [1]. The likelihood of falling 
increases when older people are required to quickly generate a 
postural reaction, such as to stop rapidly [2]. Furthermore, older 
adults have reduced attentional capacity [3], and common tasks 
require a greater portion of the attentional resources. If a motor 
task is accompanied by a cognitive task, the attentional 
resources are taxed even more. For example, stepping down a 
curb and stopping is a challenging task that requires cognitive 
resources, and this behavior may be affected by a concurrent 
cognitive task. Therefore, we investigate the effect of a 
concurrent cognitive dual task on gait termination in response 
to an external stimulus among older adults.  

Methods 
Nine older adults (72.8±7.2 years, six females) walked and 
descended a 15-cm curb in an 8 m walkway. When a light 
stimulus was activated, subjects stopped as quickly as possible 
after stepping down with two feet aligned. The light stimulus 
was activated at the last foot placement before stepping off the 
curb in 50% of trials to reduce anticipation. For the cognitive 
dual task, subjects listened to a number sequence and count how 
many times one given number was repeated.  

Five trials of each condition (without vs. with the cognitive 
task) were performed in fully randomized order. Ten catch trials 
with no gait termination were included to avoid anticipation (5 
trials with cognitive task). 

Center of mass (COM) velocity in anterior-posterior (AP) and 
vertical direction were measured when COM was directly 
above the curb edge. Maximum weight-normalized ground 
reaction force (GRF) in the AP and vertical directions after 
lead-foot contact with the ground force plate were isolated. 
Time to termination was identified as the time for COM AP 
velocity to drop below two standard deviation of the COM 
velocity in last 2-second window of that particular trial. Paired 
t-tests were conducted on the measured output variables on the 
effect of cognitive dual task. 

Results and Discussion 

 
Paired t-tests showed AP COM velocity at the time of curb 
crossing was 0.07 m/s (7%) slower for the dual task condition 
(Fig.1, t8=3.53, p=0.01) compared to the single task, with 
vertical COM velocity unchanged. The magnitude of maximum 
vertical and AP GRF (i.e. braking force) decreased by 5% 
(t8=5.72, p<0.01) and 7% (t8=-2.75, p=0.02) for the dual task 
condition, respectively. Time to termination increased 0.2 s 
(19%) for the dual task condition (t8=-3.21, p=0.01). 

Smaller COM AP velocity while completing the cognitive task 
suggests that subjects adopted a cautious strategy. Slower 
movement will be easier and quicker to terminate, provided that 
the braking forces are similar. However, smaller braking forces 
led to longer termination times in the dual task condition. Since 
the instruction was to terminate gait as soon as possible, this 
result implies that the concurrent cognitive task impaired the 
required motor behavior.  

Conclusions 
Despite the slower walking speed, older adults took longer to 
terminate gait while stepping down from a curb and engaging 
in a concurrent cognitive task. We conclude that the concurrent 
cognitive task impaired motor performance in older adults. 
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Figure 1: COM velocity at curb crossing, maximum weight 
normalized GRFs after foot-ground contact, time to termination for 
single and dual task conditions. Error bar indicates 95% confidence 
interval. Asterisks indicate significant difference between single and 

dual task conditions at 𝛼 =0.05. 
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Summary 
The purpose of this study was to investigate bilateral lower 
extremity (hip, knee, ankle) and distal lead foot kinematics 
during transition step negotiation in young women (YA) and 
older women with (OFH) and without (ONF) a fall history. 
Participants in the YA (n=6), OFH (n=4), and ONF (n=3) 
groups completed 5 trials in which they walked barefoot along 
a raised walkway for 3 m, descended a 17.3 cm step and 
continued walking 3 m. There were no significant differences 
in minimum step clearance between the groups. Further, 
neither the lower extremity positions at step clearance nor the 
distal foot kinematics during weight acceptance differed 
between the groups. 

Introduction 
One of the most hazardous types of locomotion for older 
adults is step negotiation [1], with women falling more often 
than men [2]. Although continuous step mechanics have been 
studied, the transition step, where 30% of falls occur, has not 
been adequately examined. Therefore, the purpose of this 
study was to examine lower extremity (hip, knee, ankle, distal 
foot) kinematics during transition step descent across young 
women (YA), older women with (OFH) and without (ONF) a 
fall history. 

Methods 
Thirteen participants completed the study (Table 1). Lower 
extremity motion data was captured using a 14-camera system 
(Motion Analysis Inc., Santa Rosa, CA) at 200 Hz. Retro-
reflective markers were affixed to the right (lead) foot 
(calcaneus, cuboid, navicular, medial metatarsals, lateral 
metatarsals, hallux), the left (trail) foot (calcaneus, 1st and 5th 
metatarsals, hallux), the pelvis, and bilaterally to the legs and 
thighs. Participants walked barefoot on a raised walkway for 3 
m, descended a 17.3 cm step onto a force plate (AMTI, 
Watertown, MA) and continued walking 3 m. The OFH group 
walked their preferred speed, the ONF and YA groups 
matched (±10%) the OFH speed.  
Step clearance variables of interest were the lead and trail limb 
minimum vertical step clearance and horizontal displacement 
from the step edge. Lower extremity variables of interest were 
lead and trail limb (hip, knee, ankle) joint angles at the 
minimum clearances and lead limb distal foot (rearfoot, 
medial & lateral midfoot, medial & lateral forefoot) initial 

contact position and weight acceptance range of motion 
(ROM). Between group differences were tested via ANOVAs 
(step clearance variables) and MANOVAs (joint angles, 
ROM). 

Results and Discussion 
Table 1. Mean (SD) group descriptive data 
Group n Age (y) Height (m) Mass (kg) Speed (m/s) 
YA 6 21.2 (1)  1.63 (0.07) 71.6 (14.7) 0.81 (0.04) 
OFH 4 74.5 (1) 1.63 (0.07) 82.1 (17.3) 0.82 (0.1) 
ONF 3 72.7 (2) 1.65 (0.05) 80.5 (4.6) 0.76 (0.03) 

 
There were no significant differences between the groups for 
any variables assessed. The vertical step clearance results are 
inconsistent with previous studies that reported decreased [3] 
and increased [4] clearance in older versus young adults 
(Table 2). The results are also inconsistent with previous 
studies that reported smaller step edge horizontal displacement 
and increased lead limb ankle plantar flexion at initial contact 
in older versus young adults [3]. Factors related to the 
differences between the current and previous studies may have 
included small sample size, the step heights, gait speed (fixed, 
preferred), and/or footwear condition (barefoot, shod). There 
are no previous studies with which the distal foot mechanics 
during transition step negotiation can be compared.  

Conclusions 

There were no significant step clearance differences between 
young women, older women with a history of falling and older 
women with no fall history during transition step negotiation. 
Further, neither the lower extremity positions at step clearance 
nor the distal foot kinematics during weight acceptance 
differed between the groups. It is unclear if the similar 
kinematics between the groups are accomplished via differing 
neuromuscular strategies. 
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Table 2: Mean (SD) vertical clearance height (cm) and sagittal plane joint angles (°) during step clearance. 
   Lead limb joint angles Trail limb joint angles 

 Group Clearance Ankle Knee Hip Ankle Knee Hip 

Lead foot 
clearance 

YA 1.76 (0.67) 4.37 (5.8) 46.2 (12.2) 28.2 (8.4) 15.6 (4.6) 35.8 (2.0) 12.5 (10.6) 
ONF 1.96 (0.52) 11.1 (3.3) 58.6 (13.8) 53.3 (17.7) 17.8 (1.97) 34.8 (7.4) 32.2 (23.1) 
OFH 1.91 (0.51) 6.3 (5.7) 44.7 (10.6) 41.2 (12.5) 13.8 (4.6) 34.3 (7.3) 24.7 (11.2) 

Trail foot 
clearance 

YA 2.63 (0.98) 10.1 (8.0) 32.2 (5.4) 16.5 (7.1) 11.3 (7.0) 92.4 (5.1) 12.7 (11.8) 
ONF 1.92 (1.8) 12.3 (1.2) 35.6 (4.0) 34.8 (16.0) 20.2 (3.3) 94.6 (12.2) 34.3 (28.5) 
OFH 2.46 (1.1) 12.9 (2.6) 29.4 (6.5) 26.7 (10.2) 13.9 (2.9) 92.0 (1.0) 26.9 (13.2) 
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Summary 

Forward propulsion, a key contributor to walking speed and 

walking adaptability, is mainly generated by the ankle 

plantarflexors. Our prior research showed that walking with 

a solid AFO hindered forward propulsion generation and 

overall mobility in healthy adults. However, this has not 

been examined post-stroke. Thus, here we examined the 

influence of a commonly prescribed articulated AFO on the 

generation of forward propulsion, walking speed and overall 

mobility during common walking adaptability tasks in nine 

individuals post-stroke. Walking with the AFO did not have 

a significant impact on forward propulsion generation during 

any of the walking tasks, likely due to the articulated AFO 

allowing for ankle movement and output. While walking 

speed and overall mobility did not change with an AFO, both 

measures were strongly correlated with forward propulsion 

generated by the paretic leg. These findings highlight the 

importance of the AFO design selection for optimal mobility 

outcome. 

Introduction 

Forward propulsion is a key sub-task of walking that 

contributes to walking speed and is essential for walking 

adaptability in the community. The plantarflexors, which are 

often impaired post-stroke, play a critical role in the 

generation of forward propulsion [1]. Ankle-foot orthoses 

(AFOs) are commonly prescribed to assist individuals post-

stroke with foot clearance during swing. However, AFOs 

may limit ankle function and plantarflexors output and have 

adverse consequences on mobility. Previous work has shown 

that walking with a rigid AFO resulted in reduced generation 

of forward propulsion in healthy adults [2]. However, the 

influence of AFOs on the generation of forward propulsion 

and walking speed in individuals post-stroke is still unclear. 

The purpose of this study was to assess the influence of a 

commonly prescribed articulated AFO on forward 

propulsion, walking speed and overall mobility during 

common walking adaptability tasks post-stroke. We 

hypothesized that walking with an AFO would decrease 

(increase) the generation of forward propulsion in the paretic 

(nonparetic) leg and hinder the overall mobility. 

Methods 

Nine individuals with post-stroke hemiparesis (4 left 

hemiparesis; age: 53.7 ± 11.3 years; 3 female) were assessed 

while walking with and without their prescribed AFO. All 

participants used their AFOs during community ambulation 

and walked without it at least 50% of the time at home. 

Three-dimensional GRFs were collected at 2000 Hz during 

self-selected (SS), fastest-comfortable (FC) and long step 

(LS) walking tasks. Forward propulsion was calculated as 

the time integral of the anterior GRFs during late stance from 

both paretic and nonparetic legs and normalized by body 

weight. In addition, 10MWT and TUG were recorded with 

and without the AFO to assess walking speed and mobility, 

respectively. Significant differences between the AFO and 

NoAFO conditions were assessed using a paired t-test. 

Relationships between forward propulsion and walking 

speed and mobility were assessed using Pearson’s 

correlation. 

Results and Discussion 

There were no significant differences in the generation of 

forward propulsion (p > 0.05) when walking with and 

without an AFO (Figure 1). This observation was true during 

all walking tasks and in both the paretic and nonparetic legs. 

Thus, our hypothesis was not supported. These findings are 

in contrast to those from healthy adults walking with a solid 

AFO [2], likely due to the articulated AFOs providing more 

flexibility for ankle movement and output.  

There were no significant differences (p = 0.09) in walking 

speed with (0.79±0.39m/s) and without (0.71±0.44m/s) an 

AFO. In addition, there were no significant differences (p = 

0.11) in the assessment of mobility between the AFO 

(23.18±14.27s) and NoAFO (28.01±19.06s) conditions. 

However, forward propulsion generated by the paretic leg 

during SS walking was strongly correlated with both the 

10MWT (r = -0.87, p = 0.001) and TUG (r = -0.84, p = 

0.003) measures. These relationships further highlight the 

importance of forward propulsion generated by the paretic 

leg to walking speed and overall mobility. Thus, the 

selection of the AFO design should be carefully considered 

for optimal mobility outcome. 
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Figure 1: Propulsive impulses during AFO and NoAFO conditions. 

Conclusions 

Walking with an articulated AFO did not influence the 

generation of forward propulsion post-stroke, likely due to 

the flexibility provided by the AFO, which allows for ankle 

movement and output. Further, forward propulsion generated 

by the paretic leg was strongly associated with walking 

speed and overall mobility, highlighting the importance of 

AFO design allowing for appropriate ankle output to provide 

optimal mobility outcomes. 
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Summary 
This study provides a case series of five children with CP, 
examining the effect of tuned and non-tuned AFO-footwear 
combinations (AFO-FCs) on their gait. Walking with a tuned 
AFO-FC was found to produce improvements in several key 
gait parameters. However, the type of gait pattern 
demonstrated by the participant affected the outcome of tuning 
on their gait. Currently it is not known which gait pathologies 
are most effectively improved with AFO-FC tuning. 

Introduction 
Literature is equivocal on the effect of AFOs on the gait of 
children with CP [1].  AFO-FC tuning is defined as the 
process whereby fine adjustments are made to the design of 
the AFO-FC to optimise its performance.  It involves 
manipulation of the shank to vertical angle by altering the heel 
sole differential via the addition of wedges to the footwear. 
The majority of AFOs are not subject to AFO-FC tuning. 
Limited studies have investigated the effect of AFO-FC tuning 
on gait, and there is a lack of quantitative data. This study 
aims to compare the effects of tuned versus non-tuned AFO-
FCs on the gait of children with CP. 

Methods 
Five children (7-11 years; 2 female and 3 male) with CP (one 
hemiplegic and four diplegic participants, with a Gross Motor 
Functional Classification System of 2) walked at their self-
selected speed under three conditions: 1) barefoot, 2) non-
tuned AFO-FC and 3) tuned AFO-FC. Reflective markers 
were placed on anatomical landmarks of the participant, for 
use with the Plug-in-Gait Model. Data was recorded using two 
force plates (AMTI, USA), an 18-camera optoelectronic 
motion analysis system (Vicon, OMG, U.K), and timing gates 
(Brower Timing Systems, USA). Data was exported to Visual 
3D software (C-motion, USA) for analysis. 

Results and Discussion 

All the participants improved their hip flexion and extension 
to within normal limits when wearing a tuned AFO-FC (Table 
1). In the non-tuned condition only participants four and five 
improved their hip flexion and participants one and three 
improved their hip extension, to within normal limits.  All 
participants improved their anterior pelvic tilt to within normal 
limits in the tuned condition, with four out of five participants 
also improving in the non-tuned condition.  Posterior pelvic 
tilt was improved to within normal limits in the tuned 
condition in three out of the five participants, with no 
participants showing an improvement to normal values in the 
non-tuned condition. An increase in knee flexion during 
stance, outside the normal range, was seen in both non-tuned 
and tuned conditions, with only participant one being within 
normal values, in both conditions. Jagadamma et al [2] found 
similar results and hypothesised that the participants were 
using increased knee flexion to achieve an initial contact with 
a flatter foot when compared with barefoot where the ankle 
was mostly plantarflexed during initial contact.  

Conclusions 
This research is the first to provide a case-series analysis of 
the effects of AFO-FC tuning on the of gait in children with 
CP. Results indicate that tuning AFO-FCs can potentially 
improve gait in children with CP. However, not all 
participants responded in the same way and therefore it is not 
fully understood which gait pathologies are most effectively 
improved with tuning. It is clear from the results that accurate 
alignment of the lower limbs when issuing an AFO is an 
essential aspect of AFO treatment and prescription. 
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Table 1: Gait kinematics for participants 1 and 2 for barefoot, non-tuned AFO-FC and tuned AFO-FC conditions (Mean (SD)). 

 Barefoot Mean Non-Tuned AFO-FC Tuned AFO-FC 
Participant 1 2 1 2 1 2 
Peak posterior pelvic tilt (°) 5.11 (1.02) 19.9 (0.61) 5.2 (0.91) 19.97 (0.44) 7.79 (0.92) 5.04 (0.63) 
Peak hip flexion (°) 40.4 (1.4) 51.09 (-0.64) 41.3 (3.42) 54.13 (-0.9) 40.2 (1.72) 40.29 (-1.69) 
Peak hip extension (°) -15 (-1.9) 20.3 (-2.43) -13.8 (-3.83) 15.7 (-6.4) -10.6 (-1.94) -3.3 (-4.9) 
Peak knee extension (°) -3.8 (0.9) 15.87 (0.43) -6.1 (1.55) 18.32 (0.77) 0.5 (2.1) 18.17 (1.65) 
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Summary 

The Intrepid Dynamic Exoskeletal Orthosis (IDEO) is a 

custom-made carbon fiber orthosis, typically prescribed to 

patients who experience pain or deficits in strength and range 

of motion in the foot or ankle joints. The use of the IDEO 

results in differences in work and power outputs, and work-

ratios of the affected limb in the structures below the knee.  

Introduction 

Patients who receive an IDEO typically go through a high-

level training program, Return to Run (RtR), with the 

objectives of building strength and mobility, and learning how 

to properly utilize the characteristically stiff brace. A major 

benefit of the device is patient reported reductions in pain, 

allowing for participation in higher level training. Further, this 

potentially leads to gains in functional capacity of the affected 

limb when not in the device. The purpose of this study was to 

determine the immediate, pre-RtR, differences in measures of 

work, power, and work-ratios in shod versus IDEO conditions 

using a unified deformable (UD) segment model analysis [1].  

Methods 

Eight male participants (height 1.76±0.06 m, mass 91.6±0.05 

kg) who use the IDEO exclusively for high level activities 

were identified through a retrospective analysis of a clinical 

registry at NMCSD. All subjects walked at a self-selected 

speed for shod (SSS) and IDEO conditions. Walking speed 

was normalized to height and reported in statures per second.  

The IDEO spans the knee, ankle and foot joints, and therefore 

typical rigid body assumptions cannot be applied. A UD 

segment analysis method was utilized for calculations of work, 

power, and work-ratios of the structures below the knee [1]. 

Comparisons were made using paired samples t-tests with a 

confidence interval of p < 0.05. 

Results and Discussion 

Walking speed was similar between conditions (P = 0.10), and 

was observed at 0.74±0.08 and 0.76±0.07 statures/s, for SSS 

and IDEO conditions, respectively. There were no differences 

between the SSS and IDEO conditions in the unaffected limb 

for all examined variables (P > 0.05), and thus all following 

comparisons refer to differences in the affected limb.  

During SSS walking, subjects performed 36% greater net 

work during stance (P = 0.005). This difference can be 

attributed to the 38% greater absolute positive work done, 

specifically during late stance, in the SSS condition (P = 

0.031). Interestingly, peak negative power was greater in the 

SSS condition (P = 0.005), while absolute negative work done 

was similar between conditions (P = 0.652, Figure 1). This 

suggests that the IDEO alters the energy absorption strategy of 

the structures below the knee during early stance, by absorbing 

a lower magnitude of force over a longer period of time.  

 

Figure 1: Averaged stance phase UD power (W/kg) for all subjects 

(n=8). SSS (solid, ) and IDEO (dashed, ). 

In the affected limb, the average work-ratio was 0.57 during 

SSS, and 0.35 in the IDEO condition. This 39% decrease in 

work-ratio (P = 0.009) in the IDEO condition may be due to a 

decrease in elastic energy storage in the spring-like structures 

of the lower leg. The IDEO has been observed to decrease 

loading on the distal foot [2], which alternatively loads and 

stores energy in the IDEO. The IDEO effectively offloads the 

forefoot and decreases peak powers required by below knee 

structures during walking, while acting as a less efficient 

spring than the shod foot. 

Conclusions 

The use of an IDEO decreases the peak positive and peak 

negative power demands during overground walking. 

Decreases in the work-ratio observed during the IDEO 

condition are likely attributable to its high stiffness and 

structural inhibition of energy absorption and force generation 

patterns typically observed during SSS walking. The reduction 

in pain and increased capacity to perform high level tasks are 

likely related to the high level of device stiffness. Future work 

focused on optimizing the mechanical energy profile of the 

IDEO while still providing pain relief to complete RtR 

programming merits investigation. 
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Summary 

Our findings support a relationship between Soleus muscle 

activation and ankle motion. Maximal orthotic constraint of 

ankle motion elicits modest immediate decrease, then gradual 

decline in ipsilateral Soleus, whereas contralateral Soleus 

elicits modest immediate increase, then gradual decline. 

Introduction 

Ankle foot orthoses (AFOs) are commonly used for 

biomechanical motion control in treating gait disorders due to 

neuromuscular pathologies [1]. Surprisingly, there is little 

knowledge of the relationship between orthotic constraint of 

motion and neuromuscular adaptation. Therefore, the purpose 

of this investigation was to examine a relationship between 

constraint of motion and motor output, in that use of an AFO 

maximizing constraint will minimize muscle activation.  

To test this relationship, we quantified ankle motion and force 

in the sagittal plane, and muscle EMG of subjects’ ipsilateral 

and contralateral Soleus muscles, during use of a novel AFO. 

Unlike similar studies that sample for brief intervals, we 

collected a notably larger data pool to characterize a pattern of 

motor output. We predicted that the AFO in ankle STOP 

condition will decrease ipsilateral ankle motion and EMG 

output of ipsilateral Soleus, compared to AFO in ankle FREE 

and CONTROL (no AFO) conditions during walking. 

Methods 

Subjects: Fourteen healthy subjects (8 females, 6 males, age 

21.04 ± 0.89 yrs, height 171.19 ± 4.11 cm, mass 65.74± 4.72 

kg) gave written informed consent to participate in a protocol 

approved by the Georgia Tech Institutional Review Board.  

Apparatus: 3-D gait lab using six high speed cameras (Vicon, 

120 Hz), 16 reflective markers attached to subjects’ legs, and 

custom dual belt treadmill with imbedded force plates (AMTI, 

1080 Hz) to collect joint motion and force; and wireless EMG 

(Noraxon, 1500 Hz) with bipolar surface electrodes to collect 

activity of ipsilateral and contralateral Soleus muscles. 

Procedures: Each subject treadmill-walked at preferred speed 

(1.34±0.09 m·s-1) for 15 minutes, in three conditions, with 

continuous sampling of EMG. Conditions were: CONTROL 

(bilateral footwear combination [FC], no AFO), FREE (use of 

contralateral footwear with ipsilateral AFO-FC in no 

constraint condition) and STOP (use of contralateral footwear 

with ipsilateral AFO-FC in maximal constraint).  

Data Analysis: All motion and force data, and all EMG data 

were synchronized, filtered and time normalized to 100% of 

the gait cycle. Mean ground reaction force, moments, and 

angles, for STOP and FREE, and 95% confidence interval for 

CONTROL were calculated (Figure 1). Mean ankle range of 

motion (ROM) in each condition was analyzed using repeated 

measures ANOVA with Bonferonni post-hoc comparison. 

Raw EMG data were band pass filtered, integrated, and mean 

integrated EMG (iEMG) was calculated for each seven-gait 

cycle interval (Figure 2).   

Results and Discussion 

The AFO elicited a substantial decrease in ipsilateral ankle 

ROM, to within 3.7±2.1° in STOP, compared to 27.7±4.2° in 

CONTROL (p=0.000), and 24.2±3.6° in FREE (p=0.091). 

There were no differences in ipsilateral ankle moments 

(p>0.05) and no difference in ankle motion and moments in 

the three conditions on contralateral leg (p>0.05). 

Figure 1: Ankle angle and moment data, ipsilateral and contralateral. 

Mean iEMG each 7 GC, ipsilateral = • • •, contralateral = o o o

Horizontal line = aggregate mean normalized iEMG of ipsi- and 

contralateral Soleus in CONTROL for 15-minute walking period

Figure 2: Soleus muscle activation data, ipsilateral and contralateral. 

Conclusions 

Subjects’ iEMG outputs revealed significantly different 

patterns of activation between ipsilateral and contralateral 

legs. Walking in STOP elicited an immediate decrease and 

continued gradual decline in the ipsilateral Soleus. Activation 

of the contralateral Soleus immediately increased, followed by 

a gradual return to baseline. FREE condition elicited early 

gradual decline in Soleus activation in the ipsilateral leg, 

followed by late return to baseline, and immediate increase in 

contralateral leg followed by return to baseline. Ipsilateral and 

contralateral Soleus muscle activation in CONTROL exhibited 

immediate increase and gradual return to baseline. 
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Summary 

The IDEO brace improves function in limb salvage patients, 

yet the isolated power contribution by the brace has not been 

explored. Using two sets of tracking markers, it was found that 

the IDEO performed greater negative and positive work than 

the lower leg system. This is likely a result of the proximal 

cuff of the brace not being perfectly fixed to the lower leg. 

Introduction 

The Intrepid Dynamic Exoskeletal Orthosis (IDEO) is a 

passive-dynamic ankle-foot orthosis developed to help limb 

salvage patients return to high level activities with reduced 

pain levels and increased function [1]. Because the device was 

not designed as an unloading-type brace [2], the proximal cuff 

is not perfectly fixed to the lower leg during movement, which 

may create a disparity between the mechanical work done by 

the brace and the work done by the leg. The purpose of this 

study was to compare the work done by the IDEO to the total 

work of the below-knee system by using two sets of tracking 

markers on the shank and cuff. 

Methods 

Participants were identified through a retrospective search of 

our clinical registry. To be included, participants must have 

completed a clinical gait analysis using the IDEO, walked at a 

leg length-controlled speed, and used a 6 DoF marker set, 

including retro-reflective marker clusters placed directly on 

the shank and the cuff of the brace. Fourteen participants (34.1 

± 8.6 yrs, 91.5 ± 14.0 kg, 1.78 ± 0.1 m) met inclusion criteria. 

For analysis, two models with different shank segments were 

created – one using the shank cluster to represent net power 

below the knee, the other using the cuff cluster to isolate the 

IDEO’s contribution to the net power. Power was calculated 

using a unified deformable (UD) segment analysis [3]. Total 

negative and positive work and peak powers were submitted to 

a paired-samples t-test to test the main effect of cluster 

location. Alpha was set to p < 0.05. 

Results and Discussion 

The cuff cluster revealed greater negative (P<0.001) and 

positive (P=0.002) work, and peak positive power (P<0.001) 

compared to the shank cluster, while no differences were seen 

in peak negative power (P=0.648) (Table 1). The greater 

negative work observed by the cuff cluster occurred despite a 

smaller negative power peak at heel strike (Figure 1). During 

heel strike, the heel pad deforms, causing a distal translation 

of the shank relative to the fixed cuff cluster, leading to 

greater negative work observed by the shank. However, 

throughout midstance, the cuff exhibits a more negative power 

profile, leading to greater negative work. While the cause of 

this discrepancy is unclear, it is possible that the shank pushes 

against the cuff as it rotates over the ankle, causing the cuff to 

bend and shift distally. This results in greater energy storage 

by the brace, and a greater return at terminal stance, evidenced 

by the larger positive work and peak power compared to the 

shank cluster. Participants may only use the amount of energy 

needed to maintain locomotion, leaving the excess positive 

and negative work observed from the cuff cluster unused. 

 

Figure 1: UD power using the cuff and shank clusters. 

Conclusions 

The use of different tracking markers showed that the IDEO 

stored and returned more energy than used by the lower leg 

system. Future research should seek to further understand the 

nature of this relationship and consider these differences when 

analyzing mechanical effects of ankle-foot orthoses.  
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Table 1: Mean (SD) work and power exhibited with each cluster. 

 Negative Work (J/kg) Positive Work (J/kg)a Negative Power (W/kg)a Positive Power (W/kg)a 

Cuff -0.25 (0.05) 0.08 (0.02) -1.29 (0.14) 1.22 (0.36) 

Shank -0.21 (0.06) 0.07 (0.02) -1.26 (0.32) 1.05 (0.28) 
a Denotes a statistically significant effect of cluster placement 
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Summary 
Adults with obesity are at greater risk for knee osteoarthritis 
(KOA). Greater quadriceps function, but not knee flexion 
during gait, was associated with a larger medial to lateral 
femoral cartilage thickness ratio and a lower femoral cartilage 
echo-intensity. Adverse femoral cartilage outcomes that are 
linked to quadriceps weakness may not be influenced by knee 
flexion during self-selected speed gait in adults with obesity. 
Introduction 
Adults with obesity are at greater risk for KOA, which is 
partially due to alterations in neuromuscular function and gait 
biomechanics. Adults with obesity have knee extensor 
weakness and utilize quadriceps avoidance gait strategies, such 
as reduced knee flexion angles and external moments [1]. 
Quadriceps weakness is linked to deleterious changes in 
cartilage composition and structure in patients with KOA [2], 
but the association between quadriceps function and cartilage 
characteristics in adults with obesity is unclear. Ultrasound 
imaging can be used to measure femoral cartilage thickness and 
echo-intensity (EI). EI is representative of water content within 
articular cartilage, and water content influences the ability of 
cartilage to attenuate shock [3]. The purpose of this study was 
to evaluate the association between quadriceps function (peak 
torque (PT) and rate of torque development (RTD)) and 
quadriceps avoidance gait strategies (knee flexion angle (KFA), 
internal knee extensor moment (KEM), and sagittal plane knee 
joint stiffness (KJS)), and femoral cartilage characteristics 
(thickness, medial to lateral thickness ratio (MLR), and echo 
intensity (EI)) in young adults with obesity. We hypothesized 
that greater PT, RTD, KFA, KFM and KJS would be associated 
with greater thickness and MLR, but lower EI.  

Methods 
48 young adults with obesity participated in this study (24 male 
and 24 female; Age=22.9 (3.5) years; BMI=33.1 kg/m2 (4.1); 
Body Fat=37.9 (7.2) %). Body composition was assessed using 
air displacement plethysmography. Ultrasound imaging was 
used to measure medial femoral cartilage thickness, EI, and 
MLR. Quadriceps PT and RTD of the dominant limb were 
evaluated using 3 trials of a maximal voluntary isometric knee 
extension, and the trial with the highest PT was used for 
analysis. PT was defined as the highest torque value, and RTD 
was defined as the linear slope of the torque signal during the 
first 50ms following contraction onset (>3SD of the resting 
signal). 3-dimensional gait biomechanics were assessed as 
participants walked across 2 force plates along a 10m runway 
in laboratory standard footwear. 5 trials at a self-selected speed 
were completed and speed was maintained at ±5% using timing 
gates placed 2m around the force plates. Marker trajectories and 
force plate data were sampled at 2400Hz and 2400HZ, 

respectively, and data were exported to Visual 3D for model 
construction and analysis. Peak KFA and KEM were extracted 
from the first 50% of the stance phase. KJS was defined as the 
slope of a linear regression line fit to the data points of KEM 
(y-axis) and KFA (x-axis) from peak internal knee flexion 
moment to peak KEM (i.e. weight acceptance phase of gait). 
Average values from the dominant limb of 5 gait trials were 
used for statistical analysis. The associations between 
quadriceps function (PT and RTD) and gait variables (KFA, 
KEM, KJS), and cartilage characteristics (thickness, EI, MLR) 
were assessed using separate stepwise linear regression models 
(DR2, a=0.05). Models for quadriceps function included sex 
and lean mass (kg) as co-variates, and models for gait 
biomechanics also included speed (m/s) as a co-variate. Co-
variates were entered first followed by the variable of interest.  
Results and Discussion 
Greater quadriceps RTD was associated with lower femoral 
cartilage EI (b=-0.002, DR2=0.07, p=0.04) and greater MLR 
(b=0.00007, DR2=0.08, p=0.04), but not thickness (DR2=0.06, 
p=0.09). Greater quadriceps PT was associated with greater 
femoral cartilage MLR (b=0.001, DR2=0.07, p=0.05) but not 
with thickness or EI (all p>0.05). KJS, KEM, and KFA were 
not associated with any femoral cartilage variable (all p>0.05).  

Greater quadriceps PT and RTD were associated with greater 
MLR, and RTD was also associated with lower femoral 
cartilage EI (i.e. higher water content). KFA, KEM, and KJS 
were not associated with any cartilage outcome. Deleterious 
cartilage adaptations that are linked to quadriceps weakness 
may not be influenced by knee flexion during gait. It is unclear 
if knee flexion during other tasks that have greater physical 
demands (e.g. fast gait or stair ascent/descent) are associated 
with cartilage outcomes in adults with obesity. Conversely, a 
larger external knee adduction moment during gait is associated 
with cartilage thinning in patients with knee OA and obesity [4].  

Conclusions 
Greater quadriceps PT and RTD, but not knee flexion during 
self-selected speed walking, were associated with femoral 
cartilage characteristics in young adults with obesity.  
Acknowledgments 
This study was supported by the 2017 CSU Junior Faculty 
Intramural Grant Program (PI: Pamukoff). 
References 
[1]   Vakula M.N. et al. (2019). MSSE, Ahead-of-print. 
[2]   Amin S. et al. (2009) Arthritis Rheum;60: 189-98. 
[3]   Harkey M.S. et al. (2018). Ultrasound Med Biol; 44: 311-

320. 
[4]   Brisson N.M. et al. (2017). J Orthop Res; 35: 2476-2483. 

Thursday, August 01 2019: Afternoon (1500-1600) 203

Knee Cartilage & Osteoarthritis



 

 

Changes in serum cartilage biomarkers in relation to knee joint loading mechanics during moderate running exercise 
 

Maren Dreiner1, Steffen Willwacher1, Frank Zaucke², Anna-Maria Liphardt1, ³, Helen Dietmar1, Tobias Munk1, Anja Niehoff1, 4 

1Institute of Biomechanics and Orthopaedics, German Sport University Cologne, Cologne, Germany 
2Dr. Rolf M. Schwiete Research Unit for Osteoarthritis, Orthopaedic University Hospital Friedrichsheim, Frankfurt/Main, Germany 

3Department of Internal Medicine 3, Friedrich-Alexander-University Erlangen-Nuremberg, Internal Medicine 3 – Rheumatology and Immunology, 
University Hospitel Erlangen, Erlangen, Germany 

4Cologne Center for Musculoskeletal Biomechanics (CCMB), Medical Faculty, University of Cologne, Cologne, Germany 
Email: m.dreiner@dshs-koeln.de 

Summary 

The purpose of the study was to investigate the effect of 
mechanical loading on serum biomarker concentrations of 
articular cartilage in relation to knee joint mechanics. 
Thirty minutes of moderate running exercise caused an 
increase in all analyzed serum biomarker concentrations. 
However, no direct correlation between knee joint mechanics 
and biomarker concentration could be detected.  

Introduction 

Dynamic compression of the knee joint is essential for 
articular cartilage homeostasis. An indirect measure of 
cartilage metabolism is provided by concentrations of tissue 
specific serum biomarkers. Increased concentrations of such 
biomarkers may have the potential to indicate 
pathomechanical joint loading in order to detect osteoarthritis 
at early stage before irreversible damage occurs [1]. Serum 
concentrations of cartilage biomarkers, e.g. matrix 
metalloproteinases (MMPs), have been shown to increase in 
response to long distance running, like a marathon and 
ultramarathon [2, 3]. However, it is unclear how loading 
characteristics during moderate loading interventions are 
reflected by biomarker levels. Therefore, the purpose of the 
study was to investigate the effect of moderate running 
exercise on serum cartilage biomarker concentrations and the 
relation to knee joint mechanics. 

Methods  

Fourteen healthy male adults (26±4 years, 181±7 cm and 
77.7±5.7 kg) participated in a 30 min running exercise on a 
treadmill (Treadmetrix) with a set velocity of 2.2 m/s. During 
running, a motion analysis was performed [4]. Kinematic data 
(250 Hz) was collected with an infrared camera system (Vicon 
Motion Systems) and kinetic data (1000 Hz) was measured by 
four force-sensing elements (MC3A-500, AMTI). The 
maximal knee joint moment in sagittal plane was calculated 
for each participant and normalized to body mass. Blood 
samples (BS) were taken before (pre), immediately afterwards 
(post), 0.5 h and 1.0 h after the running exercise. Serum 
concentrations of cartilage oligomeric matrix protein (COMP, 
BioVendor), resistin (Quantikine®), MMP-3 (Quantikine®) 
and MMP-9 (Quantikine®) were determined using 
commercially available sandwich enzyme-linked 
immunosorbent assays (ELISA). A one-way repeated 
measures ANOVA was used to detect significant differences 
(p≤0.05) between BS time points (Bonferroni post-hoc test). 
Furthermore, Pearson correlation coefficient between changes 
of biomarker concentrations (post minus pre) and maximal 
knee joint moment was calculated. Due to technical problems, 
one participant dropped out of the kinetic data analysis.  

Results and Discussion 

Mean maximal knee joint moment was 2.34 Nm/kg (95% CI: 
2.18-2.50). Increased serum concentrations (p≤0.001) of all 
analyzed biomarkers were detected immediately after the 
running intervention (Figure 1) followed by a significant 
(p≤0.05) reduction 0.5 h later. Further, the serum COMP and 
MMP-3 concentrations decreased significantly (p≤0.001) from 
0.5 h to 1.0 h post running. Although the running intervention 
was less intensive than a marathon or ultramarathon [4, 5], a 
significant increase of all biomarker concentrations was 
determined. No correlation could be identified, which might 
be due to the low number of participants. 

Conclusions 

Moderate mechanical loading, induced by 30 min of running, 
is sufficient to stimulate articular cartilage catabolism but it 
does not seem to be influenced by knee joint loading 
mechanics in young healthy men. 

Acknowledgments 

We would like to thank Annika Voß and Dr. Tanja Sanders for 
their help in blood collection. The study was supported from 
the Federal Ministry of Economic Affairs and Energy, 
Germany (DLR 50WB1719). 

References 

[1] Bauer DC et al. (2006). Osteoarthritis Cartilage, 14: 723-727. 
[2] Vuolteenaho K et al. (2014). PLoS One, 9: e110481. 
[3] Mündermann A et al. (2017). AJSM, 45: 2630-2636. 
[4] Firner S et al. (2018). J. Orthop. Res., 36: 1937-1946.

Figure 1: Mean (95% CI) serum biomarker concentrations before 
and at different time points after the running intervention (N=14). 
*p≤0.05, #p≤0.01, +p≤0.001 vs. preceding time point  

 

Thursday, August 01 2019: Afternoon (1500-1600) 204

Knee Cartilage & Osteoarthritis



 

 

Load induced changes in articular cartilage biomarkers before and after high tibial osteotomy  
in patients with medial compartment knee osteoarthritis  

 
Annegret Mündermann1,2,3, Anna-Maria Liphardt4,5, Christian Egloff1, Geert Pagenstert3,5,6, Corina Nüesch1,2,3 

1Department of Orthopedics and Traumatology, University Hospital Basel, Switzerland; 2Department of Biomedical Engineering, University of 
Basel, Switzerland; 3Department of Clinical Research, University of Basel, Switzerland; 4Department of Internal Medicine 3 - Rheumatology and 

Immunology, University Hospital Erlangen, Friedrich-Alexander-University (FAU) Erlangen-Nuremberg, Erlangen, Germany; 5German Sport 
University Cologne, Institute of Biomechanics and Orthopaedics, Köln, Germany; 5CLARAHOF Clinic of Orthopaedic Surgery MERIAN-

ISELIN-Hospital, Basel, Switzerland; 6Knie Institut Basel, Switzerland 

Email: annegret.muendermann@unibas.ch  
 

Summary 
Our loading experiment in patients with medial compartment 
knee osteoarthritis before and after high tibial osteotomy 
revealed that not only COMP but also MMP-3, MMP-9, C2C, 
CPII, PRG-4 and IL-6 are sensitive to a walking exercise and 
that the pre-to postoperative change in knee adduction moment 
is associated with the pre- to postoperative change in load-
induced increase in COMP. 

Introduction 
High tibial osteotomy (HTO) is a joint preserving surgery in 
patients with varus knee alignment and knee osteoarthritis. The 
goal of HTO is to achieve a relative shift of ambulatory load 
from the medial to the lateral compartment of the knee [1]. We 
investigated load-induced changes in biomarkers of articular 
cartilage metabolism before and after opening wedge HTO in 
patients with medial compartment knee osteoarthritis and their 
association with ambulatory load. 

Methods 
Blood samples of ten patients (6 male, 4 female; 44.3 ± 8.6 
years, 25.8 ± 3.9 kg/m2) were collected 4 weeks before and 9.5 
months after HTO, each time immediately before (t0) and 0, 0.5, 
1.5, 3.5, and 5.5 hours (t1-t5) after a 30-minute treadmill walking 
exercise. External knee adduction moments were measured 
using instrumented gait analysis. Serum levels of cartilage 
oligomeric matrix protein (COMP), matrix metalloproteinase 
(MMP)-3, -1, -9, interleukin- (IL)-6, C-propeptide II (CPII), 
cleavage of type II collagenases (C2C), proteoglycan 4 (PRG-
4) und A disintegrin and metalloproteinase with 
thrombospondin motifs 4 (ADAMTS-4) were analyzed using 
commercial ELISA kits. Differences in serum levels were 
detected using ANOVA for repeated measures (within-subject 
factors: pre- vs postoperative; time after 30-minute walking 
exercise). Relationships between changes in ambulatory load 
and in load-induced changes in biomarkers were detected using 
linear regression models (P<0.05). 

Results and Discussion 
Baseline COMP values were higher and C2C and CPII values 
were lower after the HTO (P<0.05). Both pre- and 
postoperatively, COMP, MMP-3, C2C, and CPII increased by 
10 to 70% immediately after the walking exercise, and PRG-4 
decreased by 43% (P<0.05). Up to 5.5 hours after the walking 
exercise, COMP and MMP-3 decreased to up to 25% below the 
baseline levels. IL-6 increased 3.5 and 5.5 hours after the 
walking stress test by more than 400 and 500%, respectively. 
Both pre- and postoperatively, PRG-4 and MMP-9 showed 

clear maxima 3.5 hours after the walking exercise. Pre- to 
postoperative change in knee adduction moment was associated 
with pre- to postoperative change in load-induced increase in 
COMP (R2=0.36; P=0.045) 

Conclusions 
The immediate and delayed load-induced changes in 
biomarkers of articular cartilage not only suggest diffusion of 
biomarkers but also (possibly delayed) metabolic processes. 
The decrease in PRG-4—or lubricin—immediately after the 
walking exercise may indicate increased friction of the arthritic 
joint [2]. The association between pre- to postoperative change 
in knee adduction moment and pre- to ostoperative change in 
load-induced increase in COMP represents further evidence for 
the mechanosensitivity of COMP to the magnitude of 
ambulatory load. 
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Fig. 1: Mean (1SD) Individual relative changes in serum COMP and 

MMP-3 levels before (black) and after (grey) HTO. asignificant 
difference to baseline (P<0.05). Red bar—30-minute walking 

exercise  
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Summary 

An automated approach to predict personalized progression of 

knee osteoarthritis (OA) was developed and compared against 

8-year follow-up data of 104 subjects. The developed 

approach was based on the subject information, subject-

specific anatomical dimensions from MRI and finite element 

(FE) simulation. Based on the comparison between simulated 

and experimentally observed osteoarthritis grades, the 

developed approach was able to classify majority of the 

subjects into correct groups.   

Introduction 

The most typical causes for the onset of knee osteoarthritis 

(OA) are obesity, aging and joint injuries [1, 2]. Those 

parameters were recently considered in a computational FE 

model, which enabled prediction of knee OA progression 

based on excessive joint forces [3]. This model applied a novel 

atlas-based method to generate knee joint geometries and FE 

meshes. The aim of the current study is to further develop and 

validate the previously developed approach to predict 

personalized progression of knee OA for larger number of 

subjects.  

Methods 

8-year follow up-data of 104 subjects were randomly selected 

from osteoarthritis initiative database (https://oai.epi-

ucsf.org/datarelease/). Contrary to our previous paper [3], 

body mass indexes of the subjects were not applied as 

excluding criteria. Subjects were classified into three groups 

based on changes in the Kellgren-Lawrence (KL) OA grades 

of left knees during the follow-up (Group 1 – KL increase 0-1; 

Group 2 – KL increase 2; Group 3 – KL increase 3-4). 

According to a previous paper [3], based on anatomical 

dimensions of each subject, the most suitable atlas-based 

template model [3] was first determined for left knee joints 

(Fig. 1A-C). Cartilage was modelled as a fibril-reinforced 

poroviscoelastic material. Then, the progression of knee OA 

(increase in KL grade) was simulated for each subject during 

walking based on the age-dependent tensile stress threshold 

for initiating cartilage degeneration (Fig. 1D, [3]). Finally, the 

predicted KL grade increase was compared with the 

experimentally observed KL grade increase (Fig. 1E).     

Results and Discussion 

Only 2 minutes of manual work per subject was required to 

obtain a prediction. As shown by the comparison between the 

experiments and the FE model predictions, 42-61% of the 

subjects were classified correctly by the model (diagonal in 

Fig. 1E). In the future, other known risk factors such as 

biological or genetic factors [4] could be considered in the 

simulations. For instance, possible joint inflammation could 

explain some mismatch between the experiments and the 

model predictions. 

 

Figure 1: Workflow from imaging to predicting personalized 

progression of knee OA. First, three specific dimensions of femur and 

tibiofemoral cartilage thicknesses for medial and lateral 

compartments are determined from MRI (A). Then, the best matching 

template model is selected based on differences between anatomical 

dimensions of the current subject and the templates (B). Finally, the 

best matching template is scaled to match with the anatomical 

dimensions of the current subject (C) and the FE model prediction for 

the personalized progression of knee OA is conducted (D-E).    

Conclusions 

A novel and fast atlas-based computational model was able to 

classify over 50% of the patients into correct OA progression 

groups, as observed experimentally by the follow-up. This 

method could offer a rapid tool for a clinician to aid in 

decision making when seeking for an optimal intervention to 

delay or prevent the progression of knee OA. 
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SUMMARY 

The onset and progression of knee osteoarthritis (OA) has been 

associated with the mechanical environment of the articular 

cartilage during walking. Knee hyperextension (KH), an 

underrepresented condition typically define as more than 5° of 

extension, produces increased contact stress on the articular 

cartilage and joint instability. Studies underscore the need for 

establishing the relationship between KH and knee OA. This 

pilot study aimed to identify tibiofemoral cartilage changes in 

people with KH. We hypothesized that people with KH would 

show degenerative osteoarthritic changes express as thinning of 

the tibiofemoral cartilage. Using magnetic resonance imaging 

(MRI) and three-dimensional (3D) modelling of the knee 

cartilage, this study showed that compared to control thickness 

values data, women with KH showed a significant difference in 

thinning of the tibiofemoral articular cartilage of 1 mm. This 

study substantiates that abnormal sagittal-plane mechanics can 

adversely influence the health of the articular cartilage.   

INTRODUCTION 

An altered mechanical environment causes abnormal loading 

and repetitive microtrauma, resulting in degradation of the 

cartilage matrix and degenerative thinning of the articular 

cartilage. Cartilage thickness loss has been shown to be a 

potential biomarker of progression of knee OA [1]. Sagittal-

plane biomechanics have been shown to be relevant in people 

at risk of early knee OA development [2]. Understanding the 

relationship of sagittal-plane biomechanics to cartilage health is 

important as approximately 85% of the work at the knee during 

gait occurs in the sagittal plane. Movement of the knee into 

extension of more than 5° is associated with increased contact 

stress on the tibiofemoral articular cartilage and adaptive 

lengthening of the structures that resist knee extension which 

causes increased anterior knee laxity and joint instability [3]. 
Research emphasize the need for identifying degenerative 

changes in articular cartilage as a function of KH as it might 

uncover an underrepresented and potentially modifiable 

precursor to knee OA. The purpose of this pilot study was to 

identify tibiofemoral cartilage changes in people with KH. 

METHODS 

Women between 25-40 years of age were recruited, screened 

and included in this study if they have KH greater than 5° during 

standing and walking. Participants underwent a physical, gait 

evaluation, and knee MRI. The physical evaluation screened 

muscular strength in each subject’s legs using standard 

techniques, joint laxity using the Beighton and Horan Joint 

Mobility Index, and physical activity level using the Minnesota 

Leisure Time Physical Activity questionnaire. Knee extension 

range of motion during standing and walking was assessed 

using a 3D VICON motion capture system and calculated using 

Visual 3D (C-Motion). Participants were advised to minimize 

load bearing activities and required to rest to unload their knee 

for 15-20 minutes before the MRI. MRI using a 3T (Tesla) were 

obtained for the knee with the greatest amount of extension. The 

structural integrity of the knee joint was assessed using the 

Whole-Organ Magnetic Resonance Imaging Score. MRI 

images were imported in to the software package Mimics by 

Materialise for post-processing. The femoral and tibial 

cartilages were segmented and converted into 3D models 

replicating Koo and colleagues’ procedures [4]. The 3D models 

were analyzed for cartilage thickness and compared to control 

thickness values published data [5]. 

RESULTS AND DISCUSSION 

Five women (mean ± SD, age: 29±5 y/o; mass: 65±4 kg; height 

1.7±0.7m) without history of knee injuries took part in this 

study.  Peak knee extension during standing and walking was 

14°±2° and 9.3°±4°, respectively. The thickness values for the 

femoral condyles and medial and lateral tibia were 0.8±0.4mm, 

1.2±0.3mm, and 0.96±0.1mm, respectively. The thinnest 

cartilage was located within the anterior part of the tibial 

cartilage (Figure 1A). The thickness of the cartilage in the 

medial condyle was significantly correlated (R2=0.64, p<0.05) 

with the knee extension angle during walking (Figure 1B). 

Figure 1: (A) Box plots of the location of the thinnest cartilage in the 

tibial plateaus and (B) Knee extension angle during walking was 

significantly associated to the cartilage thickness in the medial condyle 

CONCLUSIONS 

This study substantiates that abnormal sagittal-plane mechanics 

can adversely influence the health of the articular cartilage.   
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Summary 

By studying the biomechanical structures and neuromuscular 
control underlying movement, we can discover strategies to 
prevent injury, treat disease, and enhance performance. We 
developed OpenSim 4.0 to model human movement and to 
simulate the effects of surgery and devices on performance. We 
are enhancing OpenSim to extract new insights from wearable 
sensors and implementing optimization approaches to simulate 
movement without experimental data.  

Introduction 

 

Methods 

Results and Discussion 

Conclusions 
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Summary 

The Concurrent Optimization of Muscle Activations and 

Kinematics (COMAK) simulation routine to predict knee joint 

mechanics during movement was implemented in OpenSim. 

We will present the underlying theory of COMAK and the 

relevant sensitivity analyses and in vivo validation studies.   

Introduction 

Simulation of knee mechanics during functional movements 

has immense potential to provide insights into the etiology of 

knee pathologies and improve clinical treatments. However, 

the complexity of incorporating multiscale interactions 

between full-body dynamics, neuromuscular coordination, 

passive soft tissues, and articular contact into musculoskeletal 

simulations has previously necessitated simplified simulation 

techniques. Often, a multibody musculoskeletal simulation 

with simple joint representations is performed to predict the 

muscle forces necessary to generate a measured movement. 

Then, these forces are applied within a finite element 

simulation to resolve joint-level tissue mechanics. 

We developed the COMAK simulation routine to predict knee 

mechanics during functional movements within a single 

musculoskeletal simulation. This presentation will summarize 

the theory behind the simulation framework, the sensitivity of 

predicted knee mechanics to model parameters, and a 

preliminary validation against in vivo measurements of knee 

contact forces and kinematics during walking.     

Methods 

To predict functional joint mechanics, COMAK requires a 

musculoskeletal model with a six degree-of-freedom knee 

joint, ligaments, and articular contact. We have previously 

developed such models including detailed tibiofemoral and 

patellofemoral joints of natural and replaced knees [1]. The 

OpenSim implementation includes new force components to 

represent ligaments as bundles of nonlinear springs and 

articular contact using an elastic foundation model. 

COMAK uses motion capture and ground reaction force data 

to predict muscle forces, ligament loads, and articular contact 

pressures during full-body movement [1]. The algorithm 

simultaneously optimizes muscle activations and secondary 

knee kinematics to satisfy both whole-body and joint-level 

movement dynamics, while minimizing a weighted squared 

muscle activation objective function. Using a high throughput 

computing cluster, we have performed hundreds of thousands 

of simulations to assess the sensitivity of predicted knee 

mechanics to neuromuscular coordination, articular geometry, 

and ligament properties.  

Here, we use the CAMS-Knee datasets of simultaneous 

ground reaction forces, motion capture, tibiofemoral contact 

forces, and tibiofemoral kinematics to provide a demonstration 

and preliminary validation of COMAK [2]. Contact forces 

were measured using an instrumented knee replacement and 

kinematics using a novel moving fluoroscope. A personalized 

model was developed for a single subject and the COMAK 

predictions of tibiofemoral contact forces and kinematics were 

compared against the in vivo measurements throughout the 

stance phase of walking (Fig 1).    

Results and Discussion 

The inherent uncertainty in musculoskeletal model parameters 

and the resolution of muscle redundancy can lead to 

substantial variability in model predictions. Generally, the 

COMAK kinematic predictions are comparable to 

measurements for DOF that are constrained by articular 

contact. However, predictions show greater errors for DOF 

predominately governed by ligament and muscle forces. Our 

sensitivity analyses show that knee contact forces are most 

sensitive to neuromuscular coordination, with greater 

variability found during the second half of stance [1].  

While subject-specific simulations remain attractive, the 

substantial uncertainty in modelling parameters necessitate 

comprehensive validation. Furthermore, in our experience the 

greatest potential for COMAK to provide biomechanical 

insights is through sensitivity studies to investigate the 

influence of clinically relevant model parameters on knee 

mechanics.    
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Summary 

Predictive simulations hold the potential to greatly expedite 

advances in understanding healthy and pathological 

movement. We developed a computationally efficient 

framework to predict human movement based on optimization 

of a performance criterion. The framework generates three-

dimensional muscle-driven simulations, without relying on 

experimental data, in about 36 minutes on a standard laptop—

more than 20 times faster than existing simulations—by using 

direct collocation, implicit differential equations, and 

algorithmic differentiation. The simulations produce 

physiologically realistic gaits with varied gait speed, and 

changes in gait caused by muscle strength deficits or 

prosthesis use. We extended this framework to generate 

simulations that are robust to uncertainty, e.g. sensorimotor 

noise, to further increase the realism of our simulations. 

Introduction 

Scientists have long tried to decipher the principles underlying 

bipedal locomotion. A powerful approach to this problem is 

the use of predictive simulations that generate de novo 

movements based on a mathematical description of the neuro-

musculoskeletal system. The high computational time of 

predictive simulations has favored the use of conceptual 

models that only describe the most prominent features of the 

musculoskeletal system and deterministic dynamics that do 

not account for sensorimotor noise. We have developed a 

computationally efficient optimal control framework to predict 

human gaits based on complex musculoskeletal models and 

extended this framework to generate simulations of movement 

that are robust against uncertainty. 

Methods 

We identified muscle excitations by minimizing a movement 

related cost subject to constraints describing musculoskeletal 

dynamics and the task requirements (e.g. for walking: move 

forward at a given speed). The resulting optimal control 

problems are typically challenging to solve because of the 

stiffness of the equations describing muscle and skeleton 

dynamics. Compared to other methods such as direct shooting, 

direct collocation reduces the sensitivity of the cost function to 

the optimization variables by reducing the time horizon of the 

integration. Applying direct collocation results in large sparse 

nonlinear programming problems (NLP). We improved the 

numerical conditioning of the NLP by using an implicit rather 

than explicit formulation of the muscle and skeleton dynamics. 

Additionally, we reduced computational time by applying 

algorithmic differentiation, rather than finite differences, to 

compute the derivatives required by the NLP solver. 

To account for uncertainty in the dynamics, we augmented the 

states (typically joint angles and angular velocity, and muscle 

states) with the state co-variance matrix and described the 

dynamics of the co-variance matrix by the continuous 

Lyaponuv equation [1]. This allowed us to include 

minimization of the state co-variance, e.g. variability of the 

kinematic trajectories, in the cost function without altering the 

structure of the optimal control problem.   

Results and Discussion 

Algorithmic differentiation was about 20 times faster than 

finite differences when performing 3D tracking simulations of 

walking based on a complex musculoskeletal system.  

We simulated 3D gait patterns based on a complex 

musculoskeletal model by minimizing a weighted sum of 

metabolic energy, muscle activity and joint accelerations 

while imposing gait speed. The simulations produced 

physiologically realistic gaits with varied gait speed, and 

changes in gait caused by muscle strength deficits or 

prosthesis use. 

We simulated squat movements in the presence of motor 

noise. In this case, muscle excitations were generated by time 

variant full state feedback. Accounting for uncertainty due to 

noise resulted in a feedback law that strongly reduced the 

variability of the movement pattern in the presence of motor 

noise as compared to a feedback law with parameters that 

were not optimized for robustness (Fig. 1). 

 

Figure 1: Minimal effort squat motion. The robust optimal control 

law is robust against motor noise.  

Conclusions 

The computational efficiency of our framework, in part due to 

algorithmic differentiation, allowed us to demonstrate the 

ability to predict the mechanics and energetics of a range of 

gaits with complex models. We were able to extend this 

framework to account for noise, further increasing the realism 

of our simulations. We expect these predictions to enable 

optimal design of treatments aiming to restore gait function.  
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Summary 

Human-in-the-loop optimization is a powerful strategy for 

customizing exoskeleton assistance for an individual, but 

optimization of many control parameters becomes resource-

intensive. We used simulations to determine if coupling 

assistance between lower-limb degrees-of-freedom (DOFs) 

could produce larger metabolic savings than assisting at a 

single DOF, while keeping the parameter space small. Three 

of the four coupled hip, knee, and/or ankle assistance 

strategies produced greater metabolic savings compared to 

single DOF assistance and only required one or two additional 

parameters in the optimization. Coupling DOFs could thus 

improve metabolic savings without adding a large time cost 

during human-in-the loop optimization trials. 

Introduction 

Customizing the assistance that a lower-limb exoskeleton 

provides via “human-in-the-loop” optimization has resulted in 

some of the largest measured metabolic cost savings to-date 

[1]. Optimizing over even small parameter spaces for assistive 

torque profiles, however, results in long testing trials for 

subjects. The recent emergence of multi-DOF exoskeletons 

only magnifies this problem, as each added DOF requires 

additional optimization parameters, further increasing the 

time to convergence. Quinlivan et al. [2] reduced the 

metabolic cost of walking using an exosuit that applied a 

torque profile to assist ankle plantarflexion and hip flexion via 

a single actuator. This concept—multi-DOF assistance with 

reduced control parameterization—has been otherwise 

unexplored and could potentially help increase the success of 

human-in-the-loop optimization, where time cost scales 

poorly with control complexity. The purpose of this study was 

to use simulation to determine whether assisting multiple 

DOFs with a single actuation pattern (i.e., “coupled” 

assistance) results in larger metabolic cost savings compared 

to single-DOF strategies.  

Methods 

We used motion capture data from three subjects walking 

unassisted to calculate net joint moments, muscle-tendon 

lengths, and moment arms for sagittal plane hip, knee, and 

ankle DOFs using a lower extremity model in OpenSim with 

9 muscle-tendon actuators [3, 4]. We then used an optimal 

control framework to solve for muscle activations that 

produced the experimental kinematics and kinetics while 

minimizing metabolic cost computed via an energetics model 

[5, 6]. We simulated exoskeletons with all combinations of 

hip flexion, knee flexion, and/or ankle plantarflexion 

assistance (7 total strategies). We parameterized the torque 

profiles using four control parameters that defined a cubic 

spline, as in a previous human-in-the-loop exoskeleton 

experiment [1]. For the simulated multi-DOF strategies, the 

optimized torque profile was applied simultaneously to each 

assisted DOF. We added one scaling parameter for each 

additional assisted DOF to account for relative differences in 

peak joint moment magnitudes. We then computed the change 

in metabolic cost relative to unassisted walking for each 

simulated exoskeleton and averaged the results across 

subjects and gait cycles (8 cycles per subject).  

Results and Discussion 

Of the four coupled strategies simulated, all but coupled hip 

and knee flexion produced greater metabolic savings relative 

to single DOF savings with only one or two additional control 

parameters. Coupling knee flexion and ankle plantarflexion 

was more effective than assisting either DOF alone, due to 

greater reductions in the biarticular gastrocnemius and 

hamstring muscles (Figure 1). Coupling hip flexion with ankle 

plantarflexion (as in [2]) also yielded a benefit by combining 

savings in the psoas, gastrocnemius, and soleus muscles. 

Coupling hip and knee flexion did not yield a benefit 

compared to the single DOF strategies, since it was not 

possible to assist the hamstrings without increasing vasti 

energy expenditure. Finally, assisting all three DOFs 

produced the largest metabolic reduction.  

 

Figure 1: Reduction in metabolic cost for each assistance strategy. 

Conclusions 

Exoskeletons that couple assistance to multiple DOFs could 

help device designers find optimal strategies to reduce 

metabolic cost while keeping human testing time tractable. 
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SUMMARY 

Joint position sense of the dominant and nondominant shoulder 

was measured in healthy subjects to quantify error in a joint 

position sense task with and without visual information. 

Previous studies have examined sensory differences in 

dominance with conflicting results. Some have shown that no 

differences exist, while others show that movements with the 

dominant arm rely more heavily on visual information and 

movements with the nondominant arm rely more heavily on 

proprioceptive information [2,3]. In the present study, subjects 

wore a virtual reality headset with a tracker on their forearm 

while performing a joint position sense task [1]. Using the 

headset, subjects were presented with either a visual 

representation of their forearm location or no visual information 

about forearm location. No difference was found between sides. 

However, difference was seen between true vision and no vision 

regardless of arm dominance.  

INTRODUCTION  

Joint position sense (JPS) is commonly used as a measure of 

proprioception [1]. The integration of visual and proprioceptive 

information is important in movement planning and execution.  

The contribution of vision and proprioception to movement is 

context specific depending upon sensory quality and 

availability. However, the weighting of vision and 

proprioception in the dominant arm as compared to the 

nondominant arm is disputed. Some studies show no sensory 

differences exist between the dominant and nondominant arms 

[3]. Others show movements involving the dominant arm being 

mainly directed by vision and movements involving the 

nondominant arm by proprioception [2]. 

The present study aimed to examine differences in JPS error 

with true vision (TV) and with no vision (NV) between the 

dominant and nondominant shoulders. We hypothesized that in 

a JPS task, the dominant arm would demonstrate less error than 

the nondominant arm with visual information, whereas the 

nondominant arm would have less error than the dominant arm 

without visual information. 

METHODS 

Twenty (10 female, 10 male) healthy right-hand dominant 

subjects were recruited. Subjects were equipped with an HTC 

VIVE Virtual Reality headset and tracker fastened to their wrist 

(HTC, Taiwan). When visual information was available, the 

virtual environment displayed the tracker as a sphere on the 

subject’s forearm. Subjects performed a JPS task to a target 

shoulder flexion angle (50˚, 70˚, and 90˚) with auditory cues 

from the virtual reality system under two visual conditions of 

forearm location (TV and NV) [1]. 

JPS data were sampled at 50 Hz and collected from the tracker 

using a customized Unity program. Error was calculated from 

averages of an initial presentation and subsequent replication 

angle [1]. The influence of visual condition and angle on 

absolute error was determined using a two-way, repeated 

measures ANOVA at an alpha-level of 0.05 (SPSS version 25, 

Chicago, IL, USA). 

RESULTS AND DISCUSSION 

No interaction effect was seen between hand and visual 

condition (p = 0.06) and there was no main effect of hand (p = 

0.07). A difference in absolute error was seen between visual 

conditions (p = 0.03) (Figure 1).  

 

Figure 1. Absolute JPS error between visual conditions (n = 20). 

Data represents mean ± SD (*p < 0.05). 

CONCLUSIONS 

No differences in JPS error were seen between the dominant 

and nondominant arms. These findings lend support to prior 

studies showing a lack of difference in the use of sensory 

information based on limb dominance [3]. A difference was 

seen between the TV and NV conditions overall. Higher error 

in the NV condition indicates that proprioception alone is not 

as effective in driving accurate movements as the combination 

of vision and proprioception. In order to further investigate this 

relationship, future studies may consider isolating vision and 

proprioception further to examine their individual contributions 

to JPS movements. 
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Summary 

Musculoskeletal models of the hand rarely include contact 
mechanics, thereby limiting our ability to model hand-object 
interactions. Here, two common contact models are used to 
examine finger-tip contact forces. The contact force is sensitive 
to finger pad size, when using the elastic foundation model. 

Introduction 

Every day we use our hands to grasp and manipulate objects. A 
key component of grasp is the finger pad. As we interact with 
objects by modulating our finger-tip forces and/or joint posture, 
the contact area of the finger pad changes, thereby altering the 
frictional properties between our skin and the object [1]. 
Accurately modelling the finger pad could improve our ability 
to use musculoskeletal simulations to study how the hand 
dexterously manipulates objects. 

Contact mechanics have been widely incorporated into 
musculoskeletal models of the lower limb to simulate foot-floor 
contact and internal joint loads. However, to our knowledge, 
there are limited studies incorporating contact mechanics into 
musculoskeletal models of the hand [2]. In this study, we 
examine how two common contact models (Hunt-Crossley and 
elastic foundation) can be used to represent the finger pad. We 
specifically evaluate how changes in simulated contact area 
influences estimation of finger-tip force. 

Methods 

A musculoskeletal model of the index finger [3, 4] was adapted 
to develop dynamic simulations of finger-tip contact. The 
simulations specifically examined contact between the finger 
pad, represented as a sphere, and a flat, planar surface (Fig. 1). 
Two contact models (Hunt-Crossley and elastic foundation) and 
three finger pad sizes (sphere radii of 1.0, 1.5, and 2.0 cm) were 
examined. Sphere sizes represent the full range of 
experimentally reported index finger pad sizes [1].  

For each combination of contact model and finger pad size, 
forward dynamic simulations were run in OpenSim v. 3.3 [5]. 
The input muscle activations were equivalent across all 
simulations and correspond to the muscle activity required to 
maintain a static finger joint posture while generating a linearly-
increasing force (0-20 N). This force magnitude is within the 
typical operating range of the index finger, as it corresponds to 
that required to pull a plug from an outlet [6].  Forces estimated 
by each simulation were compared. For brevity, only forces 
normal to the plane are reported. 

 
Figure 1: Index finger posture and simulated contact geometries. 

Results and Discussion 

When using the Hunt-Crossley model, the estimated contact 
force did not vary with finger pad size (Fig. 2A, peak force is 
16.8 N for all simulations). This reflects the fact that this model 
assumes the surfaces are non-conforming, meaning that the 
force between a sphere and a plane occurs at a single point 
regardless of sphere size. In contrast, when using the elastic 
foundation models, the estimated contact force varied 
substantially with finger pad size (Fig. 2B, peak force increases 
from 11.4 to 17.8 to 23.8 N with increasing finger pad size). 
This reflects the fact that this model incorporates variable 
contact area, meaning the force is distributed over a larger area 
as the size of the sphere increases. 

Interestingly, when using the elastic foundation model, as the 
finger pad size increased the simulation time required to reach 
the peak contact force also increased (Fig. 2B). Additionally, 
these simulations did not maintain the peak force for the 
duration of the simulation due to inconsistent interactions 
between the sphere and plane geometries as the simulations 
progressed. These findings highlight the computational costs 
and computational sensitivity of the elastic foundation model.  

 
Figure 2: Contact force versus time for the (A) Hunt-Crossley and 
(B) elastic foundation models across three finger pad sizes. 

Conclusions 

This study illustrates that simulation results are sensitive to the 
selected contact model. Thus, contact models should be 
carefully selected based on the research question. In the near 
future, we will extend this work to incorporate changes in 
friction parameters with increasing finger pad size, thereby 
enabling more accurate simulations of hand function. 
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Summary 
Cadaveric motion tracking data was collected to establish 
canine cranio-cervical junction (CCJ) kinematics and the role 
of supporting ligaments. Preliminary analysis suggests that 
dorsal atlantoaxial (DAL) and alar ligaments (AL) are the 
main restrictors in atlantoaxial flexion and lateral bending 
respectively. This study may help identifying candidates for 
stabilization surgeries.  

Introduction 
The CCJ is supported by 5 main ligaments. Diseases affecting 
these ligaments often result in serious spinal cord injuries 
secondary to abnormal craniovertebral motions. Despite CCJ 
importance, peer-reviewed information on its ligaments is 
sparse [1,2,3]. 
This study’s aims were to describe CCJ’s kinematics and to 
characterize its ligaments’ respective roles.   

Methods 
The undissected skull and first two cervical vertebrae of 20 
normal beagle cadavers were collected. 3D markers were 
positioned on wands attached to the bones and precisely 
localised using CT scans. Motion capture was then used to 
record flexion-extension, lateral bending and axial rotation 
ranges of motion (ROM) with respect to a subjective neutral 
position. Ligaments were then sectioned in predefined 
sequences and ROM were compared before and after each 
ligament section.  
Results and Discussion 
Kinematic analysis revealed linear correlations between skull 
and atlas motions in lateral bending and axial rotation. A 
triphasic curve with a wide neutral zone was observed in 
flexion-extension (Figure 1). 
The ligaments that caused the most substantial ROM increases 
of the atlantoaxial joint included the DAL in flexion (+10.4º) 
and the AL in lateral bending (+6.2º) (Figure 2). 

Conclusions 
AL and DAL may be more important for CCJ stability than 
previously described. 
 
 
 
 

Disclaimers 
This study was funded by the companion animal fund at the 
University of Wisconsin Madison. 
This abstract was voluntarily kept under 250 words due to 
restrictions imposed by the intended publisher for the final 
manuscript. 

References 
[1] Reber K et al. (2013). Vet Surg, 42: 918-923. 
[2] Middleton G et al. (2012) VRU, 53: 545-551. 
[3] Forterre F et al. (2015). VCOT, 28: 355-358. 
 
 
 

  
 

 
 

Thursday, August 01 2019: Afternoon (1500-1600) 216

ASB Undergrad Quick Poster



 

 

Effect of Ankle Sprain History on Ankle Inversion Biomechanics in High School Football Players 
 

Jordan P. McClung1, Anh-Dung Nguyen2, Audrey Westbrook3, Jeffrey B. Taylor3, Chris M. Bleakley3, Kevin R. Ford3 
1Department of Exercise Science, High Point University, High Point, North Carolina, USA 
2Department of Athletic Training, High Point University, High Point, North Carolina, USA 
3Department of Physical Therapy, High Point University, High Point, North Carolina, USA 

Email: jmcclung@highpoint.edu  
 

Summary 
Ankle sprains occur at a high rate in high school football. Three-
dimensional analyses of football related tasks were performed 
in players with and without history of ankle sprain. Playing 
position influenced the magnitude of inversion load that 
football players with a history of ankle sprain exhibit.  

Introduction 
The most common injury in high school sports is an ankle 
sprain [1]. The rate of ankle sprains is greater in high school 
football competitions compared to other high school sports [1]. 
A lateral ankle sprain is the primary classification in 85% of all 
ankle sprains [2]. The most common mechanism of injury is 
excessive and rapid ankle inversion, producing high levels of 
tensile force through the anterior talofibular ligament.  Greater 
ankle inversion motion, joint velocity and moment have been 
reported to be related to increased ankle injury risk [3]. 
Therefore, risk of recurrent ankle injury in football may be 
reduced if these potential risk factors can be modified. The 
purpose of the study was to examine ankle biomechanics during 
football related tasks in players with a history of ankle sprain.  

Methods 
93 high school American football players (age: 15.6 ± 1.6 yrs;  
height: 174.7 ± 8.6 cm; weight: 79.5 ± 19.8 kg) volunteered to 
participate in the study. Each participant gave written informed 
consent prior to testing. Participants were instrumented with 
retroreflective markers on the trunk, pelvis, arms, legs, and 
cleats for motion capture. Participants wore standardized 
football cleats (adidas crazyquick 2.0) and performed several 
football related tasks on synthetic turf with two embedded force 
platforms. During data collection, each participant completed a 
weighted sled push (75% of body weight) and a jump-stop 
unanticipated cut. Peak ankle inversion angle, peak ankle 
inversion angular velocity, and peak external inversion ankle 
moment were calculated (Visual3D) during each movement. 
Participants were classified based on self-reported history of 
ankle sprain (AS n=35) or no history of an ankle sprain (NAS 

n=58) and by playing position (backs/receivers n=59; linemen 
n=34). A mixed-model ANOVA was used to determine the 
effects of previous ankle sprain history, playing position, and 
type of movement (cut, weighted sled push) (p<0.05). Effect 
sizes (bias corrected Hedges) were calculated to determine the 
magnitude of differences between study groups.  

Results and Discussion 

A statistically significant interaction (injury, position) was 
found for peak ankle inversion moment (Table 1). During the 
cutting task, the backs/receivers with history of ankle sprain 
exhibited significantly greater ankle inversion moment 
compared to linemen with history of injury (large effect size 
d=0.90 [95% CI 0.17, 1.63]). Similar results were found for the 
weighted sled push (Table 1 moderate effect size d=0.45 [95% 
CI -0.26, 1.15]). Differences between injury groups were not 
found for peak inversion angle and peak inversion angular 
velocity, Table 1).  
The cutting task had significantly larger peak inversion angle 
and peak inversion angular velocity (Table 1, main effect of 
movement) compared to the weighted sled push. Additionally, 
a main effect of playing position was found for peak inversion 
angular velocity indicating backs/receivers had larger velocity 
compared to linemen 

Conclusions 
Playing position influenced the magnitude of inversion load 
that football players with a history of ankle sprain exhibited 
during an unanticipated cut task. Technique and footwear 
modifications should be considered in backs/receivers (skilled 
positions) at high risk of recurrent ankle sprains.  
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Table 1: Ankle Inversion Kinematic and Kinetics during Cutting and Sled Pushing Tasks. 

  Unanticipated Cut Weighted Sled Push 
  Linemen Backs/Receivers Linemen Backs/Receivers 
Peak Ankle Inversion Angle 
(deg) † 

NAS 17.2 ± 4.7 17.5 ± 4.6 7.5 ± 6.5 5.7 ± 3.9 
AS 18.0 ± 4.7 17.8 ± 4.8 9.6 ± 6.4 7.4 ± 5.3 

Peak Ankle Inversion 
Angular Velocity (deg/s) †§ 

NAS 285.0 ± 116.9 319.3 ± 135.3 234.5 ± 68.4 284.8 ± 62.9 
AS 264.5 ± 153.2 347.1 ± 120.0 174.1 ± 136.2 284.9 ± 180.5 

Peak Ankle Inversion 
Moment (Nm/kg) *§†‡ 

NAS 0.414 ± 0.215 0.444 ± 0.217 0.055 ± 0.073 0.043 ± 0.047 
AS 0.296 ± 0.158 0.501 ± 0.247 0.011 ± 0.051 0.046 ± 0.086 

No History of Ankle Sprain (NAS), History of Ankle Sprain (AS), * Injury and Position Interaction p<0.05, ‡ Movement and Position Interaction 
p<0.05, †Movement Main Effect p<0.05, § Position Main Effect p<0.05 
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INTRODUCTION  
Ballroom dancing is a popular global activity, with 
interested participants spanning decades. Dancing, the 
rhythmic movement of the human body with music, has 
been described as an artform and one of the most expressive 
forms of non-verbal communication. The technique book by 
Walter Laird [1] is the guide for coaches, competitors, and 
students of all skill levels. 

The goals of this preliminary study are to evaluate two 
biomechanical assessment tools, pressure sensing insoles [2] 
and inertial markers [3], or combining both tools to facilitate 
the collection of objective, quantitative data to benefit 
coaches and dance students. Also, to investigate whether 
there are patterns within the data to facilitate more effective 
feedback to students learning ballroom dance.  

METHODS 
Three experienced competitive latin dancers and three 
novice student dancers were instructed to “perform” a 
sequence to the same music. A maximum of 5 minutes 
warm-up was provided to different music than the music 
used for data collection.   Data collection included dynamic 
pressure distribution (F-Scan, Tekscan, Inc) and lower 
extremity kinematic data with inertial markers (Notch 
Interfaces, Inc.) with video and audio. Data capture was 
initiated 15 seconds after the start of the song and for 30 
seconds throughout the song.  Three trials to the same song 
were conducted for each participant.  Data was collected 
along with video and source audio for subsequent analysis. 
Fast Fourier Transform was used to assess the dominant 
frequency/frequencies of the music and compared with 
frequency patterns from the foot pressure measurements and 
lower extremity inertial motion tracking assessment. 
  
RESULTS AND DISCUSSION 
The preliminary assessment demonstrated different FFT 
results between experienced and novice dancers for both 
pressure measurements and inertial motion capture data. 
Figure 1a shows the FFT plot of the Rumba music and 
Figure 1b is a plot of center of pressure amplitude with 
frequency for an inexperienced dancer.   

Since dance includes movement and load transfer, we are 
exploring computational algorithms to combine both the 
pressure distribution data and the motion capture data. 
Additional analyses are planned with the existing data sets 
in order to find variation and correlation amongst 
inexperienced and experienced dancers. 

 

 
Figure 1: a) FFT of Rumba music (Quiero Pecar En Ti) with 92 
BPM, b) FFT assessment of center of pressure sensing insoles. 

  

CONCLUSIONS 
While early results are promising, this is a preliminary 
investigation and more research and data collection are 
planned. 
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Summary 

This study is in the first year of a four year case study that will 

quantitatively assess the risk of lower extremity injuries, 

especially those to the knee. Seven healthy female NCAA 

soccer players from Valparaiso University were evaluated on 

their preseason and postseason functional movements. In this 

study, one participant, subject J12, fell out of the expected 

healthy range metric and later suffered an anterior cruciate 

ligament (ACL) injury, which will be the focus of this 

abstract. In the future, this metric will allow us to quantify 

data for future injury prevention that would have otherwise 

been qualitative. 

Introduction 

Due to the increased interest in studying sports-related knee 

injuries, there has been a greater focus on injury prevention 

measures. Other conducted studies have compared the risk of 

knee injury between males and females, specifically injuries of 

the ACL, using a series of functional movement tests. Studies 

have concluded that females are at a greater risk of ACL 

injury as they consistently exhibit greater valgus knee motion 

upon landing [1]. Furthermore, this can be attributed to a 

combination of anatomical differences that increase stress on 

the ACL during strenuous activity [2]. 

This study was part of a four year case study that evaluated the 

joint kinematics of 7 female soccer players in their first year of 

NCAA competition using Functional Movement Screening 

(FMS), with this abstract focusing on subject J12 who endured 

an ACL injury shortly after the preseason screening. Subject 

J12 was compared to the remaining uninjured subjects to 

illustrate areas of concern that could have been targeted with 

intervention techniques. 

Methods 

Prior to collecting the data, 7 healthy female soccer players 

from Valparaiso University were asked to participate in a four 

year IRB approved case study. Each subject was affixed with 

28 passive reflective markers on the upper and lower 

extremity using hypo-allergenic adhesive and performed 

various FMS tests including left and right in-line lunges and 

deep squats. Each test was performed three times and was 

scored qualitatively on a scale from 0-3, where a “0” signifies 

that the athlete being evaluated experienced pain and a “3” 

signifies that the athlete was successful in the completion of 

the task without any compensation. 

The three-dimensional position data from each of the trials 

were processed and filtered in VICON Nexus. OpenSim was 

then utilized to analyze the inverse kinematic results for each 

trial of the test. Statistical analyses were performed in 

MATLAB to compare to previously developed metrics for hip 

flexion, knee flexion, and ankle flexion [3]. 

Results and Discussion 

For this abstract, the results from the left and right in-line 

lunges and deep squats from all healthy subjects were 

analyzed and compared to the previously developed metrics. 

There were no statistically significant differences between the 

metrics and the data from the rest of the team. However, the 

data from subject J12 (who sustained an ACL injury) fell 

outside the norm of the rest of the team.  

Additionally, subject J12 was given qualitative FMS scores by 

two separate evaluators and received scores of either 2 or 3 in 

all trials. As a result, there was no immediate concern of injury 

and the data was entered in the laboratory queue to be 

analyzed. However after suffering an injury, the quantitative 

data for subject J12 was quickly analyzed.  There were 

statistical differences between J12 and the rest of the team 

across multiple kinematic markers. These “red flags” could 

have provided the athlete with an opportunity to be more 

aware of potential risk of injury and even adapt their exercise 

and training routines to help minimize or even prevent future 

injury.  This suggests that a precursor to ACL injury can be 

detected. 

Table 1 displays differences in the resulting joint kinematics. 

Both right knee flexion and left ankle flexion demonstrated 

noticeable variations between the team and subject J12. Based 

on these differences, one could infer that an injury is 

correlated to those respective joints. In regards to J12’s ACL 

injury, the hypoflexion of the left ankle could have led the 

right knee to compensate by hyperflexing, causing undue 

stress on the knee. 

Conclusions 

These statistical comparisons provide greater insight as to 

which movements this subject should avoid in order to achieve 

a more efficient recovery. We can further use this information 

to formulate a testing protocol or a training regimen for knee 

injury prevention for future subjects. 
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Table 1. The average (SD) maximum right knee and left ankle flexion angles for subject J12 and the rest of the female soccer team when 

performing FMS (all numbers have units of degrees). Statistically significant differences between J12 and the team are denoted with an *. 

  
Left In-Line Lunge Right In-Line Lunge Deep Squat 

Maximum Right Knee Flexion 
J12 116.39 (2.02) 121.20 (0.31)* 111.85 (4.36)*  

Team 114.81 (5.67) 127.31  (4.31) 130.27 (12.82) 

Maximum Left Ankle Flexion 
J12 31.07 (1.19)* 48.10 (0.48)* 38.55 (1.16)* 

Team 41.55 (5.51) 54.63 (3.16) 46.42 (4.70) 
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Summary 
Spotting is a dance-specific head coordination in which dancers 
fixate their heads to the front while turning. An experimental 
study in which dancers performed continuous revolutions 
aimed to analyze parameters of the spotting technique, balance, 
and dizziness. To this end, motion capture and EOG measures 
of eight professional dancers were taken. From the final trial 
wherein dancers were instructed to perform as many continuous 
revolutions as possible, the final 20 revolutions were analyzed. 
As a measure of balance, the topple angle was relatively con-
stant throughout all rotations at an average of 4.3°. While danc-
ers maintained balance, the area covered by the center of mass 
on the transverse plane as well as the head fixation duration in-
creased over consecutive revolutions. This suggests dancers 
employ adaptive mechanisms to sustain rotatory performance.  

Introduction 
Rotations around the vertical axis are a fundamental element in 
many forms of dance, especially in ballet. The most spectacular 
of these rotations are à-la-seconde and fouetté turns. The re-
spective male and female turning techniques produce the high-
est number of continuous revolutions, such as the notable per-
formance of 32 turns in Swan Lake. At the basis of these tech-
niques, dancers perform multiple rotations on one leg with the 
gesture leg and arms at horizontal. In this continuous turning, 
the dancer puts his or her heel down after each rotation in order 
to produce the torque to propel the following turns [1]. Gener-
ally, ballet dancers adopt a specific head coordination during 
their rotations called spotting. In spotting, dancers fix their gaze 
and head to the front as long as possible while the rest of the 
body begins to rotate. Once the fixation can no longer be sus-
tained, the head quickly rotates overtaking the rest of the body 
to return to the front again.  

It is unclear, however, why ballet dancers adopt this spotting 
technique, whereas similar rotations in other dance forms, ice 
skating, or gymnastics lack such a head coordination. An anal-
ysis of ballet turns has shown spotting to be biomechanically 
impractical, illustrating that the whipping movement of the 
head actually absorbs some of the angular momentum of the 
turn, and resultantly slows the turn rate – particularly if the head 
is off the axis of rotation [2]. Nevertheless, several reasons for 
spotting have been proposed, with two predominant explana-
tions explored here. First, spotting has been suggested to help 
postural stability during and after turning. Many studies in sim-
ple balance tasks such as standing still or more complex ones 
such as walking over a slackline [e.g., 3] have shown that a 
fixed gaze/head helps balance, yet the benefit of such stabiliza-
tion in rotational movements has not been examined. Second, 
spotting has been shown to reduce dizziness in dancer popula-
tions [4]. Still, the functionality of spotting in turning has yet to 
be understood. Therefore, the aim of the present study is to first 
describe the coordination of the spotting technique, balance, 

and dizziness over time in the continuous rotations of à-la-se-
conde and fouetté turns. The second aim is to unravel the rela-
tionship between these three parameters to better understand 
how dancers sustain the performance of repeated revolutions.  

Methods 
Six male and two female professional ballet dancers partici-
pated in the study (n = 8, Age: 31 ± 4.2), and had an average of 
19 ± 4.0 years of experience in ballet technique. The dancers 
were equipped with a Plug-in Gait marker set as well as elec-
trodes at the sides of their eyes for electrooculography (EOG) 
measures of horizontal per- and post-rotatory nystagmus. 
Three-dimensional motion was captured with an eight-camera 
Vicon system at 200 Hz, while EOG measures were recorded 
with a wireless BioTrace system at 256 Hz. Dancers performed 
fourteen continuous rotations under two conditions: (1) with no 
reference points on the front white wall, and (2) with a reference 
point at eye level. Each condition was performed four times in 
total, alternating from condition (1) to (2) after every two trials. 
Dancers were not instructed to specifically use the reference 
point (2) for spotting. Finally, participants performed one trial 
wherein they were instructed to perform as many consecutive 
rotations as possible. After each trial, the dancers indicated their 
perception of dizziness and judgement of performance on a nu-
merical scale, while the experimenter individually rated perfor-
mance on the same numerical scale. Finally, participants per-
formed one last trial wherein they were instructed to turn as 
many consecutive rotations as possible.  
The present analysis will focus on this high revolution trial.  The 
fixation phase of spotting was identified as the period between 
the maximum angular deceleration and acceleration of the head 
per revolution. The full spotting coordination was then analyzed 
by calculating the spot ratio for each revolution, dividing the 
duration of head fixation to the front by the duration of the fol-
lowing head rotation returning to the front. The average topple 
angle (i.e., the angular deviation between the vertical line form 
the supporting toe and the center of mass (COM) [5]) during 
each rotation was additionally calculated as a first measure of 
balance. The path of the COM on the transverse plane was fur-
ther described by a 95% ellipse area.  Dizziness during and after 
the rotations was assessed by analysis of the pre- and post-rota-
tory nystagmus from the EOG measures. Each of these varia-
bles was assessed over time for a first descriptive understanding 
of how dancers cope with increasing revolutions.    

Results and Discussion 
On average, dancers performed 33.5 ± 5.3 consecutive rotations 
in the high revolution trial. For these first descriptive results, 
the final 20 rotations of each dancer were considered. Interest-
ingly, a linear regression of topple angle over time (averaged 
across all dancers) showed no significant relationship (R2 < .10) 
–  meaning that the topple angle did not increase over 20 revo-
lutions. Rather, it remained relatively constant at an average of 
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Summary 
A human activity recognition system using wearable sensor 
data that can detect dance specific activities (jumping and leg 
lifting tasks) and quality of movement, such as ground 
reaction force was developed, using a machine learning 
approach. This system allows for the measurement of specific 
training volume in dancers, and prevention of pain and 
disability. 

Introduction 
Ballet is a physically and mentally demanding pursuit, 
characterised by high training volumes which have been 
associated with the development of musculoskeletal pain and 
disability. Currently training volume in ballet is quantified 
using imprecise and biased measures such as activity diaries 
and training schedules. These do not account for specific 
activities that may impose different loads on the dancer, nor 
provide an indication of a dancer’s quality of movement. 
Recently developed wearable sensor technologies and 
machine learning protocols for human activity recognition 
have been used to record training volumes in several team and 
individual sports [1]. The aim of this study was to develop a 
human activity recognition system using wearable sensor data 
and machine learning to accurately identify specific dance 
activities (jumping and lifting the leg) and quality of 
movement allowing for objective quantification of training 
volume.   

Methods 
Part 1: Human Activity Recognition- Dance movements: Pre-
professional female dancers (n=23) were fitted with 6 
Actigraph Link wearable sensors (bilateral tibia, bilateral 
thigh, sacrum and thoracic spine) operated at 100 Hz. Dancers 
performed a series of discrete ballet movements; jumping and 
leg lifting tasks. Movements were then performed within 
choreographed sequences. Dancers were simultaneously 
videoed (100 fps), with activities subsequently identified and 
classified at 3 levels by a ballet expert, and annotated frame by 
frame. The first level of classification detailed if the dancer 
was jumping or lifting their leg, the second provided 
indication of size of the jump and whether the dancer was 
landing bilaterally or unilaterally and the direction of the leg. 
The third level indicated laterality. A machine learning 
approach was used to develop a series of models of transition 
movements to correctly identify each activity at each of the 
three levels of classification for different sensor combinations. 
The models were validated using a leave one out cross 
validation to determine the accuracy of the system. 

Part 2: Quality of Movement: Pre-professional female dancers 
(n=14) were fitted with one Actigraph Link wearable sensor  
(sacrum). Dancers performed the same movements as prior, 
however this time data was collected simultaneously with an 
18 camera Vicon Motion Analysis System and using 2 AMTI 
force platforms. A customised Labview program synchronised 
the Vicon, force platform and Actigraph data. Machine 
learning models were developed to predict the ground reaction 
force and vertical jump height during jumping tasks and 
validated using a leave one out cross validation to determine 
the accuracy of the system. 

Results and Discussion 
Part 1: The accuracy of the models including all 6 sensors was 
97.8% at the first level of classification, 83.0% at the second 
and 75.1% at the third. The level of accuracy was superior to 
self-reported measures which have an error of up to 39% 
When fewer sensors were used, the model performed with a 
high degree of accuracy at the first level of classification 
regardless of the number of sensors the dancer was wearing. 
At the second and third levels of classification there were 
reductions in performance of the model with reduced sensors 
regardless of the sensor combination. A similar trend existed 
when transitions were applied. A single sensor could be used 
with 97.5% accuracy at the first level of classification and 
73% accuracy at the second level. The use of a single sensor 
will reduce the burden on dancers and the processing demands 
for sports scientists. 
Part 2: The machine learning model used for force prediction 
performed with an average root mean square error of 0.3BW 
and a correlation coefficient of 0.97.  

Conclusions 
This study developed and validated a wearable sensor system, 
using a machine learning approach, which is able to accurately 
identify dance specific activities, thus allowing for objective 
quantification of specific dance related movement tasks and 
providing indication of specific training volume and quality of 
movement within a dance studio. Overall this provides 
potential for within dancer load and performance monitoring, 
injury prevention and return to dance management.   
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Summary 

Real-time sonified biofeedback has the potential to facilitate 

skill acquisition related to balance and successful turns. Turning 

is an essential skill for dancers and pedestrians. However, in 

order to turn, people must achieve conflicting mechanical 

objectives. Specifically, people need to concurrently manage 

generation of angular and linear momentum while maintaining 

balance above a changing base of support. This is a non-trivial 

task for novice dancers, bipedal robots, and balance-impaired 

clinical populations.  

We will present (1) a comparison of ground reaction force and 

muscle activation patterns used by two elite dancers while 

initiating turns and (2) examples of how this biomechanical 

information can be used to develop generalized and 

personalized biofeedback for balance and turn training. One 

goal of this presentation is to introduce our biomechanics 

community to interactive media sonification used in dance. 

Introduction 

Sonification of dance has a long history of use for 

choreography, composition, dance notation, and performance 

[1-4]. However, it is only beginning to emerge in clinical or 

athletic training applications. We envision movement training 

systems that use interactive media, especially through music 

and sound, to teach fundamentals and help experts fine-tune 

their mechanics. 

For example, there is an opportunity to improve how ballet 

dancers learn to turn. Currently, there are wide variations across 

schools of dance in how classical turns like pirouette and pique 

turns are taught. Novice dancers often employ “trial and error” 

and repetition-based methodologies to learn how to turn, guided 

by verbal cues from a dance teacher and by watching successful 

demonstrations to emulate. Some dance teachers have more of 

a background in physics and mechanics than do others. The lack 

of these backgrounds can lead to mechanically- impossible cues 

given to young dancers, such as (paraphrased): “first, balance 

in the turn position supported by one forefoot, then, turn.” 

However, dancers must push on the floor to generate linear and 

angular momentum before rotating their bodies. Dance teachers 

may also introduce dancers to turns by using “progressions”. 

These progressions allow a dancer to practice and master one 

task before attempting the following task.  

Methods, Results, and Discussion 

Following methods described in [6], ground reaction forces 

(GRF) were measured at each foot using two forceplates during 

the turn initiation phase of pique turns (1200Hz, Kistler, USA). 

Turn initiation ended when the “gesture” leg (back/push leg) 

was lifted from the ground (time zero). Following methods in 

[7], muscle activation patterns were measured using surface 

electromyography (1200Hz, Konigsberg Instruments, USA). 

sEMG were filtered and put into 20ms bins normalized to max 

activation during manual muscle tests (MMT).

Figure 3: Exemplar comparison of mean (SD) muscle activation 

(%MMT) of the back (push) leg during single (positive, green) vs. 

double (negated, blue) pique turns. Above each graph, cartoons depict 

the horizontal GRF context for each subject at three times during the 

turn initiation phase (green single turn, blue double turn).  

 

Subject-specific strategies identified during turn initiation 

motivate personalization of biofeedback (aligned with goals of 

precision medicine) [5-7]. For instance, if biofeedback is 

personalized, we can incrementally “introduce” an alternative 

strategy to Subject A, or encourage a strategy already 

successfully used (Figure 3).  

We chose to develop real-time sonification of GRFs during 

“balance progressions” and turn initiation because:  

• Ballet turns often start from a stationary body position. When 

the body is stationary, an external force is needed to 

accelerate it. This external force is provided by the GRF, 

controlled in time through the lower extremity. 

• By doing so, we can bring awareness to dancers that they 

need to push on the floor in specific ways to successfully 

accomplish balance and turning tasks. This information could 

be given in generalized progressions, or in a personalized/ 

subject-specific manner.  

• We found that dancers use subject-specific GRF patterns to 

initiate successful turns [6-8]. 

• Sonification has the potential to help dancers learn how to 

balance and turn successfully because (1) while turning, gaze 

cannot easily fixate on visual biofeedback modalities and (2) 

dancers are accustomed to interacting with music. 
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Summary 
Reverse total shoulder arthroplasty (RSA) surgery is an 
effective treatment strategy for patients with varying shoulder 
deficiencies. The purpose of this study was to quantify the 
distribution of bone density in the scapulae of patients 
undergoing reverse shoulder arthroplasty (RSA) to guide 
optimal screw placement. To achieve this aim, we selected 
regions of interest based on their potential glenoid baseplate 
screw positioning in RSA surgery and compared each regions’ 
density. We found the region of the coracoid lateral to the 
suprascapular notch was significantly less dense than the 
regions around the lateral border and scapular spine. 
 
Introduction 
Reverse total shoulder arthroplasty surgery is an effective 
treatment strategy for patients with varying shoulder 
deficiencies. The most common cause for revision surgery in 
RSA is glenoid loosening [1]. Thus, to improve the long-term 
success of this surgery, optimal screw placement is important 
[2]. Unfortunately, there are few studies analyzing optimal 
screw placement based on bone density [3,2]. 
 
Three columns of bone extend from the glenoid base including 
the scapular spine, lateral border and base of the coracoid 
process [3]. DiStefano et al. found that the areas of thickest 
cortical bone density were present in these columns [3]. In our 
previous study, variations of scapular bone density in cadaver 
specimens were analyzed [4]. We found that the base of the 
coracoid process was statistically significantly less dense than 
the spine and the lateral border of the scapulae [4]. 
 
The purpose of this study was to quantify the distribution of 
bone density in the scapulae of patients undergoing reverse 
shoulder arthroplasty to guide optimal screw placement. To 
achieve this aim, we compared bone density in regions around 
the glenoid that are normally targeted for screw placement. 
 
Methods 
Specimens included twelve scapulae in 12 patients with a 
mean age of 74 years (standard deviation = 9 years). Each 
scapula underwent a computed tomography (CT) scan with a 
Lightspeed+ XCR 16-Slice CT scanner (General Electric, 
Milwaukee, USA). Three-dimensional (three-D) surface mesh 
models and masks of the scapulae containing three-D voxel 
locations along with the relative Hounsfield Units were 

created. HU were then converted to Calcium Hydroxyapatite 
Density (mg/cc). Regions of interest were selected based on 
their potential glenoid baseplate screw positioning in RSA 
surgery. These included the base of coracoid inferior and 
lateral to the suprascapular notch, an anterior and posterior 
portion of the scapular spine, and an anterosuperior and 
inferior portion of the lateral border. Analysis of Variance 
(ANOVA) tests were used to examine statistical differences in 
bone density between each region of interest (p<0.05). 
 
Results and Discussion 
The coracoid lateral to the suprascapular notch was 
significantly less dense than the inferior portion of the lateral 
border (mean difference = 96.54 mg/cc, p=0.03), 
anterosuperior portion of the lateral border (mean difference = 
93.49 mg/cc, p=0.04), posterior spine (mean difference = 
110.29 mg/cc, p=0.007), and anterior spine (mean difference = 
112.26 mg/cc, p=0.006).  
 
These results are similar to those found in our previous 
cadaveric study where the coracoid region was significantly 
less dense than regions around the lateral scapular border and 
scapular spine.  
 
This study has many clinical applications. We have a better 
understanding of variable angle screw placement in the spine, 
lateral border, and coracoid process. When placing screws in 
the base of the coracoid it may be important to carefully plan 
the trajectory since the coracoid lateral to the suprascapular 
notch is significantly less dense in relation to the lateral border 
and spine.  
 
Conclusions 
In this study, we found the region of the coracoid lateral to the 
suprascapular notch was significantly less dense than the 
regions around the lateral border and scapular spine. To our 
knowledge, this is the first study to quantify scapular bone 
density distribution in patients undergoing RSA surgery. 
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Summary 

Subscapularis repair in Reverse Shoulder Arthroplasty is 

controversial and recent studies showed that it can decrease 

post-operative clinical scores when used with lateralized 

glenospheres. In this study a musculoskeletal model was used 

to investigate how glenosphere lateralization and subscapularis 

attachment point can affect moment arm and length. Results 

showed that excessive lateralization should be avoided when 

SSc is repaired in RSA and also suggested that a superior 

repair attachment can improve its biomechanical function. 

Introduction 

Reverse shoulder arthroplasty (RSA) is a popular solution for 

rotator cuff arthropathy. However, there are still concerns 

about complications like limited range of motion, and 

stability. The repair of the subscapularis muscle (SSc) in RSA 

has been debated and recent clinical studies have showed that 

it can decrease shoulder function when used with lateralized 

glenospheres [1]. However, it has been proposed that changing 

the repair SSc attachment site on the lesser tuberosity may 

achieve better mechanical advantage and improve the function 

of the muscle. The purpose of this study was to investigate 

how i) RSA glenosphere lateralization and ii) SSc attachment 

site, can affect its biomechanics. 

Methods 

The Newcastle Shoulder Model (NSM) [2] was used to 

calculate moment arms and muscle length of the SSc muscle 

before and after virtual RSA. The NSM consists of 6 rigid 

bones and simulates functional shoulder motions including 

clavicle and scapula kinematics (Fig1.A). The SSc muscle is 

modelled with 3 lines of action that simulate the superior, 

middle and inferior tendon bands. Nine CTs from healthy 

subjects were used to customize the NSM and create 9 

additional models. Bony geometries were digitized, and the 

anatomic origins and insertions of the SSc were identified. A 

commercial RSA prosthesis model was implanted to each 

model. To study the effect of lateralization to the SSc, 3 

glenospheres were tested (+0, +5 and +10 mm). Three 

attachment sites for SSc repair were also simulated: the native, 

a superior, and an inferior (Fig1.B). Muscle moment arms and 

lengths of the SSc were computed throughout abduction (0° to 

150°), and internal rotation (0° to 80°) at 20° of abduction. 

 

Figure 1: (A) The NSM, (B) the SSc attachment tested 

Results 

Overall, RSA increased the adduction moment arm of the SSc 

compared to the anatomical shoulder (Fig. 2). Superior SSc 

attachment had the least adductive moment arm (9.4±2.2mm 

compared to 15.1±2.8mm and 22.3±2.9mm for the native and 

inferior respectively, p=0.002). The superior and native 

attachment showed larger rotational moment arm compared to 

the inferior attachment, but it was smaller compared to the 

anatomical shoulder (p=0.003). Glenosphere lateralization did 

not affect the moment arm results, but it resulted in increased 

SSc length with maximum length of 139.4±8.4mm for +0mm 

glenosphere, 143.9±8.4mm for +5mm and 148.4±9.1mm for 

+10mm (p<0.01, Fig.3). The inferior attachment also resulted 

in longer SSc length (143.9±8.3 mm, p=0.001).  

Discussion - Conclusions 

Lateralization of glenosphere had no effect on SSc moment 

arms in either abduction or internal rotation. However, it did 

increase the length of the muscle more than its anatomical 

length, which can create a passive tension. The latter in 

combination with the adductive moment arm of the SSc after 

RSA can counteract the deltoid and weaken shoulder strength. 

The results of the study suggest that a superior attachment site 

for SSc repair on RSA can improve SSc function.  

References 

[1] Werner BC et al. (2018).J Am Acad Orthop Surg, 5: 114-9 

[2] Charlton IW et al. (2006). Proc Ins. Mech Eng, 8: 801-12. 

 

(A) (B) 

Figure 2: Superior SSc attachment resulted in less adductive 

moment arms compared to native or inferior insertion 

Figure 3: Glenosphere lateralization can strain the SSc muscle longer 

than its maximum anatomical values creating passive tension 
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Summary 

Reverse shoulder arthroplasty (RSA) usually leads to 

favourable clinical and functional results, yet some patients 

experience persisting limitations in shoulder range of motion 

(ROM). Shoulder abduction ROM is comprised of individual 

contributions of scapular rotation (between scapula and 

thorax) and glenohumeral rotation (between scapula and 

humerus). Based on visual observations during routine clinical 

postoperative exams, it was speculated that patients with 

insufficient shoulder abduction ROM are predominantly 

limited by poor scapular rotation. Shoulder abduction ROM 

was quantified in 21 patients after RSA using a 3D motion 

capture system and was correlated to scapular and 

glenohumeral rotation contributions. Glenohumeral rotation 

showed a strong correlation to shoulder abduction ROM while 

scapular rotation correlated poorly. In contrast to visual 

clinical observations, glenohumeral rather than scapular 

rotation appears to be the limiting factor for patients with poor 

shoulder abduction ROM after RSA. 

Introduction 

Reverse shoulder arthroplasty (RSA) usually leads to 

favourable clinical and functional results in patients suffering 

from severe shoulder conditions. Yet it was shown that up to 

30% of patients do not regain sufficient shoulder range of 

motion (ROM) after RSA [1]. Shoulder abduction ROM is 

comprised of individual contributions of scapular rotation 

(between scapula and thorax) and glenohumeral rotation 

(between scapula and humerus). Based on visual observations 

during routine postoperative exams, it was speculated that 

patients with insufficient shoulder abduction ROM are 

predominantly limited by a poor scapular rotation. The aim of 

this study was to compare scapular and glenohumeral 

contributions to shoulder abduction ROM in patients after 

RSA. 

Methods 

In total, 21 patients (73±7 yrs, 167±8 cm, 70±11 kg, 12 

females) with poor to excellent abduction ROM after RSA 

participated in this study. Abduction ROM and the individual 

contributions from scapular and glenohumeral rotation were 

quantified using a 3D motion capture system and skin-

mounted markers, which were placed according to the 

Heidelberg upper extremity model [2]. Maximal shoulder 

abduction strength was measured using a spring-loaded analog 

scale. Abduction ROM was correlated to 

scapular/glenohumeral rotations as well as abduction strength 

using Pearson’s correlation coefficients. 

Results and Discussion 

Scapular rotation showed a poor correlation with maximal 

abduction ROM (r = 0.45, p = 0.04) while glenohumeral 

rotation showed a good correlation (r = 0.89, p < 0.001) 

(Figure 1). Abduction strength was poorly related to maximal 

abduction ROM (r = 0.47, p = 0.03). Unsurprisingly, both 

scapular and glenohumeral rotation angles increased 

concomitantly with abduction ROM. However, the 

glenohumeral contribution was more directly related to the 

maximum abduction than scapular rotation. While most 

patients were able to rotate their scapula 40° or more, the 

glenohumeral contribution was severely limited in patients 

with poor abduction ROM. Shoulder abduction strength is an 

important factor for glenohumeral rotation and thus abduction 

ROM, however, most patients managed to compensate poor 

abduction strength and glenohumeral rotation with 

pronounced scapula rotation. Motion analysis may be 

combined with clinical and imaging information in patients 

with poor abduction ROM after RSA to identify the origin of 

limited abduction ROM. 

 

Figure 1: Glenohumeral rotation (left) shows a stronger correlation 
with shoulder abduction ROM than scapular rotation (right) in 
patients after reverse shoulder arthroplasty. 

Conclusions 

Patients with insufficient shoulder abduction ROM after 

reverse shoulder arthroplasty appear to be predominantly 

limited by poor glenohumeral rather than scapular rotation 

ability. 
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Summary 

Modifying the placement of the reverse total shoulder 

arthroplasty (RTSA) prosthesis can have an effect on 

functional outcomes. A biomechanical model of the shoulder 

was used to evaluate 48 RTSA configurations. To determine 

which of these was an optimised configuration, a total of 5040 

simulations were performed and four outcome measures were 

assessed during each simulation. It was determined that the 

simultaneous implementation of 5 mm inferior glenosphere 

translation and 5 mm posteromedial humeral tray translation 

maximised functional outcomes (i.e. impingement-free range 

of motion, joint stability, and deltoid moment arms). 

Introduction  

RTSA alleviates pain and restores shoulder function to 

patients with a massive rotator cuff tear or rotator cuff 

arthropathies by altering the biomechanics of the 

glenohumeral joint and deltoid muscle [1]. The aim of this 

study is to understand the effect of combining modifications to 

the placement of the prosthesis on RTSA functional outcomes. 

It uses a biomechanical shoulder model to investigate changes 

to shoulder function after RTSA for a default prosthesis 

configuration and the systematic combination of three 

placement modifications 

Methods 

The reconstructed scapula and humerus from 15 CT scans 

were used to customise the Newcastle Shoulder Model, a 3D 

biomechanical model of the shoulder [2,3]. Each model 

underwent virtual surgery in Mimics (Materialise NV, 

Belgium) using the Delta XTEND Reverse Shoulder System 

(DePuy Synthes, USA) that was 3D reconstructed from an 

explant. 48 configurations were tested with each model: a 

default configuration with no modifications and 47 modified 

configurations that represented of eccentric glenosphere 

placement, eccentric humeral tray placement, and a virtual 

augmentation of the greater tuberosity.   

Deltoid elongation (DE), deltoid moment arm (DMA), 

glenohumeral joint stability ratio (SR), and impingement-free 

range of motion (IFROM) were measured during seven 

shoulder motions: abduction, forward flexion, scapular plane 

elevation, and internal-external rotation at 20° and 90° of 

abduction. A score that ranged, in increments of 0.25, from -1 

to 1 was assigned to the effect of each combination of 

modified configuration on the primary outcome measures 

(DMA, SR, and IFROM) for a given motion, relative to the 

default configuration. A maximum score of 21 (3 outcome 

measures × 7 motions) was obtainable for each modified 

configuration. Additionally, modified configurations that 

consistently elongated the deltoid (DE > 20%) were deemed 

unusable due to an increased potential for acromial stress 

fractures or neurological damage [2]. 

Results and discussion 

Of the 21 usable modified configurations, the configuration 

that had the greatest overall improvement on RTSA function 

obtained a score of 7.5 out of 21. This score corresponds to a 

motion-averaged average improvement of DMA, SR, and 

IFROM by 17.9%, 57.1%, and 32.1%, respectively, compared 

to the default configuration. This optimised configuration 

obtained these scores by simultaneously implementing a 5 mm 

inferior glenosphere translation and a 5 mm posteromedial 

humeral tray translation.  

Figure 1 highlights a comparison between the changes to the 

functional outcomes of the reverse shoulder due to the 

optimised configuration and its constitutive modifications 

during abduction. In addition, it should be noted that due to an 

antagonistic relationship between outcome measures [3] and 

differing functional requirements of the motions, the 

optimised configuration only had a beneficial impact on 15 of 

the 21 outcome measures. 

 

Figure 1: Comparison between the functional outcomes of the 

reverse shoulder due to default (Def.), inferior glenosphere 

translation (GS_I), posteromedial humeral tray translation 

(HTT_PM), and optimised (Opt.) configurations. 

Conclusions 

Functional outcomes of the reverse shoulder can be improved 

by combining prosthesis placement modifications. Of a 

possible 47 modified configurations, an optimised 

configuration that had balanced, moderate improvements to 

majority of the outcome measures was determined. Future 

studies should look to evaluate activities of daily living and 

experimentally validate these biomechanical findings.    
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Summary 

A cadaver model was utilized to determine operating muscle 

lengths of the infraspinatus, teres minor, and subscapularis 

through the internal-external rotation range of motion before 

and after implantation of reverse shoulder arthroplasty 

(RSA) components with a lateralized glenosphere.  All three 

muscles show increased minimal and maximal lengths and 

an increased total excursion following RSA. 

Introduction 

RSA has been reported to result in changes in the length, 

tension and line of action of the rotator cuff muscles [1]. The 

magnitude and direction of these changes is influenced by 

the degree of global humeral lateralization after RSA. One 

proposed advantage of lateralized implants is the increase in 

length and tension of the rotator cuff, which could position 

these muscles in an optimal part of their force-length curve. 

The purpose of this study was to measure operating length 

changes of axial rotator cuff muscles with implantation of an 

RSA that lateralizes on both the glenoid and humeral sides. 

Methods 

A cadaveric model of 6 hemi-thoraces was used.  The spine, 

pelvis, sternum, rib cage, humerus and all muscles of the 

thorax, back, and shoulder girdle were preserved.  Suture 

lines were run to pneumatic cylinders from the insertion to 

the origin (guided by eyelets screwed to bones) of 10 

muscles to apply a constant, stabilizing load across the joint.   

Electromagnetic tracking sensors (Liberty, Polhemus, Inc.) 

were rigidly fixed to the thorax, scapula, and humerus to 

record 3D kinematics with anatomic coordinate systems 

established according to ISB recommendations [2]. Muscle 

origins and insertions were digitized and tracked. 

Testing consisted of manually rotating the humerus through 

5 cycles of its internal-external rotation range of motion.  

Kinematic data, including the origin and insertion 

coordinates, was collected at 120Hz using the Motion 

Monitor software.  Testing was performed in 3 positions of 

abduction: 0°, 45°, and 90°.  After testing the intact shoulder, 

reverse shoulder arthroplasty was performed by a trained 

orthopaedic surgeon using an implant with 2mm of 

glenosphere lateral offset (ReUnion, Styker, Mahwah, NJ) 

and testing was repeated. 

Muscle lengths of the internal (subscapularis) and external 

(infraspinatus and teres minor) rotators were computed by 

taking the linear origin to insertion distance at each muscle’s 

shortest point plus the increasing arc length of the insertion 

point as it wrapped the proximal humerus during axial 

rotation. A matched pairs t-test (p=0.05) was performed 

comparing the intact and RSA conditions for each muscle. 

Results and Discussion 

Subscapularis minimum and maximum lengths increased 

after RSA across all abductions and increased excursion at 

90° abduction.   Infraspinatus increased in minimum length 

at 45° and 90°, in maximum length at 90, and in excursion at 

0° and 45°, after RSA. Teres minor minimum and maximum 

lengths increased after RSA at 90° and 45°, respectively, and 

excursion was increased at 45° after RSA. (Figure 1) 

Increased minimal length was likely due to the combined 

glenoid and humeral lateralization.  While the current 

implant was lateralized compared to the Grammont-style 

implants, the center of rotation remained medial relative to 

the native shoulder. This medialization of the center of 

rotation relative to the lateral humeral surface increases the 

radius of humeral axial rotation axis vs. the intact arm, 

increasing the maximum length and excursion of the cuff 

muscles. Given the known force-length relationship of 

muscles, this change in the operating lengths will likely 

affect shoulder function.  We plan to further investigate the 

lateralized RSA’s effect on rotator cuff muscle length, 

moment arms, and lines of action and associated effects on 

biomechanical function.  

Figure 1: Muscle operating lengths of the subscapularis, 

infraspinatus, and teres minor of intact and RSA shoulder.  Bar 

bottom and top indicate minimal and maximal muscle lengths, 

respectively. Bar size indicates total excursion. 

Conclusions 

RSA with a lateralized implant increases the operating 

lengths of the subscapularis, infraspinatus, and teres minor, 

thereby altering their biomechanical function and force 

generating capabilities. 
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Summary 
Neck flexion is associated with neck pain and is observed 
when an individual uses a smartphone. The purpose of this 
study was to determine if clinical measures and kinematics 
during smartphone use were different between those who do 
and do not develop neck and upper back pain. A cervical 
extensor strength test was performed before and after 30-min 
of smartphone use. 53% of participants developed upper-back 
or neck pain and demonstrated a larger decrease in their 
cervical extensor fatigue time. Young adults are at risk of 
developing musculoskeletal pain after short bouts of neck 
flexion, which may lead to more serious healthcare issues. 

Introduction 
An increase in mobile technology has provided improvements 
in accessibility and productivity; however, many clinicians 
attribute excessive mobile technology use to neck pain 
development [1]. Ninety percent of individuals assume neck 
flexion during smartphone use [2], which has been linked to 
neck pain development [3]. The purpose of this study was to 
investigate the acute impact of smartphone use on pain 
development in young adults. We hypothesized that young 
adults without a history of neck or upper back pain would 
develop pain during smartphone use that can be predicted by 
objective clinical measures and neck posture during use. 

Methods 
We recruited 15 participants (18-29 years) without a prior 
history of neck or back pain. Cervical extensor (CE) strength 
was assessed by having each participant lie prone on a 
treatment table with the head and neck hanging off of the 
table. Failure occurred if the participant was unable to meet 
the maximum test length of 120 seconds or their neck angle 
changed by 10 degrees as monitored by an inclinometer. 
Participants completed 30 minutes of smartphone use 
consisting of three tasks assigned in random order: video, free-
response questionnaire, and web browser scavenger hunt. 
Kinematic data were continuously collected through motion 
capture (Qualysis AB) with reflective markers placed on the 
head and trunk. Neck angle (the head relative to the thorax) 
was calculated in Visual3D (v6) and an APDF was used to 
assess median neck angle and range of movement (90th-10th 
percentile). Participants filled out a written VAS for their neck 
and back pain at minutes 0, 10, 20, and 30. Clinical tests were 
repeated after smartphone use. Pain developers (PD) and non-
pain developers (NPD) were separated by a VAS benchmark 
of 12mm [4] for either neck or upper back pain.  Statistics 
were run in JMP (v.13.1). Wilcoxon t-tests were performed to 
analyze the influence of pain group on changes in CE time (α= 
0.025). Median neck angle and range of movement were 
compared between groups using t-tests (α= 0.025). 

Results and Discussion 
Fifty-three percent (8/15) of participants developed neck 
and/or upper back pain. PDs had an average maximum neck 
VAS of 17.8 mm (SD=12.1) and 29.6 mm (SD=11.6) for 
upper back VAS, while NPDs had VAS scores of 4 mm 
(SD=4.4) and 2.4 mm (SD=3.6) for the neck and upper back, 
respectively. PDs demonstrated a decreased cervical extensor 
test time (Figure 1) after 30 minutes of smartphone use 
(p=0.008), while NPDs did not decrease to the same extent 
(p=0.17). There were no significant differences found for the 
remaining clinical tests. There was also no significant 
difference in neck angle and range of movement. Overall, 
median neck flexion angle was 27o (SD=12.2o) and range of 
movement was 14.4o (10.2o). 

 

Figure 1: CE test duration. There was a significant difference (*) 
between pre- and post-test time for PDs (p<0.025). 

Conclusions 
Young adults can develop neck and upper back pain during 
acute smartphone use. Cervical flexion contributes to 
compression of intervertebral discs between C4 through C7 
that results in posterior disc bulging. This pain refers to the 
upper back [5] and may explain the high upper back (rather 
than neck) VAS scores. Future work will look at the 
kinematics and pain pressure thresholds of the thoracic region 
during sustained neck flexion. 
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Summary 

General methods to predict rate of recovery of Whiplash 

associated disorder (WAD) patients rely on subjective 

functional assessments. The Neck Functional Holistic 

Analysis Score (NFHAS) stages patients into 5 groups 

according to the severity of ROM loss. In a cohort of 904 

patients, the NFHAS showed that Types IV and V had the 

greatest improvements in the follow up, while Type I showed 

worse outcomes implying no benefit from rehabilitation in this 

score. Assessing the starting functionality with the NFHAS of 

a patient may serve to establish expected recovery. 

Introduction 

Patients suffering from WAD have a high rate of non-recovery 

[1]. Clinical prediction rules help to determine the risk of poor 

recovery on these patients [2]. General methods to predict rate 

of recovery rely on subjective assessments. The scope is to 

complement these approaches with an objective method. 

Methods 

Kinematic data was acquired with the EBI-5 system from 

WAD patients. The data was obtained from the database of 

patients treated by Fisi(ON) Health Group. All the patients 

with a baseline assessment and a follow up between June and 

December of 2018 were selected. Between baseline and follow 

up the patients receive a mean of 10 rehabilitation sessions. 

ROM was normalized to normative data and used to determine 

the NFHAS. These normalized values were used as the 

vertices of a polygon. The area of this polygon normalized 

against the ideal constitute the NFHAS, it represents the 

global ROM. The NFHAS stages patients into 5 groups 

depending on severity of ROM loss. Inference tests were made 

between baseline and follow up using Wilcoxon’s test and r 

effect size. 

Results and Discussion 

904 patients were included in the present cohort. Data did not 

follow a normal distribution. Descriptive statistics and 

inference tests are presented in Table 1. Data at baseline from 

each group present less heterogenicity than in follow up. The 

heterogenicity found in the follow up might answer to 

differences due to gender factors, differences in the treatment 

modality, or the willingness of patients to make the best 

performance in the ROM tests. NFHAS types V and IV 

present the worst functional outcomes at baseline, and after 

the first period of treatment show the biggest median 

improvement (Figure 1). Literature reports that patients with 

fear of motion will score lower in functional outcomes 

compared to patients without it, which can be the case for the 

patients on these groups. NFHAS type I patients present worst 

outcomes after the rehabilitation period, these patients might 

not be benefiting from the rehabilitation. 

 

Figure 1: Progression of the injury between baseline and follow up. 

Conclusions 

The influence of other variables on the prognosis should be 

addressed. The fear of motion effect on NFHAS types IV and 

V needs to be studied. NFHAS type I patients might not 

benefit from rehabilitation. The NFHAS can be used to 

establish expected recovery. 

References 

[1] Rydman E. et al. (2018). Eur. Spine J., 27: 1255-1261. 

[2] Kelly J. (2019). Musculoskelet. Sci. Pract.,39: 73-79. 

Table 1: Descriptive data and inference results of the progression of patients according to their NFHAS.  

NFHAS classification Median 
Interquartile 

range 

Confidence interval 

with the median 
2nd CI − 1st CI 

Z p. r 

Lower Upper Lower Upper 

Type I 

N=148 

Baseline 90.21 % 10.10 88.79 % 91.68 % 
-6.22 % -.062 % 4.753 0.0005 0.27 

Follow up 86.11 % 19.27 82.57 % 91.06 % 

Type II 

N=196 

Baseline 71.47 % 7.84 70.13 % 72.43 % 
1.78 % 5.49 % 1.318 0.188 0.06 

Follow up 75.09 % 23.3 71.91 % 77.92 % 

Type III 

N=199 

Baseline 57.29 % 8.6 55.65 % 58.51 % 
3.66 % 8.45 % 4.987 0.0005 0,24 

Follow up 64.15 % 25.69 59.31 % 66.96 % 

Type IV 

N=191 

Baseline 38.57 % 10.43 37.48 % 40.76 % 
12.23 % 15.64 % 9.092 0.0005 0.46 

Follow up 52.92 % 28.48 49.71 % 56.40 % 

Type V 

N=170 

Baseline 18.22 % 13.62 16.23 % 20.75 % 
9.37 % 15.58 % 9.541 0.0005 0.51 

Follow up 29.63 % 29.58 25.60 % 36.33 % 
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Summary 
The objective of this analysis was to compare the 
biomechanical and electromyographic characteristics of 
successful vs. unsuccessful manual high-velocity, low-
amplitude (HVLA) cervical and upper thoracic spinal 
manipulations. Manipulations not associated with cavitation 
of the vertebral joint were classified as ‘unsuccessful’ by the 
treating practitioner and were immediately delivered again. 

Introduction 
Spinal manipulative therapy  is an effective treatment for 
neck pain [1,2]. However, the mechanisms underlying its 
clinical efficacy are not fully understood. While many 
previous studies have investigated the biomechanical 
characteristics and reflex responses associated with spinal 
manipulation individually, these parameters have never been 
compared simultaneously.  

Methods 
Eleven asymptomatic subjects received six commonly used 
manipulations to the cervical and upper thoracic spine. 
Bipolar surface electromyography electrodes were used to 
measure the reflex responses of 16 neck, back and proximal 
limb muscles bilaterally: the sternocleidomastoid, splenius 
cervicis, upper trapezius, posterior deltoid, middle trapezius, 
latissimus dorsi, longissimus thoracis and gluteus maximus. 
Differences in biomechanical and electromyographic data 
were analyzed. 

Results and Discussion  
Thirteen spinal manipulations were included in this 
secondary analysis. Several biomechanical characteristics 
were significantly different between successful and 
unsuccessful spinal manipulations. Specifically, maximum 
pressure was higher (p<0.001), thrust duration was shorter 
(p=0.009) and rate of force development was quicker 
(p<0.001). There were no differences between successful 
and unsuccessful manipulations in reflex responses (Figure 
1) nor electromyographic delay for either thoracic or cervical 
spinal manipulation in neck, back, arm, and leg muscles. 
There were no adverse patient events recorded in this study.  
Conclusions 

Biomechanical characteristics of successful manual HVLA 
cervical and upper thoracic spinal manipulations were 
different to those that were deemed unsuccessful by an 
experienced Chiropractor. Treatment force and speed may be 
two biomechanical characteristics intuitively adjusted by 
experienced Chiropractors to produce a successful spinal 

manipulation. It needs to be tested if these results also hold 
for a symptomatic population. 

 
Figure 1: Electromyographic responses for an unsuccessful 

(1) and successful (2) T4 manipulation.  
(L-left; GLUT-gluteus maximus; LONG T-longissimus 
thoracis; LATS-latissimus dorsi; MIDT-middle trapezius; 
PD-posterior deltoid; UT-upper trapezius; SPLEN-splenius 
cervicis; SCM-sternocleidomastoid; R-right; REF-reference 
electrode). 
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Summary 

This randomized clinical trial evaluated the immediate effect 
of cervical spine manipulation on the maximal isometric 
strength of shoulder abductors. A total of 26 subjects 
participated where 13 subjects were randomized into the 
intervention group (joint manipulation of the cervical spine), 
and 13 subjects to the placebo group (simulated manipulation 
of the cervical spine). The maximum isometric strength of 
shoulder abductors was evaluated pre and post intervention 
using a dynamometer (E-lastic). According to a paired t-test 
analysis, no significant change in muscle strength was found 
between pre and post intervention for both groups. This study 
demonstrated that a single cervical spine manipulation does 
not produce immediate effects on the maximal isometric 
strength of shoulder abductors. 

Introduction 

In osteopathy, joint manipulation is used to restore the 
mobility of a segment and it is considered a treatment option 
for various dysfunctions [1,2]. Cervical joint manipulation can 
cause biomechanical alterations but it is yet poorly explained 
in the literature [3]. The purpose of this study was to evaluate 
the immediate effect of cervical spine manipulation on the 
maximal isometric strength of shoulder abductors. 

Methods 

The study was a randomized clinical trial, triple-blind, with 
non-probabilistic sample, composed of 26 adults (11 male and 
15 female, 22 ± 4 y.o.). Inclusion criteria was: no presence of 
neck pain or discomfort; have joint dysfunction in cervical 
spine. The subjects were randomized into two groups (13 in 
Intervention Group - IG and 13 in Placebo Group - PG). The 
study was conducted in 3 stages: pre-intervention evaluation, 
intervention and post-intervention evaluation.  

For the pre and post-intervention evaluation stages, the 
Isometric Maximum Strength (IMS) for shoulder abduction 
was measured on both sides using a portable dynamometer  
(E-lastic). Measurement was taken with subject in the 
orthostatic position, with shoulder abducted at 45° (frontal 
plane) and abducted at 30° in the scapular plane, and with 
elbow, forearm and wrist in neutral position. Three 
measurements of 5 seconds each were performed for right and 
left sides with an interval of 15 seconds between measures.  

For the intervention stage, a professional osteopath performed 
the intervention. The cervical spine was first evaluated 
through palpation techniques, and then the cervical spine 
manipulation to fix a joint dysfunction was performed. In the 

PG, a manipulation simulation was performed without any real 
modification in joint dysfunction. 

A paired t-test was used to calculate differences between pre 
and post-intervention strength. SPSS 22.0 was used for the 
statistical analysis.  

Results and Discussion 

Table 1 shows the mean and standard deviation (SD) of right 
and left IMS measurements for both groups. No significant 
change in muscle strength was found (p>0.208). 

 

Table 1 – Isometric maximum strength before and after 
intervention for both groups. 

Groups Test  Mean SD P value 

Intervention  

Right pre 10.4 4.3 
0.655 

Right post 10.2 3.6 

Left pre 9.7 4.0 
0.208 

Left post 10.3 4.4 

Placebo  

Right pre 10.1 3.8 
0.417 

Right post 9.9 3.4 

Left pre 9.7 3.1 
0.786 

Left post 9.6 3.4 

The results of this study is in agreement with another study [4] 
where no significant change in strength was found. On the 
other hand, differences were found in hand grip strength in 
judo athletes after three interventions with cervical spine 
manipulation [3]. Future studies with a larger sample size and 
evaluating the long term effect of cervical spine manipulation 
on strength is recommended.  

Conclusions 

This study demonstrated that a single cervical manipulation 
was not able to produce immediate effects on the maximal 
isometric strength of shoulder abductors. 
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Summary 
Sports-related concussion (SRC) and concurrent neck pain 
(NP) is one of the most common and serious injuries in the 
United States. Prevention strategies to target modifiable 
intrinsic risk/protective factors are lacking. From a joint 
stability perspective, it is of interest to examine whether neck 
muscles are capable of changing tissue properties immediately 
after repeated maximal voluntary isometric contractions 
(MVIC). A total of 24 healthy subjects participated in the 
study. One examiner (T.N.) scanned select cervical flexor and 
extensor muscles with diagnostic ultrasound (US) to obtain 
muscle properties [cross-sectional area (CSA), thickness, and 
stiffness with shear wave elastography (SWE)]. These US-
based muscle properties were compared before and after 
MVIC trials. Paired t-tests were used to analyse if there were 
significant changes in US-based muscle properties. Results 
show that the CSA of the longus colli (LC) and 
sternocleidomastoid (SCM) thickness was significantly 
increased post-MVIC. No other significances were observed. 

Introduction 
Neck pain (NP) and sport-related concussion (SRC) are 
prevalent and higher in young and active individuals and are 
likely to occur again if they are not carefully monitored. 
Recently, a protective role of neck musculature has been 
investigated [1]. Specifically, anticipatory muscle activation to 
‘brace the head/neck’ prior to impact have gained attention 
[1,2]. A complex finite element model has shown that 
anticipated muscle activation can reduce the risk of brain 
injury [2]. In humans, muscles become stiffer and increase 
muscle tone for a prolonged period of time after the maximal 
contractions such as eccentric contractions [3]. We aimed to 
examine the immediate effects of neck isometric contractions 
on the neck muscle size and stiffness properties. 

Methods 
A total of 24 healthy individuals (13 females/11 males, age: 
24.6 ± 3.6 years, height: 172.4 ± 9.2 cm, and weight: 70.7 ± 
11.8 kg) participated in the study. An Aixplorer Mach 30 
Ultrasound System (SuperSonic Imagine, Inc. USA, Bothell, 
WA) with the super linear probe (5-18 MHz) was used for all 
US scans. The same examiner (T.N.) performed all US scans 
and collected all measures. The test order was: 1) the longus 
colli (LC) and sternocleidomastoid (SCM) in B-Mode, 2) 
isolated SCM in SWE-Mode, 3) the cervical flexion maximum 
voluntary isometric contractions (MVIC), 4) the LC and SCM 
in B-Mode, and 5) isolated SCM in SWE-Mode. After a break, 
subjects were lying in a prone position. Similar to the cervical 
flexor tests, the cervical extensor muscles (CEM) in B-Mode 

and the upper trapezius (UT) in SWE-Mode were captured 
pre- and post-MVIC. All MVIC trials were performed three 
times. Individuals were encouraged to push against a hand-
held dynamometer for 5 seconds with one-minute rest between 
trials. Verbal encouragement was provided during 
contractions. The same US scans were repeated after the 
MVIC trials. The current procedures for US-based 
measurements and MVIC trials were previously tested for its 
reliability and had good to excellent reliability [4,5]. Paired t-
tests or Wilcoxon signed-rank tests were used to determine sex 
differences. 

Results and Discussion 
Means and standard deviations for all US measurements pre- 
and post-MVIC are shown in Table 1. The LC CSA was 
significantly increased from pre-MVIC to post-MVIC (pre-
MVIC: 0.77 ± 0.25 cm2, post-MVIC: 0.88 ± 0.36 cm2, P = 
0.014). Similarly, the SCM thickness was significantly 
increased from pre-MVIC to post-MVIC (pre-MVIC: 0.75 ± 
0.18 cm, post-MVIC: 0.83 ± 0.19 cm, P = 0.002). The other 
dependent variables were not significant. 

Table 1: Pre- and Post-MVIC US Measurements. 

 Pre-MVIC Post-MVIC P-Value 
LC CSA 0.77 ± 0.25 cm2 0.88 ± 0.36 cm2 0.014 

SCM Thickness 0.75 ± 0.18 cm 0.83 ± 0.19 cm 0.002 
SCM SWE 31.50 ± 6.41 kPa 33.12 ± 11.56 kPa 0.831 

UT Thickness 1.12 ± 0.28 cm 1.17 ± 0.34 cm 0.439 
UT SWE 25.53 ± 8.79 kPa 29.35 ± 12.23 kPa 0.110 

CEM Thickness 1.99 ± 0.29 cm 2.09 ± 0.37 cm 0.177 
 

Conclusions 
Although all US-based measures increased after MVIC trials, 
only LC CSA and SCM thickness were significantly 
increased. This novel experiment highlighted the ease to 
influence cervical spinal muscle characteristics, especially in 
the cervical flexor muscles. These muscles are thought to 
protect the neck and brain from violent impact. Future 
investigations should further elucidate a role of muscle 
conditioning on a reduction of incidence and severity of SRC. 
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Summary 
Today’s midsole materials combine increased compliance with 
high resilience and reduce the metabolic cost of running 
substantially. By how much can these reported metabolic 
savings improve distance running performance? 

Introduction 
Midsole foams are viscoelastic, exhibiting both elastic and 
viscous (damping) characteristics when undergoing 
deformation. Key features are midsole compliance and 
resilience. Compliance is the amount of compression that 
occurs when loaded with a certain force (i.e. the inverse of 
stiffness). Resilience is the percent of the stored mechanical 
energy that is returned. The cushioning properties of running 
shoe midsoles not only affect comfort and mechanical measures 
of impact loading [1-2], cushioned shoes can also reduce the 
metabolic cost of running [3]. The latter became particularly 
evident when Tung et al. [4] took shoe mass out of the equation 
by comparing the metabolic cost of barefoot running on a rigid 
treadmill vs. on the same treadmill with a layer of midsole foam 
attached to the treadmill belt. Running on 10mm thick foam 
reduced metabolic rate by 1.6%. 
Traditional midsole foams, such as the ethylene-vinyl acetate 
(EVA) foam used by Tung et al. [4], have good cushioning 
properties, but only moderate resilience. Compliant elastic 
treadmill bed studies by Kerdok et al. [5] and Hardin et al. [6] 
showed that increasing compliance can substantially reduce the 
metabolic cost of running (up to 12% [5]), but such savings can 
be nullified if resilience is compromised [6]. More recently, 
midsole materials have been developed which combine 
increased compliance with high resilience. Specifically, adidas 
shoes with boost foam made with thermoplastic polyurethane 
(TPU) can reduce the metabolic cost of running by 1% [7]. Nike 
Vaporfly shoes with ZoomX foam made with polyether block 
amide (PEBA) reduce the metabolic cost of running by an 
additional 4% [8,9].  

Extrapolating metabolic savings to performance gains 
The expected percent improvements in running performance 
from metabolic savings depend on the relation between 
metabolic rate and running velocity, and therefore on the 
baseline running velocity [10]. Recent treadmill running studies 
over a wide range of velocities [e.g., 11] have indicated that this 
relation is best described as inherently curvilinear (Figure 1). 
Classic wind tunnel data from Pugh [12] suggests that the 
metabolic rate for overground running increases even more 
steeply, due to the metabolic cost of overcoming air resistance. 
Based on this curvilinear metabolic rate – velocity relation, 
percent performance gains at running velocities > 3 m/s can be 
expected to be smaller than percent savings in metabolic rate. 
Beyond 5.5 m/s, i.e., 2:08 marathon pace, the predicted percent 
improvement in velocity is ∼2/3rds of the percent savings in 
metabolic rate. 
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Figure 1: Predicting performance gains based on metabolic savings [10]. Metabolic rate increases curvilinearly for treadmill running [11] (left 
panel). Wind tunnel data from Pugh [12] suggests that the metabolic rate for overground running increases even more steeply, due to the added 
metabolic cost of overcoming air resistance (center). Based on this curvilinear metabolic rate – velocity relation, percent performance gains at 

running velocities > 3 m/s can be expected to be smaller than percent savings in metabolic rate (right panel). 
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Summary 

Performance footwear is a system of design attributes tuned to 

deliver an athlete benefit. With strategically constructed 

samples, attributes can be investigated for their influence on 

biomechanical, energetic, physiological, and/or perceptual 

factors. In this talk, I will take you through our footwear 

creation process for improving the performance of distance 

running and essentially redefining what is considered a 

marathon racing ‘flat’. 

Example Topics 

Increasing midsole compliance and energy return has been 

shown to improve running economy [1-2], yet large amounts of 

cushioning typically come with an economic cost associated 

with footwear mass [3] or energy dissipation [4]. We set out to 

find the right balance, systematically exploring the broader 

effects of midsole geometry (varying midsole height, offset, 

shape, etc.), as well as the effects of inherent material properties 

(varying compliance, resiliency, etc.). We found that a super 

soft and resilient midsole could be highly effective at a tall stack 

height, if mass is not compromised. Runners welcome this level 

of cushioning for marathon distances, as typical racing flats 

leave them much more beat up afterwards, and with less 

economic assistance.  

Increasing bending stiffness of footwear has also been shown to 

improve running economy, yet individual metabolic cost tends 

to follow a ‘U’ shape across a stiffness range [5-7]. One reason 

for the increase in cost with high stiffness could be increased 

leverage for the ground reaction force about the ankle [8], and 

thus plantarflexor demand. Modifying plate geometry offers a 

solution. Footwear with flat, moderate, and extreme curvature 

carbon fiber plates were created and compared to a no-plate 

Control, all in the same test vehicle form. We found that 

footwear designed with an appropriate combination of plate 

stiffness and forefoot curvature can reduce net energy loss at 

the metatarsophalangeal joint without increasing demand at the 

ankle joint. Runners appreciate this redistribution, as they 

commonly comment that the footwear provides both a 

supportive and aggressive sensation. 

Conclusions 

By researching and understanding the effects of and interactions 

between multiple footwear design attributes, we were able to 

bring these learnings together to create a running shoe that 

objectively improves performance. Economic benefits have 

since been externally validated by academic partners in a 

laboratory study [9]. Independent parties have also taken their 

own initiative to execute additional economic studies on our 

commercial footwear or conduct big data analytics on shoe 

usage and race times. 

The platform of knowledge we generated throughout this 

process will allow us to continue to push the boundaries of 

performance footwear in the future. It will also allow us to apply 

these learnings to other types of sport performance footwear in 

addition to marathon racing. 

References 

[1] Frederick EC et al. (1983). Biomechanical Aspects of Sport 

Shoes and Playing Surfaces, 107-114. 

[2] Worobets JT et al. (2014). Footwear Sci., 6: 147-153. 

[3] Frederick EC et al. (1984). Sports Medicine World 

Congress Proceedings, 616-625.  

[4] Shorten MR (1993). J. Biomech., 26: 41-51.  

[5] Roy JP and Stefanyshyn DJ (2006). Med. Sci. Sports 

Exerc., 38(3): 562-569. 

[6] Madden R et al. (2015). Footwear Sci., 7: 11-13. 

[7] Oh K and Park S (2015). Dynamic Walking, Abs 86. 

[8] Willwacher S et al. (2014). Gait Posture, 40: 386-390. 

[9] Hoogkamer W et al. (2018). Sports Med., 48(4): 1009-

1019.  

 

 

 

 

 

 

 

Thursday, August 01 2019: Afternoon (1500-1600) 238

Running footwear compliance: mechanics, energetics and performance



 

 

Do foot muscles assist with transitions to compliant surfaces? 

Luke Kelly1 
1School of Human Movement and Nutrition Sciences, University of Queensland, Brisbane, QLD, Australia 

Email: l.kelly3@uq.edu.au  

Introduction 

Humans utilize spring-like mechanics to recycle mechanical 

energy during locomotion. The capacity to actively modulate 

stiffness of the leg spring is a key feature that enhances the 

economy and versatility of human locomotion [1]. Humans 

increase limb stiffness when running and hopping at higher 

speeds, and on softer surfaces. This control mechanism helps 

to maintain relatively constant centre of mass dynamics. It has 

been established that the ankle plantar flexor muscles play an 

important role in modulating leg stiffness.  

The human foot contributes to the spring-like mechanics of the 

lower limb, via stretch and recoil of the plantar aponeurosis 

and the intrinsic foot muscles may also contribute to this 

function [2]. In a recent paper we observed a counter-intuitive 

finding that that cushioned running shoes produced an 

increase in activation from the intrinsic foot muscles, observed 

in parallel with reduced motion of the longitudinal arch. We 

interpreted this finding to suggest that increased activation of 

the intrinsic foot muscles may be required to stiffen the foot 

and offset the added compliance of the running shoe [3]. In a 

recent series of experiments we have explored the influence of 

varying surface compliance on foot mechanics and muscle 

function. This presentation will provide a snapshot of these 

experiments and some of the key findings. 

Methods 

Participants (healthy females and males, aged 18-35) were 

recruited and asked to perform double and single-leg hopping 

tasks. Participants hopped for fifteen seconds at a pre-

determined frequency (156 bpm) on a firm surface and a 

compliant surface. The experimental tasks were performed 

prior to, and following the administration of a tibial nerve 

block to the foot. This procedure eliminated the capacity of the 

intrinsic foot muscles to actively contribute to foot mechanics 

during hopping. Reflective markers were adhered to the skin 

of the foot, in accordance with a previously defined multi-

segment foot model. Marker trajectories were tracked using an 

optoelectronic motion capture system (Qualysis, Sweden).  

We collected fine-wire electromyography (EMG) data from 

abductor hallucis (AH) and flexor digitorum brevis (FDB) 

muscles, as well as surface EMG data from gastrocnemius 

medialis (GM), soleus (SOL) (EMG, Motion Lab, USA). 

Ground reaction force data was also collected (AMTI, USA), 

with all data being collected synchronously.   

Data was analysed from foot contact to the next consecutive 

contact over a minimum of 10 hops. Individual hops were 

excluded from the analysis if they were outside of ±5% of the 

pre-defined hopping frequency. Joint angles and moments 

were calculated in the sagittal plane for the ankle, mid-foot 

and metatarso-phalangeal (MTP) joints. Subsequently, quasi 

joint stiffness was calculated by fitting a line to the joint angle 

– moment curves during the negative work phase for each 

respective joint.  

EMG data was high-pass filtered at 30Hz using a recursive 

Butterworth filter. An RMS signal envelope was produced by 

averaging the rectified EMG data over each hop cycle and 

time normalizing to 101 points. Mean signal amplitude and 

peak activation was calculated during contact and flight 

phases for each muscle. 

Results and Discussion 

Preliminary data suggests that the foot may not adjust to a 

compliant surface in the manner that may be predicted. Rather 

than increasing foot stiffness when hopping on the compliant 

surface, we found that participants produced a reduced 

moment at the mid-foot and generally reduced their hopping 

height.  

When the contribution of the muscles was removed via a tibial 

nerve block, participants generally landed with the ankle and 

mid-foot in a more dorsiflexed orientation and also produced 

considerably smaller moments. The stiffness of the MTP joint 

was substantially reduced without the contribution of the 

intrinsic foot muscles.  

Conclusions 

Based on analysis of preliminary data, it appears that the 

mechanical changes observed at the foot when hopping on 

compliant surfaces are not similar to those observed when 

running in cushioned shoes. The intrinsic foot muscles appear 

play a role in controlling foot mechanics when adjusting to a 

compliant surfaces by regulating forefoot stiffness.  
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Summary 

Shoes influence the movement of the foot and lower extremity 
during running. Stiffer shoes enhance running economy and 
both the metatarsophalangeal joint and the ankle joint 
mechanics are suggested as possible pathways for this 
improvement. However, stiffer shoes will also influence the 
midfoot kinematics during running. Therefore, the aim of this 
study is to investigate the influence of the stiffness of the 
midsole on the multi-segment foot kinematics. We found a 
reduced range of motion in the midfoot flexion/extension and 
an increase in the ab/adduction when running with stiffer 
insoles. The reduction in midfoot flexion is mainly due to a 
decrease in the peak plantarflexion occurring during 
propulsion phase as the component of the supination to stiffen 
the foot. 

Introduction 

Despite the significantly reduced metabolic costs observed in 
trials with stiffer shoes, no significant differences in either the 
mechanical work performed by lower-limb joints or the 
muscular activation level were identified [1]. Furthermore, 
stiffer shoes will also change the foot kinematics during 
running. Running shod compared to barefoot raises the arch, 
the hallux dorsiflexion and the ankle motion, but reduces the 
metatarsophalangeal (MTP) and the midfoot sagittal plane 
motion [2,3]. As previous studies predominantly focused on 
the MTPJ mechanism with modelling the mid- and rearfoot as 
one segment, there is a lack of information on the midfoot 
motion during running with stiff shoes. Therefore, the aim of 
this study was to investigate the effect on multi-segmental foot 
kinematics in soft and stiff insoles. 

Methods 

Fifteen male subjects (age: 23.1 ± 5.2 yr; height 179.3 ± 
2.6cm; body mass: 70.0 ± 5.8kg) were measured in 2 different 
insole conditions. They were all regular rearfoot strike runners 
(> 15km/week) and injury free in the last 6 months. Subjects 
wore standardized running shoes with 2 types of insoles with 
different stiffness as measured with a durometer (1600 Asker 
SP-698 Rex Durometers, Rex Cauge Co., Buffalo Grove, IL, 
USA) at 5 different dots in 3 specified parts of the insole. 
Subjects ran 1.5 min on a force-plate instrumented treadmill 
(Bertec, Columbus, USA, 1600Hz) at self-selected speed (3.35 
± 0.16 m/s) in soft and stiff insole conditions. The last ten 
successful steps were selected for analysis. The motion 
trajectories were captured simultaneously by a 10-camera 
motion capture system (Vicon, Metrics Ltd, Oxford, UK, 
200Hz) using an adapted Sydney's foot model [3] of 38 

markers. Foot markers were place on the foot through holes in 
the shoes. 

Comparison between range of motion of the foot joint motion 
during the stance phase was performed using a repeated 
ANOVA with a significance level of p<0.05. 

Results and Discussion 

Contact time and stride time did not change between 
conditions. Midfoot range of motion was significantly 
decreased in the sagittal plane when running with the stiff 
shoes compared to the soft shoes, while the midfoot range of 
motion in the transversal plane (Ab/adduction) was increased 
(Table 1). The ankle range of motion in the sagittal plane was 
also reduced when running with stiffer shoes.  

Range of Motion Soft Shoe Stiff Shoe p 

Ankle Flexion 30.1±4.6 29.3±5.1 0.09 

Ankle In/Eversion 13.4±4.7 12.2±2.8 0.16 

Ankle Ab/adduction 12.2±2.3 12.8±3.2 0.26 

Midfoot Flexion 9.6±4.3 8.0±3.4 0.019 

Midfoot In/Eversion 12.9±5.9 12.4±4.6 0.385 

Midfoot  Ab/adduction 6.7±3.0 7.9±3.5 0.013 

1st MTPJ Flexion 16.6±3.9 16.0±3.4 0.378 

Table 1: Running range of motion (°) during stance phase for 
the 1st MTPJ, midfoot and ankle joint complex. Values 
expressed as mean ± SD (n = 15). 

The reduction in midfoot flexion was mainly due to a decrease 
in the peak plantarflexion occurring during propulsion phase 
as a component of the supination to stiffen the foot. The 
increase in midfoot ab/adduction range of motion was mainly 
due to a larger adduction during the propulsion phase. 

Conclusions 

Running at self-selected speed with stiffer shoes does 
influence multi-segment foot kinematics. Further studies will 
need to explore how this influences the loading of intrinsic 
foot muscles and ligaments structures in the foot. 
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Summary 

Soft-tissue vibrations generate discomfort and thus require a 

greater muscle contribution to preserve an efficient motion. 

Besides, this may lead to an earlier onset of muscle fatigue. As 

a matter of fact, reducing tissue vibrations is of great interest 

from a comfort and performance standpoint. This study aimed 

at assessing the effect of shoe midsole viscoelasticity on the 

properties of soft-tissue vibrations in heel-toe runners. 

Acceleration and myographic activity were recorded for 

gastrocnemius and vastus medialis. With the most viscous 

midsole, electromyographic activity tended to decrease, and 

the amplitude of soft-tissue vibrations was lower. The 

frequency of tissue vibrations was unchanged. These results 

highlight that a more viscous midsole substantially reduced 

the amplitude of tissue vibrations, but not their frequency. 

Introduction 

Muscle activity is tuned in response to the amplitude of soft-

tissue vibrations [1]. Greater tissue vibration dose is associated 

with greater muscle contributions to dampen them, which may 

lead to an earlier onset of muscle fatigue [2]. Reducing tissue 

vibrations is then of great interest from a comfort and 

performance standpoint. This study aimed at assessing the 

effect of shoe midsole viscoelasticity on the properties of soft-

tissue vibrations in heel-toe runners. 

Methods 

Two midsole conditions were compared. The control 

condition corresponded to a full ethylene-vinyl-acetate foam 

midsole. The experimental condition corresponded to a more 

viscous bi-material midsole. Twelve participants ran on an 

indoor track in both conditions while we recorded the 

proximo-distal acceleration and electromyographic (EMG) 

activity of vastus medialis (VM) and gastrocnemius medialis 

(GM). Wavelet transforms were performed for both signals to 

assess the intensity of the muscle activity at low- and high-

frequencies, and to calculate the damping coefficient (D) for 

tissue vibrations. Additionally, the input tissue vibration was 

characterized by the peak of acceleration (apeak), the frequency 

of the power peak (fpeak) and the power of the tissue vibrations 

from 8 to 55 Hz (PSD[8-55]). Paired t-tests were computed to 

assess the significance of differences between the two 

conditions. For significant differences, the effect size was 

calculated using the Cohen’s d coefficient. 

Results and Discussion 

Apeak (Figure 1) and PSD[8-55] decreased for VM and GM in the 

viscous condition (small to medium effects). Prior heel strike, 

low-frequency EMG activity decreased for VM and high-

frequency EMG activity tended to decrease for GM (p < 0.07) 

in the viscous condition. D was reduced only for VM. Fpeak 

was unchanged between conditions. Overall, a fairly 

homogeneous effect of the midsole properties on the soft-

tissue vibration amplitude across the subjects was observed. 

This indicates that midsole viscoelasticity influences tissue 

vibrations. Besides, changes in the amplitude of soft-tissue 

vibrations and in damping were noticed in parallel to changes 

in the intensity of muscle activity. This is in agreement with 

the muscle tuning paradigm. 

 

Figure 1: Average and 95% confidence intervals of GM (panel 

a.) and VM (panel b.) accelerations in the Control condition 

(black line and dark gray area) and the Viscous condition 

(gray line and light gray area). ** indicate significant 

differences between the two conditions (p < 0.001). 

Conclusions 

A viscous midsole was shown to reduce the amplitude of leg 

soft-tissue vibrations inducing then a decrease in muscle 

activity. Overall, the present study highlights that (i) midsole 

material can affect the amplitude of soft-tissue vibrations 

substantially but not their frequency, and that (ii) runners 

would tune muscle activity in response to the amplitude of the 

input tissue vibration according to the muscle tuning 

paradigm. 
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Summary 

This study sought to determine the impact of body borne load 

on performance and lower limb biomechanics during a vertical 

jump, and whether they differed between sexes. 20 males and 

17 females completed three vertical jumps with four loads (20, 
25, 30, 35 kg). Load decreased vertical jump performance for 

all participants, but males performed better than females with 

load. Males performance may be attributed to the increased 

limb, and hip, knee and ankle work they produced during the 

jump compared to the smaller and weaker females.  

Introduction 

Military personnel routinely run, jump and land with heavy 

body borne load (greater than 20 kg) [1]. Performing these 

tasks with heavy load is necessary for operational success, but 

reportedly decreases physical performance and increases 

injury risk, particularly for females [2]. Vertical jump is a 

common operational task that quantifies physical performance, 

including individual power, strength and speed. During a 

loaded vertical jump, performance (jump height) may be 

impacted by alterations in lower limb and joint work and 

power, and the subsequent ability to increase center of mass 

take-off velocity (COMv). While there is a reported sex 

dimorphism in athletic tasks [3], it is unclear if both sexes 

adapt similarly to adding military-relevant load during a 

vertical jump task. We hypothesized that body borne load 

would reduce vertical jump performance for all participants, 

but the smaller females would exhibit a larger reduction in 

performance because of a decreased ability to produce lower 

limb work compared to males. 

Methods 

20 males and 17 females (73.81 ± 11.55 kg, 1.73 ± 0.08 m, 

21.31 ± 5.69 years) had lower limb biomechanics quantified 

during three vertical jumps with each body borne load (20, 25, 

30 and 35 kg). For the vertical jump, participants start in 

athletic position, with feet shoulder width apart on side-by-

side force platforms, and bend down into a squatting position 

before performing a maximal effort vertical jump. During each 

jump, lower limb biomechanics were quantified from 34 

retroreflective makers. The synchronous GRF data and marker 

trajectories were lowpass filtered with a fourth-order 

Butterworth filter (12 Hz) and then, joint rotations and kinetics 

were solved in Visual 3D (C-Motion, Rockville, MD).  

For analysis, jump height (m), COMv (m/s), total limb work 

(J/kg), and hip, knee and ankle joint work (J/kg) of the 

dominant limb were quantified from onset of propulsion phase 

(vGRF greater than body weight plus load) to take off. Each 

variable was submitted to a RM ANOVA to test the main 

effects and interaction between load (20, 25, 30, 35 kg) and 

sex (male, female). Where statistically significant (p<0.05) 

interactions were observed, simple main effects analysis was 

conducted, and a Bonferroni correction was used for all 

pairwise comparisons. 

Results and Discussion 

Body borne load decreased jump height (p=0.001) and COMv 

(p=0.001) for all participants. But, males had 8% higher jump 
(0.25 vs 0.14 m; p<0.001) and 33% higher COMv than females 

(1.4 vs 1.9 m/s; p<0.001). The impact of load on COMv was 

dependant on sex (p=0.046). Males exhibited greater COMv 

than females 20, 25 and 35 kg (p<0.006) loads. However, 

males exhibited a significant 15% reduction of COMv when 

adding load (p<0.019), while females did not exhibit a similar 

reduction in COMv with load. 

Male’s jump performance may be attributed to their ability to 

produce greater total limb work than females (p<0.001) (Fig 

1). Males also produced greater positive work at the hip (1.1 

vs 0.8 J/kg; p<0.001), knee (1.5 vs 1.1 J/kg; p<0.001), and 

ankle (1.1 vs 1.0 J/kg; p<0.001) compared to females. The 

smaller, weaker females may not possess the strength to 

produce similar lower limb work as males when encumbered 

by load during the vertical jump. Although body borne load 

had a significant effect on jump performance, only ankle work 

was impacted by load (p<0.001). Participants increased ankle 

work with the 35 compared to 20 (p<0.001) and 25 kg 

(p=0.001) loads. Future work is needed to determine the 

specific military conditioning protocols to improve operational 

performance, particularly in females. 

 
Figure 1: Joint contribution (J/kg) to total limb work (J/kg) in 

males and females for each load configuration. 

Conclusions 

Body borne load decreased vertical jump performance for all 
participants. But, males exhibited greater performance than 

their female counterparts. Male’s better performance may be 

attributed increased limb, and hip, knee and ankle work they 

produced with load compared the smaller, weaker females. To 

improve operational performance, military conditioning 

protocols ought to increase female lower limb strength.  
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Summary 

Time of the day shows effect on different parameters of 

human behaviour. In this study we determined whether the 

time of day influences the height and power of vertical 

jumps in amateur athletes and non-athletes. Here we 

describe that time of the day have significant effects on 

jump height but not power, regardless of the training level 

of the participant. This information may be of special 

interest in routines of biomechanics assessments of lower 

extremity. 

Introduction 

Circadian rhythms regulate major physiological processes 

involved in athletic performance (1) and affects 

performance variables including maximal anaerobic power 

(2). Vertical jump is part of different sports modalities, 

being a reliable task to evaluate the anaerobic power of the 

lower limbs (3), which is suggested to be higher in the 

evening (4). Previous studies described this interaction 

between time of the day and performance in trained 

people. Our goal here is to determine whether the time of 

day differently affects the performance of jump among 

athletes and non-athletes. 

Methods 

Twenty men (age 24 ± 4 years, height 1.74 ± 0.05 m, body 

weight 76 ± 10 kg), being 10 amateur soccer players and 

10 physically active participated in the study. They 

performed continuous 30-s vertical countermovement 

jumps (3) on a force plate (500 Hz, AMTI OR6-2000) in 

the morning (between 8:00AM and 12:00AM) and in the 

evening (between 6:00PM and 10:00PM) with 24 h 

between the sessions under controlled temperature, 

humidity and light. Ground reaction forces were recorded 

for each jump and permitted determination of jump height 

and power. The first and last 3 jumps were excluded from 

the analysis. Jump height was normalized to the individual 

height and jump power was normalized to the individual 

body mass. Results were compared between groups and 

time of the day. Data normality was checked using 

Shapiro-Wilk test. Comparison between the groups and 

time of the day were performed by ANOVA. Significance 

level as set at 0.05. 

Results and discussion 

We found higher jump height in the evening regardless of 

the training level of the participants (F=10.823; P<0.09). 

Jump power was not influenced by the time of the day 

regardless of the training level of the participants 

(F=2.776; P=0.130). Previous studies reported higher 

power jump and or height in the evening, and discussed 

the main factors leading to this outcomes relying on the 

variation of body temperature during the day. (2). We 

controlled the environment during the tests to avoid 

influence of the temperature. Body temperature (data not 

shown) was monitored by thermography and did not differ 

between the conditions. The variation in jump height 

according to the time of the day may deserve attention 

specially when jump assessments are performed in pre vs 

post conditions. Due to the effect observed, it is 

recommended to control the time of the day when jump 

assessment is performed. 

 

Figure 1: Jump height (% cm, at the top) and jump power (% kg, 

at the bottom) measured during 30-s repetitions of 

countermovement vertical jumps in amateur athletes and non-

athletes. * indicates difference between assessment performed in 
the morning and in the evening (P<0.01). 

Conclusions 

Time of the day influenced performance of continuous 

vertical countermovement jumps in amateur athletes and 

non-athletes resulting in higher jump height in the evening 

period. 
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Summary 

The purpose of this study was to compare the differences in 
produced momenta and work outputs of lower limb muscles 
between horizontal and vertical jumps. Horizontal and vertical 
squat jumps were simulated using a musculoskeletal model. 
The simulation results suggest that the hamstrings and rectus 
femoris play an important role in the control of the jumping 
direction without reducing the total amount of work outputs of 
all muscles during jumping. 

Introduction 

In the literature it has been reported that the activation of the 
biarticular hamstrings and rectus femoris were different 
between horizontal and vertical jumps. However, how these 
differences affect jump performance remains unclear. The 
purpose of this study was to compare the produced momenta 
and work outputs of lower limb muscles between horizontal and 
vertical jumps.  

Methods 

Horizontal (HJ) and vertical squat jumps (VJ) were simulated 
using a musculoskeletal model consisting of four rigid 
segments (a head-arms-torso, thighs, shanks, and feet) and six 
Hill-type muscle-tendon complexes: gluteus maximus (GLU), 
hamstrings (HAM), vasti (VAS), rectus femoris (REC), soleus 
(SOL), and gastrocnemius (GAS). Activation of each muscle 
was increased toward its maximum of 1.0 and then decreased 
toward its minimum of 0 according to reported muscle 
activation dynamics [1, 2]. The stimulation onset and offset 
times of each muscle were optimized using a genetic algorithm 
to obtain maximal jump distance and jump height. 

For optimized HJ and VJ, work outputs for all six muscles were 
calculated. In addition, an induced acceleration analysis was 
performed to quantify the whole-body translational momentum 
produced by each muscle during jumping. 

Results and Discussion 

The vertical velocity of body mass center at take-off was 1.8 
m/s and 2.5 m/s for HJ and VJ, respectively. The horizontal 
velocity of body mass center at the instant of take-off was 2.4 
m/s for HJ and 0.0 m/s for VJ. 

Similar to the results of a previous experimental study [3], we 
found that HAM produced a larger force and REC produced a 
smaller force in HJ, while force developments of the other 
muscles were similar between the two jumps. Table 1 shows the 
horizontal and vertical momenta produced by each of the six 
muscles. In both jumps, HAM, SOL, and GAS produced 
forward momentum, while VAS and REC produced backward 
momentum. Most of vertical momentum in both jumps was 
produced by SOL and GAS. 

Table 2 shows the work outputs of muscles at the lower limb 
joints. The work output amounts were almost equal among all 
muscles, and GLU and VAS were major contributors to the 
generation of mechanical energy. HAM translated more energy 
from the knee joint to the hip joint in HJ, while REC translated 
more energy from the hip joint to the knee joint in VJ. To jump 
higher and farther, it is important to achieve a greater 
momentum in the appropriate direction. Suzuki et al. [4] 
reported that knee extension moment produced backward 
velocity of the body mass center while ankle plantarflexion 
moment produced forward velocity regardless of jumping 
direction. Since the capacity of work output is proportional to 
its volume, HAM and REC play an important role in control the 
jumping direction without reducing the total amount of work 
outputs of all muscles. 
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Summary 
The aim of this study was to investigate effects of tDCS on 
CMJ performance. In the real-tDCS condition, CMJ height 
increased by 3.15% and 2.14% at 0min and 30 mins separately 
compared to pre-test. The hip joint moment in real-tDCS 
condition was significantly larger than that of sham-tDCS 
condition(p＜ 0.05). The result suggests that real (anodal) 
tDCS may be a valuable tool to affect kinetic characteristics of 
lower extremity. In other words, it could be used to improve 
sports performance in the future.  

Introduction  
Transcranial direct current stimulation (tDCS) is a technique 
that applies low-intensity direct current to targeted brain areas 
to modulate cerebral cortical excitability [1]. Although tDCS 
has been mainly used in clinical research for patients with 
neurologic diseases [2,3] and psychiatric disorders [4], it also 
has been regarded as a meaningful tool to improve sports 
performance [5,6]. But little is known with respect to effects 
of tDCS on kinetics of lower extremity. 

In addition, countermovement jump (CMJ) is a typical 
movement to assess sports performance, especially kinetics of 
lower extremity. The aim of this study was to investigate 
effects of tDCS on CMJ performance. 

Methods 

Fifteen healthy university students(19.5±1.6 years, 1.83±
0.06 m, 70± 8.56 kg), with regular exercise habit, were 
included.  

Participants completed two experimental conditions, one week 
apart, in a randomized, double-blinded crossover design: real 
and sham tDCS (2 mA for 20 minutes targeting the motor 
cortex bilaterally). For each condition, after 5-minute warm-
up, participants then performed three CMJ tests. Transcranial 
direct current stimulation was applied to participants after pre-
test. For real-tDCS, the anodal electrode was placed 
horizontally in the Cz electrode area according to the 
international 10-20 system EEG [7]. The cathode electrode 
was placed on bilateral shoulders. For sham-tDCS, the 

placement was the same, but the current was switched off after 
30 seconds. After the stimulation, participates performed 
repeated measures at 0min and 30 mins separately. 
Peak joint moment and joint power were analyzed for each 
test using C-motion software-Visual 3D. Two-way (condition 
by moment) repeated measures ANOVA were performed for 
CMJ height, peak joint moment and joint power. (SPSS 22.0) 

Results and Discussion 
There was significant condition × moment interaction on the 
CMJ height(F=11.894, P＜0.05). In the real-tDCS condition, 
CMJ height increased by 3.15% and 2.14% at 0min and 30 
mins separately compared to pre-test (Table 1). In contrast, 
CMJ height decreased slightly in the sham-tDCS condition. 
Previous research showed similar result, and this might be due 
to the increase of muscle strength [8]. The hip joint moment in 
real-tDCS condition was significantly larger than that of 
sham-tDCS condition. Specifically, the ANOVA results 
indicated knee joint moment increased significantly after real-
tDCS condition (P＜0.05). The reason was that hip joint and 
knee joint were dominant during CMJ.   

Conclusions 
These findings suggest that real (anodal) tDCS may be a 
valuable tool to affect kinetic characteristics of lower 
extremity, so it is able to improve sports performance, 
especially in some events requiring strength and power. 
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Table 1: The effect of different conditions on CMJ height  

 Real  Sham 

 Pre Post1(0min) Post2(30mins)  Pre Post1(0min) Post2(30mins) 

Height(cm) 56.49±8.34 58.27±8.71 57.70±8.52  56.71±7.49 55.80±7.61 55.10±7.25 
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Summary 
The purpose of this study was to determine whether a 
countermovement jump could reliably be used as a substitute 
or dynamometer strength testing. Eighty-six high school 
basketball athletes were tested, and results indicate that as 
countermovement jump peak force, power, and impulse 
increase, peak concentric quadriceps and hamstring torque at 
240°/s and eccentric hamstring torque at 30°/sec increase. In 
the future, clinicians who do not have access to dynamometers 
can use the countermovement jump on force plates to 
determine improvements and/or deficits in lower extremity 
strength.     

Introduction 
Lower extremity strength is a common measure to determine 
injury risk [1] and return to sport readiness [2]. However, 
dynamometers are costly, require a trained clinician to 
operate, and are not readily available to high school athletes. 
Conversely, clinical utilization of force platforms has 
increased due to improved affordability and ease of use [3]. 
The countermovement jump (CMJ) is a common task in 
athletic testing. It is quick to perform, non-fatiguing, and can 
inform the clinician about the athlete’s neuromuscular control 
for strength and power training [4]. The purpose of this study 
was to determine if CMJ assessment via force plates correlates 
to lower extremity isokinetic testing. We hypothesize that 
CMJ eccentric rate of force development (RFD) will correlate 
to eccentric hamstring strength (ECC HAM) at 30°/sec and 
CMJ peak force (PF) will correlate to peak quadriceps force at 
240°/s.  

Methods 
A total of 46 female (15.6 ± 1.3 years, 170.1 ± 8.1 cm, and 
68.4 ± 13.8 kg) and 40 male (15.9 ± 1.2 years, 181.3 ± 8.9 cm, 
and 72.5 ± 11.0 kg) basketball players from local high schools 
performed three CMJ. Vertical ground reaction forces from 
the two limbs were summed and divided into the six CMJ 
phases [5]. Peak power (PP), impulse (PI), PF and RFD were 
calculated for the braking and propulsion phases as well as 
maximum jump height (JH) [5]. Isokinetic concentric knee 
extension (QUAD) and flexion (HAM) strength at 240°/sec 
and ECC HAM strength at 30°/sec were assessed using the 
HumacNORM dynamometer (CSMi, Stoughton, MA). At 
240°/sec, subjects extended and flexed their knee as hard as 
possible for a full-range of motion for 14 repetitions Eccentric 
30°/sec trials started with the knee at full flexion. The subjects 
resisted the dynamometer arm by flexing their knee while the 
dynamometer arm pushed their knee into full extension. Peak 
torque was recorded during three trials.  
A multiple linear regression of CMJ variables by sex, peak 
QUAD, HAM, and ECC HAM, was performed with JMP 14 

(SAS Institute Inc., Cary, NC), including the interaction of 
peak torques and sex (α< 0.05).  

Results and Discussion 
Concentric quadriceps and hamstring strength at 240°/sec and 
eccentric hamstring strength at 30°/sec significantly correlated 
to the CMJ variables (Fig. 1). 

 
Figure 1. CMJ jump braking phase peak force correlates to 
concentric quadriceps (small dashed line; P< 0.0001) and hamstring 
(solid line; P < 0.0002) strength at 240°/sec and eccentric hamstring 
strength (large dashed line; P < 0.0219) at 30°/sec. 

Braking phase power correlated to QUAD and HAM peak 
torque (P < 0.004). Propulsion phase PF, PP, and PI correlated 
to the QUAD (P < 0.008), HAM (P < 0.0002), and ECC HAM 
(P < 0.002) peak torques. JH correlated to HAM torque (P < 
0.032). 

Conclusions 
This study demonstrated that when CMJ variables such as 
power and impulse increase, quadriceps and hamstring torques 
also increase in male and female high school basketball 
players. Consequently, the CMJ could be used as a surrogate 
test to strength testing on a dynamometer and provide an 
alternative cost-effective testing solution.  
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Summary 
Tackling is repetitively performed in rugby game play, critical 
to team performance, yet poor execution increase injury risk. 
Players are taught from a young age to engage in 1-on-1 lower 
or upper body tackles, yet limited research on whether 
coaching instruction can alter three-dimensional (3D) tackle 
techniques exists. This study found a 1-on-1 tackle technique 
can be altered under expert coaching. A more “head up and 
forward/face up” and “straight back” posture in the Tahu than 
traditional tackle, is likely to increase tackle success and may 
lower head injury risk, a finding requiring further research to 
substantiate. 

Introduction 
The tackle is a critical and common component of game play 
in rugby league and union, representing the highest injury risk 
[1, 2]. A poor tackling technique increases the risk for injury 
e.g. concussion [3] and the likelihood of a poor performance
outcome [4]. Rugby game play often requires a player to
engage in either a 1-on-1 lower or upper body tackle, which
are taught from a young age. Despite this, limited research
exists on the 3D tackle technical differences [5]. This pilot
study aimed to assess the 3D tackle technique differences
between the traditional and ‘Tahu’ upper and lower body
tackle techniques under expert coaching guidance instruction.

Methods 
Nine rugby union and league players performed 10 trials (5 
non-dominant and dominant 5 shoulder) of the two upper body 
(‘traditional’ [Up-Trad] and ‘Tahu upper’ [Up-Tahu]) and 
lower body (‘traditional’ [Low-Trad] and ‘Tahu lower’ [Low-
Tahu]) tackle techniques. Expert instruction from former dual 
international player, Mr. Tahu, were given to players on their 
tackle technique after each trial. 3D whole-body kinematics 
(Qualisys; 250 Hz) of the tackler and ball carrier during each 
tackle were recorded. Repeated measures factorial analyses of 
variance were used to identify significant differences in tackle 
type, dominant/non-dominant shoulder and leading/rear leg, as 
well as Pearson-product moment correlations (p<0.05). 

Results and Discussion 

Employing a “head up and forward/face up” increases the 
likelihood of a successful tackle [4] and lowers the tendency 
for a head injury assessment during a game, along with a 
utilising a “straight back” posture [6]. When performing both 
Tahu tackles (lower and upper body), players significantly 
flexed their head and trunkab-pelvis less than the Traditional 
tackle. More flexion of the head (r=.30) and trunkab-pelvis 
(r=.44) significantly correlated with higher peak head linear 
acceleration, and trunkab-pelvis flexion with peak head 
angular acceleration (r=.26). Low-Trad had higher head peak 
linear accelerations than Up-Tahu or Up-Trad, suggesting the 
Tahu tackle technique may lower concussion injury risk.  
When tackling using the Up-Tahu, players significant flexed 
their hips (leading and rear) less and dorsiflexion their ankle 
more than Up-Trad. This reflects the Up-Tahu instructional 
guidance given to players in which they were told to lower 
their centre of gravity then “pop up” just prior to contact to 
change the ball carrier motion to a more vertical than 
horizontal direction. One dominance effect was observed (Up-
Tahu Trunkab-pelvis angle), contrasting previous research [7]. 

Conclusions 
A tackle technique of “head up and forward/face up” and 
“straight back” shown in the Tahu technique, particularly the 
Up-Tahu, likely places the tackler at a higher chance of a 
successful tackle outcome, and possibly lowers their risk of 
head contact and concussive injury during a 1-on-1 tackle. 
Preliminary findings appears that the Tahu tackle may lower 
head injury risk while enabling better performance outcomes 
versus a traditional technique, however further investigation is 
required to substantiate this study’s finding. 
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Table 1: Mean ± standard error of tackle technique variables. 

Tackling 
Technique Head Angle TrunkAb-

Pelvis Angle 
Hip Angle Knee Angle Ankle Angle Head Angular 

Acceleration 
Head Linear 
Acceleration Leading Rear# Leading Rear# Leading Rear# 

Up-Tahu -12.5 ± 4.8º* -19.6 ± 3.7º*† 76.6 ± 4.3º* 56.4 ± 6.0º* 78.2 ± 2.3º 81.6 ± 3.5º 19.0 ± 2.3 24.0 ± 3.4º* 407 ± 39º/s2 4.5 ± 0.3G
Up-Trad -41.5 ± 7.4º -37.1 ± 3.6º 91.4 ± 4.4º 77.4 ± 4.5º 73.4 ± 2.0º 87.8 ± 3.6º 8.2 ± 1.8 21.6 ± 3.4º 405 ± 20º/s2 5.2 ± 0.2G 
Low-Tahu -36.7 ± 5.6º* -34.8 ± 3.4º 79.6 ± 2.9º* 86.4 ± 2.8º 79.6 ± 2.9º 86.4 ± 2.8º 14.7 ± 3.1 22.1 ± 3.4º 400 ± 23º/s2 5.5 ± 0.5G 
Low-Trad -55.1 ± 6.4º -40.9 ± 3.9º 94.2 ± 3.7º 81.0 ± 3.6º 75.0 ± 2.6º 84.2 ± 2.9º 12.1 ± 1.8 22.4 ± 3.4º 445 ± 29º/s2 6.2 ± 0.3G‡ 
*Tahu significantly different Trad; #leading significantly different to rear leg; †dominant shoulder tackle significantly different to non-dominant;
‡Low-Trad significantly different than Up-Tahu and Up-Trad.
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Summary 

This study presents findings from a descriptive video analysis 

of in-game head impacts in youth football. Parameters 

detailing each head impact (e.g., frequency, type, mechanism, 

source, location, etc.) were reviewed and documented for three 

different age groups (≤ 12 years). A trend towards youth 

players sustaining a high frequency of head-to-ground impacts 

was shown, specifically when engaged in tackling attempts. 

Helmet impact locations also differed between each age group, 

suggesting that progression in tackling technique may affect 

head impacts observed. This work highlights the importance 

of video as an effective tool for investigating head impact 

biomechanics in football, especially at the youth level of play.  

Introduction 

Head impacts in football have become an important topic in 

biomechanical research, especially in relation to concussion 

[1]. Most of the focus has been on high school, collegiate and 

professional players, despite youth players comprising over 

two-thirds of all football participants [2]. To date, parameters 

associated with head impact in youth football have primarily 

been assessed using in-helmet technologies; however, the 

validity of these devices is questionable [3]. Alternative 

methods such as video analysis should be considered to 

acquire a better understanding of head impacts in this 

population. Therefore, the purpose of this research was to 

perform a descriptive analysis of video footage from youth 

football games to identify parameters related to head impact 

that will inform further biomechanical analyses.  

Methods 

Game footage across three youth football age groups (Mites: 

4-5 years, Tykes: 6-9 years, Atoms: 9-12 years) was recorded 

using a multi-camera set up that covered half the field of play. 

Two analysts reviewed the video (VLC media player; 

VideoLAN, Paris, France) and all head impacts were 

identified. Using the most viable camera views, details of each 

head impact were documented independently by both analysts 

and the results were compared to limit bias. Head impact 

parameters were classified based on recent video analyses in 

professional football [4]; this included: 1) impact frequency 

and type (H2G: head-to-ground, H2B: head-to-body, H2H: 

head-to-head), 2) impact mechanism (or activity), 3) helmet 

impact source, and 4) helmet impact location. 

Results and Discussion 

Overall, 79 plays were captured on video for the Mites (n=7), 

Tykes (n=21) and Atoms (n=51) age groups. Approximately 

40% of all plays involved ≥ 1 head impact, with an increasing 

trend for younger age groups (Mites: 42.9%, n=3; Tykes: 

38.1%, n=8; Atoms: 37.1%, n=19). H2G impacts accounted 

for 80.4% of all head impacts, followed by H2B at 15.2% and 

H2H at 4.3%. The distribution of helmet impact locations 

varied across age groups (Figure 1). Mites mainly impacted 

the facemask (central: 60%; upper edge: 20%), whereas Tykes 

and Atoms most frequently impacted the side (upper) (55%) 

and rear (upper) (46%) locations, respectively. Tackling was 

the leading mechanism of head impact for both Mites (60%) 

and Tykes (72.7%); failed tackling contributed significantly 

more than successful tackling. In contrast, being tackled was 

the primary head impact mechanism for Atoms (46.2%). 

 

Figure 1: Frequency (%) of helmet impact locations per age group. 

This study provides new insight into descriptive parameters 

associated with head impacts in youth football. H2G impacts 

were the most frequent type of impact that occurred. Prior 

research proposed that this may be due to reduced neck 

strength in youth players when being tackled [2], however, 

these findings suggest that failed tackling is a more common 

impact mechanism, especially for those ≤ 9 years. Moreover, 

differences in tackling technique across the age groups could 

explain the variations observed for helmet impact location.  

Conclusions 

Although this data set is fairly limited, the results contribute 

valuable information regarding head impact scenarios in youth 

football that can be applied to the development of youth-

specific helmet performance standards (which do not exist) 

and design modifications to help mitigate head injury at this 

level of play. Future work should consider utilizing descriptive 

video analysis in combination with in-helmet technologies to 

further advance our knowledge of these impacts. 
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Summary 

Understanding the magnitude and location of the head forces 

experienced by front row players during scrummaging is key to 

study cervical spine injury mechanisms. A novel experimental 

protocol was devised to measure head forces and estimate the 

location of the point of application of the force across different 

engagement conditions. 

Introduction 

External loads applied to the head of rugby players during 

scrummaging plays an important role in acute and chronic 

cervical spine injury. Previous studies have highlighted the high 

impact loads experienced by rugby players at shoulder level 

during both machine [1] and live scrummaging [2]. However, 

loads applied directly to the head have never been measured due 

to the experimental challenges. Importance must be placed on 

load management by coaches to optimise performance during 

competition by maximising training adaptations whilst 

minimising negative effects of training (e.g. fatigue repetitive 

strain). The aim of this study was to devise a new experimental 

protocol to measure the load applied onto the head of front row 

players, and estimate the point of application of the force across 

different live-scrummaging conditions.  

Methods 

Sixteen academy-level players participated in the study, and 

three front-row players were asked to wear scrum caps 

instrumented with two pressure sensors (3005E VersaTek-XL, 

Tekscan) stuck to their interior surface. The experimental 

protocol included two sessions. An initial session consisted of 

the registration of sensor placement with respect to rugby 

players’ head, and sensor calibration. Sensor registration was 

completed via 3D scanning and palpation of nine anatomical 

markers on players’ heads while they wore an instrumented 

scrum cap. Sensors were calibrated against an instrumented 

scrum machine whilst players leant against a scrum machine 

pad with their head. Centre of pressure (CoP) was spatially 

transformed from the sensors’ planar surface onto a sphere 

fitted to the marker positions on the players’ head via 

stereographic projection. This was then visualised on the skull 

of a musculoskeletal (MSK) model after the position of the 

scanned markers were registered to it. In the second ‘on-field’ 

session the players performed a series of different scrum setups 

under the supervision of experienced coaches: 1vs1, 3vs3, HS 

(variation of 3v3), 6vs6, 8vs8. Peak and average loads during 

the engagement and sustained push phases were calculated as 

well as the CoP trajectory (Figure 1).  

Results and Discussion 

Overall, there was no significant effect of scrum engagements 

on force magnitude across the three front-row players. The 1vs1 

condition produced forces that were comparable or even higher 

than the other conditions for the tight-head and loose-head 

during both the engagement and sustained push phases (Table 

1). The CoP of the head force originated at the vertex of the 

head and remain near the crown region throughout the trials. 

Table 1: Mean force (N) magnitude acting on the head of the hooker 

(HK), loose-head (LH), and tight-head (TH) in the different scrum 
conditions. ENG= engagement , SUS= sustained-push phase. 

ENG 1v1 HS 3v3 6v6 8v8 

HK N/A 247  185 230  171 163  122 229  141 

LH 596  124 442   75 357   112 367   165 368   158 

TH 278   38 126   21 251   164 273   140 460   299 

SUS 1v1 HS 3v3 6v6 8v8 

HK N/A 344   179 291  159 114   38 461  230 

LH 260   62 304  95 240   113 161   55 172  83 

TH 456  211 317  141  317  100 426  170 455  246 

Although no previous data related to head force magnitude 

during scrummaging is available, results from our work seem 

coherent with maximal neck forces recorded in rugby players 

[3]. Correct identification of the CoP location on the head is 

valuable for future MSK modelling investigations as it will 

inform the location of force application in inverse and forward 

analyses. However the validity of head force estimation via 

pressure sensors should be further explored. 

  

Figure 1. 3D scan of a forward player wearing instrumented scrum 

cap (left). Registration of CoP and force to the MSK model (right). 

Conclusions 

A novel experimental protocol demonstrated to be applicable to 

live sporting scenarios and allowed estimating the forces 

experienced by front-row players during different scrum setups. 

Initial results showed similar loading across these scrums 

setups in spite of the added player number.   
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Summary 

This study tracked concussions and head impacts with helmet-

mounted accelerometers over one high school football season 

and found that the weeks in which concussions occurred 

resulted in increased time spent on scrimmaging (a type of 

practice which simulates games) compared to other drills. 

These weeks also resulted in greater 95th percentile linear 

impacts in games. 

Introduction 

Concussions in American football have acute and long-term 

health consequences and are known to occur more frequently 

in games than in practices. Scrimmages are a common drill 

conducted in practice, are intended to simulate games, and 

may therefore be a modifiable risk factor for concussions. This 

study seeks to evaluate the relationship between a football 

team’s practice structure and the frequency of concussions that 

occurred during a single season. 

Methods 

On-field head impact data were collected from athletes 

participating on one high school football team using the Head 

Impact Telemetry (HIT) System during all practices and 

games. Video was recorded for all sessions, and post-season 

video analysis was performed to eliminate impacts that 

occurred when athletes were not helmeted. Video was also 

used to assign each head impact occurring in practices to a 

drill type. Drill types were characterized as either tackling, 

skill, or scrimmage. Tackling drills included: Oklahoma, 

tackling circuit, small group tackling, and one-on-one. Skill 

drills included: position-specific drills and special teams. All 

scrimmages were within-team. The duration of each drill was 

determined by one-minute interval checks by a video rater. 

The date and session type were recorded for all clinically 

diagnosed concussions. Mixed effects models were used to 

assess differences in head impact exposure and time spent 

between session (i.e. practice and game) and drill type on 

weeks concussions did and did not occur.  

Results and Discussion 

A total of 7,004 impacts were evaluated over 12 games and 28 

practices from 23 football players. There were 7 concussions: 

4 occurred during games and 3 occurred during practice. One 

concussion occurred during week 6 and the rest were in weeks 

9-12. The number of minutes spent on scrimmage and skill 

drills was significantly greater (p=0.003 and p<0.0001, 

respectively) in weeks when a concussion occurred, compared 

to weeks when a concussion did not occur, with 13 more 

minutes on average spent on scrimmage and 10 fewer minutes 

on average spent on skill drills during concussed weeks than 

non-concussed weeks. When biomechanical measures were 

compared between concussed versus non-concussed weeks, 

the number of game impacts over the sample 95th linear 

acceleration [48.8g] was significantly greater in concussed 

weeks than in non-concussed weeks (p=0.0328). 

Conclusions 

Head impact exposure varies among practice drills, and some 

drills may increase the risk of concussion. Games have been 

shown to produce higher rates of concussion.  Scrimmages 

attempt to simulate games; therefore, scrimmaging may 

replicate conditions that increase rates of concussion. Weeks 

with concussions correlated with significantly more time spent 

on scrimmaging and less on skill practice drills, with a parallel 

increase in the frequency of high magnitude impacts during 

games. Reducing head impact exposure during games is a 

noble goal, practices are an environment amenable to change; 

therefore, limiting time spent on scrimmaging while 

maximizing skill development may reduce concussion rates in 

high school football.  
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Summary 

This study investigates the differences in head impact exposure 

(HIE) for the striking player versus the struck player during 

tackling events in youth football. Head impact data was 

collected for six youth football games over three seasons using 

the Head Impact Telemetry (HIT) System to measure 

magnitude, frequency, and location of head impacts in athletes. 

Preliminary results showed most impacts occurred to the front 

of the helmet and resulted in helmet-to-helmet contact. 

Additionally, players who were struck during tackling events 

had a higher average linear and rotational acceleration 

compared to the striking player. Understanding mechanisms 

that influence HIE during contact events in football may help 

inform methods to reduce HIE. 

Introduction 

In recent years, research has been conducted to understand the 

context in which head impacts occur in football. The player's 

role in the tackle (i.e., striking vs. struck player) has been shown 

to influence head impact severity in high school football 

players, with the player being struck having higher impact 

magnitudes than the striking player [1]. However, the effect of 

the player's role in the tackle on HIE is unknown in the youth 

population. Therefore, the objective of this study was to 

evaluate HIE of youth football players involved in player versus 

player contact scenarios.  

Methods 

This study collected head impact data from instrumented 

athletes participating in a local youth football organization over 

three seasons (2015, 2016, and 2018). Each player was properly 

fitted into a Riddell Speed helmet and head impact data was 

collected using the Head Impact Telemetry (HIT) System to 

measure the location, frequency, and magnitude of head 

impacts. Six games were evaluated in which the opposing teams 

were each instrumented with the HIT System. Recorded video 

from each game was evaluated to confirm timing of head 

impacts and head contact surface of individual impacts 

involving opposing instrumented athletes. HIE was quantified 

in terms of linear and rotational acceleration, impact frequency, 

and impact location. HIE was also compared between 

instrumented athletes to examine the effect of player contact 

between the striking player versus the struck player on HIE 

metrics.  

Results and Discussion 

Preliminary data was analyzed for one game with instrumented 

teams. A total of 41 tackle events collected from 14 

instrumented players were examined. The 41 tackle events 

resulted in a total of 44 recorded impacts. Of these 44 impacts, 

70.5% were to the front of the helmet, 13.6% were to the back 

of the helmet, 6.82% were to the side of the helmet, and 2.27% 

were to the top of the helmet.  The most common head contact 

surface type was helmet-to-helmet (75%), followed by helmet-

to-ground (4.5%) and helmet-to-body (4.5%) (Table 1). During 

all tackle events, only one of the instrumented players—striking 

player or struck player—had a recorded head impact with HIE 

data (Table 2).  

Table 1: Distribution of head contact surface type 

Head contact surface Number of impacts 

Helmet-to-helmet 33 

Helmet-to-body 2 

Helmet-to-ground 2 

Not visible 7 

Table 2: Average resultant linear and rotational acceleration ± SD 

for the striking player versus the struck player 

Player contact 

characteristic 

Number of 

head impacts 

(N) 

Linear 

Acc. Res. 

(g) 

Rotational 

Acc. Res. 

(rad/s2) 

Striking player 23  25.2 ± 15.4 1162.0 ± 819.4 

Struck player 21 30.8 ± 15.5 1591.3 ± 545.1 

Conclusions 

This study demonstrates that player contact characteristics may 

affect HIE. Based on preliminary results, athletes who were 

struck by their opponent had a higher average linear and 

rotational resultant acceleration during competitions, as 

previously reported in the high school population. Additionally, 

most impacts occurred to the front of the helmet and were due 

to helmet-to-helmet contact. This work is ongoing and will be 

expanded to include a larger sample size, player size, and player 

position. An increased understanding of the mechanisms that 

influence HIE during football contact scenarios may help 

inform methods to reduce HIE during play.   
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Summary 

This research sought to determine the minimum number of 

walking strides required to reliably measure single-task (ST) 

gait, dual-task (DT) gait as well as ST-DT difference scores 

in older adult fallers and non-fallers. We found that for 

almost all measures the minimum number of strides required 

to accurately quantify DT gait measures was 30 strides for 

non-fallers and fallers. Additionally, for mean gait measures, 

only 10 strides were required to result in highly reliable 

measurements, while measures of variability required at least 

30 strides. Further, we found that few variables were able to 

discriminate fallers from non-fallers regardless of the stride 

count. 

Introduction 

Single-task (ST) walking gait has been extensively used to 

assess fall risk in older adults, and more recently cognitive 

(DT) gait as well as the difference score between ST and DT 

gait have shown promise for fall risk identification. While 

the value of walking gait metrics (ST and DT) has gained 

research support as a viable clinical fall risk assessment, 

there is no consensus on the minimum number of strides 

required to obtain valid and reliable results with 

recommendations for minimum number of strides ranging 

from 6-400 depending on task and gait measure [1,2,3,4] 

Methods 

Forty-one community-dwelling older adults (74.8 ± 3.5 yrs) 

(Fallers N= 18, Non-Fallers N=23) completed a (ST) and 

(DT) walking experiment involving 10 trials for a total of 

~100 strides per condition. ST involved walking across a 

21ft GAITRite pressure sensing mat while DT required 

counting backward by serial 7’s from a randomly generated 

3-digit number and walking down the mat. The full data set 

of 100 strides was partitioned into 4 additional data sets 

including 10, 30, 50, and 70 strides per participant. Bland-

Altman plots were used to characterize the concurrent 

validity of the reduced data sets to the full data set. 

Cronbach’s α was used to assess the internal consistency for 

each gait measure across all data sets for fallers and non-

fallers. Repeated measures ANOVA were performed to 

determine the minimum number of strides required to 

identify differences between cohorts as well as between full 

and reduced stride data sets. 

Results and Discussion 

Bland Altman Plots showed no apparent bias and for all gait 

measures, at least 90% of observations were within the 95% 

confidence intervals except stride length (SL) for 10, 30, and 

50 strides (88%), stride length difference (SLD) for 10, 30, 

50, and 70 strides (88%), and base of support variability 

difference (BOSVD) for 10 strides (85%) (See Figure 1). 

Cronbach’s α showed very high internal consistency for all 

measures in fallers (average α=0.96) and high internal 

consistency for non-fallers (average α=0.88). Differences 

between fallers and non-fallers were observed in 5 variables 

(see Table 1).  

 

Figure 1. Bland-Altman plot of Stride length 10 stride vs 

100 stride 

Table 1. Differences in Gait Metrics Between Fallers and 

Non-Fallers for Each Stride Count. Significance was set at α 

< 0.05 and Indicated by a Bold X. 

Gait Metric 10 Strides 30 Strides 50 Strides 70 Strides 100 

Strides Stride Length X X X X X 

Stride Velocity X X X X X 

Velocity X X X X X 

Stride Velocity 

Difference 
  X X X 

Velocity 
Difference 

  X X X 

 Conclusions 

We found that a minimum of 30 overland strides are 

required for accurate and reliable measurement of gait 

measures in older adult fallers and non-fallers. If only non-

fallers are being studied, or only measures of mean dual task 

and difference scores are being measured, then as few as 10 

strides are required. 
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Summary 
Human gait is a non lineal complex process that requires 
proper mathematics for comprehension and identification of var
iables that reflect degenerative process due to aging that might 
lead to falls.	
Falls in elderly population had become a public 
health concern worldwide. The predictive capacity of clinical test 
vary according to population studied (1). Also, the great 
inaccuracy of such tools generates an inadequate 
distribution of resources which restrict implementation of 
prevention strategies (2). As consequence, reducing fall risk 
in the elder is a commanding aim of public health.	
Introduction 
Motor variability corresponds to variation inside the system  that 
provides ability to adjust to possible disturbance (3). A 
way of quantifying system complexity is entropy, which 
quantifies regularity (order) in time series (4). 
Systems that showed any disturbance present a more 
regular behavior, resulting in lower entropy values (5). 
An example of this is aging, were a lost 
of complexity is developed and entropy is reduced (6). This 
enables to establish that frail or ill systems present a pattern with 
diminish complexity (7) reducing the capability of subjects to 
adapt (6). Objective: Determine entropy sensibility to classify 
gait patterns in elderly fallers and non fallers.	
Methods 
A total of 69 subjects were assessed in this study, 46 
older adults recruited from community (21 fallers and 25 non 
fallers) and 23 university students that form control group. As 
inclusion criteria older adults should have between 65-75 years, 
didn’t use any walking aid, and have no cognitive 
impairments in order to follow researchers instructions 
(assessed by abbreviated Mini-Mental test). All participants 
signed written informed consent approved by Universidad 
Diego Portales ethics committee following the principles of 
Declaration of Helsinki. 
Assessment included an interview to explore any fall history and 
Gait testing consisting in a 30 meter walk at “common pace” 
registered by triaxial accelerometer from Sony Xperia SO-01B 
cellphone strapped at L5 vertebrae level. Only 20 meters of data 
were analyzed because initial and final 5 meters registers were 
discard in order to minimize acceleration an deaccelerations 
produced due to accommodation to the test. Algorithms 
of classification used in this study were, Logistic Regression 
(LR), Lineal discriminating analysis (LDA), k-nearest neighbors 
(KNN), decision trees (CART), naive Bayes (NB) and support-
vector machine (SVM). 

Models were generated with Scikit-Learn library. Data was 
divided in training set (70%) and validation set (30%) based on 
cross validation of 10. Performance of classifiers 
were compared through confusion matrices and ROC curves. 
Results and Discussion 
The results obtained in the class separation capacity through the 
entropy variable and the different classification algorithms are 
shown by box graphs representing the 25th and 75th percentiles 
respectively for the sensitivity by classifier. (See figure 1). 

The values obtained by all the classification algorithms are good. 
However, the low yield obtained by the LDA confirms that the 
data obtained between fallers and non fallers do not obey a 
linearly separable problem. This, added to the results obtained 
by the analysis of difference of means between the groups, 
justifies the use of the most advanced classification algorithms. 	

 
Figure 1: sensitivity by classifier. 

Reference 	
[1] Chiu, A. Y. Y., Au-Yeung, S. S. Y., & Lo, S. K. (2003). A comparison of four functional	
tests in discriminating fallers from non-fallers in older people. Disability and	
rehabilitation, 25(1), 45-50.	

[2] Barry, E., Galvin, R., Keogh, C., Horgan, F., & Fahey, T. (2014). Is the Timed Up and	
Go test a useful predictor of risk of falls in community dwelling older adults: a systematic	
review and meta-analysis. BMC geriatrics, 14(1), 14.	

[3] Wild, D., Nayak, U. S. L., & Isaacs, B. (1981). Description, classification and	
prevention of falls in old people at home. Rheumatology, 20(3), 153-159.	

[4] Costa, M., Goldberger, A. L., & Peng, C. K. (2002). Multiscale entropy analysis of	
complex physiologic time series. Physical review letters, 89(6), 068102.	

[5] Goldberger, A. L., Peng, C. K., & Lipsitz, L. A. (2002). What is physiologic	complexity 
and how does it change with aging and disease?. Neurobiology of	aging, 23(1), 23-26.	

[6] Pincus, S. M. Approximate entropy as a measure of system complexity.Proc.	Natl. 
Acad. Sci.88, 2297–2301 (1991).	

[7] Georgoulis, A. D., Moraiti, C., Ristanis, S., & Stergiou, N. (2006). A novel	approach to 
measure variability in the anterior cruciate ligament deficient knee	during walking: the 
use of the approximate entropy in orthopaedics. Journal of	clinical monitoring.

 

Thursday, August 01 2019: Afternoon (1500-1600) 256

Elderly Falling



 

 

A Comparison of Pressure Mat and Force Plate Parameters for Classifying Elderly Fallers  
 

Ashirbad Pradhan1, Usha Kuruganti1, Victoria Chester1 
1Andrew and Marjorie McCain Human Performance Laboratory, University of New Brunswick, Fredericton, NB, Canada 

Email: vchester@unb.ca

Summary 

The purpose of this study was to compare elderly faller 
classifications using pressure mat and force parameters as input 
to machine learning algorithms. Balance and gait were assessed 
using pressure mat and force plate data in 59 non-fallers (NF) 
and 41 fallers (F). Biomechanical parameters included 3D 
ground reaction force-time data (GRF), centre of pressure 
displacement/velocity data (COP), and data unique to the 
pressure mats (PM), including peak contact pressure, mean 
pressure, and force/pressure time integrals. For both standing 
balance and gait, these biomechanical parameters served as 
input to a discriminant analysis machine learning algorithm to 
build a model and classify fallers. The model resulted in high 
classification accuracies: 80.65% for pressure mat parameters 
and 84.95% for the force plate parameters. Combining 
parameters from walking and standing resulted in the most 
accurate classifications. Results demonstrated the feasibility of 
using portable pressure mats in clinical settings to identify 
fallers. 

Introduction 

Falls are the leading cause of injury-related deaths in older 
adults. Measures of postural and gait stability have been 
associated with the incidence of falls in older adults [1].  COP 
and GRF data obtained from laboratory-based force plates are 
considered the “gold standard” for objective balance and gait 
assessment.  While highly accurate, force plates are not 
routinely used in clinical settings due to their expense.  Portable 
devices, such as pressure mats, could provide accurate, reliable, 
and lower-cost solutions for balance and gait assessment in the 
clinical setting.  Few studies have compared these two 
technologies in their ability to correctly classify elderly fallers 
from non-fallers.  The purpose of this study was to compare the 
classification of elderly fallers using pressure mat and force 
plate parameters as input to machine learning algorithms. 
 

Methods 

Fifty-eight (n=58) non-fallers (72.3 ± 5.7 years, 23M, 35F) and 
41 fallers (74.0 ±12.3 years, 13M, 28F, with at least one fall 
incident in the past 12 months) participated in the study.  
Participants were asked to perform gait trials at a self-selected 
speed along a 6 m walkway with 6 embedded force plates 
(Kistler Instruments, Winterhur, Switzerland), which measured 
the three-dimensional forces and moments during each gait 
cycle at a sampling frequency of 1600 Hz. Two high resolution 
pressure mats (Tekscan Inc., Boston, MA, USA) were placed 
directly on two of the Kistler plates and collected plantar 
pressure data at 160Hz.  A custom linoleum walkway 
surrounded all plates and mats and provided a firm, level 
surface for standing and walking.  Participants were asked to 
complete 6 successful gait trials (appropriate pressure pad and 

force plate strikes) while staring at a visual target located 1.84m 
from the end of the walkway. Standing tests involved semi-
tandem stance with eyes open and a narrow stance with eyes 
closed for 30 seconds each. COP, GRF and PM parameters 
served as input to a Fisher Linear Discriminant Analysis 
(FLDA) classifier to identify fallers vs non-fallers as a function 
of task and device.  An 8-fold cross-validation was used to 
validate the models and the mean classification accuracies were 
reported. 

Results and Discussion 

A classification accuracy of 80.65% was obtained using the 
biomechanical parameters obtained from pressure mats (COP 
and PM) for both standing and walking tests (Table 1). The 
force plate parameters (GRF & COP) yielded a higher 
classification accuracy of 84.95% when combining both tasks. 
For standing tasks alone, the classification accuracy was higher 
using pressure mats (COP and PM). The opposite was observed 
for the walking tests alone.  

Table 1 Classification accuracies of faller/non-faller categories 

The classification accuracies (>80%) obtained in this study are 
higher than previous work [2]. The gait task parameters led to 
better classification accuracies than those from standing. This 
might be explained by the fact that walking is the most 
frequently cited cause of falls [3]. However, combining both 
walking and standing variables resulted in improved classifier 
performance, confirming the contribution of sway parameters.  

Conclusions 

This study compared the performance of biomechanical 
parameters obtained from two devices and tasks in accurately 
classifying elderly fallers. The results suggest that portable 
pressure mats, together with suitable measures to assess balance 
and gait, may indeed provide accurate and reliable 
identification of fallers in the clinical setting.   
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Walking 
(41F, 58NF) 

Standing     
(39F, 54NF) 

Combined 
(39F, 54NF) 

Force Plates = 
GRF+COP 

82.05 % 64.52 % 84.95 % 

Pressure Mats = 
PM+COP 

78.50 % 74.19 % 80.65 % 
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Summary 

It is necessary to consider not only the total duration but also 
temporal variables in the separated phases during TUG test. 
The ‘Sit-to-stand duration’ and ‘Turn-to-sit duration’ temporal 
variables were correlated with fall in elderly at Timed up and 
go test with inertial sensor. 

Introduction 

Falls in the elderly are associated with decreased balance 
ability. Therefore, quantitative assessments of balance ability 
by functional mobility testing are important. For the Timed up 
and go (TUG) test, the subject performs sit-to-stand from a 
chair, walking three meters, turning, three-meter return 
walking and turn-to-sit at chair motions. A previous study 
showed that assessing the TUG test by total duration has 
limitations in fall prediction and in screening fallers [1]. Due 
to these limitations, it has been suggested that an instrumented 
TUG (iTUG) be performed with an inertial measurement unit 
(IMU) sensor to conduct a TUG test. It is possible to 
distinguish large movements such as gait, sit-to-stand, and gait 
turn, and fall risk assessment through various variables from 
sensing data. Therefore, in this study, the logistic regression 
analysis for fall prediction model was performed to derive the 
characteristics of the faller through the temporal variables at 
the TUG test. 

Methods 

The elderly subjects who fall within 12 months from the 
measurement date were considered as the faller. The 137 
people were selected as subjects by 47 (8 male, 39 female) 
faller (age: 73.81±4.48yr, height: 151.42±4.11cm, weight: 
55.62±7.12, Berg balance scale score: 53.11±1.11, Mini mental 
state examination-Korea Ver.: 23.22±2.84) and 91 (11 male, 80 
female) non-faller (age: 76.15±4.78yr, height: 154.33±7.54cm, 
weight: 57.21±8.74, BBS: 52.88±2.11, MMSE-k: 23.37±2.48). 
There were not significantly different between faller and non-
faller of subject characteristics (independent T-test, α=.05). 
Opal IMU sensor module (APDM Inc. Portland, OR, USA) 
and Mobility Lab system were used. The six Opal modules 
were used (Fsample: 128Hz). The body attachment positions 
were the chest on the upper body, the third lumbar level close 
to the subjects’ center of mass, and both thigh and waist. The 
seven temporal variables were measured from IMU sensor 
(duration of (1) Total, (2) Sit-to-stand, (3) Gait, (4) Turn, (5) 
Turn-to-sit, (6) Turn step (time of each step), (7) Turn before 
one-step). The data were converted to z-scores for logistics 
regression analysis. Forward stepwise method was used for 
logistics regression model (SPSS v.24. IBM USA)). 

Results and Discussion 

The regression analysis results include ‘Sit-to-stand duration’ 
and ‘Turn-to-sit duration’ variables. The Turn-to-sit duration 

was opposite to the fall risk in the odd ratio. It means that short 
duration of Turn-to-sit has a high risk of fall. Contrary, the risk 
of falls increases with Sit-to-stand duration. Since the sit-to-
stand and turn-to-sit movement require combination of stability 
and force of muscle in harmony with the movement of the 
center of body [2]. 
 
Table 1: Results of logistics regression analysis 

 

 Accuracy 
(%) 

Sensitivity 
(%) 

Specificity 
(%) 

Nagelkerke 
R2 

Step1 66.4 92.2 17.0 0.10 

Step2 67.9 88.9 27.7 0.15 
 

 

Figure 1: ROC curve of fall prediction model 

Conclusions 

It is necessary to consider not only the total duration but also 
temporal variables in the separated phases during TUG test. 
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 Variable B Sig. 
Odds 
ratio 

95% conf. 
interval 

Low Up 

Step1
Sit-to-stand 0.59 .00 1.78 1.25 2.60

Constant -0.69 .00 0.50   

Step2

Sit-to-stand 0.61 .00 1.84 1.27 2.68

Turn-to-sit -0.45 .03 0.64 0.42 0.98

Constant -0.72 .00 0.49   
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Summary 

The relationships between general fall risk and standing 

measures during ladder use were assessed both with and 

without a concurrent cognitive task. Individuals with higher 

fall risk scores had increased time to complete the ladder task 

and reduced dual-task performance. Other ladder standing 

parameters (e.g. elliptical COP area) did not correlate with fall 

risk. However, individuals with high fall risk had an increase 

in sway (path length) during the dual-task. This suggests that 

high fall risk individuals prioritize balance over task 

performance and experience cognitive overload when dual-

tasking on a ladder compared to low fall risk individuals.    

Introduction 

Ladder fall injury rates are highest among older adults and 

ladder falls commonly occur when the user is standing on the 

ladder (as opposed to climbing) [1]. Knowledge of how older 

individuals with different physiological fall risk profiles use 

ladders is needed to develop effective interventions. 

Standing measures have been used to classify fall risk of older 

adults [2], but standing measures of older adults performing 

tasks on ladders has not been investigated. This study assesses 

the relationship between individual fall risk and ladder use.  

Methods 

A total of 104 (52 male) older adults (73.0±5.5 years; 1.7±0.1 

m; 72.5±13.3 kg) participated. This study was approved by the 

Human Research Ethics Committee at the UNSW. Participants 

completed the Physiological Profile Assessment (PPA) to 

determine individual fall risk [2]. Participants were instructed 

to climb to the second step of a household stepladder and to 

change a lightbulb “as quickly and as safety as possible”. 

Participants completed this task twice, once while naming 

animals (dual-task) and once without a cognitive distraction 

(single-task) in a randomized order. The lightbulb was set to 

the height of the participant’s hand when standing on the 

second ladder step in 90⁰ shoulder and elbow flexion.  

Force plates under the ladder were used to calculate the center 

of pressure (COP) between the ground and ladder [3]. 

Standing measures of balance calculated from the COP 

(excluding climbing to standing transitions) were path length 

(time normalized), root-mean-square (RMS), and elliptical 

area (the area that the COP remains within 95% of the 

assessed time). In addition, total task time and animal naming 

rate (dual-task) were extracted. 

Four statistical mixed-models were performed with task time, 

path length, RMS, and elliptical area as the dependent 

variables and task type (single or dual-task), fall risk score and 

the interaction as the predictor variables. A linear regression 

was performed with animal naming rate as the dependent 

variable and fall risk score as the predictor variable. 

Results and Discussion 

Task time to change a light bulb increased with the dual-task 

(p<0.001; F1,100=22.8) and increasing fall risk score (higher 

score) (p<0.001; F1,100=16.3). Path length was greater with the 

dual-task (p=0.006; F1,100=7.8). The effect of dual-task on path 

length was amplified for participants with higher fall risk 

(interaction, p=0.037; F1,100=4.5). Path length, RMS and 

elliptical area did not change with increasing fall risk score. 

RMS and elliptical area did not change with task type. Faster 

animal naming rates were associated with lower fall risk 

scores (p=0.003; F1,100=9.0).  

Participants with higher fall risk scores appear to prioritize 

standing balance on the ladder over the task. This is suggested 

by longer tasks time to complete the task and slower animal 

naming rates. However, participants with high fall risk scores 

may have experienced cognitive overload during the dual-task, 

causing an increase in path length. Longer tasks times appear 

to be associated with smaller elliptical area (Figure 1). 

 

Figure 1: Task time and elliptical area (dot size) vs. fall risk score. 

Larger dot size indicates greater elliptical area during single 
(gray/solid) and dual-task (black outline). 

Conclusions 

Increased time to change a light bulb and slower animal 

naming rates were found in individuals with higher fall risk 

scores. Elliptical area and other COP parameters did not 

correlate with fall risk score. This suggests high fall risk 

individuals prioritize balance at the expense of task 

performance compared to low fall risk individuals. However, 

high fall risk individuals increase sway under higher cognitive 

loads. This may be due to cognitive overload.  
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Summary 

There exists no clear guidance for the biomechanical 
accommodation period to a prosthetic device for persons with 
lower limb loss. As such, studies have utilized accommodation 
periods ranging from 5 minutes to >1 year before commencing 
data collection [1], potentially limiting reliability and validity 
in prosthetic device research. Here, we examined intact and 
prosthetic ankle-foot mechanical work production at five time 
points during the initial year of independent ambulation with a 
prosthesis among 22 males with unilateral, transtibial limb 
loss. Leading and trailing mechanical work were similar 
throughout the year; however, the greatest qualitative change 
occurred during the first 4 months, possibly indicating 
(biomechanical) accommodation after this time point.  

Introduction 
The way in which a person interacts with a prosthesis is likely 
to change over time with repeated use. While initial efforts 
have been made to recognize biomechanical “accommodation” 
to a prosthesis during gait [1], a prolonged (> 3 weeks) period 
of use has not been examined. Moreover, a recent systematic 
review of accommodation times in previous biomechanical 
research suggests accommodation be examined via repeated 
assessments throughout a one-year time period, to determine 
if/when stabilization of biomechanical outcomes occur [2].  

Although a range of biomechanical outcomes have been 
analyzed throughout prosthetic ankle-foot research [3], of late, 
mechanical work production has been particularly emphasized 
for its quantification of energy transfer and thus human-device 
interaction [4]. 

The objective of this study was therefore to evaluate 
biomechanical accommodations, via ankle-foot work 
production, to passive ESR ankle-foot devices for new users 
with unilateral transtibial limb loss during the first year of 
ambulation. It was hypothesized that biomechanical 
accommodation will be evidenced in ankle-foot work 
production by a progressive decrease in intact leading work 
and increase in prosthetic trailing work, until plateau. 

Methods 
Twenty-two males with unilateral transtibial limb loss (mass: 
83.9±12.9 kg; stature: 178±4.8 cm; age: 26±4 yr) completed 
instrumented gait analyses at a controlled walking speed 
(Froude number = 0.4; mean speed = 1.2 m/s) at five time 
points during the initial year of independent ambulation (0, 2, 
4, 6, and 12-months). All participants provided informed 
consent to procedures approved by the local IRB. Intact and 
prosthetic ankle-foot mechanical work was calculated, using 
the UD method [5], during leading and trailing double-

support. A mixed-model repeated measures ANOVA was used 
to determine differences over time.  

Results and Discussion 
Ankle-foot mechanical work produced was similar over time 
in leading (Intact: p=.229; Prosthetic: p=.155) and trailing 
(Intact: p=.381; Prosthetic: p=.508) double-support (Figure 1). 
Qualitatively, the greatest change in mechanical ankle-foot 
work occurred between the 2 and 4 month time points for both 
limbs. 

 
Figure 1: Leading (top) and Trailing (bottom) Mechanical Ankle-

Foot Work Produced by the Intact (black) and Prosthetic (grey) 
Limbs, throughout the first year of ambulation. 

Conclusions 
A apparent plateau (albeit qualitative) in leading and trailing 
mechanical work at the 4-month time point suggest potential 
(biomechanical) accommodation for new prosthesis users, 
though doesn’t necessarily imply that such time would be 
needed for more experienced users introduced to a new ankle-
foot prosthesis or one with different mechanical properties. 
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Summary 

Research and design of ankle-foot prostheses has largely 
focused on optimizing ankle function; however, the potential 
benefits of modifying the foot keel remain relatively 
unexplored. In particular, the addition of a toe joint has the 
potential to positively impact the gait biomechanics of 
prosthetic device users, and reduce the motor demands of 
powered prostheses. To fill key knowledge gaps, our 
overarching goal is to perform a series of experiments – using 
powered and passive prostheses – in which we systematically 
vary toe joint stiffness and quantify the biomechanical effects 
on activities of daily living (e.g., walking, stair ascent). This 
abstract details prosthetic hardware development and validation 
testing necessary to add a variable-stiffness toe joint into 
powered and passive prosthetic feet in order to carry out the 
proposed experiments. 

Introduction 

The majority of existing ankle-foot prostheses do not 
incorporate an articulating toe (metatarsophalangeal, MTP) 
joint; a feature that has been shown to greatly affect gait 
biomechanics [1]. Based on prior experimental and simulation 
studies, adding a toe joint to prostheses could potentially 
improve the gait of users, and in the case of powered 
(motorized) prostheses, may also reduce the actuator and 
battery demands [2]. However, to date, there is very little data 
on how toe joint dynamics affect ambulation of lower limb 
prosthesis users. We seek to address this by performing a 
comprehensive motion analysis study in which we 
systematically vary toe joint stiffness; first in passive, and then 
in powered prostheses. However, to conduct this novel 
systematic study, we first need to develop and validate custom-
modified prosthetic hardware. The objective of this abstract is 
to summarize design, fabrication and validation testing of 
ankle-foot prosthesis prototypes that include an adjustable 
stiffness, articulating toe joint. 

Methods 

A commercial passive ankle-foot prosthesis (Balance J, Össur) 
was modified to include a variable stiffness toe joint (Figure 
1A). The toe joint is comprised of thin spring steel sheets 
secured proximally to the Balance J keel and distally to an 
aluminium toe plate. The stiffness of the toe joint can be 
systematically adjusted by varying the number (or thickness) of 
spring steel sheets used, and the joint can also be locked out 
(infinite stiffness) using an aluminium strut in place of the 
spring steel. The stiffnesses of the custom toe joint were 
characterized by holding the prosthesis stationary and 
measuring the force necessary to move the toe joint through a 
known range of motion for two through seven sheets of spring 
steel. The prosthesis was also tested on a subject with transtibial 

amputation (33-year-old male, 119 kg) who walked on an 
instrumented treadmill (Bertec) at 1.14 m·s-1 with three toe joint 
conditions: low (0.27 Nm·degree-1), moderate (0.33 
Nm·degree-1), and infinite stiffness (locked joint) while 
kinematic and ground reaction force data were collected. 

Next, we are working on adapting the foot keel of the 
Vanderbilt Powered Prosthesis [3] to include an articulating toe 
joint. Similar bench top and case study tests will be conducted 
to characterize the toe joint stiffness and range of motion, and 
confirm device function during walking. Refining the control 
schemes necessary to test this powered prosthesis on several 
activities of daily living is also in progress. 

Results and Discussion 

The range of available toe joint stiffnesses for the passive 
prostheses design are 0.17 Nm·degree-1 to 0.34 Nm·degree-1. 
Results from subject testing show the low and moderate 
stiffness toe joint dorsiflexed during the push-off phase of 
walking as expected (Figure 1A). These results confirm the 
prototype is performing effectively during push-off with the 
low and moderate stiffness toe joints moving through greater 
ranges of motion (28.6° and 26.6° respectively) than the infinite 
stiffness condition (2.3°, Figure 1A). 

 
Figure 1:  (A) Toe joint angle during the push-off phase of walking 

with passive prosthesis prototype. (B) Vanderbilt Powered Prosthesis 
hardware modifications and controller development are in progress. 

After adding a toe joint to the powered prosthesis, participants 

will be fitted with the device, then control scheme parameters 

will be tuned individually for each user. We expect to share 

finalized control schemes and toe joint designs at ISB, along 

with preliminary biomechanics data from subjects completing 

activities of daily living with vs. without a toe joint. 
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Summary 

This paper presents a semi-active ankle prosthesis that adapts 
its stiffness to accommodate different gym exercises. The 
prosthesis is pneumatically actuated, and features a wireless 
adjustment of air pressure via smartphone app as well as a 
self-replenishing “pumping” mode, allowing operation 
without a pre-charged reservoir. Preliminary validation results 
with one subject suggest improved loading symmetry during 
walking and the back squat, and a sufficient ankle torque 
capacity for weightlifting 45kg (100 lb). 

Introduction 

The availability of accommodating prosthetic devices can play 
an important role in encouraging persons with amputation 
(PWA) to engage in exercise and athletics. Existing sport 
prostheses generally use passive mechanisms and are often 
specialized for only one sport, so the cost of multiple 
prostheses can become prohibitive [1]. In addition, unilateral 
amputees experience asymmetrical temporal and loading 
kinetics, due compensatory mechanisms in the intact limb 
when using these non-adaptive prostheses [2]. Therefore, we 
aimed to develop a prosthesis that could semi-actively adapt to 
both walking and a variety of exercises while retaining modest 
cost, complexity, and battery power.  

Methods 

We implemented a new semi-active prosthesis based on a 
customizable and self-recharging pneumatic system for use in 
high-load, large-range-of-motion exercises such as 
weightlifting. The modular structure of the prosthesis includes 
CNC milled aluminum frames that house a pneumatic piston 
(40mm bore), with standard adapters for connection to the 
socket and prosthetic foot. The reservoir/pump system 
provides autonomous air pressure replenishment via integrated 
electro-pneumatics, which are driven by a Raspberry Pi Zero 
W computer. The user can then change the static pressure 
inside the cylinder with a custom smartphone application.  

One subject with unilateral transtibial amputation tested the 
prosthesis in a 45kg (100 lb) parallel back squat (Fig. 1) and in 
normal walking, with standard inverse dynamics analysis. The 

squat tests with the new 
device and a standard energy 
storage and return (ESR) 
prosthesis consisted of 4 trials 
of 10 squat repetitions each. 
For brevity we report only the 
squat test results evaluating 
ankle torque symmetry. 

Results and Discussion 

The ankle moment vs. angle plots using the ESR prosthesis 
(Fig. 2 Left) and new prototype (Fig. 2 Right) are provided for 
the 4 trials of 10 squat repetitions each. Linear regression lines 
are also drawn, along with their norm of residuals. Using the 
new prosthesis, the greatest ankle torque demand appears at 40 
N*m. With its current geometric configuration, the prosthesis 
is capable of producing up to 95.73 N*m ankle torque, with 
recommended cylinder pressure ranges between 30-100 psi. 

Within the ESR and new prosthesis trials, the kinetic trends 
are highly dependent on squat form. With the ESR prosthesis, 
the subject leaned forward at the bottom of the squat, moving 
the ground force out to the toe, with a long ankle moment arm. 
Conversely, weight was shifted to the heels using the new 
prototype, but additional ankle torque from the intact leg was 
observed when reversing direction to rise from the squat. As a 
measure of variance due to intact limb compensation, the 
norm of residuals from the intact leg decreases from 1668.1 to 
499.3, thus suggesting improved loading patterns.  

Testing for bilateral symmetry in 5 degree increments with the 
new prosthesis revealed a significant difference between ankle 
moment and angle, with alpha=0.05 and a p-value=0.6. While 
inter-limb symmetry is not yet achieved, further training with 
the prototype could improve these results.  

   
 Figure 2: Intact (blue) and prosthetic (red) moment vs angle plot 
with ESR prosthesis (Left) and SWAP prototype (Right). 

Conclusions 

Providing wireless pneumatic adjustment and self-pumping 
capability in this semi-active athletic ankle prosthesis enables 
greater freedom of mobility, at a lower cost. Preliminary 
testing indicates improved loading symmetry as compared to 
an ESR prosthesis, but further training with the prototype is 
required to demonstrate bilateral symmetry.  
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Figure1: Semi-Active Weightlifting Ankle Prosthesis (SWAP)  

Thursday, August 01 2019: Afternoon (1500-1600) 263

Foot/Ankle Prostheses



 

 

Effects of Prosthetic Forefoot Stiffnesses on the External Mean Ankle Moment Arm (EMAMA) in Different Activities 
 

Jennifer K. Leestma1, Peter G. Adamczyk2 
1Departments of Biomedical Engineering and 2Mechanical Engineering, University of Wisconsin-Madison, Madison, WI, USA 

Email: jleestma@wisc.edu  
 

Summary 
This study addressed the biomechanical effect of varying 
forefoot stiffness in a foot prosthesis during different 
ambulation tasks. The external mean ankle moment arm 
(EMAMA) outcome measure captures the mean dynamic 
effects of changes in center of pressure (CoP) that impact body 
dynamics. Findings show that EMAMA shifts in different tasks 
(up and down ramps and stairs) relative to level walking, and 
can be modulated by changes in forefoot stiffness. Control of 
prosthetic forefoot stiffness to match natural EMAMA changes 
may improve biomimetic behavior. 

Introduction 
Characterizing biomechanics of the human ankle during 
different movements is crucial to developing biomimetic 
prostheses. However, common measures used to design these 
devices, such as CoP or joint impedance, do not fully 
summarize the net dynamic effect of ankle mechanics [1]. The 
EMAMA measure summarizes the net relationship between 
ground reaction force and ankle moment throughout stance [2]. 
For example, EMAMA changes systematically across walking 
and running speeds [2]. This study calculates EMAMA across 
different prosthetic forefoot stiffness settings and ambulation 
tasks to understand how they affect movement. The 
measurement is made using a novel combination of wearable 
sensors. We hypothesized that EMAMA would shift forward 
with higher prosthetic forefoot stiffness, and also shift across 
tasks such as ramps and stairs. 

Methods 
Two subjects performed five ambulatory tasks using a variable 
stiffness prosthetic foot in three stiffness settings [3]. We 
collected data from a prosthesis-embedded six-degree-of-
freedom load cell (iPecs, RTC Electronics) and an inertial 
measurement unit (IMU) wearable suit (MVN Awinda, Xsens). 
Tasks were level walking and ascending and descending ramps 
and stairs.  

We used data from the load cell to measure leg forces and 
identify gait events. We combined load cell and IMU data to 
determine the moment produced about the ankle in the sagittal 
plane during stance phase. These measures were then used to 
calculate the EMAMA during stance phase across different 
stiffness settings and ambulatory tasks (Equation 1). 

EMAMA =
𝐽
𝐼 = 	  

∫ 𝑀𝑑𝑡TO
HS

0∫ �⃑�𝑑𝑡TO
HS 0

 (1) 

Results and Discussion 

During level ground walking and ramp descent, EMAMA 
tended to increase with increased prosthesis stiffness. EMAMA 
also increased during ramp descent and decreased during ramp 

ascent in comparison to level walking. This was hypothesized, 
as the incline or decline impacts forward momentum and CoP 
shift during stance phase. EMAMA values found during stair 
ascent and descent were highly variable and did not show 
consistent trends across stiffness settings.  However, EMAMA 
showed a large forward shift in CoP in the down stairs condition 
in comparison to other ambulatory tasks, while results from the 
up stairs condition were too variable to draw conclusions. 

 
Figure 1: EMAMA values across tasks and forefoot stiffness 
settings.  Asterisks indicate a significant difference (p<0.05). 

These results suggest that EMAMA could be used to quantify 
changes in prosthesis stiffness and dynamic CoP during level 
ground walking and ramp descent. The study also provides a 
precedent for obtaining a novel biomechanical measure outside 
of the lab using portable data acquisition methods. 

Conclusions 
The EMAMA outcome measure is able to quantify dynamic 
changes in CoP during amputee ambulation. The results suggest 
that this outcome measure can quantify dynamic CoP across 
some varying stiffness parameters and ambulation tasks. 
Further testing will allow for more accurate inter-subject 
analysis. 
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Summary 

We determined how use of a pediatric prosthetic foot affects 
3D hip kinematics in toddlers with transtibial amputations 
(TTAs). We compared 3D hip joint kinematics in the affected 
leg (AL) of toddlers with a TTA using a standard prosthetic 
foot to their unaffected leg (UL) and to both legs of non-
amputee toddlers. We found that the use of a prosthetic foot 
affects hip joint internal/external rotation and flexion angles 
during walking and 3D hip joint kinematic symmetry in 
toddlers with TTAs.  

Introduction 

The use of lower limb prostheses likely affects the walking 
biomechanics in toddlers (ages 2-5 years) with transtibial 
amputations (TTAs), but to our knowledge there are no studies 
that have assessed the effects using a prosthetic foot in this 
population. Previous research of adults with TTAs using 
different prosthetic foot stiffness found differences in 
biomechanics, such as a more narrow step width, and lower 
peak joint angles with less compared to more stiff prosthetic 
feet [1]. However, results from adults with TTAs cannot be 
translated to toddlers with TTAs, because there are differences 
in walking biomechanics and on variability in biomechanics 
that depend on maturity [2].  

We determined how use of  a pediatric prosthetic foot affects 
3D hip joint angles during walking [3]. Based on clinical 
observation, we hypothesized that use of a pediatric prosthetic 
foot would result in increased hip joint external rotation in the 
affected compared to unaffected leg and compared to non-
amputee toddlers. 

Methods 

The parents of 5 non-amputee toddlers (average age: 49.8 
months; 105.2 cm; 17.9 kg), and 1 toddler with a unilateral 
TTA (age: 22 months; 86.5 cm; 11 kg) gave informed written 
consent in accordance with the University of Colorado 
Institutional Review Board. Subjects walked at 0.5 m/s on a 
dual-belt force measuring treadmill (Bertec, Columbus, OH). 
We placed reflective markers on each subject’s lower limbs. 
While subjects walked, we measured kinematic data at 100 Hz 
using a 3D motion capture system (Vicon, Centennial, CO) 
and ground reaction forces at 1000 Hz. Non-amputee toddlers 
completed one walking trial and the toddler with a TTA 
completed one walking trial with their prescribed standard 
prosthetic foot (TRS Little Feet, Boulder, CO),. 

 

Results and Discussion 

We found that the 3D hip joint angles of non-amputee toddlers 
were in accordance with previous studies [4]. Specifically, we 
found that non-amputee toddlers have 10° of frontal plane 

range of motion, which describes the wider base of support 
that is typical in toddlers [4]. The toddler with a TTA had a 
5.2° larger external rotation range of motion of the affected leg 
hip joint when using their prescribed prosthetic foot, on 
average, compared to non-amputee toddlers (Fig. 1).   

 
Figure 1: Average hip joint angles in the sagittal, frontal and 

transverse planes of motion, normalized to % of a stride during 
walking at 0.5 m/s. Each non-amputee toddler is represented by the 

red line and the toddler with a TTA is represented by the blue dashed 
line. The toddler with an amputation had a left leg amputation. 

Conclusion 

Toddlers with a unilateral transtibial amputation using a 
standard prescribed passive prosthetic foot have a larger 
degree of external rotation of the affected leg hip, but maintain 
similar frontal plane and sagittal plane motions as that of non-
amputee toddlers. Further, the unaffected leg transverse plane 
hip motion of toddlers with TTAs is similar compared to non-
amputees.  
 

References 

[1] Shell C, Segal A, Klute G, et al. (2010) Clinical 
Biomechanics, 49: 56-63 

[2] Dominici N, Ivanenko YP, Cappellini, et al. (2010) J 
Neurophysiol, 103: 1673-1684  

[3] Sutherland D. (1997) Gait Posture, 6: 163-170.  
[4] Taboga P, Grabowski A (2017) Clinical Biomechanics 

42: 47–54 

Thursday, August 01 2019: Afternoon (1500-1600) 265

Foot/Ankle Prostheses



Chapter 5

Posters (1600-1800)

5.1 Animal Comparative 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 267
5.2 Balance 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269
5.3 Baseball 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 310
5.4 Clinical 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321
5.5 Clinical Gait General 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 335
5.6 Devices 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 357
5.7 EMG/MMG/Data Analysis 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 369
5.8 Football + Rugby 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 375
5.9 Hip 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 382
5.10 Knee 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 392
5.11 Knee Adduction Abduction 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 401
5.12 Locomotion General 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 406
5.13 Low Back Pain 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 408
5.14 Lower Limb/Gait 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 421
5.15 Martial Arts 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 431
5.16 Miscellaneous 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 437
5.17 Miscellaneous Posters 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 455
5.18 Modelling: Musculoskeletal - Upper Limb/Trunk 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 478
5.19 Muscle General 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 480
5.20 Orthopedic Cartilage 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 525
5.21 Partial Spinal Cord 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 538
5.22 Running Footwear 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 543
5.23 Running General 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 555
5.24 Skiing Hockey Sliding 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 608
5.25 Spine 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 617
5.26 Upper Extrimity - Hand + Wrist 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 642
5.27 Volleyball 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 644

266



Thursday, August 01 2019: Posters (1600-1800) 267

5.1 Animal Comparative 1
1. Paul Slaughter: Ligamentous Support And Range Of Motion In The Canine Cranio-Cervical Junction: A Biomechanical

Cadaveric Study

Animal Comparative 1



 

 

 LIGAMENTOUS SUPPORT AND RANGE OF MOTION IN THE CANINE CRANIO-CERVICAL JUNCTION:  
A BIOMECHANICAL CADAVERIC STUDY 

 
Paul Slaughter1, Guillaume Leblond2,3, Jason Bleedorn2, Peter Adamczyk1 

1Department of Mechanical Engineering, University of Wisconsin Madison, WI, USA 
2Department of Surgical Sciences, School of Veterinary Medicine, University of Wisconsin Madison, WI, USA 

3Small Animal Hospital, School of Veterinary Medicine, University of Glasgow, UK 
Email: pslaughter@wisc.edu 

 

Summary 
Cadaveric motion tracking data was collected to establish 
canine cranio-cervical junction (CCJ) kinematics and the role 
of supporting ligaments. Preliminary analysis suggests that 
dorsal atlantoaxial (DAL) and alar ligaments (AL) are the 
main restrictors in atlantoaxial flexion and lateral bending 
respectively. This study may help identifying candidates for 
stabilization surgeries.  

Introduction 
The CCJ is supported by 5 main ligaments. Diseases affecting 
these ligaments often result in serious spinal cord injuries 
secondary to abnormal craniovertebral motions. Despite CCJ 
importance, peer-reviewed information on its ligaments is 
sparse [1,2,3]. 
This study’s aims were to describe CCJ’s kinematics and to 
characterize its ligaments’ respective roles.   

Methods 
The undissected skull and first two cervical vertebrae of 20 
normal beagle cadavers were collected. 3D markers were 
positioned on wands attached to the bones and precisely 
localised using CT scans. Motion capture was then used to 
record flexion-extension, lateral bending and axial rotation 
ranges of motion (ROM) with respect to a subjective neutral 
position. Ligaments were then sectioned in predefined 
sequences and ROM were compared before and after each 
ligament section.  
Results and Discussion 
Kinematic analysis revealed linear correlations between skull 
and atlas motions in lateral bending and axial rotation. A 
triphasic curve with a wide neutral zone was observed in 
flexion-extension (Figure 1). 
The ligaments that caused the most substantial ROM increases 
of the atlantoaxial joint included the DAL in flexion (+10.4º) 
and the AL in lateral bending (+6.2º) (Figure 2). 

Conclusions 
AL and DAL may be more important for CCJ stability than 
previously described. 
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SUMMARY 

Asymmetric loading such as carrying bags and side-pack on one 

side of the body alter individuals’ gait, posture, as well as trunk 

and lower extremity biomechanics.  The primary hip abductor, 

gluteus medius, is the main contributor for pelvic stabilization 

during ambulation and dynamic functional activities.  This 

study examined the relationship between asymmetric loading 

and lateral sway in a healthy populations during the stance 

phase of the forward dumbbell lunge exercise.  Results showed 

that during single leg support, subjects leaned or swayed 

significantly toward the weight-bearing side as a compensation 

to counteract the weight on the opposite side without affecting 

the gluteus medius muscle activity as compared to that during 

the symmetrically loaded condition.    

INTRODUCTION 

Throughout someone’s day, people perform functional 

activities, such as carrying groceries and bags that require 

asymmetric loading.  These types of motions change the 

biomechanics of the trunk and lower limbs which will alter gait 

and posture [1-4].  To maintain stability while carrying weight, 

a person will increase their postural sway.  In order to reduce 

the chances of suffering an injury, it is important for an 

individual to minimize sway [5].  To achieve this it requires the 

use of the trunk, hip, and lower extremities musculature.  

Specifically, the primary hip abductor, gluteus medius, is the 

main contributor for pelvic and trunk stabilization during 

walking and other dynamic functional activities [6].  The 

purpose of this study was to examine the effect of asymmetric 

loading and its relationship between the gluteus medius activity 

and lateral sway.  

METHODS 

Twenty-two (9 female, 13 males, aged 20.3±1.0 years) healthy 

college students participated in the study.  The average body 

weight was 80.73±15.86 kg.  Subjects had between 0 and 10 

years of weight or resistance training experience.  Each subject 

performed three repetitions of the forward dumbbell lunge 

exercise with the dominant leg stepping forward for both 

symmetric and asymmetric loads.  For the symmetric load, 

subjects carried a dumbbell weight of 24.55±0.9 % body weight 

(BW) on each hand.  With the asymmetric load, subjects carried 

a dumbbell weight of 30.3±1.1 % BW in the hand on the non-

weight-bearing side (same side as dominant leg).  Each 

repetition lasted 6 seconds consisting of a two second lunge 

downward phase, a two second pause at the bottom, and a two 

second upward phase.  Subjects were given a one minute rest 

period between the two tests.  A marker was placed at the sternal 

notch to track the medio-lateral sway.  Electromyography 

(EMG) signals were recorded via from surface dual electrodes 

placed on gluteus medius.  Lateral sway was measured with the 

Tracker Video Analysis and Modeling Tool program.  A paired 

t-test was used to compare the lateral sway and gluteus medius 

activity during the single limb stance of the forward lunge 

between symmetric and asymmetric loaded tests.   

RESULTS AND DISCUSSION 

With asymmetrical loading, gluteus medius activity was 

expected to increase on the weight-bearing extremity during the 

single leg support of the forward lunge to counteract the weight 

on the opposite side.  However, results from this study showed 

no statistical difference on the maximum gluteus medius 

activity on the weight-bearing side between symmetric and 

asymmetric loading (Table 1).  Further qualitative analysis 

revealed that subjects leaned toward the weight-bearing side 

during single leg support. This was confirmed by quantitative 

measurement of medio-lateral sway (Table 1).  Subjects 

displayed a statistically significant trunk lean toward the 

weight-bearing side during the asymmetrically loaded lunge to 

compensate for the asymmetric load on the opposite side of the 

body as compared to that of symmetrically loaded test.  

Table 1:  Maximum gluteus medius activity and medio-lateral sway in 

symmetric and asymmetric load conditions. 

 Symmetric  Asymmetric 

Gluteus Medius EMG (V/kg) 0.86±0.61 0.92±0.58 

Medio-lateral sway (cm) 11.07±3.53 17.19±3.78* 

*statistical significant (p<0.05) 

CONCLUSIONS 

In order to compensate against an asymmetrical load on the 

non-weight-bearing side, subjects increased their lateral sway 

towards the weight-bearing limb to counteract the additional 

force from the non-weight-bearing side.  As a result, activity of 

the gluteus medius on the stance limb side did not increase as 

compared to lunges performed against a symmetrical load. 
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Summary 

Ice hockey is a complex sport with many influences. 

Improving the player´s skating strength, agility, power and 

balance equates to improving their performance on the ice. 

Balance ability was shown to be significantly related to ice 

hockey maximum skating speed in youth hockey players. High 

performance level of balance ability also improves player’s 

ability to stay on his feet when fighting through or delivering 

body checks and maneuvering around opponents. In our study, 

youth players with higher performance level in ice hockey 

obtained better results in both dynamic and static postural 

tasks than their peers with lower performance level. Therefore, 

balance ability seems to be the predictor of high performance 

level of youth ice hockey players. 

Introduction 

Ice hockey is a multidimensional sport that requires the 

contribution of many different physical and psychological 

components for success at the elite level [1]. Balance ability 

was shown to be significantly related to ice hockey maximum 

skating speed [2] in youth hockey players [3]. The ability to 

generate power during a stride will provide an important 

contribution to skating speed if the player exerts the force 

while being well balanced and stable [4]. Co-contraction of the 

hip and knee flexors and extensors provides a steady foot, 

allowing the player the balance needed for the next stride [5]. 

Therefore, ice hockey requires precise balance ability to 

perform the aforementioned complex skating strides [6]. 

Although the relationship between skating speed and balance 

ability is known, however the relationship between balance 

ability and the performance in ice hockey remains unclear. 

The objective of the study is to evaluate the differences in 

balance ability level among youth hockey players with 

different performance levels. 

Methods 

A total of 45 hockey players were divided into two 

performance groups: High n=26 (age 16.3 ± 0.9, height 1.78 ± 

0.07, weight 74.3 ± 9.6), Low n=19 (age 16.2 ± 1.8, height 

1.76 ± 0.1, weight 68.7 ± 13.9). Each participant performed 

six unilateral stances in static conditions (30 seconds per trial, 

3 trials for each limb) using force platform (HUR Limited, 

Kokkola, Finland) with a balance pad (Airex balance pad, 

Airex AG, Sins, Switzerland) placed on the platform and five 

bilateral stances in dynamic conditions using wobble board 

(ClassicR25V10, VSB – Technical University of Ostrava, 

Ostrava, Czech Republic) placed on the force platform. The 

centre of pressure (COP) coordinates were recorded to 

determine postural stability. The differences in the postural 

variables between participants with different performance 

levels were determined by the nonparametric Mann-Whitney 

U test. The significance level was set at α = 0.05. 

Results and Discussion 

There were statistically significant differences (p < 0,05) in all 

the monitored postural parameters for both postural tasks in 

favour of the high performance group. The players with higher 

performance level performed better in postural control task in 

both anterior-posterior and medial-lateral direction (Table 1). 

The postural regulation seems to be important for an ice 

hockey player, because there are fast and unpredictable actions 

natural for the game of ice hockey [7]. In ice hockey, there is 

also high level of balance ability required because of the small 

surface area of the skate blades in contact with the low-friction 

ice surface [4]. Youth hockey players should focus on training 

of the balance ability in static and dynamic conditions to 

enhance the performance in ice hockey and success at the elite 

level in the future. 

Table 1: Differences in monitored postural stability parameters 

(mean COP velocity) between youth hockey players with high and 

low performance level. 

Unilateral static stance task 

 High Low p value 

(cm · s-1) Mean SD Mean   SD 

anterior-posterior 4.4 1 5.9 1.2 < .001 

medial-lateral 11.6 2.2 16 2.9 < .001 

Bilateral dynamic stance task 

 High Low p value 

(cm · s-1) Mean SD Mean   SD 

anterior-posterior 5.6 0.8 7.2 2.5 < .001 

medial-lateral 12.5 2.5 16.5 4.3 < .001 

Conclusions 

In conclusion, youth players with higher performance level in 

ice hockey obtained better results in both dynamic and static 

postural tasks than their peers with lower performance level. 

Thus, balance ability is the predictor of high performance level 

of youth ice hockey players. 
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Summary 

How localized fatigue at different muscles affects whole-body 
coordination during a repetitive task is poorly understood. We 
studied 17 participants who completed a repetitive task before 
and after fatigue was induced at either shoulder, elbow or 
lower back. Results show that fatigue location differentially 
affected postural adaptations, and that only shoulder fatigue 
affected posture and postural variability in the main, anterior-
posterior direction. 

Introduction 

Studies have shown effects of repetitive motion-induced 
fatigue on whole-body movement pattern, posture and 
kinematic variability [1,2]. However, localized muscle fatigue 
can be induced at different parts of the body; how localized 
fatigue at different muscles affects body posture and kinematic 
variability is poorly understood. The aim of this study was to 
examine the upper body posture and variability changes in a 
repetitive movement when different muscles get fatigued. 

Methods 

Seventeen healthy young adults without any history of upper 
body injuries (7 M, 10F, age: 22.7± 2.4 years) performed an 
upper limb repetitive pointing task (RPT) at a constant 2 Hz 
frequency for 30 seconds. Then, they completed one shoulder 
(SF), elbow (EF) and lower back (TF) fatiguing protocol in 
randomized order until exhaustion, separated by at least 30 
minutes. Right after each fatiguing protocol, they performed 
the RPT for another 30 seconds. Kinematic data of upper body 
was recorded using the Vicon MX3 motion capture system 
(Vicon Peak, Oxford Metrics ltd., Oxford, UK) (Figure 1).  

 
The 3D marker (RSHO: right shoulder joint, RELB: right 
elbow joint, RWR: right wrist joint, C7: 7th cervical) 
coordinates were filtered using a dual-pass 4th-order 
Butterworth low-pass filter (7 Hz). Visual 3D (C-Motion, 
Germantown, MA) was used to build the upper thorax, lower 
thorax and lumbar segments [3], and generate the center of 
mass (CoM) of each segment. The maximal (Max), minimal 
(Min) and standard deviation (SD) of markers and segmental 

CoM coordinates were calculated to represent the body 
posture and postural variability. The general estimate equation 
was used to compare the variables during RPTs under the 
conditions of SF, EF, TF and non-fatigue (NF). Post hoc LSD 
tests were performed if necessary. 
Results and Discussion 

In the AP direction, SF induced shoulder and upper thorax 
forward lean when the subjects touched the targets. The Max 
and Min values of RSHO (p<0.01; p<0.01; p=0.02; =0.01) and 
upper thorax (p<0.01; p<0.01) x coordinates were greater than 
TF and NF. SF also resulted in a greater postural variability of 
the shoulder, neck and trunk. The SDs of RSHO (p<0.01; 
p<0.01; p<0.01) and C7 (p<0.01; p=0.04; p=0.01) were 
significantly greater than all other conditions, SDs of lower 
thorax (p<0.01; p=0.04) and lumbar segment (p=0.04; p=0.02) 
were significantly greater than EF and NF.  

In the ML direction, the SD of RSHO in SF was greater than 
TF and NF (p<0.01; <0.01), implying increased variability of 
the shoulder joint. In EF, the SD of RELB was greater than SF 
and NF (p<0.01; <0.01), and the SD of RWR was greater than 
all other conditions (p<0.01; =0.01; <0.01). This suggests 
increased ML variability at elbow and wrist. TF induced 
greater SDs of RSHO (p<0.01) and RELB (p=0.01) than NF.  

In the SI direction, in SF, the Max and Min of upper thorax 
(p<0.01; p<0.01), lower thorax (p<0.01; p<0.01), lumbar 
(p=0.01; p=0.01) were greater than NF. The SDs of RSHO 
(p<0.01; <0.01; <0.01), C7 (p<0.01; =0.03; =0.01) were 
greater than all other conditions, the SDs of lower thorax 
(p<0.01) and lumbar (p=0.04) were greater than EF. The Min 
RWR in EF was greater than SF (p=0.01) and NF (p<0.01). In 
TF, the Min RWR was greater than NF (p<0.01).  

Conclusions 

This study describes upper body posture and postural 
variability adaptations to fatigue of different muscles. 
However, only shoulder fatigue affected posture and 
variability in the AP direction. All types of muscle fatigue lead 
to arm posture and variability changes in the ML direction. In 
the long term, such results could help better detect, predict and 
avoid fatigue-related injuries in the workplace. 
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Summary 

Different tests are used to assess postural control. This study 

evaluates dependence between Center of Mass (COM) 

movements during voluntary postural sways and results of 

Limits of Stability (LOS) test in healthy women over 50 years 

old. 

Introduction 

The dynamic balance requires coordination of many systems 

(vestibular, visual and proprioceptive). Fifty years old is the 

age in which first deficits of balance are appearing.  There are 

variety of options to test postural stability in order to identify 

such deficits. The aim of this study is to determine if ranges of 

COM movements during voluntary postural sway and results 

of  LOS test are consistent. 

Methods 

The group consisted of 17 healthy women  over  50 years old 

(mean 53.4) [mean body weight   – 63.3 kg, body height – 

167.9 cm] without any neurological or orthopaedic problems.  

All of them  exercise sport activities regularly: cycling, nordic 

walking, yoga, etc. (two to five times/week).  All subjects  

underwent two tests  in eyes open condition: maximal 

voluntary inclinations of the body in sagittal plane – fore-aft, 

and in frontal plane – left-right, all tests lasted for 30s.  During 

these tests COM was measured  using VICON System (Plug-

In-Gait Full Body marker set).  The balance was measured 

also on BIODEX BALANCE SYSTEM SD with LOS test 

(stiff platform, moderate skill level). The ranges of COM 

movement in four directions: forward, backward, left and right 

were calculated and later the Spearman’s correlations between 

maximal movements of COM in four directions and results of 

LOS test were calculated. The Statistica was used for data 

analysis (cut – off of probability level was 0.05) 

Results and Discussion 

In sagittal plane inclination of COM in forward direction was 

bigger then in backward, similar like LOS results. In frontal 

plane  -  COM inclination on right direction were bigger then 

in left but LOS results were opposite. 

 
Figure 1: Mean value of  COM movement ranges in main four 

directions [mm] and results of LOS test (index of direction control).  

The significant correlations were found only in right direction 

in LOS test with COM movements in sagittal plane: forward 

 (r = 0.58)  and backward direction (r = - 0.49). 

Conclusions 

These findings indicate that LOS test and COM movement 

seem to assess different aspects of  balance. Similar 

conclusions were presented  on healthy young adults [1]. LOS 

test results can depend not only on body inclinations but also 

on body orientation in space.  
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Summary 

Balance control during quiet standing of patients with 

neurogenic claudication (NC) was less stable than healthy 

adults. However, the weighting of the sensory systems was not 

different between patients with NC and healthy adults. 

Therefore, other factors such as motor output systems should be 

determined in future studies. Time-frequency analysis may 

assist further understanding in balance control mechanism. 

Introduction 

Neurogenic claudication (NC) is a common symptom of lumbar 

spinal stenosis, which resulted from pain and neurological 

dysfunction. Balance impairment and functional limitation 

were found in patients with NC. However,  the knowledge of 

underlying balance control mechanism such as the weighting of 

the sensory systems in patients with NC is limited. The purpose 

of this study is to determine the differences of balance 

performance and sensory weighting between patients with NC 

and healthy adults by time-frequency analysis of center of 

pressure (COP).  

Methods 

Sixty-four patients with NC (NC group) who received a lumbar 

surgery and 27 age-matched healthy adults (control group) were 

recruited. All participants were instructed standing with their 

eyes-open and eyes-closed on a force platform for 30 seconds, 

respectively. The COP signal in anteroposterior direction was 

analysed by Gabor transform (Figure 1) to determine the 

weighting of sensory inputs,1 including total energy content and 

percentage of total energy content in four frequency bands: (1) 

moderate frequency (1.56 to 6.25 Hz) for lower limb muscle 

proprioception; (2) low frequency (0.39 to 1.56 Hz) for 

cerebellum; (3) very low frequency (0.10 to 0.39 Hz) for 

vestibular system, and (4) ultralow frequency (less than 0.10 

Hz) for vision. 

 

Figure 1: Gabor transform of COP signal of a representative trial for 

a given patient during eyes-closed condition.  

Results and Discussion 

Total energy of NC group was significantly greater than control 

group in both eyes-open (p<0.001) and eyes-closed (p<0.001) 

conditions (Table 1). These findings indicated that balance 

control of patients with NC was less stable than age-matched 

healthy adults because greater demand of total energy was 

found in patients with NC during quiet standing. However, no 

significant difference was found in the percentage of total 

energy in each frequency band between NC group and control 

group. This may be resulted from sensory system of patients 

with NC was less affected, so patients with NC did not show 

sensory reweighting during quiet standing.  

Table 1: Total energy content and percentage of total energy content 

for sensory input systems indicated by four frequency bands. 

 Eyes-open Eyes-closed 

 NC group Controls NC group Controls 

Total Energy 

(x 106) abs. unit 
  9.4 ± 0.4   6.9 ± 0.4 14.3 ± 0.7   9.8 ± 0.6 

Moderate (%) 
(Proprioception) 

29.7 ± 0.5 29.3 ± 0.6 32.0 ± 0.1 30.6 ± 0.7 

Low (%) 

(Cerebellum) 
49.3 ± 0.3 49.4 ± 0.4 48.1 ± 0.4 48.8 ± 0.4 

Very Low (%) 

(Vestibular) 
15.5 ± 0.1 15.7 ± 0.1 15.0 ± 0.2 15.3 ± 0.2 

Ultra Low (%) 

(Vision) 
  5.4 ± 0.1   5.5 ± 0.1   5.2 ± 0.1   5.3 ± 0.1 

Values are mean ± SEM. 

Conclusions 

Although balance control during quiet standing of patients with 

NC showed less stable than age-matched healthy adults, the 

weighting of sensory systems in patients with NC were not 

different from age-matched healthy adults. Therefore, future 

studies should determine other factors that might affect the 

balance control of patients with NC. 
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Summary 
This study was designed to understand the influence of a spine 

self-mobilization exercise program on postural stability in the 

antero-posterior (AP) and medio-lateral (ML) directions. The 

center of pressure (CoP) was quantified while young healthy 

adults were standing with eyes open and closed. Results 

revealed that the exercise group reduced postural sway in the 

AP direction only during the eyes closed condition. Neither 

exercise nor control groups showed a significant change in 

postural sway during the eyes open condition. These findings 

indicate that postural sway decreased only when visual 

feedback was eliminated. It appears that the improvement of 

postural stability by the exercise program used in this study is 

dominated by other systems (e.g., proprioceptive and 

vestibular systems, motor commands), rather than visual 

systems. Additionally, the decreased sway was found in the 

AP direction only. Thus, effects of the exercise program 

appear to be direction dependent. 

Introduction 
Central processing of multi-sensory feedback and motor 

commands responsible for force production is critical for 

postural control, and commonly compromised due to aging, 

neuromuscular disorders, and traumatic injuries such as 

concussion [1]. A self-mobilization exercise program was 

developed to realign spinal curvature [2], and effects of the 

exercise program on stability control while standing on a 

stable and unstable platform was previously documented [3]. 

However, it is unclear to what extent the spinal realignment 

influences sensory systems for postural control.  This study 

addressed this question by measuring sway parameters with 

and without visual feedback, before and after the intervention 

of exercise program.  

Methods 
Fourteen healthy young adults were randomly assigned to 

Exercise (n = 7) and Control group (n = 7). The both groups 

completed pre- and post-exercise assessments. The Exercise 

group performed the self-mobilization while lying supine on a 

cylinder-shaped tube (98-cm length, 15-cm diameter), 

consisting of three warm-up positions and seven small 

motions. The duration of the exercise program was 15 min.  

Center of pressure (CoP) was measured while subjects stood 

on a pressure mat (Tekscan, Inc. USA) for 3 trials of 10 sec 

each with eyes open and closed conditions (EO and EC, 

respectively). CoP data were used to compute sway 

parameters including: area, distance, antero-posterior (AP) 

excursion, medio-lateral (ML) excursion, root mean square 

(RMS) AP displacement, and RMS ML displacement. Two-

way mixed design ANOVAs were used to examine changes in 

the sway parameter and group difference for each condition.  

Results and Discussion 

Neither main effects nor interactions in the EO condition was 

found, but there was a significant time × exercise interaction in 

the EC condition. The post-hoc test revealed that distance, AP 

excursion, and RMS AP displacement significantly decreased 

in the Exercise group only in the EC condition (Table 1. p < 

0.05). These findings indicate that postural sway decreased 

when visual feedback did not contribute to postural stability. It 

appears that the improvement of postural stability by the 

exercise program used in this study is dominated by other 

systems (e.g., proprioceptive and vestibular systems, motor 

commands), rather than visual systems. Additionally, the 

decreased sway was found in the AP direction only. Thus, 

effects of the exercise program used in this study appear to be 

direction dependent. 

Conclusions 
The exercise program used in this study can be used as home-

exercise to improve postural stability, specifically in the AP 

direction. A role of muscular control in the decreased sway are 

currently being investigated. In addition, further investigation 

of effects on sway in an elderly population in response to the 

exercise program is also recommended.   
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Table 1: Mean (SD) of sway parameters for pre-test and post-test measures. 

Sway Parameters 

Exercise (n = 7) Control (n = 7) 

Eyes open Eyes closed Eyes open Eyes closed 

Pre Post Pre Post Pre Post Pre Post 

Area (cm2) 0.61 (0.16) 0.42 (0.09) 0.78 (0.11) 0.47 (0.08) 0.47 (0.07) 0.53 (0.18) 0.88 (0.22) 0.89 (0.30) 

Distance (cm) 8.25 (1.24) 7.37 (1.06) 11.09 (0.99) 8.59 (1.09)* 8.44 (0.92)  8.90 (1.10) 11.51 (1.50) 11.22 (1.61) 

AP Excursion (cm) 1.42 (0.17) 1.09 (0.11) 1.83 (0.14) 1.34 (0.07)* 1.39 (0.16) 1.31 (0.24) 1.83 (0.25) 1.31 (0.24) 

ML Excursion (cm) 0.67 (0.11) 0.60 (0.09) 0.71 (0.07) 0.55 (0.08) 0.54 (0.06) 0.57 (0.10) 0.77 (0.10) 0.69 (0.10) 

RMS AP Displacement (cm)  0.39 (0.05) 0.30 (0.02) 0.46 (0.04) 0.32 (0.02)* 0.51 (0.15) 0.35 (0.08) 0.45 (0.06) 0.54 (0.18) 

RMS ML Displacement (cm) 0.15 (0.03) 0.14 (0.03) 0.16 (0.02) 0.13 (0.02) 0.16 (0.04) 0.13 (0.02) 0.18 (0.03) 0.17 (0.03) 

*Asterisks denote sway parameters that are significantly different from pretest values (p < .05)  
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Summary 
The purpose of this research study was to examine postural 
control strategies used by people who participate in boarding 
sports on stable and unstable surfaces. Eleven healthy young 
adults (6 F) with boarding experience and 13 controls (6 F) 
were recruited. Participants underwent 2 testing components: 
1) Neurocom Balance Manager, 2) Vicon motion capture. 
Results showed that Boarders were reliant on somatosensory 
information and willing to explore their environment when the 
support surface was unstable for maintenance of postural 
control.  

Introduction 
Boarding is a unique sport requiring participants to use 
dynamic postural control strategies to remain upright on a 
moving support surface [1]. Boarders constantly shift their 
COM over the base of support to maintain control in an ever-
changing environment. The purpose of this research study was 
to investigate postural control strategies used by individuals 
who participate in boarding sports during bilateral and 
unilateral lower limb standing assessments on stable and 
unstable surfaces. 

Methods 

Eleven young adults with >1 year of boarding experience (6 F: 
21.33±2.03 yrs; 5 M: 22.67±1.95 yrs) and 13 controls (6 F: 
22.67±1.21 yrs; 7 M: 22.00±3.11 yrs) were recruited. 
“Boarders” were people who participated in: Snowboarding, 
Longboarding, Skateboarding. All subjects underwent 2 
testing components: 1) Neurocom Balance Manager, 2) Vicon 
Motion Capture. The Neurocom Balance Manager was used 
for testing Sensory Organization (SOT) and Limits of Stability 
(LOS) [2]. 
A 12-camera Vicon motion capture system captured positional 
data for 54 retro-reflective markers. Participant’s performed 2 
standing assessments on stable and unstable surfaces: 1) 
Romberg (R), 2) Unilateral Stance (US). Three, 30-second 
trials were completed per assessment per surface. Center of 
mass (COM) positional data was processed through a series of 
Matlab programs for calculation of variables: path length, area 
total, minor radius, and major radius.  
A mixed-method ICC (3, 1) was calculated for SOT, R, and 
US; r=0.47-0.97; trials were averaged for subsequent 
analyses. Repeated measures General Linear Model ANOVAs 
with follow-up Bonferroni post-hocs were performed to 
examine differences between Groups. For COM variables, 
coefficients of variation (CV) examined variability between 
Groups by Surface. 

 

Results and Discussion 
For the SOT, a significant interaction was found between 
Conditions and Group [F(5,110)=5.56, p=.000] for condition 
6, p=.007. No significant differences detected for LOS Test 
between Groups (all p>.05). COM positional data for R and 
US showed no significant differences between Groups by 
Surface (all p>.05). Examination of CV for R showed 
Boarders and Controls had similar variability on both support 
surfaces. However, during US, boarders showed differences in 
variability by Surface (Table 1).  

Table 1: US Coefficient of Variation on Different Surfaces. 

 
Stable  

CV (%) 
Unstable  
CV (%) 

Boarders Controls Boarders Controls 

Path Length 13.48 19.62 29.88 13.63 

Area Total 34.23 42.70 46.10 24.55 

Maj. Radius 19.27 29.27 31.95 13.63 

Min. Radius 22.06 25.98 26.92 19.84 

 
SOT results show boarders relied more on somatosensory and 
less on vestibular input compared to Controls when postural 
control was challenged. During US on different Surfaces, 
alternative strategies for COM management emerged. On the 
stable Surface, Boarders showed more consistent control, but 
when they stood on the unstable Surface, more inconsistency 
in COM position occurred, possibly indicating increased 
environmental “exploration.” 

Conclusions 
People with boarding experience demonstrated increased 
reliance on somatosensory information and willingness to 
explore their environment when it became unstable in order to 
maintain postural control. These results provide unique 
insights into the strategies used by Boarders to remain upright 
despite environmental perturbations.  
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Summary 

We determined the effects of loss of balance direction and 
postural perturbation on the perturbation threshold line for lean 
releases, lean releases with surface translations and surface 
translations in younger adults, not only for forward but also for 
the first time for sideways and backward losses of balance. The 
angular positions and velocities at the end of reaction time, for 
the maximum lean angle or translation velocity trials, formed 
perturbation threshold lines, which moved toward the origin if 
the loss of balance changed from forward to sideways or 
forward to backward. These perturbation threshold lines 
suggest that the threshold of balance recovery for one postural 
perturbation could predict the risk of falls in the same loss of 
balance direction, regardless of the postural perturbation. 

Introduction 

The perturbation threshold line method was developed to 
compare results from different postural perturbations or their 
combinations. It has been established for lean releases, lean 
releases with waist pulls, lean releases with surface translations, 
waist pulls while walking and surface translations, but only for 
forward losses of balance [1]. In fact, few studies have explored 
the threshold of balance recovery in more than one loss of 
balance direction, and none of those was for more than one 
postural perturbation [2]. To pursue this work, we determined 
the effects of loss of balance direction and postural perturbation 
on the perturbation threshold line for lean releases, lean releases 
with surface translations and surface translations, not only for 
forward but also for sideways and backward losses of balance. 

Methods 

Ten healthy younger adults (18 to 41yrs, 50% women) 
performed forward, sideways and backward lean releases, lean 
releases with surface translations and surface translations. For 
each loss of balance direction, we determined the maximum 
initial lean angle, for two surface translation velocities 
including zero, and the maximum surface translation velocity 
from which participants could be suddenly released and/or 
pulled, respectively, and still recover balance using a single 
step. Using 6 force platforms and 2 load cells at 1000Hz, and 4 
optoelectronic position sensors with 26 markers at 100Hz, the 
angular position and velocity at reaction time were obtained for 
the maximum lean angle and translation velocity trials. 

Results and Discussion 

One and two-way rm-ANOVAs showed that the maximum lean 
angle for lean releases (with or without surface translations, 
p<0.001), as well as the maximum translation velocity for 
surface translations (p<0.001) was smaller for sideways and 
backward compared to forward losses of balance. The 

maximum lean angle also decreased with increasing surface 
translation velocity (p<0.001). Nevertheless, for each loss of 
balance direction, the angular positions and velocities at the end 
of reaction time, for the maximum lean angle or translation 
velocity trials, formed perturbation threshold lines, which 
moved toward the origin if the loss of balance changed from 
forward to sideways or forward to backward (Figure 1, 
unconditional growth linear regressions). Moreover, these 
perturbation threshold lines efficiently separated falls (above 
the lines) from recoveries (below the lines), regardless of the 
postural perturbation, as in previous studies [1]. 

 
Figure 1: Forward, sideways and backward perturbation threshold 

lines for lean releases (circles), lean releases with surface translations 
(squares) and surface translations (diamonds). 

Conclusions 

The perturbation threshold line method has now been 
experimentally established for all three loss of balance 
directions. It suggests that the amplitude of the threshold of 
balance recovery for one postural perturbation could predict the 
risk of falls in the same loss of balance direction, regardless of 
the postural perturbation, as shown by Carty et al [3]. It also 
suggests that an intervention program to improve balance 
recovery for one postural perturbation could reduce the risk of 
falls for another postural perturbation in the same loss of 
balance direction, as shown by Grabiner et al. [4]. 
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Summary 
The physical stress of clinical practice is an occupational risk 
factor for developing musculoskeletal disorders (MSDs) in 
dental hygienists. The utilization of dental magnification 
loupes shows promise in allowing the practitioner to maintain 
a neutral posture, enhancing quality of care and a reduction of 
physical stress [1]. Dental hygiene students, and professional 
practitioners were recruited to perform simulated scaling 
instrumentation in a repeated measures design while wearing 
loupes, and not wearing loupes. Preliminary data suggest a 
positive correlation between wearing loupes and a more 
neutral body posture. Loupes were also perceived by the 
participants to improve posture as well as instrumentation 
performance. 

Introduction 
The physical stress of clinical practice is an occupational risk 
factor for developing musculoskeletal disorders (MSDs) in 
dental hygienists. The incidence of MSDs is a well-
documented concern in the dental profession and attests to the 
work-related trauma exerted on the practitioner [2]. 
Additionally, dental hygiene practice requires the clinician to 
sit in a fixed posture position for long periods of time adding 
to the risk for cumulative trauma and MSDs [2]. Since MSDs 
threaten work productivity, income, career longevity and the 
overall health of the clinician, it is imperative to understand 
contributing factors to implement solutions mitigating the 
negative effects of MSDs [3]. Dental loupes are specially 
manufactured eyewear consisting of magnification lenses 
which direct the line of sight downward to the horizon, 
denoted as the declination angle. The utilization of dental 
magnification loupes may decrease neck flexion, allowing the 
practitioner to maintain a neutral posture while working and 
thus reduce physical stress. 

Methods 

A convenience sample of 24 participants, consisting of 12 
second-year dental hygiene students and 12 practicing dental 
hygienists were enrolled in the study. Six second-year dental 
hygiene students and 6 practicing dental hygienists wearing 
loupes with a predetermined declination angle comprised the 
experimental group; while 6 second-year dental hygiene 
students and 6 practicing dental hygienists wearing loupes 
without a predetermined declination angle comprised the 
control group.  Participants were screened to ensure there was 
no history of injuries or disabilities of the head, neck, or trunk 
regions. Additionally, participants were required to own either 
predetermined or non-predetermined declination angle loupes. 

Accelerometers were placed on three bony landmarks: occiput 
of the head, cervical vertebrae C5, and T5 to determine the 
three-dimensional orientation of the segmental and overall 
body posture. Chair mounted typodonts with artificial calculus 
were used to represent a simulated oral environment.  
Participants’ testing order was counter-balanced and they were 
assigned to wear loupes during either the first or second 
segment of the experiment. The instrumentation procedure 
consisted of scaling in each quadrant of the mouth for two 
minutes, totaling eight minutes.  At the end of the study, an 
end user opinion 5-point Likert scale survey on the perception 
of loupes and their influence on instrumentation and posture 
was completed. 

Data from the accelerometers was processed using a custom 
MATLAB script to average the orientation of each sensor 
throughout each two-minute trial in order to ascertain body 
posture.  

Results and Discussion 
Accelerometry data was analysed using a repeated measures 
ANOVA design. Preliminary results suggest a positive 
relationship between wearing loupes and a more neutral body 
posture while performing an instrumentation. Survey results 
indicate a preference to wearing loupes. Participants noted 
perceived improvement in instrumentation performance and 
posture, illustrated in (Table 1), scaled 1-5 (M ± SD), where 5 
indicates a highly positive perception of utilizing loupes.  

Table 1: Survey responses on the perceived influence of 
magnification loupes. 

Performance 4.2 ± 0.45 

Posture 4.2 ± 0.84 

Conclusions 
Wearing magnification loupes may improve posture while 
performing dental instrumentation when compared to not 
wearing loupes. These results suggest a benefit of dental 
hygienists wearing loupes while performing routine 
instrumentation to mitigate the occurrence of occupational-
based MSDs. Future investigation can provide useful 
information on whether altering the severity of declination 
angle of the loupes further influences posture. 
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Summary 
This study aimed to look for the effect on posture control 
function of leg immersion prior to standstill standing position 
in healthy young Japanese female (n=12). Postural sway was 
evaluated by means of tracing fluctuation of COP (center of 
pressure) in pre and post lower legs-bathing with tap-water or 
CO2-water (35°C). COP fluctuations became significantly 
smaller by lower legs-bathing. The results suggest that local 
water immersion might modify a somato-sensory input to 
control the postural stability. 

Introduction 
The effects on autonomic nervous system of local water 
immersion at neutral temperature might also influence the 
standing posture control. In this study we evaluated the effects 
on COP fluctuation in human subjects of the standing position 
of lower leg-bathing prior to start. Additionally, influence of 
bath-water CO2 was investigated. 

Methods 
The healthy female college students (n=12) participated in this 
study. Postural sway was recorded by detecting the body’s 
center of gravity continuously with a force platform equipped 
with a data processor. Subjects were requested to stand on the 
platform with their feet parallel, gazing at a target, a black circle 
with a diameter of 10cm on a white background, fixed at a 2.0m 
distance and at the height of each subject’s eyes. The body sway 
of each subject was recorded for 1min, first with the eyes open 
(EO) and next with eyes closed (EC). During each task, the foot 
center of pressure (COP) position and horizontal ground 
reaction force were measured. The path length of COP and area 
of body sway were registered. Posture sway was recorded pre 
and post lower legs bathing. The subject was then immersed up 
to the tibial point for 10 min in tap-water at a thermoneutral 
temperature of 35°C. The electrocardiogram (ECG) was 
recorded continuously using a multitelemeter system. 
Cutaneous blood flow (BF) was measured on the index finger 
and on the right calf by laser-Doppler flowmetry. The index 
finger was not immersed, whereas the right calf site was 
immersed. Statistical evaluation of the data was done by paired 
student’s t-test. Significance level was set at the p < 0.05. 

Results and Discussion 
Path length of COP fluctuations recorded at pre and post 
immersion was summarized in Figure 1. The path length was 
significantly decreased by lower legs water immersion in both 
EO and EC conditions. However, there was no significant 

difference between the tap-water and the CO2-water. 
Biomechanical study indicated that anterior–posterior balance 
is predominantly under ankle control, whereas medial–lateral 
balance is under hip control [1]. Furthermore, body sway was 
stabilized by somatosensory input from the ankles and feet. 
Therefore, it is considered that somatosensory input to control 
those muscles might be modified by lower legs bathing at 
thermoneutral temperature. These results suggest that bathing, 
even in local body part immersion, possibly improve human 
posture control. 

 
Figure 1: The path length of COP during quiet standing posture in 
eye-open (EO) or eye-closed (EC) conditions after lower legs bathing 
with tap-water (upper) or CO2-water (lower). Open and filled bars 
indicate pre and post lower legs bathing, respectively. 

Conclusions 
In the present study, we showed that local water immersion at 
neutral temperature is able to contribute to a more stable 
standing posture. We hypothesized that this effect of water 
immersion might be due to somatosensory modification by the 
local immersion.  
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Summary 

Like breathing, standing balance is mostly effortless but the 

motion related to maintaining an upright posture can be 

perceived consciously. Because standing balance involves 

subcortical processes, the motion perceived while maintaining 

standing balance may differ from the motion detected by the 

balance control system. Human subjects standing on a robotic 

balance simulator were exposed to small whole-body imposed 

motions while balancing or braced. When balancing, subjects 

perceived the opposite direction of the imposed motion at 

small velocities. For larger velocities, they perceived the 

direction of the imposed motion in both balancing and braced 

conditions. This suggests that the balance control system 

detects small whole-body perturbations and evokes corrective 

responses during standing balance even when the imposed 

motion is not consciously perceived. For motion imposed at 

small velocities, standing humans perceive the sensory 

consequences of their own compensatory balance reactions 

instead of the actual perturbation. 

Introduction 

Humans can balance their upright bipedal posture without 

thinking about it, but can also accurately perceive their own 

balance-related motion [1]. However, perception of balance 

motion can be affected by balance-correcting responses 

involving subcortical processes. For instance, perceptions of 

motion evoked by vestibular stimulations have been reported 

in one direction when humans were balancing freely and in the 

opposite direction when they were braced to a backboard [2]. 

This suggests that balance responses involving a subcortical 

component may not yield a clear perception of an imposed 

motion direction, questioning what motion humans perceive 

during standing balance. We hypothesized that motions 

imposed with small velocities on top of a natural sway would 

be detected and responded to by the balance control system, 

and that humans would only perceive the consequences of 

their own compensatory balance reactions when they cannot 

perceive the initial imposed motion direction. 

Methods 

10 healthy participants stood on a robotic balance simulator 

replicating the dynamics of an inverted pendulum in the 

sagittal plane [3] (Fig. 1), in two conditions: balancing upright 

(Balancing) or braced to a backboard (Braced). Imposed 

whole-body motions consisting of a fixed displacement at nine 

different velocities (0.0001 to 0.004 rad/s) were randomly 

applied to the backboard in both conditions. Participants were 

instructed to report any direction(s) of motion they perceived 

as imposed and to make their best guess if they did not 

perceive any motion (forced choice protocol). The first 

direction of motion reported was compared to the actual 

direction of the imposed backboard motion to estimate the 

proportion of Correct perception for each velocity. A direction 

recognition threshold was set at 70% correct using sigmoid 

psychometric curves to fit the data [1]. 

 
Figure 1: Left: robotic apparatus simulating standing balance. Right: 

Perception performance for the Braced (grey) and Balancing (black) 

conditions with their respective best-fitting psychometric curves.  

Results and Discussion 

In the Braced condition, subjects perceived the direction of the 

imposed whole-body motion at 0.002 rad/s and above. In the 

Balancing condition, subjects exhibited small whole-body 

motion in the direction of the perturbation followed by a larger 

motion in the opposite direction. Subjects perceived and 

mostly reported their whole-body motion opposite to the 

perturbation direction for velocities < 0.003 rad/s (Fig. 1) but 

reported the direction of the imposed motion at 0.004 rad/s. A 

traditional single sigmoid psychometric curve captured 98% of 

the variance in the Braced condition whereas a dual-sigmoid 

psychometric curve was needed to account for the variance in 

the Balancing condition (96%). This suggests that there are 

two regimes for the perception of balance-related motion in 

humans. 

Conclusions 

Our results suggest that, when balancing upright, humans do 

not perceive whole-body motion imposed at small velocities. 

Rather, they perceive whole-body motion induced by their 

balance-correcting responses. The present results illustrate that 

humans are partly unaware of their balance-correcting 

responses but they can perceive their consequences. 
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Summary 

Decline in postural control and balance is an established risk 

factor contributing to falls in older population. An accuracy 

and affordable assessment device would be beneficial for 

investigating postural and balance performance which then 

refer to falls risk management. We examined a) the correlation 

of postural sway assessment between a developed 

accelerometry-based device and three-dimensional motion 

analysis, and b) examined discrimination validity of the 

developed device. The findings implied good validity of the 

developed accelerometry-based device. We also found that the 

developed accelerometry-based device could differentiate 

sway in anteroposterior direction between older and young 

adults. This device could be another choice of balance and 

postural assessment tools for using in community and clinical 

practice. 

Introduction 

Falls in older people are multifactorial event, decline in motor 

performance especially postural control and balance is an 

established falls risk factor. Assessment tools used for 

evaluating postural control and balance performance ranged 

from simple clinical assessments to high technology devices 

(e.g. force platform, three-dimensional (3D) motion analysis). 

Recent decade, technology of accelerometer has been 

continuously developed to be a technology-device for postural 

sway assessment [1].  The purpose of this study was to a) 

determine the correlation of postural sway measured by a 

developed accelerometry-based device and postural sway 

measured by a standard laboratory device, 3D-motion analysis 

system, and compare ability of a developed accelerometry-

based device between young adults and older people. 

Methods 

Twenty participants (10 young adults, 21.00+1.49 years; 10 

older people, 64.30+5.95 years) were recruited. Postural sway 

angle (the center of mass (COM) displacement concept) 

during leaning (forward, backward, left and right) were 

collected using a 3D-motion analysis (Vicon MX 512 M, UK) 

and the developed accelerometry-based device (light-weight) 

(Fig 1) simultaneously. Pearson Correlation and Independent 

sample T-Test were used to determine the relationship 

between the two devices and the difference between 

population groups in each device, respectively. 

 
Figure 1: Configuration (a) and display (b) of the device. 

Results and Discussion 

The results indicated that high to very high correlations (r = 

0.733 – 0.982, p<0.001) between postural sway measured by 

the developed accelerometry-based device and laboratory 3D-

motion analysis system. In practice, during dynamic postural 

sway conditions (i.e. leaning tasks), COM position may have 

moved by different postural strategies varied among 

individuals that may influence COM sway angle especially 

when using a hip strategy [2,3]. Concerning with comparison 

of sway measured by the developed accelerometer-based 

device between young adults and older people (Table 1), there 

was significant difference in forward sway direction. While 

the ability of laboratory standardized 3D-motion analysis 

showed the significant differences in forward and right sway 

directions (p=0.003, p=0.018, respectively). 

Conclusions 

Good correlations were found between postural sway 

measured by the developed accelerometry-based device and 

laboratory standardized 3D-motion analysis. Although 3D-

motion analysis system seems to be more validity in 

discrimination between population groups. The developed 

accelerometer in this study could be an accuracy and 

affordability device for assessing postural sway during leaning 

task in different directions. This device could be another 

choice of balance and postural assessment tools in particular 

for using in community and clinical practice. 
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Table 1: Comparison of COM sway angle (degree, Mean+SD) by a developed sway meter between young adults and elderly group. 

 Characteristic Quiet stance Forward sway Backward sway Left Sway Right sway *= at p < 0.05 

**= at p < 0.01 Young adults 0.11 ± 0.44 8.10 ± 1.04 3.64 ± 1.83 3.21 ± 0.76 3.75 ± 1.19 

Elderly group 0.23 ± 0.59 6.27 ± 1.68 3.54 ± 0.91 3.35 ± 1.68 2.96 ± 1.13 

p-value 0.326 0.015* 0.496 0.815 0.147 
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Summary 

Although transient behavior has been reported for commonly 

used center of pressure parameters, the physiological 

relevance of this behavior is unclear. This study investigated 

these transient effects during eyes open and eyes closed stance 

in a healthy population. Although initial transient effects were 

found in both eyes open and eyes closed conditions, the effects 

were magnified during eyes closed stance. This suggests that 

aspects of the transient response may be due to altering the 

sensory input via loss of visual information, but this effect 

does not provide a complete explanation.  

Introduction 

Transient behavior during quiet stance has previously been 

reported for various center of pressure (CoP) parameters [1]. 

Additionally, this initial transient behavior has been reported 

in the context of collecting longer trials to improve reliability 

and reduce this proposed ‘noise’ [2]. A recent study proposed 

that this behavior may contain physiologically-relevant 

information, but only assessed CoP parameters in a quiet, eyes 

closed (EC) condition [3]. Therefore, attributing the transient 

response to the alteration of the sensory environment by loss 

of visual information has yet to be tested. The purpose of the 

current study was to investigate the transient effects of 

postural control during EC and eyes open (EO) conditions. We 

hypothesized that the transient effect would be observed in the 

EC, but not EO conditions. 

Methods 

Thirty generally healthy individuals participated in this study 

(m/f=18/12; 22.9±2.6yr; 75.1±11.6kg; 1.77±0.09m) after 

providing IRB-approved informed consent. Three 60-second 

EC trials were collected as in [3], in addition to three 60-

second EO trials. The first trial was randomized between EC 

and EO, with all subsequent trials alternating between 

conditions. Participants counted down aloud ‘3-2-1-GO’, 

closing their eyes on ‘GO’ for EC trials and fixating their 

vision on a visual target on ‘GO’ for EO trials. CoP data were 

recorded at 1000 Hz using a balance plate (Bertec Corp.), and 

low-pass 4th-order Butterworth filtered at 20 Hz.  

CoP parameters of 95% confidence ellipse area (EA), medial-

lateral mean velocity (MVEL_ml), and medial-lateral root-

mean-squared excursion (RMS_ml) were calculated for 5-

second epochs (n=12) throughout each trial. Increases in these 

measures were interpreted as worse balance. The difference 

between the 1st and final epochs (DIF_ovr), the difference 

between the 1st and 3rd epochs (DIF_13), and the power-fit 

coefficient (DECAY) were calculated for EA, MVEL_ml, and 

RMS_ml and averaged across trials in each condition.  

Linear mixed models were performed for each condition to 

test for the presence of an effect of epoch on EA, MVEL_ml, 

and RMS_ml (MINITAB). ‘Participant’ was considered as a 

random effect, with ‘epoch’ and ‘trial number’ as fixed 

effects. Tests were run separately for each condition (EO and 

EC). Normality and equal variance assumptions were satisfied 

by using the natural logarithms of all balance parameters. 

Tukey post-hoc comparisons were made with a family error 

rate of α=0.05. Additionally, differences in characteristics of 

transient effects were tested through paired t-tests of DIF_ovr, 

DIF_13, and DECAY for the transient behavior in each 

balance parameter between the two conditions. 

Results and Discussion 

The initial transient period following eyes closure was 

associated with worse balance for all three balance measures 

in both populations (p<0.001, Figure 1).  

 

Figure 1: Transient response in EC and EO conditions with visual 

representations of transient characteristics DECAY (power-fit 

coefficient) and DIF_ovr and DIF_13 for the EC condition. 

Differences in transient effects between the two conditions 

were significant for DIF_ovr, DIF_13, and DECAY for EA-

based measures (Table 1). This was consistent with values 

over the other parameters, except DIF_13 for RMS_ml.  

Table 1: Mean ± SD values of EA-based measures. *The P-value of 

DIF_13 for EA came from a 1-Sample Sign test of within-subject 

differences between conditions because the data were not normal. 

  EC EO P-value 

EA  

[mm2] 

DIF_ovr 94.6 ± 126.2 39.3 ± 50.2 0.030 

DIF_13 107.3 ± 102.3 46.2 ± 60.8 0.043* 

DECAY -0.246 ± 0.165 -0.143 ± 0.126 0.002 

Conclusions 

Transient effects for commonly used CoP balance parameters 

are present in both EC and EO stance, but are magnified in the 

EC condition. Further work is needed to investigate and 

understand the root cause(s) and implications of this initial 

transient response seen when assessing postural control.   
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Summary 

The transient response of postural control was investigated 

during quiet, eyes closed stance in young and elderly 

populations, as a first step in assessing the clinical relevance 

of this transient behavior. Time-dependent estimates of 

commonly used center of pressure parameters were analyzed 

throughout 60-second standing balance trials. Although initial 

transient effects were found in both young and elderly 

populations, significant differences between groups appear to 

exist for certain characteristics of the transient response.  

Introduction 

The ability to maintain postural control is often diminished 

among the elderly [1] and has been predictive of increased fall 

risk [2]. Center of pressure (CoP) parameters are typically 

used to analyze postural control and have demonstrated 

clinical relevance [2]. While CoP measures are often taken as 

averages over entire 30-60 second trials, a recent study found 

a consistent transient response during quiet, eyes closed (EC) 

stance in a younger, healthy population [3]. This raises the 

question whether potentially valuable information may be lost 

when using typical whole-trial averaged measures; however, 

the clinical relevance of the initial transient effects remains 

unknown. The purpose of this study was to investigate the 

transient responses in CoP parameters during EC stance in 

young and elderly populations to provide an initial assessment 

of the clinical relevance of these transient characteristics. We 

hypothesized that transient behavior would differ between 

younger and elderly groups. 

Methods 

Sixty-eight individuals participated in this study from two 

groups: 1) a young, generally healthy group with no joint 

replacements or fall history (Y) (n=30; m/f=18/12; 22.9±2.6yr; 

75.1±11.6kg; 1.77±0.09m), and 2) an elderly group, age 65+ 

with various diagnoses, joint replacements, and fall histories 

(E) (n=38; m/f=8/30; 83.4±8.3yr; 66.5±12.9kg; 1.66±0.09m). 

Three 60-second EC trials were collected as in [3]. Briefly, 

participants counted down aloud ‘3-2-1-GO’, closing their 

eyes on ‘GO’ which coincided with the start of each trial. CoP 

data were recorded at 1000 Hz using a balance plate (Bertec 

Corp.) and low-pass 4th-order Butterworth filtered at 20 Hz. 

CoP parameters of 95% confidence ellipse area (EA), medial-

lateral mean velocity (MVEL_ml), and medial-lateral root-

mean-squared excursion (RMS_ml) were calculated for 5-

second epochs (n=12) throughout each trial. Increases in these 

measures were interpreted as worse balance. The difference 

between the 1st and final epochs (DIF_ovr), the difference 

between the 1st and 3rd epochs (DIF_13), and the power-fit 

coefficient (DECAY) were calculated for EA, MVEL_ml, and 

RMS_ml and averaged across trials for each participant. 

Linear mixed models were performed for each population to 

test for the presence of an effect of epoch on EA, MVEL_ml, 

and RMS_ml (MINITAB). ‘Participant’ was considered as a 

random effect, with ‘epoch’ and ‘trial number’ as fixed 

effects. Tests were run separately for each population (Y and 

E). Normality and equal variance assumptions were satisfied 

by using the natural logarithms of all balance parameters. 

Tukey post-hoc comparisons were made with a family error 

rate of α=0.05. Additionally, differences in characteristics of 

transient behavior were tested through Kruskal-Wallis tests of 

DIF_ovr, DIF_13, and DECAY for each balance parameter 

between the two populations. Non-parametric tests were used 

because the data were often not normally distributed. 

Results and Discussion 

The initial transient period following eyes closure was 

associated with worse balance for all three balance measures 

in both populations (p<0.001, Figure 1).  

 

Figure 1: Transient response in young and elderly groups with visual 

representations of transient characteristics DECAY (power-fit 

coefficient) and DIF_ovr and DIF_13 for the young group. 

Differences in characteristics of transient effects between the 

two populations were significant for DIF_ovr for EA (Cohen’s 

d=0.69, p=0.010) and DECAY for MVEL_ml (Cohen’s 

d=0.69, p=0.016).  

These findings indicate that initial transient effects for 

commonly used CoP balance parameters during EC stance are 

seen in both Y and E groups. However, significant differences 

exist in the behavior of this initial transient response for 

DIF_ovr for EA and DECAY for MVEL_ml.  

Conclusions 

Initial transient effects are present during EC stance in both 

young and elderly populations, but differences in these effects 

exist for DIF_ovr for EA and DECAY for MVEL_ml. Further 

work is needed to determine whether these outcomes contain 

clinically-relevant information, such as in regard to fall risk. 
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Summary 

Transient responses and whole-trial estimates of commonly 

used center of pressure parameters have been reported to 

provide clinically-relevant insight into postural control. In this 

study, correlations between transient features of commonly 

used center of pressure parameters and whole-trial estimates 

were tested for eyes closed stance in a healthy population. 

Changes in time-dependent, transient estimates of balance 

measures were no more than weakly correlated with 

traditional whole-trial estimates, whereas power-fit 

coefficients for the transients showed small-medium 

correlations with whole-trial estimates. Transient 

characteristics may provide unique information that is not 

captured by traditional whole-trial estimates.  

Introduction 

Center of pressure (CoP) measures of postural responses to 

sensory transitions have been reported to provide clinically-

relevant insight into neural control of movement [1]. These 

postural responses have been calculated as whole-trial 

estimates and time-dependent estimates of CoP parameters, 

with both previously providing clinically-relevant information, 

although within disparate populations [1,2]. A recent study 

found a consistent initial transient response during eyes closed 

stance for various CoP parameters [3]. The purpose of this 

study was to investigate whether characteristics of transient 

responses in CoP parameters during eyes closed stance are 

correlated with traditionally used whole-trial estimates. We 

hypothesized that the transient features would not be 

correlated with whole-trial estimates, rejecting the premise 

that transient effects solely reflect the same information as 

whole-trial estimates. 

 Methods 

Forty-five participants from a 2017 ASB Quick Study and 

thirty participants from the Bozeman, MT community 

participated in this study (m/f=47/28; 26.7±7.0yr; 

76.4±14.4kg; 1.76±0.09m) after providing IRB-approved 

informed consent. Three 60-second eyes closed trials were 

collected as in [3]. CoP data were recorded at 1000 Hz using a 

balance plate (Bertec Corp.), and low-pass 4th-order 

Butterworth filtered at 20 Hz. 

Traditional measures of 95% confidence ellipse area (EA), 

medial-lateral mean velocity (MVEL_ml), and medial-lateral 

root-mean-squared excursion (RMS_ml) were calculated using 

data from the entire 60-second trial.  

Additionally, time-dependent changes in estimates of EA, 

MVEL_ml, and RMS_ml were calculated by estimating these 

parameters over 5-second epochs (n=12) throughout each 60-

second trial. Transient effects were characterized using three 

measures: the difference between the 1st and final epochs 

(DIF_ovr), the difference between the 1st and 3rd epochs 

(DIF_13), and the power-fit coefficient (DECAY). Each 

transient characteristic was calculated for EA, MVEL_ml, and 

RMS_ml and averaged across trials for each participant.  

Spearman’s Rank-Order correlations were performed between 

whole-trial estimates and DIF_ovr, DIF_13, and DECAY 

measures (MINITAB). Tests were run separately for EA-, 

MVEL_ml-, and RMS_ml-based measures. Spearman Rank 

Order correlations were used because the data were often not 

normally distributed.  

Results and Discussion 

Data from 75 participants suggest that transient characteristics 

of DIF_ovr and DIF_13 are not correlated to the 

corresponding whole-trial estimates for all three balance 

parameters investigated (all p<0.15). In contrast, DECAY 

estimates exhibited small-medium strength correlations with 

whole-trial estimates for all three balance parameters (Table 

1). These results suggest that considerable information in the 

transient variables is not captured by whole trial estimates. 

Table 1: Spearman’s Rank-Order correlations between whole-trial 

estimates (rows) and transient characteristics (columns). Values are 

presented as ‘Spearman’s ρ (p-value)’.  

DIF_ovr DIF_13 DECAY 

EA -0.00 (0.97) 0.10 (0.42) 0.45 (<0.001) 

MVEL_ml 0.17 (0.16) 0.14 (0.24) 0.28 (0.02) 

RMS_ml -0.11 (0.37) 0.00 (0.99) 0.39 (0.001) 

Conclusions 

Select characteristics of the repeatable transient behavior that 

occurs during eyes closed stance appears to be no more than 

weakly correlated with traditional whole-trial estimates for 

EA, MVEL_ml, and RMS_ml. These results are consistent 

with DIF_ovr, DIF_13, and DECAY potentially providing 

unique information that is not captured by typical whole-trial 

estimates. Further work is needed to investigate whether the 

proposed transient characteristics are clinically relevant. 
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Summary 

We combined experiments and predictive simulations to 
explain the large intra-subject variability observed in the 
kinematic responses to backward perturbations of standing 
balance when randomly administered within a set of multi-
directional support-surface translations and rotations. We 
found that centre-of-mass location at perturbation onset has an 
important contribution to the variability in kinematic response. 
Our results suggest that variability in initial posture induced 
by postural sway, especially in older adults, can have an 
important impact on the kinematic response to a perturbation 
and hence on stability during the response. 

Introduction 

Intra-subject variability in the kinematic responses to 
perturbations of standing balance can be explained by 
variations in trade-offs between stability and effort as task 
level goals [1]. However, variability in initial posture, e.g. 
originating from trial-to-trial anticipatory postural adjustments 
or postural sway, might also contribute to the variability in 
kinematic responses [2]. Here, we investigate the extent that 
initial posture and task goal can explain variability in 
kinematic strategies. 

Methods 

We measured the kinematic response of 10 healthy 
participants (20-25 years) standing on a movable platform. 
Subjects were instructed to maintain balance without taking a 
step. Backward support-surface translations with five different 
magnitudes were administered randomly five times each 
within a set of multi-directional perturbations. Motion capture 
data was processed to identify maximal sagittal-plane trunk 
lean angle as an indicator of kinematic strategy [1], initial 
COM location with respect to the ankle joint as an indicator of 
initial posture, and the integral of squared joint torques (Tjoint) 
over a time-horizon of 2.0s following perturbation as a 
measure of effort. 

To identify the associations between initial posture and effort 
on the resulting kinematic response, we analysed the 
experimental outcomes using linear mixed models with initial 
COM location and effort as independent variables and 
maximal trunk angle as dependent variable; perturbation 
magnitude and subject were included as random effects.  

To evaluate causal relations between initial posture, task-level 
goal, and kinematic strategy, we performed predictive 
simulations of perturbed standing balance for one backward 
perturbation condition. The musculoskeletal system was 
modelled by a torque-driven 4-link inverted pendulum (ankle, 
knee, hip, lumbar). Joint torques were specified based on 

delayed (60ms) linear feedback from the kinematic states 
(joint angles and velocities) and subject to muscle activation 
dynamics (40ms). The task-level goal was described by a 
weighted sum of stability and effort [1]: J = W ∫ (COM(t) - 
COM0)²  + (1-W) ∫ (∑Tjoint(t))². We solved for feedback gains 
by minimizing J for the range of experimentally observed 
initial postures and a range of task level goals (by varying W) 
and analysed the corresponding kinematic responses. 

Results and Discussion 

The initial COM location range in experiments was 5.0 ± 1.4 
cm and the range of max trunk lean angles within one 
perturbation magnitude was 29.4° ± 15.8° over all subjects. 
Both effort (R² = 0.81) and initial COM position (R² = 0.64) 
separately were correlated with kinematic strategy. Effort and 
initial COM combined explain the variability in kinematic 
strategy about as well as effort alone (R² = 0.82). 

Figure 1: Results of predictive simulations of perturbed standing for 
changing task goal (W) and initial posture (initial COM). 

Our predictive simulations demonstrate a shift from ankle to 
hip strategy (larger maximal trunk angle) when the initial 
COM position moves anterior with respect to the ankle, 
especially when stability becomes more important as task 
level goal (larger W) (Fig. 1-left). Simulated effort was 
influenced by both the initial posture and the task-level goal 
(Fig. 1-right), consistent with the strong positive correlation 
between effort and kinematic strategy in the experimental 
data.  

Conclusions 

Increased postural sway, inducing COM movement of 3cm in 
elderly [3], might lead to large variability in the kinematic 
response to a perturbation. Variability in initial posture should 
be accounted for when performing perturbation experiments. 
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Summary  
The purpose of this study was to investigate the correlation 
between ankle proprioceptive sensory level and balance ability.  
Healthy ten volunteers participated in this study. Force sense 
of the proprioception was evaluated using electromyogram 
(EMG) on the Tibialis anterior (TA) and Gastrocnemius 
lateral (GCL) when a subject performed dorsiflexion (DF) and 
plantar flexion (PF). Position sense of the proprioception was 
evaluated using a 3D motion capture system. Subjects’ 
balance abilities were tested using the Berg balance scale 
(BBS) and Clinical Test for Sensory Interaction and Balance 
(CTSIB). We found that the force and position sense have 
very low correlation, and the force sense of the GCL had a 
reverse relationship with the results of BBS and CTSIB. 

Introduction 
TTDPM, JPR, and AMEDA were considered as representative 
methodologies for proprioception evaluation [1]. Although 
they can’t evaluate the four aspects of the proprioception 
separately - position, motion, detection, discrimination [2], 
they are still useful methods for proprioception evaluation. 
Because the four aspects of the proprioception are the narrow 
concept from the first definition by Sherrington, and it is ideal 
to distinguish and examine them accurately [3]. The 
relationship between position and force senses of the 
proprioception were one of the most frequently studied 
subjects in this field. Phillips reported that there is little 
correlation between the position and force sense of the 
proprioception in the shoulder joint. However, they measured 
reaction forces using a load cell. Also, the directions of the 
force were not matching with the direction of the motion [4]. 
In this study, we tried to measure the action force of the 
muscle using the EMG for evaluation of the force sense of the 
proprioception, and to measure the position sense of the 
proprioception using a 3D motion capture system that can 
evaluate how much the subject could repeat the same joint 
angles sophisticatedly. In addition, we tried to investigate the 
relationship between the level of the two proprioception 
aspects and the level of the standing balance abilities. 

Methods 

Ten healthy adult people volunteered in this study. They had 
no mental and neurological, and musculoskeletal impairment 
on their ankle joints. To evaluate the level of the force sense of 
the proprioception, the EMG was recorded when a subject 
performed the maximum voluntary isometric contraction 
(MVIC) of the TA and GCL. Then, they were asked to 
practice to maintain the 30% of the EMG amplitude of the 
MVIC. Finally, they asked to repeat the same EMG amplitude 
with their eyes closed. To evaluate the level of the position 

sense of the proprioception, subjects were asked to repeat the 
30% and 60% of the full range of the ankle joint with no 
visual information, attaching reflective markers on the lower 
extremity. The joint angles were calculated from the marker 
coordinates after the experiments. After the proprioception 
tests, the BBS and CTSIB were tested by four raters. Seven 
items (2, 6, 7, 8, 9, 10, and 14) out of fourteen of the original 
BBS and four items out of six of the original CTSIB were 
selected for this study. Spearman's rho was calculated to 
determine the correlation between the results of the 
proprioception levels of the force and position and the balance 
tests. The significance level (α) was set to 0.05.  

Results  
The correlation coefficient between the force and position 
senses showed very low (rho = -0.4). The force sense levels 
showed reverse correlations to the clinical balance test results 
(Table 1). However, they have no statistical significances. 
Table 1: Correlation between force sense and clinical balance scales. 

Discussion 
The low correlations between two aspects of the 
proprioception (force and position) found in this study were in 
the same line with the previous study. The reverse relationship 
of the force sense to the clinical balance tests results were 
interesting outcome of this study. The ankle joint is considered 
as the most critical joint for the quiet standing postural control, 
but other lower joints should be evaluated together. The EMG 
and joint angles were time series data with over a hundred 
sampling frequencies, but the BBS and CTSIB results are not 
time series even their outcome scales are very low with 
ordinal scales. Therefore, one of the results of this study that 
the direct comparison between time series data and clinical 
assessment outcomes should be interpreted carefully. Not 
enough number of subjects was one of the limitations of this 
study.  
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A correlation 
coefficient(Spearman's rho) 

and significances  

Clinical balance assessment tools 
BBS (Pad) CTSIB (Sway) 

rho p rho p 

Force sense 
TA -0.316 0.684 0.001 0.999 

GCL -0.632 0.368 -0.8 0.2 
Position sense 
(Ankle angle) 

Accuracy 0.632 0.368 0.8 0.2 
Variation 0.105 0.895 0.995 0.01 
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Summary 

The purpose of this study was to clarify the influence of eye 
closing during standing on EEG-EEG coherence and EEG-
EMG coherence. Eleven healthy young persons participated in 
this study. Two-leg and one-leg standing were performed for 
30 seconds. EEG, EMG, velocity of center of pressure (COP) 
in the longitudinal direction were measured. EEG was 
measured in Fp1, Cz, P3, and EMG was measured from the 
right tibialis anterior muscle. CzFp1-coh and CzP3-coh 
significantly increased in the theta wave band at eye closing. 
CzTA-coh was not significantly changed by eye closing during 
both standing positions. The increase of CzFp1-coh and CzP3-
coh in the theta wave band was considered to be one cause that 
the connection of brain network between the cortex increased 
due to eye closing. In addition, it was suggested that postural 
control of standing at eye closing was performed by 
strengthening the corticocortical coupling rather than the 
cortical-muscular coupling. 

Introduction 

There is still little consensus on the mechanism underlying 
human postural control [1, 2]. Studies investigating 
corticomuscular coherence (CMC) during standing are limited, 
coherence was not observed when participants performed a 
variety of postural tasks [3]. The purpose of this study was to 
clarify the influence of eye closing during standing on EEG-
EEG coherence and EEG-EMG coherence.  

Methods 

Eleven healthy young men (age: 21.4 ± 0.8 years, height: 
169.8 ± 6.9 cm, weight: 65.5 ± 7.4 kg) was participated in this 
study. The study was approved by the ethics committee for 
Yamagata Prefectural University of Health Sciences (approval 
number 1809-19). Electroencephalogram (EEG) and 
electromyogram (EMG) were measured for 30 second using 4-
channel Ganglion Board (OpenBCI) at 200Hz sampling 
frequency during two-leg standing and one-leg standing with 
eye opening and eye closing. Velocity of center of pressure 
(COP) in the longitudinal direction (anterior-posterior 
direction) was measured by stabilography (Twin-gravicorder 
G-6100, Anima) at 200Hz sampling frequency. EEG activity 
was recorded through unipolar silver electrodes placed at Fp1, 
Cz, and P3 in accordance with the international 10-20 system. 
Surface EMG electrodes of Ag/AgCl (Kendal H124SG, 
30mm×24mm, interelectrode distance 2cm) were placed at the 
proximal 1/3 of the tibialis anterior (TA) muscle of the right 
leg. EEG and EMG electrode impedances were kept below 
5kOhm. EEG-EEG coherence was calculated by Welch 
algorithm for CzFp1 and CzP3 in theta (4-8Hz), alpha (8-
13Hz), beta (13-30), and gamma (30-40Hz) bands (window 
width: 256 points, overlapping 128 points, resolution 0.78 Hz). 

EEG-EMG coherence was calculated for CzTA in the same 
frequency band as EEG-EEG coherence. Peak value of 
coherence in the above four frequency bands were evaluated in 
the two standing postures with eye opening and eye closing 
condition. Evaluation parameters were compared between the 
eye opening and the eye closing in two standing postures using 
the paired t-test or Shapiro-Wilk test. Significance was set at P 
< 0.05. 

Results and Discussion 

CzFp1-coh and CzP3-coh significantly increased in the 
theta wave band at eye closing. CzTA-coh was not 
significantly changed by eye closing during both 
standing positions. The velocity of COP in the 
longitudinal direction significantly increased at the 
time of eye closing. The increase of CzFp1-coh and 
CzP3-coh in the theta wave band was considered to be 
one cause that the connection of the network between 
the cortex increased due to closed eyes. In addition, it 
was suggested that postural control of standing at eye closing 
was performed by strengthening the corticocortical coupling 
rather than the cortical-muscular coupling. 
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Fig. 1: CzFp1 coherence in theta band during standing. 

Conclusions 

Postural control of standing at eye closing was performed by 
strengthening the corticocortical coupling rather than the 
cortical-muscular coupling. 
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Summary  

Postural control and balance are challenging tasks for lower 
limb prosthesis users due to the absence of somatosensory data 
from the amputated side and limitation of a prosthetic device 
in comparison to the natural lower limb. A study was 
developed to evaluate the standing balance of above-knee 
prosthesis users and non-amputees during perturbations which 
simulate tending to front and back falling. In addition, the 
effect of using insoles on balance was assessed. Significant 
differences were observed between the ground reaction forces 
(GRF) of the two groups which showed amputees 
asymmetrical balance and relatively higher reliance on their 
intact limb. In addition, faller amputees relied more on their 
intact limb, and non-faller amputees had larger M/L forces 
which seem to help them to have better balance. 

Introduction 

Lower limb amputation affects the dynamic and static balance 
of an individual due to loss of part of the body which is in 
direct contact with the base of support and normally transfers 
body weight to it. Lost limb often is substituted by the 
prosthetic device. Despite this replacement, locomotion and 
balance remain challenging tasks for lower limb amputees. On 
the other hand, there are evidences about the positive effects 
of insoles use on balance [1]. In this paper results related to 
observed differences in GRFs of non-amputee and trans-
femoral amputee participants in 2 conditions of insoles use 
during perturbed standing balance will be presented. 

Methods 

Eleven trans-femoral amputees (55.9±8.53 yrs, BMI= 27.5 
±4.52 kg/m2) and fourteen non-amputees (27.36±5.82 yrs, 
BMI= 24.58±4.8 kg/m2) participated in the study. Amputees 
were categorized into fallers and non-fallers based on their 
falling experience. The amputees wore their mechanically 
passive prosthesis over 1 year. A motion capture system 
(based on reflective marker tracking) and two force platforms 
have been used to record biomechanical data. The tests were 
conducted in two experimental (with/without insoles inside the 
shoes, as S1/ S2) and perturbation (backward pulling as BB 
and front pulling as FB) conditions. A pair of commercial 
insoles (Dr. Scholl's® P.R.O.) was utilized. During each test 
(repeated 3 times for each participant, during BB/FB and 
S1/S2 combinations), the participant stood against a pulling 
load with open eyes and each foot on one force platform. The 
pulling load (2.5% of the subject weight) was applied to the 
front and back of participants’ waist according to [2]. The 
duration of the analysis period was considered 1 second before 
and 5 seconds after the load release instant. The 
biomechanical analysis was performed in visual 3D software. 

Results and Discussion 

The magnitude of med/lateral (M/L) and ant/posterior (A/P) 
forces was less than 0.1 of vertical force. The peaks and 
amplitudes of vertical and A/P GRFs were significantly largest 
for the intact limb (IL) and smallest in the prosthetic limb (PL) 
in the comparison between/within groups and insoles/direction 
conditions. The vertical force is almost same in both limbs of 
non-amputee (50% of weight) while IL of amputees bore on 
average 62-68% and PL 40-45% of body weight. However, 
the contribution of PL increased after load release in BB, 
while its contribution was slightly more before load release in 
FB in comparison to the rest of the test. In spite of these 
changes, the PL kept a meaningful lower contribution. In 
addition, FB condition (back falling) was more challenging for 
amputees and IL had the largest role in it. The amplitude of 
M/L force did not show significant differences between limbs 
and groups, but its peak for both limbs of amputees was larger 
than non-amputees. Interestingly, there was a significant 
difference in M/L and vertical GRF of faller and non-faller 
amputees which is shown in Table 1. The insole use did not 
change any of the above variables neither in groups/limbs nor 
in perturbation directions. The results of this study are in 
agreement with other biomechanical studies which confirm 
that the majority of lower limb amputees rely on their intact 
side as an adjustment with amputation and artificial limb 
limitations [3]. One reason for the lower contribution of the 
prosthesis device in balance might be its inability to produce 
forces (vertical and A/P) similar to intact-side during balance 
[4]. It is important to remember symmetrical standing 
improves the balance of healthy persons, but for lower limb 
amputees it might deteriorate the balance [3].  

Conclusions 

Amputees are reluctant to rely symmetrically on the prosthetic 
device. It might be due to their experience of having better 
balance with less prosthetic weight bearing in addition to lack 
of feedback from prosthetic device. However, non-fallers 
showed less reliance on IL and producing larger M/L force. 
The use of insoles did not lead to significant changes in main 
biomechanical variables, particularly among amputees. It is 
possible; use of insoles during the initial period of using 
prosthesis after amputation might affect their adaptation 
strategies with amputation.  
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Table 1: The significant differences between fallers and non-faller above-knee prosthesis users’ GRF during perturbed standing balance 
         variables 
 
 

Groups 

Peak of M/L M/L during 1st second before load release Peak of 
VF 

 VF during 1st second 
before load release S1 S2 S1 S2 

BB-IL1 FB-IL2 FB-PL3 FB-IL4 FB-PL2 BB-IL5 BB-PL6 FB-IL7 FB-PL8 FB-IL4 FB-PL8 S1-BB-IL9 S1-FB-IL10 S1-FB-PL11 

Fallers (5) 0.04 0.03 0.04 0.03 0.04 0.04 0.04 0.03 0.03 0.03 0.03 0.67 0.66 0.34 

Non-Fallers (6) 0.06 0.06 0.06 0.05 0.05 0.06 0.06 0.05 0.05 0.05 0.05 0.59 0.57 0.43 

Not: VF= vertical force, 1 p=0.006, 2 p=0.017, 3 p=0.015, 4 p=0.022, 5 p=0.003, 6 p=0.018, 7 p=0.009, 8 p=0.012, 9 p=0.048, 10 0.027, 11 p=0.034 
 

 

Thursday, August 01 2019: Posters (1600-1800) 289

Balance 1



 

 

Elements Influencing Stability in Older Adults Performing an Overhead Reaching Task 
 

Kyra E. Twohy1 and Kimberly E. Bigelow1 
1Department of Mechanical Engineering, University of Dayton, Dayton, OH, United States 

Email: twohyk1@udayton.edu  
 

Summary 
Reaching overhead is a challenging task, especially for older 
adults, specifically because many people adopt unstable 
stances that lead to falls. This study investigates the effect of 3 
factors on postural stability during an overhead forward 
reaching task: footwear, stance, and foot contact. Results 
found that shoes on and feet flat on the floor decreased 
average sway ranges, though an interaction between shoes and 
foot contact was found. Our findings led to a recommendation 
that older adults wishing to maximize stability have shoes on, 
and feet flat on the floor when reaching into cabinets. 

Introduction 
Research suggests that while reaching overhead for items is 
common, many older adults have an increased fear of falling 
while completing the task. A study found that 99% of survey 
participants do reach for items over their heads and 43% 
reported a fear of falling when asked about the activity [1]. 
Despite the noted concern related to performing this task, little 
research has been done to examine balance and stability while 
reaching into a cabinet. This suggests the need to focus 
specifically on balance related to real-world reaching tasks 
that cannot be assumed from simple assessment of functional 
reach. We have focused on three factors that have been 
identified in research as influencing stability during this task: 
whether or not the individual is wearing shoes [2]; how the 
feet are positioned [3]; and whether or not the individual rises 
onto their toes in completing the task [4]. The aim of our study 
was to provide a recommendation as to which conditions 
would maximize stability when reaching overhead at a 45° 
angle, holding a canned good. We hypothesized that balance 
would be the best with shoes on over off; feet in bipedal 
stance versus staggered; and feet flat on the floor over heels 
lifted. 

Methods 
Twenty older adults (8 male and 12 female) aged 65 and older 
were participated in this study approved by the Institutional 
Review Board at the University of Dayton. All trials were 
completed on a force plate and were 30 seconds each. Three 
factors: foot placement, footwear, and foot contact, were 
considered in this study, and each factor was tested at two 
levels. Specifically, shoes on or off (footwear), feet in a 
bipedal or staggered stance (foot placement), and feet flat or 
on toes with heels lifted (foot contact) were varied. 2 trials for 
each possible combination of the factor levels were conducted 
for a total of 16 trials. The testing conditions were randomized 
for each participant, with footwear block randomized so as to 
prevent fatigue in putting on and removing shoes between 
trials. For all testing conditions the study participants held a 15 
oz. canned good overhead and tried to maintain a static 
position while reaching to a target placed on the wall 45° 
above the shoulder. AP sway range, ML sway range, and 

mean velocity postural sway measures were calculated and 
averaged for the same testing conditions. Analyses of variance 
(ANOVA) were conducted in SPSS to assess the potential 
effects of the 3 factors and their interactions on each of the 
response variables, where significance was p<0.05. 

Results and Discussion 
The largest average AP sway range occurred with shoes off, 
bipedal stance, and the participants on their toes with heels 
lifted (110.7 ± 24.7 mm); the smallest average AP sway range 
was for the shoes off, bipedal stance, and feet flat condition 
(34.9 ± 23.2 mm). When considering the ANOVA results, 
overall the factors of footwear and foot contact were both 
significant (p<0.05), for all outcome measures. Shoes on 
resulted in the lowest values for AP sway range, ML sway 
range, and mean velocity, indicative of improved stability. 
Postural sway measures were also significantly lower, by a 
notable amount, indicating better balance, when feet were flat 
compared to when individuals had to rise on their toes. The 
position of the feet did not matter. It should be noted that a 
significant interaction between shoes and toes was found (p < 
0.05). Therefore, caution should be taken in interpreting the 
main effects on their own. For the AP sway range, footwear 
did not greatly affect sway when feet were flat (38.2 mm vs. 
35.3 mm) but on toes wearing shoes reduced sway by over 1 
cm on average. Similar trends were observed for ML sway 
range and mean velocity. The more apparent benefit of 
footwear in the heels lifted condition might be due to 
increased traction from shoe soles, something that could have 
greater influence in a more unstable position.  

Conclusions 
Overall, the results of this study suggest that the safest way to 
reach into a cabinet is to have your shoes on, your feet side by 
side, and to keep your feet flat on the floor. While it is 
unknown whether this may prevent falls, it could be helpful 
for older adults who exhibit postural instability, or task-related 
fear or falling.  
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Summary 

Chiari type I malformations (Chiari I) are congenital 

deformities characterized by migration of the cerebellar tonsils 

through the foramen magnum. The condition is associated 

with headaches, chronic fatigue syndrome, orthostatic 

intolerance, and other neurologic syndromes.  Despite 

patients’ describing difficulties with gait and balance, to date 

there have been no biomechanical studies examining postural 

stability in this cohort of patients. 

CoP ranges and maximum velocities were examined in 15 

Chiari patients during quiet upright stance, with feet together 

and eyes open.  These data showed significant postural 

impairments (p< 0.01) when compared with control subjects, 

reinforcing qualitative reports of postural instability in Chiari 

patients. The findings also mesh with reports of “sudden drop 

attacks” (i.e., sudden unprovoked falls without loss of 

consciousness) in patients with tonsillar descent into the 

foramen magnum. 

Introduction 

Chiari type I malformations (Chiari I) are congenital 

deformities characterized by migration of the cerebellar tonsils 

through the foramen magnum as measured with MRI [1].  In 

the USA the prevalence is 1:1000.  Associated conditions can 

include cervical instability and other spinal abnormalities, 

headaches, chronic fatigue syndrome, orthostatic intolerance, 

and other neurologic syndromes.  Surgical treatments involve 

bone decompression with or without duraplasty and/or 

tonsillar elevation. 

From a biomechanical perspective, most studies have focused 

on (i) restrictions to fluid flow caused by the cerebellar tonsils 

obstructing fluid flow through the foramen magnum or (ii) the 

morphometry of the skull itself [3,4].  To the authors’ 

knowledge, no studies have examined a key issue of concern 

to Chiari patients, namely postural stability.  This study 

addresses this gap in our knowledge, and hypothesizes that 

Chiari patients have decreased postural control, as measured 

by Center of Pressure (CoP) range and maximum CoP velocity 

during quiet stance. 

Methods 

Data were collected within a 24 hour period during a Chiari 

conference, in accordance with an IRB-approved protocol.  

The study was conducted in a silent room with controlled 

temperature.  Chiari patients stood on an AMTI force platform 

with their feet together and eyes open, looking at a target 2m 

in front of them at eye level.  Each subject performed five 

postural tasks lasting 30s each.   

While the study was open to both genders, only one male 

volunteered.  However, his data had to be discarded due to the 

fact that he was unable to maintain balance for a 30 second 

period.  For the remaining 15 female subjects, the average age 

was 44.3 ±9.9yrs, height 1.6 ±0.06m and weight 78.3 ±24.2kg. 

Results and Discussion 
The gender disparity in this study is not surprising – others in 

the literature [5,6] have reported outcomes from large cohorts 

in which 80% or more of the Chiari patients are female.   

As expected, Chiari patients had significantly impaired 

postural stability.  The maximum CoP velocities in both AP 

and ML directions were significantly greater for Chiari 

patients, AP: 191 versus 43 mm/s (p < 0.001), ML: 194 versus 

45 mm/s.  The ranges of CoP excursions were also higher for 

Chiari patients, although in the AP direction this did not reach 

statistical significance (due to patient-to-patient variability).  

CoP ranges for Chiari versus Control: AP direction: 28.5 vs 

26.1mm (p = 0.09), ML direction: 30.5 vs 26.7mm (p = 0.01). 

Figure 1: Maximum Center of Pressure velocities were significantly 
greater for Chiari patients in both AP and ML directions. 

The fact that maximum velocities were significantly greater 

for Chiari patients reinforces the qualitative reports of postural 

instability in these patients. The findings also mesh with 

reports of “sudden drop attacks” in Chiari patients (i.e., 

sudden unprovoked falls without loss of consciousness).    

Conclusions 

Chiari type 1 malformations significantly affect postural 

control and are under-studied in the biomechanics literature. 

Acknowledgments 

The authors acknowledge generous funding from the Conquer 

Chiari Foundation. 

[1] Cheng JS et al. (2002). Neurologist. 8(6):357-62. 

[2] Rapoport S (1986). Dis Mon. 32(3):121-62. 

[3] Shaffer N et al. (2104). J Biomech Eng. 136(2):021012. 

[4] Houston JR et al. (2018).  J Neuroradiol. 45(1):23-31 

[5] Bhimani AD et al. (2018). World Neurosurg. 115:e490-

e500. 

[6] Krucoff MO et al. (2017).  World Neurosurg. 97, 431-43 

[7] Baracat PJ and de Sá Ferreira A. (2013).  Hum Mov Sci. 

32(6):1325-38. 

Thursday, August 01 2019: Posters (1600-1800) 291

Balance 1



 

 

You Nod “Yes,” the Postural Control System responds: “Whoa!”  
 

Lauren Nowosatka1, Karen V. Lomond2, Alexandria Roberts3, Jennifer Sansom3 
1School of Health Sciences, Central Michigan University, Mt. Pleasant, MI, USA 

2Department of Physical Therapy, Ithaca College, Ithaca NY, USA 
3Department of Physical Therapy, Central Michigan University, Mt. Pleasant, MI, USA 

Email: nowos1lr@cmich.edu 

Summary 

The purpose of this research study was to examine how people 
maintain static and dynamic postural control when performing 
volitional head movements. Fifteen healthy young adults 
participated; each was assigned to a Head Direction group: 
Yaw, Pitch, or Roll. Participants performed the Sensory 
Organization Test (SOT) and Head Shake-Sensory 
Organization Test (HS-SOT). Participants also walked over 
ground for 12 conditions. Participants who performed Pitch 
head movements showed decreased postural control during 
static standing and dynamic over ground walking conditions.  

Introduction 

Postural control is maintained through integration of sensory 
information from visual, vestibular, and somatosensory 
systems. Limited research exists examining how people adjust 
postural control strategies when volitional head movements 
occur during static standing and dynamic activities [1]. Head 
movement stimulates the semicircular canals in the vestibular 
system. Yaw head movements (head rotation: transverse 
plane) stimulate the horizontal canal, Pitch head movements 
(head rotation: sagittal plane) stimulate the superior canal, and 
Roll head movements (head rotation: coronal plane) stimulate 
the posterior canal. The purpose of this study was to determine 
how people adapt their postural control strategies when 
performing volitional head movements during static standing 
and dynamic over ground walking.   

Methods 

Fifteen healthy adults (12 F) were recruited. Participants 
underwent 2 testing components: 1) Neurocom Balance 
Manager, 2) Vicon Motion Capture. Neurocom Balance 
Manager was used for testing SOT and HS-SOT [2]. For HS-
SOT, each participant was assigned to 1 head movement 
direction (n=5 per group): Yaw, Pitch, or Roll. 

A 12-camera Vicon motion capture system recorded positional 
data for 39 retro-reflective markers. Participant’s performed 3 
trials of 12 over ground walking conditions: 6 baseline 
conditions replicated SOT sensory tasks during a dynamic 
activity + 6 test conditions repeated the dynamic SOT tasks 
with addition of head movement in the assigned Yaw, Pitch, 
or Roll direction. A series of Matlab programs were used for 
calculation of gait parameters. 

A mixed-method ICC (3, 1) was calculated for SOT and HS-
SOT trials (range ρ=0.62-0.82) as well as the over ground gait 
parameters (range ρ=0.75-0.99); trials were averaged for 
subsequent analyses. Within each Head Direction Group, 
paired t-tests examined differences between baseline and test 
conditions. Independent sample t-tests examined differences 
across Head Direction Groups. Significance was set at p<.05. 

Results and Discussion 

Participants in the Pitch Head Direction group had lower HS-
SOT Condition 2 equilibrium scores than participants in the 
Yaw Head Direction group (t(8)=-2.40, p=0.04, d=1.54) 
(Figure 1). No significant differences detected for equilibrium 
scores between participants in the Roll Head Direction group 
and participants in the Pitch or Yaw groups (all p>0.05).  

 
Figure 1: Equilibrium Scores for Head Direction Groups. 

Participants in the Pitch Head Direction group walked more 
slowly when performing Pitch head movements in conditions: 
somatosensation inaccurate + vision absent (t(4)=3.96, p=0.02, 
d= 2.04) and somatosensation inaccurate + vision accurate 
(t(4)=4.44, p=0.01, d= 1.70). Strides were shorter during 
conditions in which vision + somatosensation were accurate 
(t(4)=2.93, p=.04, d=1.37) and vision + somatosensation were 
inaccurate (t(4)=4.50, p=.01, d= 1.37) with wider steps when 
somatosensation inaccurate (t(4)=-3.02, p=0.04, d=0.85). 
Participants in the Roll Head Direction group walked more 
slowly during condition: vision inaccurate + Roll head 
movements (t(4)=4.44, p=0.01, d= 2.11). No significant 
differences detected for the Yaw Head Direction group. 
Results show that participants who performed Pitch head 
movements used more adaptive strategies to maintain static 
standing and dynamic over ground postural control.  

Conclusions 

Postural control decreased when participants stood in a static 
position and walked over ground while performing Pitch head 
movements. These results provide preliminary evidence that 
healthy adults show increased sensitivity to vestibular input 
for maintenance of postural control with stimulation of the 
superior canal during head movements in the Pitch direction.  
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Summary 

A 12-hour work day produces changes in the cognitive 
performance of workers. The case of air traffic controllers 
without doubt is an occupation of high cognitive and security 
demands. Postural control is influenced by the cognitive state 
of people. In the present study, differences in spontaneous 
postural balance before and after a work shift were quantified. 
Statistically significant differences were found in the amplitude 
and variation of the postural oscillation. 

Introduction 

The task performed by air traffic controllers (ATC) is unusually 
demanding in cognitive aspects, and they must maintain 
optimal performance for long periods of time[1]. It is known 
that, in this type of activities characterized by long shifts and 
high cognitive demand, the occurrence of fatigue is common 
[1,2]. On the other hand, postural control is influenced by 
cognitive aspects, therefore subjects with long shifts will 
develop mental fatigue and could exhibit changes in their 
postural control. Therefore, the objective of this study is to 
quantify the changes in the motor control of the bipedal posture, 
comparing the before and after a work shift in air traffic 
controllers 

Methods 
Twenty-nine ATC were measured before and after a twelve 
hours day shift. Informed consent approved by University´s 
ethics committee was signed. To evaluate the spontaneous 
postural balance, the subjects stand still with for 30 seconds 
with 10 centimeters between heels. They wore a belt containing 
an IMU (X-IMU) at L4-L5 level. The IMU registered data at 
256 Hz. All data were processed in MATLAB. The basics 
signal processing in order to obtain useful information were: tilt 
correction, removal of tendency line, low pass filter at 20 Hz 
(Butterworth, order 4) and full wave rectification. The variables 
extracted were: Average acceleration, Root Mean Square 
(RMS) and Variance in antero-posterior (AP) and medio-lateral 
(ML) axes, in both conditions eyes open (EO) and eyes closed 
(EC). Variables were compared with non-parametric test, with 
a definition of stadistical significance at p-value < 0.05. 
Results and Discussion 
Statistical significance decrease was found in RMS at AP axis 
(Median AM: 0,00622; Median PM: 0,00592) (see figure 1) and 
Variance at AP Axis (Median AM: 1,49e-005; Median PM: 
1,3e-005) (see figure 2). This could imply that the motor control 
strategies change after a day shift in order to maintain the centre 
of gravity within the base of support.  

      
 

 
 
 

 
 
 

 
 
 

Figure 1: Antero-Posterior RMS – Eyes Open. * p-value = 0.0450 
 

 
 
 

 
 
 

 
 
Figure 1: Anterio-Posterior Variance – Eyes Open. * p-value = 0.0387 

 

Conclusions 
The effect of a twelve hours day shift in the postural control of 
the specific ATC sample evaluated, can be observe in the RMS 
and Variance of the antero-posterior axis. These results open a 
new line of research where classical biomechanics technics can 
be useful to help in the study field of cognitive ergonomics.   
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Summary 

The relationship of midline frontal theta (MFT) and balance 

control was measured during standing tasks using 

electroencephalography and inertial sensors. 

Introduction 

Control of balance is necessary to perform many activities of 

daily living. Understanding cortical mechanisms related to 

control of balance leads to more effective solutions to prevent 

fall risk and other balance-related injuries.    

A positive relationship has been previously reported between 

midline frontal theta (MFT) (4-7 Hz in EEG) when individuals 

transfer from familiar motor tasks to more complex tasks [1]. 

However, the relationship of MFT when standing balance 

tasks become more difficult, particularly when visual sensory 

information is restricted, remains unclear. The purpose of this 

study is to further our understanding of the differences in MFT 

when a healthy individual is sitting (at rest) compared to 

completing standing balance tasks of increasing difficulty 

(standing, standing on foam), specifically when participant’s 

eyes are closed (EC) compared to when eyes are open (EO).  

Methods 

Following approval for research by the University of Utah 

Internal Review Board, eight healthy young adults [mean (SD) 

age = 24 (4.3) years, mass = 77 (24.1) kg, height = 1.8 (0.11) 

m] provided consent for the present study. A 32-electrode 

scalp EEG was prepared and used to record EEG data using 

BrainVision Recorder actiCAP system (Brain Products 

GmbH, Munich, Germany). Resting EEG data were recorded 

as participants sat quietly with eyes open and eyes closed, for 

two minutes each. Participants then completed four 30-second 

standing tasks in the same order: firm surface with eyes open 

(EO-Firm); firm surface with eyes closed (EC-Firm); foam 

surface with eyes open (EO-Foam), and foam surface with 

eyes closed (EC-Foam). Participants were instructed to stand 

quietly with hands on their hips, and gaze at a marker 1.5 m 

away at eye level. 

EEG data were collected at 250 Hz and filtered in BrainVision 

Analyzer (Brain Products GmbH, Munich, Germany) using a 

band-pass, zero-phase shift 4th order Butterworth between 0.1 

and 60 Hz with a 60 Hz notch filter. Data were then manually 

examined for atypical artifacts and corrected for eye 

movement artifacts using ICA component software in 

BrainVision. 

Sway data were measured using APDM inertial sensors 

(APDM, Portland, OR, USA), placed on participant’s 

approximate lumbar 5 region. Data were collected at 128 Hz, 

filtered using a zero-phase shift, lowpass 4th order Butterworth 

with a cut-off frequency of 4 Hz and rotated to align with the 

global reference frame [2]. Root- mean square-error (RMSE) 

of acceleration data was used to quantify sway in both 

anteroposterior (AP) and mediolateral (ML) directions. 

Multifactorial RM-ANOVAs were used to compare both MFT 

and RMSE in eyes closed versus eyes opened conditions 

(Vision; 2 levels), and in seated and standing positions 

(Posture; 3 levels for MFT, 2 levels for RMSE, as seated sway 

was not measured) using SPSS v.24 (IBM, Armonk, NY, 

USA). Alpha was set at α=0.05. 

Results and Discussion 

Visual input had a significant effect on AP RMSE sway 

(p=0.034) and both visual input and standing conditions 

appeared to have a significant effect on ML RMSE sway 

(p=0.002 and p=0.020, respectively). The Vision x Posture 

interaction was not statistically significant for AP or ML sway 

(p=0.178 and p=0.059, respectively). Subjects swayed 

significantly more during both EC standing conditions, 

particularly in the ML direction (Table 1).  

Table 1: Mean(SD) Lumbar RMSE sway during standing tasks. 
 EO Foam EO Firm EC Foam EC Firm 

AP 0.0122(.004)* 0.0091(.003) 0.0147(.006)* 0.0146(.008) 

ML* 0.0067(.001) 0.0044(.002) 0.0115(.005) 0.0054(.002) 

* comparisons significantly different at p<0.05.  

On average, MFT followed the same trend as RMSE sway, but 

no significant differences were seen across eyes open versus 

closed (p=0.186) or sitting versus standing trials (p=0.063; 

Figure 1). Furthermore, the Vision x Posture interaction was 

not statistically significant (p=0.485). This result is in contrast 

with previous research which has shown that MFT increased 

in more difficult balance conditions [1].  

Figure 1: Mean (X) and individual theta values for all trials. 

Conclusions 

Although MFT followed a similar pattern to ML RMSE across 

eyes open versus eyes closed conditions, these effects were 

not statistically significant. However, we need to consider the 

limitations of our small sample size and that this is the first 

study that has investigated MFT in eyes open versus closed 

conditions. 
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Summary 

We investigated changes in quadriceps motor unit firing 

behaviour during 2-leg vs. 1-leg squat exercises. In both tasks, 

motor unit firing rates of the Vastus Lateralis (VL) muscle 

were significantly lower during eccentric vs. concentric phases 

of the squat. However, as the subjects moved from 2-leg to 1-

leg squats, motor units manifested relatively greater increases 

in firing rates during eccentric movement resulting in no 

significant difference in firing rates between eccentric and 

concentric phases. These findings may indicate that greater 

activation is needed during 1-leg squats to accommodate 

increased demand of load, balance and stability.   

Introduction 

Both 2-leg and 1-leg squat tasks are common exercises in 

training and rehabilitation, and it has been suggested that the 

additional load and balance demand due to decreased base of 

support of 1-leg squat lead to higher neuromuscular activation 

and strengthening [1]. However, to this day the actual motor 

unit firing behaviour of lower limb muscles during squat tasks 

has not been investigated. We studied the changes in motor 

unit firing rates of VL muscle in the presence of varying load 

and balance demands during the eccentric and concentric 

phases of 2-leg and 1-leg squats. 

Methods 

We collected sEMG data from the VL muscle of N=5 healthy 

subjects (3 males, 2 females, age 23-31 y.o.) during repeated 

2-leg and 1-leg squats. Knee joint angle was monitored using 

an electrogoniometer (Biometrics, UK). A sEMG array sensor 

placed on the skin over the muscle recorded four concurrent 

sEMG signals, which were filtered between 20-450 Hz and 

sampled at 2 kHz (NeuroMapTM System, Delsys, Natick, MA). 

Signals were decomposed into the constituent motor unit 

action potential (MUAP) shapes and firing instances using 

novel decomposition algorithms designed to identify and track 

MUAP shapes during dynamic movement [2]. For each motor 

unit, we calculated the: 1) MUAP amplitude as the maximum 

positive or negative MUAP phases; 2) mean firing rate curve 

with a 0.5-s Hanning window; and 3) the peak firing rate of 

motor units during eccentric/concentric phases. 

Results and Discussion 

During 2-leg squats, mean firing rates were lower during the 

eccentric vs. concentric phases (Figure 1, top), consistently 

with previous reports of lower muscle activation during 

lengthening [3]. This is evidenced by the lower values of the 

peak firing rate vs. MUAP amplitude relation (Figure 1, 

middle) and significantly lower peak firing rates of motor 

units with similar MUAP amplitude (Figure 1, bottom) 

(7.4±4.7 vs. 16.4±5.1 pps, p<0.001). During 1-leg compared to 

2-leg squats, firing rates increased and additional higher 

amplitude MUAPs were recruited during both the eccentric 

and concentric phases (Figure 1, middle). However, firing 

rates increased to a relatively greater degree during eccentric 

vs. concentric phases resulting in no significant difference in 

peak firing rates between the two phases (20.1±6.7 vs. 

22.7±6.3 pps, p=0.36) (Figure 1, bottom). 
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Figure 1: Motor unit mean firing rates (top), peak firing rate vs. 

MUAP amplitude relation (middle), and box plot of peak firing rates 

of similar amplitude motor units (bottom). 

Conclusions 

Compared to 2-leg squats, increased load and balance demand 

of 1-leg squats resulted in greater recruitment and firing rates. 

Interestingly, no significant difference in peak firing rates was 

observed during the eccentric vs. concentric phases of 1-leg 

squats. These findings may indicate that greater activation is 

needed to accommodate increase load and stability demand.  
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Summary 

This study demonstrated that increasing cognitive load and 

inducing lower extremity muscular fatigue increases muscle 

activity despite the standing surface. Softening the shoe-

surface interface does not seem to be an adequate means of 

reducing muscular exertion after a fatiguing workload, 

especially when engaged in a cognitive task.  

Introduction 

Performing cognitive tasks [1] and muscular fatigue [2] have 

been shown to increase muscle activity of the lower extremity 

during quiet standing. A common intervention to reduce 

muscular fatigue is to provide a softer shoe-surface interface 

[3]. However, little is known regarding how softer shoe-

surface interfaces affect muscle activity during static standing. 

The purpose of this study was to assess lower extremity 

muscular activity during erect standing on three different 

standing surfaces, before and after an acute workload, and 

during cognitive tasks. 

Methods 

Fifteen healthy males completed this study (age: 21.5±1.74 

years, height: 174.85±5.6 cm, mass: 88.32±14.46 kg, shoe 

size: 11.14±1.23, leg dominance: Right). Participants 

performed three trials of 20-second static bilateral standing on 

three different surface conditions, a solid surface, an anti-

fatigue mat, and ErgoMates, an over the shoe anti-fatigue 

cover. Muscle activity was collected on the dominant leg 

tibialis anterior (TA), medial gastrocnemius (G), vastus 

medialis (Q), and medial hamstring (H) at 1,500 Hz. Raw 

EMG data was band-pass filtered (20-250 Hz) and full-wave 

rectified prior to analysis. Mean muscle activity for each 

muscle was calculated by averaging the three trials within 

each surface and task conditions. The cognitive task for this 

study consisted of a modified visual Stroop task and basic 

arithmetic problems. The lower extremity workload lasted 

until volitional failure on each task and consisted of four bouts 

of wall sits followed by four sets of split squats lunges on both 

the left and right lower extremities. EMG dependent variables 

were analyzed with a 2 × 2 × 3 [Time × Task × Surface] 

repeated measures analysis of variance. If a significant 

interaction was found, main effects were ignored and a test of 

simple effects was conducted with a Sidak Bonferroni 

correction. 

Results and Discussion 

A task by time interaction was detected for G (p = 0.001) and 

H (p = 0.006). H demonstrated higher muscle activity post 

workload during the cognitive task than pre-workload during 

the cognitive task (p=0.001), post-workload muscle activity 

was higher that pre-workload muscle activity (p=0.012), and 

post workload muscle activity during the cognitive task was 

higher than pre-workload muscle without the cognitive task 

(p<0.001). G demonstrated higher muscle activity post 

workload during the cognitive task than pre-workload during 

the cognitive task (p=0.011). A significant main effect was 

detected for TA (p = 0.001) and Q (p = 0.028). Pairwise 

comparisons for both TA and Q revealed muscle activity 

during the cognitive interference task was significantly higher 

than with no cognitive interference task. 

 

Figure 1: Pre and Post mean muscle activity for the hamstring with 

and without the cognitive task on the three standing surfaces 

(Solid=SS, mat=FM, ErgoMatesTM=EM). Significant task time 

interaction simple effect. ★ Significant task time interactions simple 

effect. § Significant main effect for time. 

Conclusions 

The cognitive task after workload increased lower extremity 

muscular activity compared to quite standing, irrespective of 

the surface condition, suggesting an increased demand was 

placed on the postural control system as the result of both 

fatigue and cognitive task.  
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Introduction 
Dysfunctional postural control is one of the key problems 

in children with cerebral palsy (CP) which interfere with 

the activities of daily life [1] and have been suggested to 

be a major component of gait disorders in CP 

[2].  However, little is known about the mechanisms 

underlying impairments in postural control and its 

relationship with variables related to strength conditions 

(isokinetics and vertical jump). Such knowledge is needed 

for the development of successful therapeutic interventions 

[3]. The purpose of this study was to investigate the 

relationship between isokinetic strength of knee 

extensors/flexors at different speed with postural balance 

control in patients with differents types of CP and vertical 

jump, as a tool for dynamic valoration of power [4]. 

 

Methods 
23 patients (age 21.3±8.9 years) with different types of 

CP- tetraparesis (ataxic, athetosic and spastic), spastic 

diplegia, hemiplegia and hemiparesis - participated and 

gave their informed consent prior to participation. 

Standing posture balance and counter-movement jump 

(CMJ) measurements were performed with an IBV 

DINASCAN 600M force platform (Valencia, Spain), 

registering the center of pressures at 100 Hz. The 

isokinetic evaluation was recorded with a BIODEX 

System 3 Pro (Shirley, New York, USA), performing a 

bilateral protocol: Concentric-Extensors/Concentric-

Flexors at 60°/s, 210°/s and 360°/s. 

 

Results 
Postural control evaluation results were: Anterior-posterior 

dispersion, 6.33±2.21mm (CV35%); Medial-lateral 

dispersion, 6.42±2.95mm (CV46%); Area: 

171.08±135.65mm2 (CV79%); Distance, 

4395.66±2045.88mm (CV47%). Statistical analysis found 

significant linear correlations (p <.000 to p <.034) between 

peak torque of flexors and extensors at all speeds and the 

distance covered by the CoP. In addition, correlations have 

also been found between the isokinetic parameters (Table 

1) and the anteroposterior dispersion of the pressure 

center, as well as with the area covered. The negative 

values of the Pearson correlation coefficient confirm that 

greater values of isokinetic strength are related to a smaller 

amount of displacement of the CoP in the postural stability 

test and, therefore, greater control of postural stability. 

Also, the vertical jump test with countermovement and the 

isokinetic strength test of the knee extensors and flexors, 

confirm the expected significant relationship (p <.000 to p 

<.002) between the different impulses of the vertical jump 

and the peak-torque of the flexors and extensors of the 

knee in both legs (p <.001 - p < .019), as shown in table 2. 

 
Table 2. Linear correlation between countermovement jump 

parameters and torque peak in isokinetic strength test. 

 
Discussion and conclusions 
It seems to be a strong correlation between isokinetic and 

accelerated movement, instead of the anato-morpho-

functional differences displayed by the distinct types of CP 

patients, as seen in the grade of flexion of the knee joint 

and the accelerating and breaking impulse creation during 

flexion and extension phase, respectively, for all velocity 

levels. Muscle strength in accelerated conditions has been 

shown to be a key factor in the maintenance of balance 

during upright standing position in this population, 

therefore it may be interesting to train them in accelerated 

conditions with the aim of improving their postural 

control. Young adults with cerebral palsy might benefit 

from therapies involving lower limb strengthening. 

Isokinetics seems to be very useful proceeding for 

evaluation, rehabilitation and training of young adults with 

cerebral palsy. 
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 Left Right 

60º/s. F: 0.067±0.026Nm (CV39%)  E: 0.167±0.069Nm (CV41%) F: 0.066±0.028Nm (CV42%)   E: 0.176±0.064Nm (CV36%) 

210º/s. F: 0.054±0.018Nm (CV34%)  E. 0.093±0.036Nm (CV39%) F: 0.056±0.018Nm (CV32%)   E: 0.101±0.042Nm (CV41%) 

360º/s. F: 0.060+±0.034 (CV57%)      E: 0.091+±0.037 (CV40%) F: 0.071±0.034 (CV48%)         E: 0.092±0.037 (CV41%) 

Table 1. Isokinetic Dynamometry of Flexors and Extensors 
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Summary 
Patient adherence with offloading removable cast walkers 
(RCW) is a challenge and self-reported concern with postural 
stability has been shown to be predictive of non-adherence.  
This study investigated whether a short RCW paired with a 
contralateral shoe lift might improve stability relative to a 
traditional knee-high RCW. Compensatory responses 
(stepping thresholds) to perturbations under both offloading 
conditions were compared. Stepping thresholds in response to 
perturbations provided by an instrumented treadmill and by a 
waist-mounted spring scale were higher in the short RCW 
paired with a contralateral shoe lift.  Participants also reported 
feeling more stable in that condition.  If these improvements in 
stability observed in a laboratory setting, translate to improved 
stability in patients’ daily lives, it is likely patients will 
demonstrate greater adherence to a short RCW paired with a 
contralateral shoe lift.  Greater adherence in turn should lead 
to improved wound healing.   

Introduction 
Approximately 19-34% of individuals with diabetes will 
develop a diabetic foot ulcer and these wounds yield 
tremendous personal and fiscal burdens [1]. Offloading 
devices mitigate physical stress to diabetic foot ulcers in order 
to allow healing. Although removable cast walkers (RCW) are 
used extensively for offloading, patient adherence with the 
devices is a problem [2].  Self-reported concerns with postural 
stability have been shown to be predictive of non-adherence 
with RCW [2].  In contrast to a traditional knee high RCW, a 
short RCW paired with a contralateral shoe lift (to offset RCW 
imposed limb length discrepancy) has been shown to improve 
comfort and gait of users without substantially reducing 
offloading performance [3,4]. It is possible this offloading 
condition may also lead to improved stability. This study 
compared compensatory responses to perturbations under both 
of these previously studied RCW conditions (Figure 1). 

 
Figure 1: Offloading Footwear Conditions. 

Methods 

Eleven individuals (36% male; age:67±8 years) with diabetic 
peripheral neuropathy participated. The majority had moderate 
(n=4) or high (n=4) fear of falling according to Falls Efficacy 
Scale-International scores. Each participant completed trials  

 

under three conditions: bilateral standard shoes, knee-high 
RCW, and short RCW with contralateral shoe lift. Stepping 
thresholds (ST) were assessed for two types of perturbations:  

1) While standing on a programmable treadmill, the treadmill 
rapidly accelerated at 3.5m/s² to reach a set peak velocity that 
increased between trials. The trial in which participants could 
not avoid taking a step was noted as ST. Participants were 
separately oriented on the treadmill so as to elicit anterior and 
lateral stepping responses; 2) An investigator pulled a waist-
mounted spring scale until a target load was reached and then 
released the spring, resulting in a rapid dissipation of load. ST 
was the lowest load necessary to force a step upon release. 
Waist-pull perturbations were applied both anteriorly and 
posteriorly.  

Participants also rated their perceived stability in each 
footwear condition via a 10cm visual analog scale. For 
analyses of outcome variables, percent changes from standard 
shoes were calculated for each offloading condition. 

Results and Discussion 
ST for each offloading condition were normalized according 
to bilateral standard shoe values.  The knee-high RCW caused 
moderate to large decreases in STs relative to the short RCW 
paired with a lift, as determined by Cohen’s d (treadmill: 
anterior= -0.73, lateral= -0.51; waist-belt: anterior-pull= -0.97, 
posterior-pull= -0.65). Paired t-tests indicated ST differences 
were significant for anterior treadmill trials and for anterior 
waist-pulls (p=0.020 and p=0.036, respectively). Participants 
reported a large and statistically significant reduction in 
perceived stability with the knee-high RCW (Cohen’s d=-
0.96; p=0.014).  

Conclusions 

STs and self-reports indicate participants were more stable in 
the short RCW paired with a contralateral shoe lift than the 
knee-high RCW. Future studies should evaluate whether these 
results translate into corresponding differences in offloading 
adherence by diabetic foot ulcer patients. 
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Summary 

This simulation study examined the effect of the constrained 
center of mass (COM) trajectory on spatiotemporal 
organization of the via-angles, i.e., the via-posture of a 
kinematic chain, in order to explore the determinant of the joint 
coordination. A minimum-jerk criterion with via-point 
constraint was used to compute convex COM and angle 
trajectories for quasi-rising motion of a three-linked model. 
Optimal via-posture was consistently estimated irrespective of 
the initial boundary examined here, suggesting a role of COM 
constraint for organization of the joint coordination. 

Introduction 

Daily activities consist of coordinated joint movements [1]. The 
determinant of the joint coordination has been an interesting 
topic in the motor control theory. Based on the theoretical 
models for optimal trajectory formation established previously, 
a hypothetical constraint in the joint angle space, namely the 
via-posture, was proposed to account for temporal pattern 
during rising motion [2]. However, the constraints in the joint 
space are selected arbitrarily, thus the source of the via-posture 
is unobvious and empirical spatial characteristics of the COM 
trajectory of the kinematic chain was assumed as a consequence 
of the via-posture organization. In this study, as opposed to this 
notion, the joint pattern of a kinematic chain was assumed as a 
result of the empirical constraint on the COM trajectory of the 
chain. 

This study aimed to examine the effect of the constraint on 
COM trajectory on spatiotemporal organization of the via-
posture during simulated quasi-rising movement of a kinematic 
chain. Considering organization of the pattern solely in the joint 
angle space, apart from any kinetic interaction with gravity and 
joint moments, it is expected that the results can provide 
profound influence of COM constraint to the via-posture. 

Methods 

A three-linked kinematic chain was used to compute COM 
position and joint angles in order to reproduce quasi-rising 
movement performed in the sagittal plane (Figure 1). Proximal 
joint (Joint1, ankle) of the model was assumed to be fixed at the 
origin of the coordinate. Mass and length of the segments were 
estimated from the height (1.68 m) and weight (59kg) of the 
model. Movement time was set at 2 (sec). 

The minimum jerk criterion [3] was used to compute the 
optimal trajectory with via-point constraint for both COM and 
joint angles. Position of the via-point on the COM trajectory 
was selected at 60cm right above from the joint1 in order to 
convex COM trajectory anteriorly as the reference. The 
minimum-jerk trajectories for three joints were also computed 

using a via-point in the angle space to obtain simulated COM 
trajectory of the model. Taking the Euclidean norm of distance 
between the reference and simulated COM trajectories as a 
residual, custom written MATLAB code using the fminsearch 
function found the optimal position and timing of the via-
posture to reproduce the COM trajectory close to the reference. 
Three different initial boundary angle conditions for the joint1 
and joint2 (knee) were examined in this study (Figure 1). 

Results and Discussion 

Optimal via-point in the joint angle space was consistently 
located at around 50% of the movement time (around 1 sec in 
Figure 1, left) and the angles at via-posture were about 40 (deg), 
90 (deg), and -30 (deg) for joint1, 2, and 3, respectively, 
irrespective of the initial condition (Figure 1, right). This result 
suggests that the proximal and middle joints were organized for 
the via-posture as a result of the constraint on the COM to 
convex anteriorly.  

 
Figure 1: Joint trajectories for three conditions. Squares in the joint 

profiles: via-postures and its timings. Coloured stick pictures: the via-
postures between initial- and final postures. Dotted lines: COM path. 

Conclusions 

Constraint on COM trajectory has a role to organize the joint 
coordination of a kinematic chain. 
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Summary 

The implementation of the non-linear analysis method, 

Detrended Fluctuation Analysis (DFA), has been hindered by a 

lack of consistency in its application. Our study sought to 

establish recommendations for the box size ranges over which 

the output of DFA, alpha (α), is calculated for postural control 

data. It was found that using a minimum box size of 64 and a 

maximum box size of 128 was ideal for postural control data. 

The resulting α value, however, is significantly different from 

what would be obtained by using, other, more generic 

recommendations, suggesting the need to increase 

standardization in the field and pay more attention while 

comparing results across studies.  

Introduction 

Nonlinear analysis methods such as DFA have shown promise. 

Currently, however, different posturographic studies use 

different box-size ranges, which is an underlying 

implementation aspect of DFA. Variations in the choice of box-

size ranges will likely cause significant changes in the output of 

DFA and subsequently affect the study’s conclusions. Our main 

objective for this research was to develop a recommendation for 

a common box-size range, that could standardize the use of 

DFA as applied to postural control data. The identification of 

an appropriate common range of box sizes will allow future 

researchers to improve the consistency of inter-subject and 

inter-study comparison of DFA results.  

Methods 

Data that was collected for a previously published research 

paper was used in this study. Center of pressure (COP) data, in 

both medial-lateral (ML) and anterior posterior (AP) direction, 

was collected from 149 older adults (48 fallers; 101 non-

fallers), aged 65 or older during 60 seconds of quiet standing. 

Each subject completed two trials with their feet in comfortable 

stance: one with eyes open and one with eyes closed. For 

analysis, the data was split into 8 cohorts based on the following 

factors: fall status (fallers or non-fallers), sway direction (ML 

or AP) and visual feedback (eyes-closed or eyes-open).  

Peng et al. first described how to apply DFA to a time-series 

[2]. Briefly, the steps are as follows, first, the time series is 

integrated, then the integrated series is split into non-

overlapping boxes of length n. In each box, a linear best fit line 

is fitted, and the average fluctuation of the integrated series 

around the fitted line is calculated. This process is repeated to 

determine a range of average fluctuations (𝐹1, 𝐹2…𝐹𝑚) for 

different box lengths (𝑛1, 𝑛2…𝑛𝑚). The output of DFA (∝) is 

the slope of the linear region in the log-log plot of average 

fluctuations vs box lengths. In order to standardize the choice 

of linear region, we used a statistical tool called DFBETA [3] 

to identify a linear region which will have only a minimum, 

allowable level, of error in linearity. This was accomplished by 

initially calculating the DFBETAs of a wide linear range of box 

sizes in the log-log scale. Then the largest and smallest box 

sizes are removed if the DFBETA values of these box sizes 

were greater than the cut off set at the 5th percentile of the 

distribution of DFBETAs. This is iteratively continued until a 

stable region is found. After calculating the most stable range 

for individual subjects using this process, a common range for 

all subjects was identified by selecting the range that is 

contained in 95% of all the calculated individual ranges. We 

then computed α for the different lengths including the common 

range and other generic ranges recommended in literature. 

Results and Discussion 

Our DFBETAs results suggest that a single common range with 

a minimum box size of 64 and a maximum box size of 128 is 

recommended for DFA of 60 second center of pressure data 

from older adults. The resulting average α values were not 

significantly different when using this common range versus 

the α values obtained from applying a cohort-specific range that 

was specific to the direction, visual condition, and fall history. 

This was a favourable finding that suggests that the common 

range found using DFBETAS can be applied across testing 

conditions. It was found, however, that the α values found using 

the DFBETAS method were significantly different from α 

values obtained using more generic suggestions stated in the 

literature [3][4]. This work therefore highlights the importance 

of careful choice of box-size range and provides a framework 

for others looking to establish the appropriate box-size range 

for their own work. 

Conclusions 

We recommend using a range of 𝑛𝑖 = 64 to 𝑛𝑓 =
𝑁

23
 as the 

linear range to find the output of DFA (∝) for postural control 

data. Here, N is the data-length. This range can be used for 60s 

of quiet standing data from older adults, recorded at 50 Hz.  
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Summary 

Muscle activity during periods of postural adjustments is 

responsible for maintaining stability and body orientation. Our 

results showed muscle activity during the periods of 

anticipatory and compensatory postural adjustments for the 

scapular muscles during upper limb tasks. We believe that the 

activity of the scapular muscles is a mechanism of control of 

the shoulder complex before the voluntary movement. 

Introduction 

Postural control is crucial for manipulating or reaching an 

object [1,2]. The arms movements during standing affect the 

body balance, which is stabilized by postural adjustments [2]. 

Shoulder stability depends on the interaction of active and 

passive components of the shoulder complex joints [3]. Failure 

of scapular stability and scapulohumeral rhythm are associated 

with the risk of shoulder injury [3]. It is not clear how the 

postural control in the shoulder complex works to support the 

arms movements and to avoid dysfunctions. How do motor 

actions modulate the scapular muscle activity during upper limb 

movements? The aim of this project was to analyze the 
activation of scapular muscles during the anticipatory (APA) 

and compensatory postural adjustments (CPA) of healthy active 

adults doing upper limbs tasks. 

Method 

Seventy healthy active adults (18 women and 52 men, 28.0±7.2 

years old, 70.5±13.4 kg mass, and 1.72±0.07 m tall) did 4 upper 

limb tasks (shoulder abduction in the scapular plane, adduction, 
flexion and extension) with two dumbbells (1kg, and 3kg mass). 

Surface electromyography of the focal muscle (Deltoid 

Anterior), and scapular muscles (Serratus Anterior, Upper 

Trapezius, Lower Trapezius) were recorded (2kHz, 16 bit). The 

raw EMG was low pass-filtered (150Hz, 4th order 

Butterworth), rectified, and normalized by the 95% of the 

maximal EMG signal. The root mean square of the processed 

EMG during the APA and CPA was calculated for each muscle. 
The APA starts 250 ms before the onset of the focal movement 

and ends 50 ms after the focal movement. The CPA starts at the 

end of the focal movement and ends 300 ms after the end of the 

focal movement. An 3D accelerometer attached to the wrist was 

used to measure the focal movement.  

Results and Discussion 

The activity of the scapular muscles were different according to 

the task, the dumbbell mass, or postural adjustment (p<0.001). 

For the shoulder adduction and extension, scapular muscles had 

similar activity during APA and CPA (p>0.05).  For the 

shoulder abduction and flexion, scapular muscles showed 

similar activity with 1kg dumbbell (p>0.05); but, they were 

different for the 3kg dumbbell (p<0.001). For APA and CPA, 
the activity of m. serratus anterior and m. lower trapezius were 

higher than the m. anterior deltoid (p <0.001). For shoulder 

abduction and flexion, the activity of the scapular muscles was 

greater during APA than in CPA (p<0.001); on the other side, 

for the shoulder adduction and extension, such activity was 

higher during CPA (p<0.001).  

We have found the highest scapular muscle activity during 

shoulder abduction and flexion. The activity of the scapular 

muscles during APA and CPA is part of the mechanism to 

decrease disturbances and to control the shoulder joint complex. 

Changes in muscular activity during APA were associated with 

health conditions, for example, persons with low back pain have 

delayed APA compared to healthy subjects and this was 

associated with spine instability [4].  Abduction and flexion 

require the scapular stabilization; since the shoulder joint at 30⁰, 

the scapula moves to ensure motion and proper subacromial 
space, and individuals with dysfunction have abnormal activity 

of the m. Serratus Anterior and m. Lower Trapezius [5]. 

Therefore, the activity of scapular muscles during APA is 

important the stability and control of the shoulder during upper 

limb tasks. 

Conclusion 

There is a modulation of scapular muscles activity during the 

APA according to the direction of the shoulder movement. This 

finding can be used to compare subjects with and without 

shoulder dysfunction.  
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Summary 
The present work characterized the variability of postural 
reactions induced by mechanical vibration of ankle tendons. 
Posturography measures were obtained with a forceplate on 
thirty healthy adults. Overall, results denoted a high level of 
measurement error (intra-subject variability), but good to 
excellent intraclass correlation coefficients (i.e. relatively 
unchanging results between individuals with repeated testing). 
Future perspectives for research and clinical applications of 
vibration-induced postural reactions (Vib-PR) are discussed. 

Introduction 
Mechanical vibration applied at a high frequency (e.g. 80 Hz) 
over an accessible tendon produces a strong depolarization of 
muscle spindles [1]. In the absence of visual feedback, the 
proprioceptive signal originating from the spindles is 
transmitted to the central nervous system (CNS) and 
interpreted as an ongoing stretching of the vibrated muscles. 
For instance, when vibration is applied to the Achilles tendons 
while the subject is standing with eyes closed, a backwards 
postural reaction occurs [2]. This Vib-PR is resulting from a 
false interpretation of the postural control system that the calf 
muscles are being stretched by a forward sway, hence 
automatically compensating with a posterior sway to retrieve 
the equilibrium [2]. The Vib-PR phenomenon could have 
potential diagnostic applications, for example to investigate 
the integrity of sensorimotor integration processes in postural 
control. However, little is known about the variability of these 
reactions in a normal sensorimotor system. 

Methods 
Thirty young healthy adults (mean age 24.13 ± 3.95; 7 
women) were recruited for a single experiment. After giving 
their informed written consent approved by the local ethics 
committee, the participants were instructed to stand barefoot 
on a forceplate (BIOMEC400, EMG System do Brasil, Ltda., 
Brazil). Two vibrators (VB115, TechnoConcept, France) were 
installed bilaterally with elastic straps on the tibialis anterior 
or the Achilles tendons (Figure 1 A and B, respectively). 
 

 
 
 
 
 
 
 
 

Figure 1: Setup for the experiment with the vibrators installed on: 
(A) the tibialis anterior tendons; (B) the Achilles tendons. 

The experiment consisted of two identical testing sessions, 
separated by a 5-10 min break. Each session had four 
experimental conditions tested in a random order between 
participants: 10 sec vibration of Achilles tendons at (i) 40 Hz 
and (ii) 80 Hz; 10 sec vibration of tibialis anterior tendons at 
(iii) 40 Hz and (iv) 80 Hz. Three trials were realized for each 
condition. Posturography measures related to the center of 
pressure (CoP) included six variables: antero-posterior (AP) & 
medio-lateral (ML) amplitude and velocity, total CoP 
displacement and area. 
Statistical analyses consisted of: the standard error of the 
measurement (expressed in % of the mean = %SEMeas) [3], 
the intraclass correlation coefficient (ICC) [3] and the paired t-
test for comparisons 40Hz and 80 Hz postural reactions.  

Results and Discussion 
Overall, %SEMeas of posturography measures were high for 
all experimental conditions, denoting a high intra-individual 
variability for the Vib-PR. The lowest measurement errors 
were found for the total displacement of CoP for 80 Hz (31% 
and 47%, respectively on the Achilles and tibialis anterior 
tendons). The higher %SEMeas were observed for the total 
area of CoP (124% and 135% for 80Hz on the Achilles and 
tibialis anterior tendons). Conversely, ICC scores and 95% 
confidence intervals were relatively good, with scores ranging 
between 0.8-0.92 for CoP measures of all conditions. Finally, 
paired t-tests found that CoP variables of Vib-PR were all 
significantly different between 40 Hz and 80 Hz (p values < 
0.01), as postural reactions were weaker at 40 Hz. 
Overall, results from the study suggest that: 
i. the high test-retest variability CoP variables detected with 

the use of a precise and validated biomechanical tool 
precludes from using Vib-PR for evaluative purposes in 
clinical conditions (i.e. follow-up changes over time); 

ii. the relatively good ICC scores and significant differences 
between 40Hz and 80 Hz conditions might instead 
encourage to use Vib-PR for diagnostic/staging purposes 
(i.e. discriminating between individuals in terms of 
postural reactions strength and investigating the integrity 
of postural sensorimotor processes).  

Conclusions 
More fundamental work is needed to better understand the 
properties and neurophysiological underpinnings of Vib-PR 
before considering an implementation in clinical practice.  
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Summary 

When evaluation cognition, there is a certain complexity 
surrounding electroencephalographic (EEG) recordings, which 
would greatly benefit from being supplemented by secondary 
recordings, such as those from a force platform. Currently, 
there is also a lack of evidence supporting the need to 
implement creative exercise on analytical coursework, 
specifically in STEM degrees where there is gaining 
momentum to incorporate the arts [3]. This pilot study aims to 
correlate electroencephalography (EEG, Brain Vision) and 
postural sway (AMTI AccuSway) data to verify cognitive 
changes. This study hypothesizes that participants will have 1) 
increased EEG alpha activity and 2) increased postural sway 
when participating in iterations of a problem-solving tasks 
administered after the participant engages in creative 
activities. 

Introduction 

The study will use human-subject data gathered from 
electroencephalography (Brain Vision) and postural sway 
(AMTI AccuSway) to quantify the cognitive engagement of 
participants during the learning of new concepts in a unique 
manner that allows the participants to think about them 
visually. The hypothesis is that the teaching methods 
introduced will encourage participants to have increased 
cognitive attention. 

Methods 

 
Figure 1: An example of the material presented to participants, in 

this case a mathematical sequence (Recamán’s Sequence) as a visual 
representation [2]. 

Participants will be asked to wear an EEG headset while 
answering a series of problem-solving questions both before 
and after periods of learning concepts taught in a manner that 
cultures creative and visual thinking, and viewing material 
such as that in Figure 1 that illustrates these concepts. The 
EEG data collected will be evaluated on the spectral power 
density of the alpha band in the time domain. There is 
sufficient research to suggest that visual art significantly 
increases cortical activity in the EEG alpha band [1], which 
are often associated with cognitive processes and divergent 
thinking [5]. The problem-solving task will be a randomized 

variation of the Raven’s Progressive Matrices test (RPM), a 
commonly used evaluation for cognitive activity. While the 
participant is wearing the EEG to answer these questions, they 
will be asked to stand on a force platform to measure various 
parameters shown to correlate with cognitive activity [4]. 

Results and Discussion 

 
Figure 2: Preliminary sway data collected from two participants. 

In Figure 2, which shows pilot data collected from preliminary 
experiments of this study, two participants were evaluated on 
the velocity of their postural sway during the answering of the 
Raven’s Progressive Matrices tests before and after the 
activities (“RPM 1” and “RPM2”, respectively). They were 
also evaluated during the viewing of artistically represented 
mathematical sequences, such as those seen in Figure 1 (“AP 
1-3”). In the data, it is interesting to note that these two 
participants started with a high velocity of sway that 
dramatically lowered with a decrease in attentional demand 
(between RPM 1 and AP 1), which increased as the activities 
went on. Of course, more data is needed to validate the 
hypothesis, however this is a promising start to the study. 

Conclusions 

This study has the potential to build a link between two very 
different analyses of cognitive activity (EEG and postural 
sway), as well as validate the concerns that individuals 
involved in the STEM field would highly benefit from a 
regimen that includes creative outlets in addition to analytical 
ones. The data generated by this study by these means will 
show that increased cognition is apparent when concepts are 
presented in a visual manner, fortifying a philosophy that 
engineering curricula would benefit from artistic additions. 
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Summary 

In this paper, we give evidence to support the claim that there 

are two regions in balance control characterized by open-loop 

and closed-loop behavior. Subjects were equipped with a skin-

stretch feedback device (SSD) at the fingertip to provide 

sensory augmentation [1]. It was found that skin-stretch 

feedback based on sway angular velocity improved postural 

stability with respect to several parameters, including a 

significant decrease in 𝑧𝜆2,𝐴𝑃 and a tendency (p = 0.07) of 

𝑧𝜆2,𝑅𝑎𝑑 to decrease, which corresponded to a smaller open-loop 

region. Thus, it would seem that 𝑧𝜆2,𝐴𝑃 could potentially be used 

to decompose the state-space into the open-loop {𝑥|𝑥 ≤ 𝑧𝜆2} 

and closed-loop {𝑥|𝑥 > 𝑧𝜆2} regions.  

Introduction 

The underlying mechanisms of human standing balance are not 

well understood. In order to assess the progress of patients 

undergoing balance rehabilitation, it becomes necessary to 

quantify balance. To this end, researchers have introduced 

various techniques and parameters to characterize postural 

sway from the perspectives of statistical mechanics, controls, 

and more recently, a unifying theory called the free-energy 

principle [2]. This work uses two of these techniques and the 

results of a balance rehabilitation experiment, which involves 

the SSD at the fingertip and an entropy minimizing controller, 

in order to strengthen the claim that the open-loop and closed-

loop regions exist. 

Methods 

Subjects (3 female, 12 male, mean age: 25.6 ± 3.33) were 

equipped with the SSD and a belt with an IMU to track body 

angular velocity. Center of pressure (COP) data was collected 

for AP, ML, and radial directions using a force plate. Based on 

the free-energy principle, balance is regulated by minimizing 

the entropy of postural sway sampled from the postural sway 

probability density. Invariant Density Analysis (IDA) was used 

to calculate this probability density and quantify balance [3]. 

Stabilogram Diffusion Analysis (SDA) was used to validate the 

results of IDA [4]. 

SDA examines how the COP diffuses over time during standing 

balance. It was found that the postural control system could be 

divided into two major regions: a short-term region closer to the 

equilibrium, in which the COP is allowed to drift away from the 

equilibrium, and a long-term region outside of the previous 

region, in which the COP is forced toward the equilibrium. 

Collins and De Luca claimed that these two regions involved 

open-loop and closed-loop dynamics, respectively [4]. 

IDA introduces a reduced-order finite Markov chain model to 

analyze the stochastic structure of postural sway and thereby 

provide insight into the long-term behavior of the system. This 

Markov chain model defines the states of the system by 

partitioning the zero-mean COP data using concentric circles 

and describes the evolution of the states using a transition 

matrix P. It was found that the COP distribution converges to a 

unique steady-state distribution 𝜋, called an invariant density 

[3]. The eigenvector 𝜆2 corresponding to the second largest 

eigenvalue of P, henceforth known as the second eigenvector, 

is of interest in this work. The zero crossing 𝑧𝜆2 of the second 

eigenvector has been shown to yield information regarding the 

dynamics of a finite state-space ergodic Markov chain by 

decomposing the state-space into two almost invariant sets [5].  

Results and Discussion 

Subjects using the SSD had improved balance with respect to 

several parameters from IDA and SDA. Most importantly, they 

had a significantly earlier zero crossing 𝑧𝜆2 in the AP direction 

(Figure 1) and a significantly smaller open-loop region (Figure 

2) in the AP direction. 

 

Figure 1: Second eigenvector for AP direction.  

 

Figure 2: Linear Stabilogram Diffusion plot for AP direction. 

This suggests that the zero crossing may correspond to the state-

space location of the boundary between the two almost 

invariant open-loop and closed-loop regions.  

Conclusions 

This work supports the claim that there are two regions in 

balance control characterized by open-loop and closed-loop 

behaviour. Future simulation-based research will investigate 

hitting time and the existence of the critical point. 
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Summary 

Development of gait and balance dysfunction is part of the 

progressive nature of Parkinson’s Disease (PD). Balance 

dysfunction is often self-reported by individuals only after it 

has developed. Greater postural sway by individuals with PD 

has been shown even early in disease progression and thus 

may be a sensitive measure to detect balance dysfunction prior 

to onset. Our data shows that the ability to stand tandem is 

indicative of better gait, mobility, and dynamic and static 

balance. Assessments that objectively identify individuals at 

risk for developing gait and balance dysfunction before onset 

can allow clinicians to intervene earlier to preserve balance.  

Introduction 

The development of postural instability in PD is not fully 

understood [1] but once it emerges, it creates a significant 

reduction in mobility and quality of life. Tests that are 

sensitive to detect postural instability before it develops are 

needed to ensure individuals are directed to interventions that 

can preserve gait and balance function [2]. Individuals with 

PD have been reported to have slight alterations to static 

balance compared with age-matched controls [2]. The extent 

to which altered static balance translates to other constructs of 

clinical and quantitative measures of gait and mobility is not 

clear. The purpose of this study was to assess the extent to 

which measures of static balance can identify individuals who 

may be at risk for developing mobility dysfunction beyond the 

standard clinical test of balance in PD. 

Methods 

This is a cross-sectional analysis of baseline data collected as 

part of a high intensity progressive resistance exercise study. 

A comprehensive gait and balance assessment was performed 

on 62 individuals with PD (65.6 ±7.5 years, 38 males). All 

participants were tested while optimally medicated. Table 1 

lists clinical measures performed by participants and their 

associated gait and balance constructs. Participants also 

performed a graded balance task where they stood statically 

under the following conditions: normal, eyes closed, feet 

together, tandem stance. Each task involved a total of 3-30 

second trials. Failure on any task was defined an inability to  

 

hold the pose for all 3 trials. Sway area of the center of 

pressure was the dependent variable of these static 

posturography tasks.  

Results and Discussion 

Due to the high number of task failures in the tandem stance 

task, the data was divided by those who could (n=31) and 

could not (n=31) hold the tandem pose for all trials. Many 

individuals in the tandem incomplete were H&Y II, which is a 

stage prior to the development of balance dysfunction [3]. 

Sway area was larger in the tandem incomplete group for all 

static postural tasks (p<0.027 for all; Figure 1). Significant 

differences were also found for all tasks (table 1) except 

multiple falls, although the trend toward significance may 

suggest these individuals were progressing to balance 

dysfunction. Individuals who could not complete the tandem 

stance task walked slower, with decreased balance and 

mobility, and an increased PIGD score.  

 

Figure 1: Group difference in static posture for three conditions. 

Conclusions 

The ability to perform tandem stance may be a useful and 

easily implemented clinical test to differentiate those that may 

be at risk for developing balance dysfunction.  
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Table 1: Data comparing those that could and could not complete the tandem stance trials.  

Measure Construct p-value Tandem Incomplete Tandem Complete 

H&Y Disease Progression  H&Y 2 n=21, H&Y 3 n=9   H&Y 2 n=28 H&Y 3n=2 

Multiple-Falls Balance Dysfunction 0.060 N=14 multiple falls in previous year n=7 multiple falls in previous year 

PIGD Score 
Gait and Balance 

Dysfunction 
<0.001 4.19±2.81 1.87±1.79 

CWS Gait <0.001 1.08±0.21 1.29±0.20 

MWS Gait 0.001 1.47±0.32 1.73±0.26 

TUG Mobility <0.001 11.03±3.8 8.26±1.63 

MiniBest Clinical Balance <0.001 18.81±5.0 23.35±2.9 

   H&Y-Hoehn & Yahr CWS-Comfortable walk speed MWS-Maximum walk speed TUG-Timed Up and Go 
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Summary 

The Upper Quarter Y Balance Test (YBT-UQ) is a closed-
chain upper extremity (UE) test that allows clinicians to 
assess unilateral UE function in the reaching and the 
stabilizing limb. There are several aspects of the YBT-UQ 
that have been studied (reliability, validity, correlations to 
other functional tests). However, sex specific and side 
dominance differences regarding muscle activation have not 
been studied. Sex and side differences in muscle activation 
patterns among select UE muscles will be described. 

Introduction 

The YBT-UQ is a closed-chain UE test that allows clinicians 
to assess unilateral UE function in the reaching and the 
stabilizing limb [1]. Previous research shows the YBT-UQ is 
reliable, valid, and correlated with other functional tests [1-
2]. No studies have investigated sex specific or side 
dominant differences of the muscle activation produced 
during performance of the test. Therefore, the purpose of this 
study is to identify sex and side dominant differences in 
muscle activation via electromyographic (EMG) while 
performing the YBT-UQ. Our primary hypothesis is that sex 
differences exist in muscle activation while performing the 
YBT-UQ. Our secondary hypothesis is that differences in 
muscle activation exist between the dominant (Dom) and 
non-dominant limb (N-Dom).  

Methods 

Subjects included 7 healthy males (Age: 24.57 ± 5.43 years; 
Height: 1.83 ± 0.07m; Weight: 89.17 ± 21.74kg), and 8 
healthy females (Age: 24.26 ± 2.71 years; Height: 1.68 ± 
0.23m; Weight: 63.47 ± 22.44kg) subjects without shoulder 
pain.  

EMG signals were collected using wireless surface 
electrodes. Electrode placements were standardized and 
recorded from 8 muscles on the back, shoulder girdle, and 
arm on bilateral UEs [4-6]. Muscles tested bilaterally 
included anterior deltoid, infraspinatus, pectoralis major, 
serratus anterior, upper trapezius, lower trapezius, biceps, 
and triceps. Normalization among subjects were established 
via maximal isometric voluntary contractions (MVIC) which 
were recorded via manual muscle testing in standardized 
positions [6]. 

The subject performed three trials of the YBT-UQ on each 
side which consists of a one-armed plank position while 
using the other arm to reach in 3 directions: Medial, 
Superolateral, and Inferolateral. All directions were 
measured for distance, normalized to wingspan, and 
calculated into a composite score [2].  

EMG was processed using a bandpass filter (20-500 Hz) and 
linear envelope (125 ms). Data across all trials were 
averaged and the overall peak mean percent MVIC data for 
the stationary arms were reported. 

Main effects for sex and side dominance in MVIC were 
assessed using a 2-Way (2x2) ANOVA, and significance 
was set at p<0.05, a priori.  

Results and Discussion 

During data analysis 9 of the 15 subjects were identified as 
having complete data sets.  

No differences were seen across sex or side dominance 
among MVICs for all muscle groups tested except for a 
difference between Dom and N-Dom serratus anterior 
muscle (p=0.041). No interaction effects were observed 
between the sex and side dominance for any of the muscles 
tested.  

Overall, the serratus anterior muscle activation was 
significantly greater on the N-Dom side when compared to 
the Dom side (N-Dom: MVIC= 243.40% ± 145.71; Dom 
MVIC= 161.32% ± 187.11; p=0.041).  

These findings add to the current literature suggesting that 
the YBT-UQ is a valid tool with no significant sex specific 
differences in muscle activation. However, clinicians may 
need to consider that Dom and N-Dom differences may exist 
in healthy adults in SA activation. 

Conclusions 

Among muscle activation, differences exist in the activation 
of the serratus anterior between the Dom and N-Dom UE. 
When sex was compared no significant differences in muscle 
activation were observed. Future research is needed to 
further validate these findings. 
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Summary 

While several types of kinematics have been used to assess 
unstable sitting control, their contribution to the completion of 
this task is unknown. The overall goal of this study was to 
understand the kinematics used to stabilize the trunk in unstable 
sitting as elicited via a wobble board (WB). The objective was 
to quantify the kinematics of the WB, pelvis, and trunk in 
unstable sitting and characterize their relative contributions to 
task completion. We quantified WB and body kinematics 
during unstable sitting using posturographic measures on 
respective three-dimensional angles. A Wilcoxon signed-rank 
test compared corresponding angles between WB and pelvis, 
and between WB and trunk. During unstable sitting, the trunk 
remained upright and was stabilized via WB motion. WB 
measure values were significantly larger than their 
corresponding pelvis or trunk values. Future unstable sitting 
studies should use analyses involving base of support 
kinematics. 

Introduction 

Trunk stability and control have been commonly studied or 
assessed through an unstable sitting paradigm, where an 
unstable surface serves as the base of support [1,2]. While the 
majority of analyses have focused on the use of kinematics-
based, posturographic measures, considerable variability in the 
choice of kinematics exists. Furthermore, no study has 
investigated the relative contributions of different body and 
base of support kinematics to trunk stabilization during unstable 
sitting. The overall goal of this study was to obtain an 
understanding of the kinematics used to stabilize the trunk in 
unstable sitting as elicited via a wobble board (WB) paradigm. 
The specific objective was to quantify the kinematics of the 
WB, pelvis, and trunk in unstable sitting and characterize their 
relative contributions to task completion. 

Methods 

Fifteen non-disabled participants sat on a WB and completed 
four 35 second trials for each of two conditions: (1) an easier 
WB base (Base 1) and eyes closed; and (2) a more difficult WB 
base (Base 2) and eyes open. Kinematic data of the WB, pelvis, 
and trunk were recorded via motion capture. To quantify and 
compare the motion of the WB, pelvis, and trunk during the 
balancing task, three common posturographic time-domain 
measures were calculated for each kinematic time series: the 
range of the angle, the root mean square of the angle, and the 
mean of the absolute angular velocity. A Wilcoxon signed-rank 
test was used to assess whether significant differences exist 
between corresponding kinematics of WB and pelvis (e.g., WB 
flexion/extension and pelvis flexion/extension), and of WB and 
trunk for a given measure and condition. We applied Bonferroni 
corrections in all comparisons and used a statistical significance 
level of α = 0.05. 

Results and Discussion 

During unstable sitting, the trunk was stabilized through 
relatively large, fast WB displacements, whereas the trunk 
adopted a quasi-static pose. For all measures, angles, and 
conditions, the WB measure values were significantly larger 
than their corresponding pelvis or trunk values (p < 0.01). 
Figure 1 shows the ‘Base 1 Eyes Closed’ condition only.  

 
Figure 1: Posturographic measures for wobble board (WB), pelvis 

and trunk kinematics: range of angle (RANGE) (A), root mean square 
of angle (RMS) (B), and mean absolute angular velocity (MVELO) 
(C) for flexion/extension (F/E) and lateral bending (LB) under the 

Base 1 Eyes Closed (B1EC) condition. 

Conclusions 

The reported findings demonstrate that the WB-human dynamic 
system is most effectively stabilized by regulating WB motion. 
Future work utilizing an unstable sitting surface and 
kinematics-based analyses to investigate or assess trunk 
stability and control should rely on analyses involving some 
variation of the base of support kinematics. 
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Summary 

Recent work suggests that kinematics-based electrical 
stimulation can restore trunk stability following neuromuscular 
impairment. However, knowledge of the relation between body 
motion and muscle activity during unstable sitting may be 
beneficial. Our objective was to quantify the spatial and 
temporal relationship between characteristic angular kinematics 
and trunk and upper leg muscle activity in unstable sitting as 
elicited via a wobble board. Wobble board motion and 
electromyograms from 14 trunk and upper leg muscles were 
recorded in 15 non-disabled participants sitting on a wobble 
board. The relationship between wobble board tilt and 
electromyograms was quantified using cross-correlation 
analysis. During unstable sitting, the trunk was found to be 
stabilized through direction-specific activation of the trunk and 
upper leg muscles, preceding wobble board displacement. 
Future work will use the gained insights in defining the muscle 
activation patterns of kinematics-based neuroprostheses that 
can restore trunk stability following impairment. 

Introduction 

Recent work suggests that kinematics-based electrical 
stimulation may restore dynamic trunk stability following 
neuromuscular impairment [1]. However, to ensure fatigue-
resistant control, knowledge of the relation between body 
motion and the activity of relevant muscles during non-
impaired, unstable sitting may be beneficial. Motivated by this 
consideration, our objective was to quantify the spatial and 
temporal relationships between (1) characteristic angular 
kinematics and (2) trunk and upper leg muscle activity in 
unstable sitting as elicited via a wobble board. 

Methods 

Wobble board motion and bilateral electromyograms from 14 
trunk and upper leg muscles were recorded in 15 non-disabled 
participants sitting on a wobble board. For each participant, four 
35 second trials were performed for each of two task conditions: 
(1) an easier base and eyes closed (Base 1); and (2) a more 
difficult base and eyes open (Base 2). The relationship between 
wobble board tilt and the electromyograms was quantified 
using cross-correlation analysis. Specifically, for each direction 
of wobble board displacement (i.e., anterior, posterior, left, or 
right), a 4-second window centered at each of the three largest 
values in the kinematic time series was created; time-matched, 
corresponding 4-second windows were identified in a given 
muscle’s electromyographic time series; each of these segments 
was demeaned and cross-correlated; and the three obtained 
cross-correlation functions for each direction were averaged for 
each trial. Correlation coefficients were normalized such that 
+1, 0, and −1 represent perfect positive correlation, no 
correlation, and perfect negative correlation, respectively. 

Results and Discussion 

During unstable sitting, the trunk was found to be stabilized 
through direction-specific activation of the trunk and upper leg 
muscles, preceding wobble board displacement by 110 to 230 
ms. For example, the activation and deactivation of two left 
body side muscles preceded left and right, respectively (Figure 
1). Direction-specific activation suggests the presence of active 
neural control, while preceding activation may be needed to 
account for a known torque generation time delay. Furthermore, 
the findings suggest the use of stiffness control in the anterior-
posterior, but not medial-lateral direction.  

 
Figure 1: Cross-correlation functions across participants between left 
side muscles and left for the Base 1 Eyes Closed (B1EC) and Base 2 

Eyes Open (B2EO) conditions. Shown are also cross-correlation 
functions across participants between left side muscles and right for 
the B1EC and B2EO conditions. Correlated muscles are: left rectus 
abdominis (LRA) (A) and left thoracic erector spinae (LTES) (B). 

Conclusions 

Future work will use the gained quantitative insights in defining 
muscle activation patterns of kinematics-based neuroprostheses 
that can restore trunk stability following impairment.  
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Summary  
Adjustable-height desks are promoted to reduce the 
detrimental effects of prolonged sitting. Musculoskeletal 
benefits may arise from increased postural variability, often 
measured as postural sway. We assessed postural sway using 
inertial measurement units while participants used computer 
workstations in seated and standing postures and during both 
typing and clicking tasks. Median acceleration of the head 
and trunk was significantly lower in typing compared to 
clicking tasks, but there were no significant differences 
between seated and standing positions. The results suggest 
that different mental demands of tasks may play a larger role 
in postural sway than workstation configuration. 

Introduction 

Neck pain is a prevalent problem in office workers [1]. 
Adjustable-height (or sit-stand) workstation users have 
reported high satisfaction, comfort and other positive health 
benefits [2], but the biomechanical characteristics related to 
these benefits are unclear. Motor variability may be related 
to decreased musculoskeletal pain or discomfort [3]. We 
hypothesized that the use of adjustable-height desks would 
lead to greater postural sway of the head and trunk in the 
standing position. Moreover, postural sway would also be 
affected by type of computer task because cognitive tasks 
can  affect postural sway [4].  

Methods 

10 subjects (6F, 4M) worked at a sit-stand workstation 
(Workfit-S, Ergotron) on typing and clicking tasks for 45 
minutes in a randomly selected seated or standing position, 
took a break (minimum of 20 minutes), then worked in the 
other position. Subjects switched between a typing task 
(Typing Master) and a clicking task (Geoguessr) at their own 
pace. Body-worn inertial measurement units (Trigno, 
Delsys) were used to collect linear acceleration of the head 
and trunk. Data were filtered (0.5Hz high pass, 60Hz low 
pass) to smooth and remove the effects of gravity. Data were 
separated according to task (type or click) and workstation 
configuration (sit or stand). Medians of the linear 
acceleration magnitudes were compared using two-factor 
ANOVA (type vs. click and sit vs. stand). 

Results and Discussion 
Median acceleration of the head and trunk was 20-30% 
lower in clicking tasks compared to typing tasks, for both 
seated and standing postures (p<0.01; Figures 1 and 2). 
Median acceleration was not significantly different in 
standing vs. seated positions (p>0.1; Figure 2).  

 
Figure 1: Filtered linear head acceleration over 45 minutes. 

Figure 2: Median head acceleration (mean and standard deviation 
of 10 subjects).  

Conclusions 
The lack of difference in postural sway between sitting and 
standing posture suggests that postural sway does not relate 
to comfort while using adjustable height desks.  However, 
the effect of task on postural sway indicates that differences 
in mental workload can have a significant affect on motor 
variability. 
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Summary 
Muscle fatigue of upper extremity with previous shoulder 
injury in throwing and hitting task, which relates to both 
release force control and the dynamic stability control, is 
common in training program and competition occasions. 
After a fatiguing protocol, we found changes in shoulder 
and elbow max. internal rotation movement in the cocking 
and acceleration phases. This study provides insight into the 
effects of muscle fatigue on overhead sports. 

Introduction 
During fatigue, protection to the upper limb joint, in which 
muscle activation is needed for stability, declines. An 
association between localized muscle fatigue of proximal 
segment of upper extremity in throwing and hitting task and 
release force control and the dynamic stability control has 
been contributing to injury [1,2]. The purpose was to determine 
the effect of upper limb’s muscle fatigue in overhead athletes 
(pitching/hitting) with previous shoulder injury. 

Methods 
A total of eleven baseball pitchers and volleyball players were 
included in this study (age: 23 ± 3.2 years; height: 178 ± 4.7 
cm; mass: 76.6 ± 11.6 kg). A seven-camera Expert Vision 
Eagle motion analysis system (Motion Analysis Corp., Santa 
Rosa, CA, USA) was used to collect the position of the 
reflective markers at sampling rate of 360 Hz. 18 markers 
were placed on selected anatomic landmarks unilaterally to 
define the coordinate system of the trunk, upper arm, forearm 
and hand. The performance of MRI scan of the dominant 
shoulder helps the uncovering of any soft tissue problems 
around the shoulder. In the fatigue protocol, participants were 
seated upright with a security belt on a firmly fixed multi 
adjustable bench (Matrix-G3FW80, Johnson). Participants 
used the elastic-band to perform maximum shoulder IR/ER for 
the local fatigue. The tempo of maximum shoulder IR/ER 
efforts was 128–133 beats per minute. Pair-t test was to 
analyze the parameters of kinematics of non-fatigue and 
fatigue protocol. A statistical significance level was set at p 
< .05. 

Results and Discussion 

58.82% of volleyball players and 25 % of baseball pitchers 
exhibited superior labrum anterior to posterior (SLAP). 

11.76% of volleyball players and 25 % of baseball pitchers 
exhibited partial-thickness tear of supraspinatus tendon of the 
dominant shoulder, according to hospital examination. 
Declining throwing performance and hitting task is attributed 
to localized muscle fatigue of upper limb, and risk factors to 
shoulder and elbow injuries have been believed to be 
associated with it [1]. Due to fatigue, significant differences of 
shoulder max. internal rotation (IR) movement (p = .015) and 
elbow IR movement (p = .029) decreased in the cocking and 
acceleration phases. We found that significant differences of 
angular velocity of shoulder max. IR (p = .008) and elbow IR (p 
= .022) decreased in the cocking phase. The angular velocity of 
IR is between 6000° and 7000° per second during pitching [3], 
more than a dozen muscles contribute to the stability of 
shoulder girdle throughout the pitching motion. A reasonable 
assumption indicating similar IR angular velocities during 
volleyball spike thus can be made. Fatigue leads to a decline 
in players’ mechanics and sports performance and skills [4].  

Conclusions 
In elite overhead movement athletes with previous shoulder 
injury, the fatigue indices in muscles of the shoulder region 
fail to stabilize themselves for proper pitching/hitting during 
the cocking and acceleration phases, and fatigue states lead to 
different adaptation strategies to manage the speed-accuracy 
trade-off. This study adds depth to our understanding of 
overhead movement kinematics during fatigue state under 
previous shoulder injury. 
   
Acknowledgments 
The authors appreciate the support by grant MOST106-2410-
H-006-069-MY2 from the Ministry of Science and 
Technology. 

References 
[1] Wang LH et al. (2016). Journal of Sports Sciences, 34, 

1182-1189. 
[2] Kumar S (2006). Revista Brasileira de Fisioterapia, 10, 9-

28. 
[3] Fleisig GS et al. (1995). American Journal of Sports 

Medicine, 23, 233-239. 
[4] Rota S et al. (2014). Journal 

of Electromyography and Kinesiology, 24, 90-97. 
 

 

Thursday, August 01 2019: Posters (1600-1800) 311

Baseball 1



 

 

COUNTERMOVEMENT JUMPING PROFILES BY POSITION IN BASEBALL  

USING PRINCIPAL COMPONENT ANALYSIS 

G. Giblin1, C. Agresta2, S. Cain3 & R. Zernicke1,2,4 

1Exercise and Sports Science Initiative, University of Michigan, Ann Arbor, MI, United States 
2Michigan Performance Research Laboratory, School of Kinesiology, University of Michigan, Ann Arbor, MI, United States 

3Department of Mechanical Engineering, University of Michigan, Ann Arbor, MI, United States 
4Departments of Orthopaedic Surgery and Biomedical Engineering, University of Michigan, Ann Arbor, MI, United States 

Email: ggiblin@umich.edu  

 

SUMMARY 

This study explored whether player position in baseball 

influenced countermovement jumping strategies and their 

resultant force-time profiles. Subjects performed a series of 

three countermovement jumps on a force platform. Eccentric 

rate of force development (RFD), peak concentric force, 

countermovement depth and jump time variables were 

extracted from the force-time curve. Principal Component 

Analysis (PCA) revealed two principal components that 

accounted for 73% of the variance of vertical jump height. 

Comparisons between position groups (i.e., outfielder, 

infielder, catcher, or pitcher) revealed position-specific 

strategies.  

INTRODUCTION  

Vertical jump height assessments are commonly used in high 

performance sports to monitor training progressions and 

estimate fatigue. When conducted on a force plate, 

biomechanical variables that influence the outcome (i.e., 

vertical jump height) can be extracted. These variables may 

provide insights into athlete-specific performance strategies or 

capabilities. For instance, several studies have shown the 

shape of the force-time curve to be dependent on expertise [1], 

with additional studies highlighting further sport-specific 

differences [2]. Previous research has shown baseball players 

to exhibit an explosive jumping profile with high rates of 

eccentric force development coupled with short eccentric 

phase times [2]. The goal of the current study was to 

investigate whether player position influenced the sport 

specific jumping profile given the demands of each position.  

METHODS 

Sixty-seven professional male baseball players (Age: 20.97 + 

1.64 years, Height: 1.88 + 0.05m, Weight: 92.88 + 11.08kg) 

completed three maximal effort countermovement jumps 

separated by 30-s rest on a force platform (Accupower, AMTI, 

Massachusetts, USA) as part of a battery of performance tests. 

Peak concentric force, eccentric RFD, countermovement 

depth, eccentric time, and total jump time were calculated 

using custom-written code and utilized for PCA using R (R 

Core Team, Vienna, Austria) with 95% confidence ellipses 

illustrating group differences.  

RESULTS AND DISCUSSION 

Jump characteristics by position groups are shown in Table 1. 

The PCA revealed that two principal components (i.e., 

dimensions) were adequate for explaining vertical jump height 

results. Eccentric jump time was the most prominent feature of    

Dimension 1 while RFD and countermovement depth were 

most prominent for Dimension 2. As a group, catchers and 

outfielders exhibited a position-specific profile. Catchers had a 

fast, explosive profile (i.e, upper-left quadrant), while 

outfielders exhibited a slower but still explosive style (i.e., 

upper-right quadrant). Profiles for pitchers and infielders were 

more varied and spread across all quadrants. This suggested 

more individuality in movement execution across these 

positions. Future research will focus on whether specific 

strength training programs can influence specific features and, 

thus, the overall force-time profile.  

 

Figure 1: PCA biplot by positional group 

CONCLUSIONS 

These findings revealed position-specific jumping profiles in 

professional baseball players, with both catchers and 

outfielders displaying more explosive jumping profiles.  
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Table 1: Jump characteristics by position 

 Height (In) Time (s) ECC-Time (s) ECC:T:T ECC-RFD (kN.s-1) RECC-RFD (N.s-1kg-1) CON-F (N.kg-1) Depth (In) 

Catcher 20.6 0.93 0.63 0.67 6.18 68.5 24.6 15.8 

Infield 18.9 0.98 0.68 0.68 4.06 46.9 25.5 14.7 

Outfield 21.5 1.04 0.74 0.70 3.58 41.5 26.5 15.7 

Pitcher 18.0 0.96 0.63 0.65 4.00 41.8 24.7 14.3 
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Summary 

This study investigated a method to use inertial measurement 

units (IMUs) in certain types of baseball biomechanics 

research. The method calculates the timing of maximum knee 

height (MKH) and ball release (BR) using gyroscopic data 

and defines them as the starting and ending points of the 

pitching motion. The new method had some significant 

differences in determining the exact timing of MKH and BR. 

However, the temporal differences between the two methods 

was very small, 0.0435s and 0.087s, making the method 

practically viable for some baseball biomechanics studies. 

Introduction 

The pitching motion in baseball is extremely stressful to the 

shoulder and the elbow due to the high forces and ballistic 

movements generated in the kinematic chain. Due to the high 

forces, injuries are common for pitchers. The conventional 

method the motion capture lab has limitations for studying 

baseball pitching, including high costs and an inability to 

adequately simulate game conditions. The use IMUs in 

baseball biomechanics could address these limitations.  An 

IMU is a collection of gyroscopes, accelerometers, and a 

magnetometer that can record data from a body segment 

wirelessly. IMUs are significantly cheaper than visual motion 

capture systems and can be used outdoors without major setup 

time. However, use of IMUs in baseball research is 

complicated by their lack of digital recreation of the full-body 

motion. Baseball studies often break the pitch down into 

phases, such as cocking and acceleration, that are defined by 

events such as MKH and BR which are not directly detected 

by IMUs. Therefore, a method must be developed to 

determine MKH, and BR using IMU data before they can be 

more widely used for baseball biomechanics research. 

Methods 

19 male baseball players aged 10-20 years old, were recruited 

for this study. After signing the informed consent documents, 

they had a full motion capture marker set and 6 IMUs attached 

to their trunk and extremities. The IMUs were located on the 

subjects’ sternum, lumbar spine, right and left thigh, and right 

and left shank. The IMUs were APDM Opals V1 (APDM, 

Portland), and the motion capture system was a 16-camera 

Vicon Motion Capture System (Vicon, Oxford). Each pitcher 

threw 5-10 maximum effort fastballs toward a catcher 18.44m 

(6ft 6in) away. The best three pitches from each pitcher were 

analyzed. The timing of MKH and BR was obtained visually 

for the motion capture system. The timing of MKH for the 

IMUs was defined as the first transition between positive and 

negative angular velocity values for thigh flexion, after 

maximum thigh flexion angular velocity occurred. BR for the 

IMU data was defined to occur 15% of the total pitch time 

after maximum trunk flexion angular velocity. The 15% was 

selected based on a pilot study, and to ensure data collection 

was not cut off before BR. The average error for determining 

MKH and BR was calculated by subtracting the timing 

determined by the IMUs from timing found using the motion 

capture system. The mean and standard deviation of this 

calculation was obtained for all pitchers. A t-test was then 

performed to determine if the difference was significantly 

different than zero. Alpha was set at 0.05. 

Results and Discussion 

When it comes to identifying the instant of MKH, the IMU 

method had a mean error of -0.0435s ± 0.0554s as compared 

to the motion capture system (p<<0.001). For BR, the mean 

error between the IMU method and the motion capture 

method was found to be -0.087s ± 0.091s (p<<0.001). Though 

there are statistically significant differences between the 

values, the practical differences are very small. For 

determining MKH, the average error was only 3.3-3.9% of the 

total pitch duration (1.1-1.3s) [1]. Any data missed to due to 

being late in identifying MKH is from the beginning of the 

early cocking phase, where little of interest occurs for baseball 

researchers. This entire phase is often not included in studies 

for that reason. For BR, the difference is an additional 6.7-7% 

of total pitch duration. Any “extra” included data is from the 

deceleration phase, which is very similar in terms of forces to 

the end of the acceleration phase. So, these minor differences 

are unlikely to affect conclusions in many baseball 

biomechanics studies. 

Conclusions 

The timing of MKH and BR can be estimated within 0.05-0.1s 

using IMU data and this method. These differences are 

statistically significant, but practically very small. The 

techniques described in this study can be used to identify these 

events in studies of baseball biomechanics when this level of 

error is acceptable.   
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Summary 

Studying purpose was to assess the relation between trunk and 

foot COP at the cocking phase during pitching motion. 

Subjects were 22 healthy men.We measured using goniometer 

and electronic vernier caliper at the cocking posture the 

horizontal abduction angle of humeral articulation (HABD), 

scapula spine distance (SSD), body rotation angle and horizontal 

abduction angle of humerus against a line of PSIS (cocking 

angle), and we estimated ratios of the horizontal abduction angle 

of humeral articulation (HABDR) and scapula spine distance 

(SSDR) to the cocking angle. We measured COPs feet using 

stabilometer. 

Correlation coefficients between upper trunk alignments and 

COPs both feet were as follows: HABDR vs both foot COP; and 

SSDR vs. both foot COP.Results suggest anterior and inner 

placements of foot COP associate with the movements of scapula 

and body trunk to reduce the horizontal abduction stress of 

shoulder joint at the cocking phase of pitching motion. 

Introduction 

During the pitching motion of a baseball player associates with 

the shoulder extension, and the over extension of the 

glenohumeral joint may cause the shoulder impingement or the 

overuse tendinitis [1,2]. 

To clearly assess the relation between trunk (upper extremity) 

and the foot COP at the cocking phase during the pitching motion 

at the clinical settings, we made a special posture of upper 

extremity at the sitting position where the affection of lower 

extremity is neglected, and we attempt to elucidate the way of 

smooth pitching motion to reduce the shoulder stress in the 

pitching. 

Methods 

Subjects were 22 healthy men (24.0±2.7 years old). They were 

ordered to mimic the upper extremity posture at the last moment 

of cocking phase in pitching at the sitting position by rotating 

trunk rightwards and extending shoulder rightwards, regarded as 

the cocking posture, and the horizontal abduction angle of 

humeral articulation (HABD), scapula spine distance (SSD), 

trunk rotation angle and horizontal abduction angle of humerus 

against a line of PSIS (called as cocking angle)were measure 

using goniometer and electronic vernier caliper. Then, we 

estimated ratios of HABD and SSD (HABDR and SSDR) to the 

cocking angle. We further measured COPs of left and right feet at 

the cocking posture at the standing position with + values of 

forward/rightward placements using stabilometer (20 Hz, 

JK101II, Unimex). Measured distance parameters were 

normalized by body height or foot size, and relationships 

between parameters were analyzed using the Pearson’s 

correlation coefficient. 

Results and Discussion 

At the cocking posture HABD, SSD, Body rotation angle and 

cocking angle were 28.0±12.2°, 25.9±5.6 mm, 43.0±13.3° and 

64.8±17.0°, in order. Correlation coefficients between upper 

trunk alignments and COPs (anteroposterior/lateral position) of 

left and right feet were as follows: HABD vs. left foot COP 

(0.47/0.52) and right foot COP (0.57/-0.50); HABDR vs left (-

0.46/-0.37) and right foot COP (-0.56/-0.34); and SSDR vs. left 

(0.45/-0.63) and right foot COP (-0.44/0.63).  

Table 1: Correlation coefficients between shoulder complex parameters 
and standing COPs 

 

Results suggest that anterior and inner placements of foot COP 

strongly associate with the movements of scapula and body trunk 

to reduce the horizontal abduction stress of shoulder joint at the 

cocking phase of pitching motion. 

Conclusions 

In sports with large turning motion, the center position of the 

upper half of the mass is extremely important, and it is required 

to apply a load to the lower limbs on the same side as the turning 

side [3].Control of COP position of right and left feet may 

provide smooth alignments of shoulder joint complex to protect 

shoulder injury. 
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Summary 
There is a paucity of research regarding the relationship 
between fast pitch softball pitching mechanics and pain. Thus, 
understanding the pitching mechanics of those pitching with 
and without upper extremity (UE) pain is needed. Inability to 
efficiently use the kinetic chain to throw a rise ball pitch can 
predict UE pain in collegiate softball pitchers. 
 
Introduction 
While traditionally considered a natural motion resulting in 
minimal UE stress, the windmill style fast pitch in fast pitch 
softball induces similar stresses on the UE as overhead baseball 
pitching [1].  The full-body, dynamic nature of the movement 
requires utilization of the kinetic chain.  With optimal 
utilization of the kinetic chain, maximum force and energy 
production is developed from the lower extremities, transferred 
distally through the UE and into the ball [2]. Previous 
biomechanical examinations of the windmill softball pitch have 
focused primarily on the UE, with minimal examination of the 
entire system.  Therefore, the purpose of this study was to 
examine center of mass (COM), height-normalized stride 
length, and trunk mechanics during a windmill pitch, as 
predictors of UE pain in female softball pitchers. 
 
Methods  
Thirty-seven National Collegiate Athletic Association (NCAA) 
Division I female softball pitchers (19.71 ± 1.29 yrs.; 173.05 ± 
8.17 cm; 78.31 ± 12.07 kg) were recruited to participate. 
Inclusion criterion required the participants to be injury and 
surgery free for the past six months. Auburn University’s 
Institutional Review Board approved all testing protocols and 
informed written consent was obtained from each participant.  
Participants filled out a health history survey and were divided 
into two groups: (1) currently experiencing UE pain (n = 13), 
and (2) no UE pain (n = 24). Testing required the participants 
to throw three rise ball pitches for strikes, to a catcher located 
at 13.11m (43 feet). The pitching motion was divided into four 
events: (1) top of back swing (TOB), (2) foot contact (FC), (3) 
ball release (BR), and (4) follow through (FT) (Figure 1).  
Kinematic data were collected at 100 Hz using an 
electromagnetic tracking system synced with Biomechanics 
Analysis Software. Eleven electromagnetic sensors were 
attached to the participants and a linked segment model was 
developed via a digitization process [3,4]. 
 

 
 

Figure 1: Events of the windmill pitch. 

 
Results and Discussion 
A backward elimination regression including COM, stride knee 
flexion, weight normalized stride length, trunk rotation, trunk 
flexion, and trunk lateral flexion was run at all four events of 
the pitch. Table 1 includes the results from all four regression 
models. At TOB, height-normalized stride length (t = 2.873, p 
= .007), trunk rotation (t = 2.872, p = .007), and COM (t = -
2.255, p = .031) were significant predictors of UE pain.  At FC, 
height-normalized stride length (t = 3.092, p = .004), trunk 
rotation (t = 3.537, p = .001), and COM (t = -2.520, p = .017) 
were significant predictors of UE pain. At BR (t = 2.475, p = 
.018), and at FT (t=3.193, p = .003), trunk rotation was the only 
significant predictor of UE pain. 
 
Table 1: Summary of the backwards regression model at each event. 

Model R2 Adj. R2 F Sig. 

Top of Backswing .346 .287 *5.820 *.003 
Foot Contact .389 .334 *7.009 *.001 
Ball Release .224 .179 *4.912 *.013 

Follow Through .226 .203 *10.192 *.003 

Note: * denotes significance with p < .05. 
 

Increased trunk rotation toward the pitching arm side was a 
predictor of current UE pain in all four pitching events and 
suggests that a premature initiation of trunk rotation results in 
offset segmental rotation throughout the pitch.  Trunk 
positioning effects the efficiency of the throwing arm circle, 
thus incorrect trunk placement may require the UE to 
compensate for lost force due to inefficient transfer of energy 
through the kinetic chain.  Additionally, COM and stride length 
at TOB and FC were predicters of UE pain and together may 
suggest that an increased stride length results in a struggle to 
maintain proper balance and energy transfer. This lack of 
balance could therefore result in the COM being shifted towards 
the push leg as the pitch progresses into FC.  In softball, this 
backward shift of weight is commonly known as “anchoring,” 
when the back foot prevents the body from exploding and 
transferring weight forwards.  

Conclusions 
Inability to efficiently use the kinetic chain to throw a rise ball 
pitch can predict UE pain in collegiate softball pitchers. 
Specifically, increased trunk rotation towards the pitching arm 
side, increased stride length, and a posteriorly shifted COM 
predict UE pain. 
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Summary 

Deceleration-focused shoulder exercises are becoming 

integrated into both baseball and softball programs. These 

exercises address the imbalance between the shoulder internal 

and external rotator muscles. The effects of a deceleration-

focused shoulder exercise program has yet to be examined 

among the female softball population. Following a 7-week 

deceleration exercise program of either weighted balls or 

resistance tubing, no significant differences in throwing 

velocity or internal and external shoulder range of motion 

(ROM) between the two softball groups were found; both 

groups improved in all three measures. Deceleration-focused 

shoulder exercises seem to provide benefits to softball players 

and reduces the anterior vs. posterior shoulder muscle 

activation imbalance. 

Introduction 

Throughout the arm acceleration phase of overhand throwing, 

concentric contractions of anterior rotator cuff muscles aid in 

generating large maximum internal rotation shoulder 

velocities near the time of ball release. Following ball release, 

eccentric contractions of the posterior rotator cuff muscles are 

required to decelerate the arm. Shoulder injuries in overhand 

throwing are partially due to the reduced loads during the 

deceleration phase (i.e. no ball) and may explain why shoulder 

injuries are primarily seen in throwers but not tennis players. 

Holding onto the tennis racket during the follow-through 

results in greater activation of the posterior shoulder muscles.  

Based on the above theory, baseball and softball players are 

adopting deceleration-focussed exercise programs into their 

training regime. Empirical studies for weighted ball throwing 

programs have shown support for improvements in throwing 

velocity [1,2], but not for shoulder ROM changes. 

Furthermore, these studies have been limited to male baseball 

players. Therefore, the purpose of this study is to explore 

changes in shoulder ROM and velocity between two 

deceleration programs for the female softball population. 

Methods 

Prior to inclusion, all participants signed a consent form 

approved by the institution’s ethics board. Eighteen female 

college-level softball players were randomly placed into a 

weight ball (WB) or resistance tubing (RT) group. Both 

groups underwent an exercise program 2 times per week for 7 

weeks. The WB group performed throwing exercises 

(releasing the ball) progressing through weighted balls 

ranging from 0.11 to 0.91 kg, whereas the RT group 

progressed through 1.4 to 3.3 kg bands. The protocols for each 

group were designed to ensure similar exercise type, length of 

time and efforts.  

Pre- and post-test measures included an initial warm-up 

followed by internal and external active shoulder rotation 

range of motion measures and three maximal throwing trials 

using a standard softball. Three independent t-tests (via SPSS) 

were performed on the changes in velocity, and shoulder 

external rotation and internal rotation measures between the 

WB and RT groups. A Bonferroni correction was used 

therefore alpha was set to 0.02. 

Results and Discussion 

No significant differences between the WB and RT groups 

were found for any of the three post-pre measures (Table 1). 

The RT group did have larger improvements in the range of 

motion measures. This outcome may be attributed to the 

elastic nature of the resistance tubing, which places a stretch 

on the joint tissue during the full range of motion of the 

exercises. Both groups improved their throwing velocity with 

the WB group improving slightly more. These velocity 

improvements are similar to those found among males using 

WB [1]. However, releasing WB increases injury rates [2] and 

is likely due to the larger imbalance between the anterior 

rotator cuff muscle activation during the acceleration phase 

compared to the eccentric muscle activation of the posterior 

rotator cuff muscles during the deceleration phase. 

 

Table 1: Changes in rotation (Rot.) and velocity for weighted ball 

(WB) vs. resistance tubing (RT) groups. No sig diff between groups 

for post-pre measures (p>0.02). 
 Group Pre Post Post-Pre 

Internal Rot. (°) 
WB 76.0 ± 3.1 76.4 ± 6.5 0.4 ± 5.1 

RT 70.4 ± 4.5 74.0 ± 7.8 3.6 ± 4.7 

External Rot. (°) 
WB 90.6 ± 6.6 86.9 ± 10.2 1.7 ± 3.2 
RT 84.7 ± 9.8 92.2 ± 7.8 2.2 ± 3.6 

Velocity (m/s) 
WB 21.4 ± 1.7 22.7 ± 2.1 1.3 ± 1.6 

RT 21.4 ± 1.4 22.4 ± 1.4 1.0 ± 1.4 

  

Conclusions 

Both WB (ball is not released) and RT deceleration exercises 

improve the range of motion and throwing velocities in 

women softball players after a 7-week program. These 

exercises not only improve performance but reduce the 

muscle activation imbalance between the anterior and 

posterior rotator cuff muscles, one aspect known to cause 

shoulder injuries. 
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Summary 

The purpose of the current study was to investigate an effect of 

the types of pitches (fastball and curveball) on the flight 

distance of the batted ball experimentally. Six male baseball 

players belonging to Toto University baseball league 

participated in the current study. The participants performed 26 

trials of free batting to hit the baseball. The data pitched and 

batted ball were collected by using 20 optical cameras. Velocity, 

angle, angular velocity of the batted ball immediately after 

impact and fright distance were calculated. The flight distance 

of the batted ball was not significantly different between fastball 

and curveball. The angular velocity of the batted ball correlated 

significantly with the flight distance for the curveball (r = 0.73, 

p < 0.05), but not for the fastball. To strengthen the findings 

obtained here, the data of the interaction between the ball and 

bat during impact are required in the future. 

Introduction 

In baseball game, extra-base hit is important to score. Hence, 

there are many studies investigating how to increase flight 

distance of a batted ball. In accordance with Watts and Baroni, 

velocity, angle and angular velocity of the batted ball are 

considered as mechanical factors determining the carry of the 

ball [1]. Furthermore, Sawicki et al. has found that the carry of 

the batted ball is longer for the curveball than for the fastball or 

knuckleball due to topspin on the pitched curveball that is 

enhanced during impact with the bat [2]. However, these 

findings have been obtained from the simulation study. Hence, 

the purpose of the current study was to investigate an effect of 

the types of pitches (fastball and curveball) on the flight 

distance of the batted ball experimentally. 

Methods 

Six male baseball players belonging to Toto University baseball 

league participated in this study (19.1 ± 0.4 yr, 1.72 ± 0.06 m, 

70.1 ± 6.7 kg). All participants were right-handed hitters. Before 

data collection, 14 circular reflective stickers were attached to 

the ball, and 20 optical cameras were placed around the home 

base. In doing so, spatial model was created for three-

dimensional kinematic analysis. The bat used in this study was 

made of maple with a mass of 0.9 kg and a length of 0.84 m. A 

pitching machine was placed 17 m away from the home base. It 

can throw a fastball with back spin component and a curveball 

with top spin component. Each participant was then instructed 

to perform 26 trials of free-batting practice to hit the ball. Each 

marker recorded by 20 cameras (500 Hz) was transformed into 

three dimensional coordinates using the DLT algorithm. Within 

all frames, the analysis target was set as 30 frames before and 

after the impact. The velocity, launch angle, angular velocity 

and flight distance of the batted ball were calculated based on 

these coordinates collected by the trial. The angular velocity 

indicates a back spin as a positive value and the top spin as a 

negative value. In the current study, the trial of “swing and miss” 

and foul ball were excluded from analyses. A student t-test was 

used to examine differences in velocity, angular velocity, 

launch angle, and flight distance of the batted ball between the 

trials of fastball and curveball. Furthermore, in order to use data 

with the same impact condition to the extent possible, the data 

of the flight distance with over 40 m and of the back spin of the 

batted ball were used to calculate Pearson's correlation 

coefficients between the flight distance and velocity or angular 

velocity of the ball. Statistical significance was set at P < 0.05. 

Results and Discussion 

Regarding the launch angle, angular velocity, and flight 

distance, there were no significant differences between fastball 

and curveball (fastball: 46.1 ± 30.6 m, curveball: 50.7 ± 27.8 

m, P = 0.49). On the other hand, the velocity of the batted ball 

was significantly higher for the fastball than for the curveball 

(fastball: 35.5 ± 3.3 m/s, curveball: 33.8 ± 2.9 m/s, P < 0.05). 

These results suggest that spin of the pitched ball is not the 

determinant of the flight distance of the batted ball. 

The angular velocity correlated significantly with the flight 

distance for the curveball (r = 0.73, p < 0.05), but the 

corresponding correlation was not significant for the fastball (r 

= 0.06, p = 0.38). In addition, there were no significant 

correlations between the velocity and the flight distance of the 

batted ball for both types of pitches. One interpretation of this 

result is that the trial of mishit with high velocity was included 

in the analytical data. Furthermore, it is possible that if the 

angular velocity of the batted ball is too fast, the flight distance 

of the batted ball does not become longer. In the current study, 

only the data of the batted ball were paid attention to. In order 

to strengthen the findings obtained here, the data of the 

interaction between the ball and bat during impact are required 

in the future. 
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Summary 

Clinical measures of arm strength and pitch velocity were 

measured in college pitchers. Correlations to pitch velocity 

were identified and used to create a regression learner 

predictive neural network. The neural network allows pitch 

velocity to be determined within 2.325 mph, without 

maximum effort throwing. It may allow identification of 

under/over performing athletes, and projected velocity 

increases after strength increases/growth.   

Introduction 

The aim of throwing a fastball is to have high velocity, so the 

batter has minimal time to react to the pitch. Correlations have 

been found between throwing arm strength and maximum 

throwing velocity [1,2]. These correlations can be used to 

create a Neural Network (NN) to predict pitch velocity. NNs 

have been used to predict lower extremity joint torques during 

jumping [3]. Using a NN to predict pitch velocity would add a 

tool to evaluate pitchers. It may also allow for identifying 

under/over performing athletes, and velocity projections based 

on improvements to strength metrics. The purpose of this 

study was to develop and train a NN to predict fastball 

velocity in college baseball pitchers.  

Methods 

Thirteen collegiate level baseball pitchers (10 right, 3 left 

handed, height: 184.9 ± 7.8 cm, weight: 90.9 ± 13.5 kg, age: 

21.2 ± 2.3) participated in this study. Subjects were injury free 

in the previous twelve months with no prior shoulder or elbow 

surgery on the throwing arm. Written informed consent was 

obtained prior to study procedures. Subjects underwent two 

testing sessions: clinical measurements and throwing. A 

minimum of two days between testing sessions was required 

to ensure maximal effort for both tests. 

Grip strength, isokinetic and isometric shoulder strength data 

was obtained during the clinical measures testing session.  

Subjects underwent a standardized warm-up. Grip strength 

was measured using a handheld dynamometer (Jamar Plus+, 

Cedarburg, WI). Three repetitions, each lasting three seconds 

in duration were performed for each hand. Isokinetic and 

isometric shoulder strength testing was performed using a 

Biodex dynamometer (Biodex Cop., Shirley, NY). The subject 

was secured by chest and waist straps with their arm 

positioned in 90° of shoulder abduction and elbow flexion, 

and 30˚ of horizontal shoulder abduction to place the arm in 

the scapular plane. Isokinetic external rotation (ER) testing 

was followed by internal rotation (IR), then isometric testing 

in both directions. The isokinetic strength was tested at 90, 

180, and 270 °/sec. Isometric strength was measured in the 

same shoulder abduction and elbow flexion positions, at 0, 45, 

and 90° of ER. Subjects were given a thirty-second rest 

between tests in the same rotation direction, and a two-minute 

rest between different test sets. The second testing session 

involved a pitching assessment. After warming up, subjects 

threw ten maximum effort fastball pitches off an indoor 

mound to a net set up behind home plate (18.4 m throwing 

distance). Velocity was recorded using a Stalker Sport 2 radar 

gun (Stalker Sports Radar, Richardson, TX) behind home 

plate and netting. Velocity of the three best strikes were used.  

Pearson’s correlation was evaluated in Minitab 18 (Minitab 

Inc., Pennsylvania, PA) to identify correlations between 

clinical measures and velocity. Height, grip strength, 

concentric ER peak torque/body weight at 90°/sec, and 

isometric ER peak torque/body weight at the 45° shoulder 

abduction position were chosen as the predictive data features. 

A 4-fold cross-validation regression learner NN was created in 

Matlab R2018b (MathWorks Inc., Natick, MA) using a cubic 

support vector machine (SVM) model.   

Results and Discussion 

The cubic SVM model was used because it had the lowest 

Root Mean Square Error (RMSE) of 2.325. The model had an 

R-Squared value of 0.69, and a Mean Absolute Error (MAE) 

of 2.004. These results indicate the NN was able to predict 

fastball velocity within 2.325 mph on average, and the clinical 

measures accounted for 69% of the variation in pitch velocity. 

Previous research has found that concentric wrist extension 

and elbow extension peak torques accounted for 65% of 

variation [2] and isometric IR and concentric elbow extension 

torque-to-body weight accounted for 71% of variation in 

throwing speeds [1]. These results demonstrate velocity can be 

predicted using clinical strength measures. This is useful 

because velocity can be be determined without max effort 

throwing. Growth to the predictive measures can allow 

estimates of velocity gains. Identifying under/over performing 

athletes may give insight on injury risks and different pitching 

mechanics.  

Conclusions 

This study demonstrated the ability of a NN to predict fastball 

velocity within 2.325 mph from clinical strength measures. 

NNs and clinical measures can be used to determine pitch 

velocity without max effort throwing. It may also allow 

projected velocity growth and identification of under/over 

performing athletes.  

References 

[1] Clements AS, et al. (2001). Phys Ther Sport, 2: 123-131. 

[2] Pedegana LR, et al. (1982). Am J Sports Med, 10: 352-354. 

[3] Liu Y, et al. (2009). J Biomech, 42: 906-911. 

Thursday, August 01 2019: Posters (1600-1800) 318

Baseball 1



 

 

Differences between bullpen and game baseball pitching biomechanics  
 

Brittany Dowling1, Ben Hansen1, Monika Drogosz2, Glenn Fleisig2 

1Motus Global, Rockville Centre, NY, USA 
2American Sports Medicine Institute, Birmingham, AL, USA 

Email: Brittany@motusglobal.com  
 

Summary 
Pitches made during a game are highly monitored and regulated 
in all levels of baseball with no attention made to any other 
throws, especially in the bullpen. Assumptions have been made 
that bullpen throws are not as stressful as in game pitches and 
do not need to be monitored; however, there are no studies to 
back these assumptions. In this study, arm biomechanics were 
compared between bullpen throws and game pitches for 14 
professional baseball pitchers. There were no statically 
significant differences in elbow torque, arm rotation, arm 
rotational velocity, and arm slot between bullpen throws and 
game pitches. While not significantly different, elbow torque 
for bullpen pitches were 92% of game pitches suggesting that 
these types of throws should be included in workload 
management.  

Introduction 
With the prevalence of elbow injury in baseball there has been 
a large push for safety and monitoring of pitchers from the 
Major League (MLB) down to Little League. The MLB 
commissioned the development of Pitch Smart as a guideline 
for youth pitch counts in attempts to monitor the workload of 
pitching during a game but does not account for the throws 
performed during warm-up, bullpen before a game, throws 
made to other positions during the game, and throws made 
during practice. Recently, a study on high school pitchers 
reported 43% of pitches were not accounted for during game 
monitoring [1]. The entire focus of current monitoring is only 
on pitches thrown during a game and is made with the 
assumption that any other throws are not as stressful and 
therefore do not need to be monitored; however, no one has 
investigated this assumption. With the development of 
wearable technology pitchers can be easily monitored during all 
types of throwing sessions and now capture data during games. 
Therefore, the purpose of this study is to compare throwing 
mechanics between bullpen throws and game pitching.  

Methods 
A retrospective review of deidentified data from 14 professional 
pitchers (age 20.9±2.8 yrs; height 188.8±5.6 cm; weight 
93.1±12.9 kg) were included in this study. Data were mined 
from database for players who wore a MotusBASEBALL 
biomechanics sleeve (Motus Global, Rockville Centre, NY, 

USA), and sensor during all throwing events: warm-up, long-
toss, bullpen, and game. However, only throws that were tagged 
as ‘bullpen’ and ‘game’ were used in this analysis. The sensor 
recorded four metrics: elbow torque, arm rotational velocity, 
arm rotation, and arm slot for each throw. Previous research has 
shown the biomechanics sleeve to be a valid tool for these 
measurements [2,3].  
For each pitcher, the 10 pitches with the greatest torque in each 
condition were used. The recorded variables were averaged for 
the 10 pitches for each player and then the average was used in 
the analysis. Means and standard deviations were calculated for 
both conditions (Table 1). Paired t-tests were used to compare 
bullpen throws to game throws. The level of significance was 
set at p < 0.05.  

Results and Discussion 
No differences were found in elbow torque, arm rotation, arm 
rotational velocity, and arm slot between bullpen throws and 
game pitches. Bullpen throws are made for a variety of reasons 
and those reasons change during a season. Pre-game bullpens 
are thrown in order to ready a pitcher for a game and it would 
be assumed that game-like mechanics and effort would be 
achieved. In this study, pitchers were using similar mechanics 
and exhibited similar effort levels in both types of throwing. 
Therefore, we believe that pre-game bullpen volumes should be 
considered along with game pitch counts.   
Although not statistically significant, there was an average 5 
Nm greater torque in game pitches compared to bullpen throws. 
This difference could suggest that some pitchers throw with the 
same or more effort in bullpens and exacerbates the need for a 
more individualized approach to workload management at all 
competition levels of baseball pitchers.  

Conclusions 
There were no statistically significant differences between 
bullpen throws and game pitches. This leads us to believe that 
more than just game pitches should be considered in the 
workload management of a player.  
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Table 1: Arm biomechanics for bullpen and game pitches. 

 Bullpen Game Mean difference ± SE P-value 
Elbow torque (Nm) 63 68 5 ± 3 0.21 
Arm rotation (°) 163 151 12 ± 10 0.27 
Arm rotational velocity (°/s) 5253 5275 22 ± 211 0.92 
Arm slot (°) 47 45 -2 ± 7 0.77 
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Summary 

The Functional movement screen (FMS) is an assessment tool 

for identifying physical weaknesses and asymmetries 

prevention potential injury. There has been plenty of FMS 

documents regarding to many sports. However, there are few 

FMS documents been conducted for baseball. Therefore, the 

purposes of the study are to investigate the FMS performance 

in each 7 movements in order to understand the influence of 

the baseball-specific long term training on FMS and the 

difference of division I and II FMS performance profile. The 

results of the study show that the overall performance of 

Division I are better than the other, but only the mobility of 

shoulder is the opposite. This research will be provided to the 

training of coaches. 

Introduction 

The Functional movement screen (FMS) is commonly used to 

assess the risks of injuries. In recent years, researchers 

exploited FMS to assess the risks of injuries in regards to 

specific sports (i.e. runners, rugby, football, volleyball), and 

investigate the ratio located in the high injury risk zone which 

is less than 14 scores (Kiesel, Butler et al. 2014, 

Loudon,Parkerson-Mitchell et al. 2014, Sprague, Mokha et al. 

2014, Lloyd,Oliver et al. 2015). However, there are few FMS 

documents been conducted for baseball. Therefore, the 

purposes of the study are to investigate the FMS performance 

in each 7 movements in order to understand the influence of 

the baseball-specific long term training on FMS and the 

difference of division I (full time training) and II (part time 

training) FMS performance profile. This data could provide as 

references. 

Methods 

One hundred male baseball players (Division I N=50; Division 

II N=50) volunteered as participants. All participants are 

provided written informed consent to participate in the study 

after being informed of its purpose and associated risks. The 

scores are given based on FMS manual description guide 

verbal instructions for the functional movement screen. The 

FMS is comprised of seven fundamental movement: deep 

squat, hurdle step, in-line lunge, shoulder mobility, active 

straight leg raise, trunk stability push-up and rotary stability. 

The scores range from zero to three. three score means 

subjects can successful complete movement without 

compensation, two score means subjects can complete 

movement with compensation movement, one score means 

subjects can’t complete movement, zero score means subjects 

feel pains in the movement process. Statistical analysis 

between Division I and Division II groups were performed 

using the SPSS software. The independent T-test was 

performed to investigate differences. Statistical significance 

was set at <.05. 

Results and Discussion 

The results of data are as shown in Table 1. Overall score 

Division I better performance profile. But deep squat may be 

the basic movement so there is no significant difference. FMS 

is an assessment of asymmetries, mobility, and stability during 

application of movements (Cook et al, 2006). Better motor 

control demonstrated by Division I might be the results for 

long-term periodical training. But because baseball is a sport 

that involves significant amount of throwing, the reason why 

shoulder mobility of Division I is inferior to Division II, might 

be also due to long-term periodical training that increases 

overuse of shoulder in Division I.  

Conclusions 

The results of this study show most of FMS movement 

Division I better than Division II. It showed better 

performance in body control in Division I than in Division II 

could be attributed to longer training period. But in regards to 

poor shoulder mobility in the Division I may due to overuse of 

shoulder. For Division II, Because training time is limited, it is 

recommend to train the stability of the trunk and improve the 

motor control. Research results can provide coach and S&C as 

reference.  

References 

[1] Cook et al. (2006). North American Journal of Sports 

physical Therapy, 1(2), 62-72. 

[2] Kiesel et al. (2014). Journal of Sport Rehabilitation, 23(2), 

88-94. 

[3] Loudon et al. (2014). J Strength Cond Res, 28(4), 909-919. 

[4] Lloyd et al. (2015). Journal of Sports Science, 33(1), 11-

19. 

[5] Sprague et al. (2014). J Strength Cond Res, 28(11), 3155-

3163.

 

Table 1: The Functional movement screen scores 

 Total Deep squat 
Hurdle 

Step 

In-Line 

Lunge 

Shoulder 

Mobility 

Active 

Straight 

Leg Raise 

Trunk 

Stability 

Push-up 

Rotary 

Stability 

Over 14 

point 

percentage 

Division I 16.1±1.6 2.4±0.5 2.4±0.5 2.8±0.4 1.6±0.8 2.2±0.6 2.7±0.5 2±0.5 96% 

Division II 14.9±2.1 2.2±0.6 2.1±0.3 2.5±0.5 2.1±0.8 1.8±0.6 2.4±0.7 1.8±0.4 82% 

 .002* .194 .000* .000* .002* .003* .016* .048* *:p<.05 
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Summary 

There is a wide correlation between the biomechanical studies 

(baropodometry) carried out in the Laboratory of 

Biomechatronics at CIATEC, A.C., and pelvic limb shortening 

identified with radiographic scans or radiometry studies. 

Introduction  

The limb dysmetria is defined as the difference or discrepancy 

in the length of one or several segments of a limb with respect 

to those of the contralateral limb, either due to excess 

(Hypermetry) or, which is much more frequent, by default or 

shortening (Hypometry).1 

There are several clinical methods of measurement: 1. From 

the anterior superior iliac spine to the tibial malleolus, also 

called true anisomelia and 2. The radiological study, the last 

one has been considered the gold standard in the evaluation of 

anisomelias.2 

 
Methods  

A sample of 34 patients with probable pelvic limb shortening 

was selected. 

A detection of compatible studies with probable shortening of 

pelvic limbs identified by unilateral plantar hypopressions in 

the baropodometries was made, Figure 1. 
 

 
Figure 1: Scanning of pelvic limbs with shortening of 1.1 cm. at the 

left-side. 

 

 

The patients detected with this baropodometric data were 

invariably asked for a radiographic test called pelvic limb 

scanning to correlate these changes by baropodometry. 

Once the studies were analized, the corresponding reports 

were elaborated, as well as the prescriptions of the orthotic 

devices applied for each case. In the same way, the 

millimeters indicated in the scan study were added in all 

patients for inclusion in the insoles. 

In the baropodometry studies the following was analyzed: a) 

Static standing test, b) Dynamic test, c) Posturography and d) 

Digital scanner of both feet. 

 

Results and Discussion  
 

The increase in plantar pressure in the non-affected pelvic 

limb is 76.5% related to the degree of shortening by scanning, 

which is a clear indicator of this relationship. Figure 2 shows 

the relationship of the loading surface in both feet.  

 
Figure 2: Correlation of the loading Surface between left and right 

foot. 

Conclusions 

The excess load on the non-affected pelvic limb represents a 

clinical indicator to determine a probable shortening of the 

limb. 

The biomechanical analysis of the distribution of plantar 

pressure represents a possible noninvasive indicator, easily 

accessible, fast and safe to suspect a shortening of pelvic 

extremities. 
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Summary 
It has been reported that squatting with the knees forward of the 
toes increases stress on the knee. A limitation of previous 
studies in this area is that the influence of shank position has 
been studied without consideration of trunk position, which has 
been shown to reduce the knee extensor moment during 
squatting. The purpose of this study was to determine which 
segment (trunk vs shank) is most influential with respect to 
predicting the knee extensor moment during squatting. Our 
results confirm that the trunk and shank have an opposing 
relationship with respect to the knee extensor moment during 
squatting. However, sagittal plane trunk posture appears to be 
more influential.  

Introduction 
Squatting is one of the most common exercises used in both the 
rehabilitation and sports performance settings. A long-held 
theory within the clinical and strength and conditioning settings 
is that the knees should not pass the toes to minimize stress on 
the knee [1]. Indeed, past studies have shown that a more 
upright tibia decreases patellofemoral joint stress [1, 2] and 
decreases knee extensor moments during squatting [3]. 
However, it is also known that a forward trunk posture can 
decrease knee extensor demands [3]. In congregate, studies 
suggest that the trunk and tibia have an opposing relationship 
with respect to the knee extensor moment.  
A limitation of previous studies in this area is that the influence 
of trunk or shank position has been studied in isolation. For 
example, a forward tibia may not increase knee loading if the 
trunk is forward. The purpose of this study was to determine 
which segment (trunk vs shank) is most influential with respect 
to predicting the knee extensor moment during squatting.  

Methods 
Kinematic and kinetic data were obtained from 8 male and 8 
female participants during the execution of 8 different back 
squat conditions in which the tibia and trunk orientations were 
manipulated (Figure 1).  

 
All squatting conditions were executed with 35% bodyweight 
while controlling stance width (1.5 ASIS distance), foot 
rotation (neutral), and barbell placement (between C7 and 
acromion). 

Univariate analysis was conducted to identify the individual 
relationships between the knee extensor moment (weight and 
height normalized at 90° of knee flexion) and trunk and shank 
orientation in the sagittal plane. To identify the best predictor(s) 
of the knee extensor moment, stepwise multiple regression was 
implemented.  

Results and Discussion 
Univariate analysis confirmed that the trunk and tibia have an 
opposing relationship with the knee extensor moment (Figure 
2). Increased sagittal plane shank orientation was associated 
with an increase in the knee extensor moment (β = -0.007, p < 
0.001, R2 = 0.25). Conversely, increased trunk orientation was 
associated with a decrease in the knee extensor moment (β = 
0.007, p < 0.001, R2 = 0.50). Based on the univariate models, 
the trunk influence was greater than the tibia (R2 value for the 
trunk model was 2 times larger compared to the shank model).  

 
Figure 2. Trunk and shank orientations have an opposing relationship 
with the knee extensor moment.   

With respect to the stepwise regression analysis, trunk 
orientation entered first and accounted for the greatest 
proportion of the variance in the knee extensor moment, R2 = 
0.50. Shank orientation entered second, R2 = 0.53, and 
explained an additional 3% of the variance.  

Conclusion 
These results confirm that the trunk and shank have an opposing 
relationship with respect to the knee extensor moment during 
squatting. However, sagittal plane trunk posture appears to be 
more influential.  
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Summary 

Afferent inputs of cutaneous sensitivity (CS) are essential for 

the control of movements. Motor control is affected already in 

early stages of dementia, but CS had not yet been studied. We 

investigated CS at the foot and hand in MCI subjects 

compared to controls. We only found gender differences for 

the control group. The other comparisons did not reveal 

significant differences. Further studies are necessary to 

confirm these findings. 

Introduction 

Considering structural and functional changes found in the 

brain, mild cognitive impairment (MCI) is known as an 

intermediate stage between the cognitive changes of normal 

aging and the dementia diseases [1]. In terms of motor control, 

persons with MCI also presented transitional performance 

compared to controls and patients with early Alzheimer’s 

disease 2]. CS could be an important parameter to investigate, 

as it is essential for motor performance [3] and many 

anatomical structures associated with processing CS are 

already negatively affected in MCI cases [2]. Hence, we 

investigated CS in MCI subjects compared to healthy controls. 

We hypothesized decreased CS in MCI subjects. 

Methods 

Ninety subjects (MCI: 30♂, 19♀; healthy controls (CG) 21♂, 

20♀) participated in this study (mean±SD: 82.3±2.7 yrs, 

1.7±0.1 m, 74.6±12.6 kg). The Montreal Cognitive 

Assessment (MoCA) was used to determine the groups. Three 

trials of vibration perception thresholds (VPTs, 30 Hz) at the 

foot (Met I) and at the hand (fingertip of the index finger) of 

the preferred side were measured. Mean±SD of the VPTs were 

calculated for statistical analyses. 

Results and Discussion 

CS at the foot exhibited significant gender differences for the 

CG group (Table 1). Poorer sensitivity in older males 

compared to older females is in line with previous research 

[4]. The same tendency was present in the MCI group, but 

there were no statistically significant differences. This may be 

due to the large amount of variability between our subjects. 

Gender differences were not evident at the hands, which may 

be explained by the frequency of the measurement: Vater-

Pacini corpuscles (200 Hz) deteriorate more with aging 

compared to Meissner corpuscles (30 Hz) in males [5].  

When comparing MCI to CG, there were no differences for 

the hand for females and males, respectively. For the foot, and 

when considering means, it was surprising that there were no 

significant differences between MCI and CG. This was not 

expected, because MCI and dementia patients exhibit motor 

impairments and balance disabilities [2]. Furthermore, studies 

clearly point to CS playing an important role in motor control. 

Additionally, afferent integration areas, e.g. the brainstem [6], 

internal capsule [7], spinal cord [8], or the primary 

somatosensory cortex [9], are negatively affected in (early) 

dementia and in MCI. Despite large differences of mean 

values, variation was very large, which led to non-significant 

findings. Although neurological diseases (e.g. Parkinson 

diseases and peripheral neuropathy) were defined as exclusion 

criteria, it is possible that CS was influenced by comorbidities, 

since subjects were +80yrs.  

This is the first study to examine CS in MCI subjects vs. 

controls. Therefore, more research including different 

anatomical locations and measuring frequencies is needed 

regarding this issue.  

Conclusions 

This study showed no differences in CS between MCI and 

healthy controls. Gender differences were found for CG, but 

not for the MCI group. Future studies are needed to further 

investigate the afferent responses in patients with dementia 

and in early stages of dementia.  
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Table 1: Mean±SD of cutaneous sensitivity (VTP, in µm) at hand and foot for controls (CG) and mild cognitive impairment (MCI). * p<0.05 

  CG MCI 

  female  male  female  male  

CS: Hand  17.6±13.3 17.8±9.4 18.0±9.5 17.6±8.1 

CS: Foot 28.0±14.0* 59.8±86.4* 35.9±33.0 122.4±203.1 
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Summary 

This study examined the changes in the smoothness of joint 

torques during therapeutic interventions to sit-to-stand (STS) 

movement performed by the subjects after stroke. The results 

showed two expert physiotherapists consistently handled the 

motions to adjust the smoothness. The effect was observed after 

the therapeutic session, suggesting the therapeutic intervention 

tuned temporal parameter in the control system to realize an 

optimal smoothness in joint dynamics. 

Introduction 

Recovery of STS movement is important for performing 

activities of daily living after stroke. Optimal torque change 

cost is one of the important skill factors for STS [1]. However, 

detailed knowledge about the changes in the smoothness of 

joint dynamics during physiotherapy intervention for STS after 

stroke has been limited so far. 

This study aimed to examine the changes in smoothness of 

dynamic muscle torques during therapeutic interventions for 

STS after stroke. 

Methods 

Forty-five inpatient stroke survivors who can keep independent 

standing posture participated after informed consent (Age: 58.6

±11.5, lower extremity FMA: 23.7±6.5). They were asked to 

stand up from a standardized chair-sitting posture in 

comfortable speed for 10 times in the baseline session. Next, 

during the therapy session, consistent intervention to the knee 

and hip on the affected side was provided by a skilled 

physiotherapist for 10 trials. The follow-up session consists of 

10 trials; thus 30 trials were measured consecutively in total. 

The subject was allowed to have a rest any time. Two expert 

physiotherapists volunteered to serve as a model of intervention 

for the trials. Each therapist handled different patients. Paralysis 

level and gait performance of the subject group for each 

therapist were comparable. 

Body kinematics (100Hz) and ground reaction forces under the 

feet and buttocks of the subject (2kHz) were recorded using a 

3D Mo-cap system and force plates. Dynamic muscle torques 

after removing gravitational component for the three linked 

rigid body model composed of the HAT, thigh, and shank in the 

sagittal plane were computed as actively-controlled variable for 

STS [2]. Smoothness of torque production was quantified using 

the normalized torque-change cost (TCC) of dynamic muscle 

torque 𝜏𝑖  ; 

TCC =  
√∑ ∫ (

𝑑𝜏𝑖

𝑑𝑡
)

2𝑀𝑇

0
𝑑𝑡

(∆𝜏𝑖/MT)
⁄

, 

where ∆𝜏𝑖 denotes absolute amplitude of the changes of 𝜏𝑖 at i-

th joint. MT is the movement time. Low TCC means smooth 

torque production. TCCs for 10 trials were averaged for each 

session. Difference of TCC between the therapy and baseline 

sessions (baseline - therapy) was defined as the direct-effect, 

and the difference between the follow-up and baseline session 

(baseline – follow-up) was defined as the after-effect of the 

intervention. 

Results and Discussion 

TCC change during the therapy session was significantly 

associated with the baseline TCC (R2 = 0.54, p < 0.001, Figure 

1A). The more TCC, i.e., less-smooth, in the baseline, the more 

smooth motion was realized by the handling of the therapists. 

Notably, for some subjects with low TCC in the baseline, the 

therapists adopted less-smooth pattern for intervention 

seemingly to enhance “agility” (red markers in Figure 1A). 

Optimal timing of the muscle synergy activation pattern was 

thought to be accompanied [3]. Significant correlation between 

the after- and direct-effect (R2  = 0.45, p<0.001, Figure 1B) 

suggested that the intervention affected torque production 

process of the subject. 

 

Figure 1: A: Direct-effect against the baseline cost (TCC). B: 

Relationship between direct- and after-effect with a black line of unit 
inclination. Linear regressions in blue lines. 

Conclusions 

Expert physiotherapists consistently changed the smoothness of 

joint torque production process depending on the subject after 

stroke. 
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Summary 

This is a pilot study to investigate if a new conceptual 
diagnostic test, the Stand-Up Test (SUT) can assess subtle 
mobility decline in independent community dwellers. A 3D 
motion capture analysis was applied to quantify the center of 
mass momentum (COM) during sit-to-stand tasks. The COM 
controls in each specific direction were related pain and muscle 
weakness. The SUT can detect subtle mobility decline in 
independent community dwellers related to age and even subtle 
muscle weakness and pain.  

Introduction 

A new concept called ‘Locomotive Syndrome (LS)’ has been 
utilized to recognize musculoskeletal mobility dysfunction 
alone is a disease [1]. The Stand-Up Test (SUT) [2] is one of 
the diagnostic tools for LS, which requires a person to perform 
sit-to-stand (STS) by single limb (Figure 1). A successful 
completion of the task for each limb is considered as a level of 
‘no-functional limitation’. Our other pilot study revealed 85% 
of 114 healthy-active community dwellers failed. This test can 
be a sensitive screening to detect age-related mobility decline 
for asymptomatic individuals. The purpose of this study was to 
examine if there is different biomechanics during STS between 
individuals with ‘no-functional limitation’ and individuals with 
‘early functional limitations’ as categorized by SUT. 

Methods 

 Fifteen independent community dwellers (Age: 56.3± 9.5 
years, BMI: 26.3± 4.2kg/cm2) participated in this study. As 
clinical assessments, subjects completed several functional 

assessments and quadriceps strength as measured during a 
maximum isometric contraction. The center of mass (COM) 
momentum [3] during STS from their knee-height chair was 
analyzed. Participants were categorized into 2 groups 
diagnosed by the SUT. Kruskal-Wallis H tests and Wilcoxon 
Ranked test were used to detect differences in each variable 
between groups and to describe relationship between 
biomechanical parameters and clinical impairments. 

Results and Discussion 

No clinical significances in clinical assessments and ability of 
controlling the COM were found between groups (p>0.05), 
except BMI (p=0.03) (Table 1). Age was significantly 
contributed different COM control between two groups in three 
dimensions (p>0.05). Pain significantly related to the forward 
(x) and lateral (y) COM control (x: Z=-2.42, p=0.02, y: Z=-
3.17, p<0.01) while quadriceps strength significantly related to 
the forward and vertical COM control (x: Z=-3.30, p<0.01, z: 
Z=-3.30, p<0.01) Quadriceps strength was also significantly 
related to kinetic energy for COM (Z=-3.30, p<0.01). The SUT, 
is a sensitive screening to detect subtle mobility decline among 
independent community dwellers because it significantly 
correlates altered primary impairments of LS, muscle weakness 
and pain, along with aging, even clinically meaningful declines 
in mobility occurs.  

Conclusions 

A high prevalence of comorbidities is a significant health issue 
in the U.S. [4]. Proper adaptation of SUT can be beneficial to 
assess elusive mobility decline in older adults and 
biomechanical characteristics of STS related to pain and muscle 
weakness.  
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Table 1: Demographic and Clinical Status for Participants (*: p<0.05 between groups) 

  Age* 
Body Mass 
Index (kg/m2)* 

PROMIS®  
-Physical Function Score- 

Quadriceps 
Strength (N/BMI) 

Pain  
(Worst pain =120) 30s Chair Rise Test 6min Walk Test (m) 

Group 1 48.00 ± 2.8 21.82 ± 1.37 52.45 ± 2.3 0.17 ± 0.00 3.50 ± 0.7 21.00 ± 5.7 765.44 ± 7.2 

Group 2 60.17 ± 8.3 26.27 ± 4.72 46.96 ± 4.0 0.14 ± 0.02 13.08 ± 10.1 15.17 ± 3.5 626.45 ± 102.3 

Figure 1: (Left) The Stand-up Test: To be diagnosed as ‘non-functional 
limitation’, participants must be able to stand up from a 40cm stool 
with single squatting for each limb. (Right) A total of 85% of 
independent community dwellers could not pass the ‘healthy’ cut-off. 

40cm 
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Summary 

Upper limb kinematics may reflect the higher rate of rotator cuff 

injuries in breast cancer survivors (BCS) after treatment. 

Motion of BCS and controls was evaluated during functional 

tasks (FTs). BCS with impingement pain demonstrated lower 

scapular upward rotation, humeral abduction, and humeral 

internal rotation during select tasks. These compensations may 

relate to rotator cuff disease (RCD) and provide insight into 

possible RCD development in this population. 

Introduction 

Upper limb limitations are a common side effect of breast 

cancer treatment. BCS regularly report problems with range of 

motion, strength, pain, and other morbidities [1]. Secondary 

morbidities of the upper limb, particularly RCD, are also more 

common in BCS than non-cancer controls [2]. Indeed, post-

treatment changes to upper limb kinematics may predispose 

BCS to RCD [3]; however, the alterations, particularly during 

FTs, are largely unknown, and were the focus of this study. 

Methods 

Twenty-five BCS who had undergone mastectomy at least 6 

months prior to testing and 25 women with no upper limb 

impairments participated. All were aged 35-65 and were 

screened with impingement pain tests. BCS were separated into 

two groups by presence of pain (BC+ and BC-). All participants 

completed a disability questionnaire and six FTs based on a 

return to work evaluation protocol: overhead reach, repetitive 

reach, fingertip dexterity, hand and forearm dexterity, overhead 

lift and overhead work. The torso, scapulae and upper arms 

were tracked via motion capture and joint angles were 

calculated using ISB standards. Movement in each task was 

divided into cycles and mean, maximum, and minimum values 

were calculated. Group differences (BC+. BC-, control) were 

tested with one-way ANOVAs (p<0.05) by FT and confirmed 

with Tukey HSD. 

Results and Discussion 

Both BCS groups reported higher upper limb disability than 

controls (BC+: 18.9; BC-: 14.4; control: 4.7). Scapular upward 

rotation was reduced in BC+ compared to non-pain groups in 

all overhead tasks (Figure 1), while peak humeral abduction and 

internal rotation were also lower for that group in the overhead 

lift and repetitive reach. 

 

Figure 1: Scapular upward rotation during the three overhead tasks. 

*denotes significant difference 

BCS and RCD status indicate important pathological 

kinematics occurred during FTs. These kinematic alterations 

are consistent with those of persons with RCD and may be 

responsible for impingement of the supraspinatus tendon [4]. 

No differences existed in the least strenuous FTs, but tasks 

requiring repetitive overhead motion or movement near 

maximum humeral range of motion may increase the likelihood 

of injury due to the compensations present. Scapular upward 

rotation and humeral abduction and internal rotation should be 

monitored throughout recovery as these potentially harmful 

movement strategies could contribute to further RCD 

development 

Conclusions 

BCS past the initial recovery stage had kinematic alterations 

during functional task performance. However, impingement 

pain presence more strongly influenced compensations and 

should be considered when assessing BCS in functional tasks. 

It is unclear if these alterations cause or result from the pain.  
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Summary 

Optoelectronic plethysmography (OEP) is a 3D motion 

capture technique that provides information on an 

individual’s breathing pattern by measuring the movement of 

the chest wall. The purpose of this study was to determine if 

OEP derived breathing parameters could distinguish between 

rest, various exercise intensities, and recovery. Thirty-one 

participants performed an incremental cycle test until 

volitional exhaustion. The ratio of inspiratory to expiratory 

flow at 50% of tidal volume (IE50) and phase angle between 

the ribcage and the abdomen was calculated as rest, low, 

moderate, and high exercise intensity, and recovery post 

exercise. If was found that these OEP derived parameters 

were sufficiently sensitive enough to distinguish between 

rest and each exercise intensity, low and high exercise 

intensities, and between rest and recovery demonstrating the 

potential use of OEP in the assessment of respiratory 

function.  

Introduction 

Optoelectronic plethysmography (OEP) is a technique that 

measures the movement of the chest wall using a 3-

dimensional motion capture system. The purpose of this 

study was to investigate if OEP derived breathing parameters 

could significantly distinguish between rest, different 

exercise intensities, and recovery post exercise.  

Methods 

This study was approved by the University of Kent’s 

Research Ethics Advisory Group (Prop 44_2017_18). 

Thirty-one physically active healthy participants (19 male, 

12 female) performed an incremental cycle test. Respiratory 

function data was collected using two measurement 

techniques simultaneously, namely OEP and a breath-by-

breath analyser (CORTEX biophysik MetaLyzer). The OEP 

system consisted of 11 Qualisys cameras and 90 markers. 

The cycle test began at 50 W and increased by 30 W every 

minute until volitional exhaustion. Both systems recorded 

data for approximately 30 – 60 seconds at rest, low, 

moderate, and high exercise intensity, and recovery post 

exercise. Exercise intensities were defined using the 

respiratory exchange ratio (RER) obtained from the breath-

by-breath analyser with low, moderate, and high exercise 

intensity being defined as a RER value of 0.8, 1.0, and >1.1, 

respectively. From the OEP data, volume and changes in 

volume of the torso were calculated using the prism-based 

method [1]. The torso was compartmentalised into the 

ribcage and the abdomen. The ratio of inspiratory to 

expiratory flow at 50% of tidal volume (IE50) and phase 

angle was calculated using the compartmental volumes. 

Phase angle represents the temporal movement of the rib 

cage in relation to the abdomen during each breathing cycle 

which allows the synchrony between the two compartments 

to be quantified with 0 degrees representing perfect 

synchrony and 180 degrees representing complete 

asynchrony. A repeated measures ANOVA was used to 

identify significant differences between intensities.     

Results and Discussion 

The volume contained from the OEP system correlated well 

against the breath-by-breath analyser, establishing OEP as an 

accurate breathing function measurement technique. Figure 1 

shows that both IE50 and phase angle were found to 

significantly change from rest and each exercise intensity (p 

≤ 0.000), between low and high exercise intensity (p ≤ 

0.012) and between rest and recovery (p ≤ 0.026). These 

parameters have previously been used to successfully 

distinguish between different populations using structured 

light plethysmography, a more difficult to administer 

measurement systems, particularly during exercise [2].  

 

Figure 1: Mean IE50 (a) and phase angle (b) changes across 

exercise intensities.  

Conclusions 

These results provide evidence that the breathing parameters 

IE50 and phase angle are able to distinguish between rest 

and each exercise intensity, low and high exercise 

intensities, and between rest and recovery pre and post 

exercise, when measured using OEP. This illustrates the 

promising potential use of this motion capture derived 

technology in the assessment of respiratory function and its 

potential for differentiation between conditions, and for 

diagnosis. 
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SUMMARY 
Fracture energy was computed as an objective measure of intra-
articular fracture (IAF) severity across multiple joints. Energies 
were normalized by contact areas to enable comparison of post-
traumatic osteoarthritis (PTOA) rates across joints. There was 
a highly significant relationship between contact area-
normalized fracture energy and PTOA rates (R2=0.92). These 
results suggest that unaccounted-for-variation in acute severity 
may explain joint-specific PTOA risk after IAF. 

INTRODUCTION 
Despite advances in surgical care over the past 50 years, rates 
of PTOA following IAFs have not substantially declined [1]. 
There are two prevailing theories to explain this: (1) the initial 
fracturing event damages the joint beyond its capacity to 
recover and/or (2) following surgical IAF reduction, residual 
incongruities lead to changes in the mechanical environment 
that are deleterious to joint health. Though both undoubtedly 
contribute, unaccounted-for-variation in acute fracture severity 
may explain persistently high PTOA rates following IAFs, 
despite ostensibly improved treatment. We hypothesize that 
acute IAF severity, along with associated biological responses, 
contributes most significantly to PTOA risk in these joints.  

METHODS 
In this IRB-approved study, 317 patients were selected for 
having pre-op CT scans available for IAFs of their distal radius, 
acetabulum, proximal tibia, distal tibia, or calcaneus. Fracture 
severity was analyzed using previously validated, objective 
methods to quantify the energy involved in each fracture (i.e., 
the fracture energy) from pre-op CT scans (Figure 1) [2]. 

 
Figure 1: Fracture energies are computed from pre-op CT based 
upon the inter-fragmentary surface areas, scaled by bone density. 

When axial impacts are delivered to a joint, energy transfer is 
distributed over the articular contact area. To enable 

comparisons of the fracture energies across different joints, we 
therefore normalized to joint-specific contact areas. To explore 
how acute IAF severity influences PTOA risk, we first 
examined correlations between the computed fracture energies 
and published PTOA rates (Kellgren-Lawrence radiographic 
grade ≥2) [3]. Then we likewise examined correlations between 
contact area-normalized fracture energies and PTOA rates. 

RESULTS AND DISCUSSION 
Fracture energies ranged from 0.9 to 41.9 Joules (J). Contact 
area-normalized fracture energies ranged from 0.14 to 8.9 
J/cm2. Fracture energies showed no correlation with published 
PTOA rates across the joints studied. However, there was a 
highly significant relationship (R2=0.92) between contact area-
normalized fracture energies and PTOA rates (Figure 2). 

Figure 2: Contact area-normalized fracture energy is predictive of 
PTOA rates after IAF across the different joints studied. 

The hypothesis that acute IAF severity, once corrected for joint 
contact area, significantly contributes to PTOA risk is strongly 
supported by these results. This elucidates a potential reason for 
the disconnect between advances in IAF management and the 
persistently high rates of PTOA. Acute damage caused by IAF 
appears to be a significant contributor to PTOA risk that is not 
effectively treated. This suggests that novel biological 
interventions may substantially lessen PTOA risk after IAF. 
CONCLUSIONS 
This study is the first to objectively compare the contribution of 
acute IAF severity across different joints of the body. The 
results suggest that acute fracture severity may, in large part, 
explain why high PTOA rates persist after IAFs. 
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Summary 

Although exercise therapy is recommended as one of the 
keystones of non-pharmacological treatment for 
spondyloartritis, an inflammatory rheumatological disease, 
little is known about which exercise regime is warranted. Data 
on spinal mobility and strength are scarce. Hence the aim of 
the current study was to compare the isometric trunk strength 
and spinal mobility in SpA-patients (measured with the David 
Back Devices) with healthy control subjects matched for 
gender and age. Results of this study showed that in SpA-
patients with rather early and well controlled disease, trunk 
and cervical muscle strength are already significantly 
decreased as well as mobility of cervical spine and rotation of 
thoracic/lumbar spine. Therefore, there is suggested that 
rehabilitation of these patients should not only focus on 
mobility but should also include trunk strengthening exercises. 

Introduction 

Spondyloarthritis (SpA) is a chronic, inflammatory 
rheumatological disease of unknown origin which can 
seriously affect the mobility of the spine. Even though 
exercise therapy is considered one of the keystones of non-
pharmacological treatment [1], guidelines on exercise 
programs remain vague due to a lack of objective 
measurements from trunk mobility and strength. Therefore, 
the aim of this study was to measure the trunk strength and 
spinal mobility in SpA-patients and compare these parameters 
to healthy subjects matched for gender and age. 
 

Methods 

SpA-patients of the outpatient rheumatology department of the 
Ghent University Hospital were consecutively asked to 
participate in the study. After informed consent, the Bath 
Ankylosing Spondylitis Disease Activity Index (BASDAI), 
Functional Index (BASFI) and Metrology Index (BASMI) 
were evaluated. To measure trunk and cervical strength, 
patients performed 2 repetitions of a maximal isometric 
contraction for flexion, extension, lateral flexion and rotation  

on the David Back devices (DBD) after measuring the spinal 
mobility in these directions. The maximum value of the 2 
repetitions was kept for further analysis. For assessments of 
lateral flexion and rotation, measured with the DBD, the mean 
was calculated for right and left measurements. Spinal 
mobility and trunk strength were compared with a healthy 
reference population, matched for gender and age by means of 
Wilcoxon signed-rank tests.  

Results and Discussion 

Thirty-one SpA-patients participated in this study of which 18 
were male (58%). Median time since diagnosis was 5 years. 
Mean age of the patients was 41 years (range: 21 – 58 years) 
and their BMI was on average 24 (range: 17-33). Averages for 
BASDAI, BASFI and BASMI were 2.6, 1.7 and 0.9 
respectively, indicating rather good disease control.  
SpA-patients showed decreased mobility for cervical flexion 
(p<0.001), extension (p<0.001) and rotation (p<0.001) 
compared to the healthy population. Trunk rotation (p=0.001) 
was decreased while trunk extension was increased in SPA-
patients. Cervical and trunk muscle strength was significantly 
decreased in SpA-patients in all directions compared to the 
reference population (flexion: p=0.02, other directions: 
p<0.001)(See Table 1). 

Conclusions 

Results of this study showed that in SpA-patients with rather 
early disease, trunk and cervical muscle strength is already 
significantly decreased. In addition, mobility of cervical spine 
and rotation of thoracic/lumbar spine as measured with the  
DBD is significantly reduced in these patients, despite their 
experienced low disease activity, low functional impairment 
and normal mobility on clinical examination. Therefore, it is 
suggested that rehabilitation of these patients should not only 
focus on mobility but should definitely include trunk 
strengthening exercises. 
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  mobility (°) strength (N) 

motion cervical lumbar cervical lumbar 

  SpA healthy p SpA healthy p SpA healthy p SpA healthy p 

flex 43.8±17.3 59.5±3.7 <0.001 46.1±8.6 48.5±1.3 0.5 15.3±8.6 18.7±5.4 0.02 69.0±35.0 140.9±43.1 <0.001 
ext 41.6±11.0 70.1±6.1 <0.001 30.7±2.3 29.0±0.9 0.001 24.2±14.0 43.3±10.9 <0.001 128.0±60.0 247.6±66.6 <0.001 
lat flex 41.4±9.03 42.7±2.8 0.4 40.8±9.2 40.0±0.1 0.6 19.0±10.1 33.2±9.5 <0.001 67.3±38.3 142.5±44.2 <0.001 
rot 64.6±13.6 77.2±4.3 <0.001 41.2±10.5 48.3±2.1 0.001 7.34±4.6 13.9±5.6 <0.001 62.6±36.0 104.3±32.1 <0.001 

Table 1: mean values ± standard deviation for the mobility and strength measured with the David Back Devices 
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Summary 

Arrhythmicity of upper and lower limb movements is 

increased in people with Parkinson’s disease (PD) and 

associated with freezing symptoms in both movement types. 

However, it is unknown if arrhythmicity of upper and lower 

limb movements is related to each other in people with PD. In 

this study, 50 people with PD and 36 controls performed an 

alternating keyboard tapping task and a stepping in place task. 

Arrhythmicity was found to be elevated in people with PD 

compared to controls in both tasks. Further, arrhythmicity of 

the stepping in place task was significantly correlated with the 

arrhythmicity of the keyboard tapping task performed with the 

less-affected limb in people with PD, but not for controls. 

These results suggest arrhythmicity is increased in people with 

PD, and the arrhythmicity of the less-affected upper limb 

movement may be more predictive of lower limb movement 

arrhythmicity.  

Introduction 

Arrhythmicity of movement has been demonstrated to be a 

common signature of Parkinson’s disease (PD). Previous 

studies have found that variability in lower limb movements is 

associated with freezing of gait (FOG) symptoms, and 

variability of upper limb movements is associated with 

freezing of upper limbs (FOUL) [1,2]. Moreover, FOUL is 

often found in people who have FOG. However, it has not 

been established if there is a relationship between the 

variability of upper and lower limb movements in people with 

PD. In this study, we used an upper limb movement task [3] 

and a simulated gait task [4] to evaluate if arrhythmicity in 

upper and lower limb movements are associated with each 

other in PD. 

Methods 

50 people with PD (19 female, age 65.4 ± 7.6 yrs) tested off 

dopaminergic medication and 36 controls (18 female, age 61.7 

± 8.6 yrs) participated in the study. Upper limb movement was 

assessed using a quantitative digitography (QDG) task with 

each hand [3]. The task consisted of self-paced alternating 

finger tapping on a keyboard using the index and middle 

finger of the same hand for 30 seconds. Lower limb movement 

was assessed using a stepping in place (SIP) task [4]. 

Participants were instructed to step in place at a self-selected 

pace on two force plates for a period of 100 seconds. 

Arrhythmicity was calculated using the coefficient of variation 

of the inter strike interval (CVISI) between key strikes for the 

QDG task and stride time (CVST) for the SIP task. Repeated 

measures ANOVAs were run to compare groups for both 

CVISI and CVST (p < 0.05). The CVISI ANOVA had the 

additional factor of more vs. less-affected limb (determined by 

lateralized Unified Parkinson’s Disease Rating Scale 

(UPDRS) values for people with PD, non-dominant vs. 

dominant for controls). Spearman correlations were also run to 

assess the relationship between CVISI and CVST in each group 

(p < 0.05).  

Results and Discussion 

Consistent with previous studies, CVISI and CVST were 

significantly increased in people with PD compared to 

controls (p < 0.001). Also, there was an increase in CVISI in 

the more-affected (non-dominant for controls) limb compared 

to the less-affected (dominant for controls) limb (p = 0.010). A 

significant positive correlation between the CVISI of the less-

affected (dominant) limb and CVST was observed in the people 

with PD (Figure 1, r = 0.42, p < 0.01), but not for the controls 

(r = 0.28, p = 0.58). No significant correlation was found 

between CVISI of the more-affected (non-dominant) limb and 

CVST in either people with PD (r = 0.32, p = 0.47) or controls 

(r = 0.23, p = 0.36). These results suggest that loss of motor 

control in PD results in increased arrhythmicity of upper and 

lower limb movements, and the arrhythmicity observed in the 

less-affected upper limb movement may be more predictive of 

arrhythmicity in lower limb movements.  

 

Figure 1: Correlation between the CVISI from the less-affected hand 

and CVST for controls (green) and people with PD (purple). 

Conclusions 

Arrhythmicity of upper and lower limb movements is 

increased in PD, and the arrhythmicity of the less-affected 

upper limb movement may be predictive of lower limb 

movement arrhythmicity. Future studies should investigate if 

this relationship is different between people with and without 

freezing symptoms (FOUL or FOG). 
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Summary 

Twenty-one CPR-certified participants performed six-minutes 
of CPR on a training manikin in four positions. 
Electromyography (EMG) of nine muscles, kinematics of the 
training manikin, and kinetic data at the hands of the rescuer 
were collected. There was no difference in the rate of decrease 
of chest compression (CC) force and depth over time across 
positions, however CC force and depth were significantly 
lower at waist height (WH), in almost all cases never reaching 
minimum CPR guidelines. Triceps Brachii (TB) produced the 
highest peak activations of all recorded muscles and showed 
evidence of fatigue for all CPR positions. Therefore, it is 
recommended rescuers attempt to rest the TB during 
ventilations, if performing CPR with two or more rescuers. 
Lastly, an exercise program should be prescribed to those 
predisposed to increased bouts of CPR. 

Introduction 

The aim of CPR is to circulate oxygenated blood, while 
generating artificial cardiac output. Within the United States 
upwards of 424,000 citizens will suffer a cardiac arrest each 
year[1], with a survival rate to hospital discharge of 9.6%[2].  
Recent studies have identified high-performance/quality CPR 
as a significant contributor to improvement in cardiac arrest 
survival rates[3], however CPR is often performed sub-
optimally. To the authors’ knowledge no study has evaluated 
the combination of multiple CPR positions with local muscle 
fatigue and measures of CPR quality. Therefore, the purpose 
of this study was to evaluate muscle fatigue and CPR quality 
over time, during four positions. 

Methods 

In a laboratory environment, twenty-one CPR-certified 
participants performed six-minutes of CPR, on a training 
manikin at four positions and were provided with breaks 
between positions. The four positions, based on the height of 
the manikin, were: kneeling (floor) height (KH), low (33 cm) 
height (LH), finger height (FH), and waist height (WH). EMG 
data of nine upper limb muscles were collected during each 
position and during standardized isometric push/pull exercises, 
which were completed prior to and following each position. 
Kinematic data was collected using Vicon motion systems and 
kinetic data was collected using an AMTI force plate beneath 
the manikin.  

Results and Discussion 

Based on a significant (p<0.05) decrease in mean power 
frequency (MPF), the position with the highest number of 
muscles that displayed evidence of fatigue was WH. The TB, 
bilaterally, had significant decreases in MPF in all positions 

and displayed the highest overall activation in the 90th 
percentile, of the amplitude probably distribution function 
(APDF), which highlighted both its critical and limiting role. 
The TB also had one of lowest activations in the 10th 
percentile (0.94%MVC) during all positions, which suggested 
rescuers used the potential rest time during ventilations. There 
was a decrease in CC force and depth over time within all 
positions, with an average decrease in CC force of 95.29 
N±70.57 over the 6-minutes. Throughout time WH was found 
to have significantly lower CC force (p<0.001) and CC depth 
(p<0.001) compared to all other positions.  

 
Figure 1: EMG and CC force ensemble averaged over each CC, 

during FH. 

Peak EMG activity of TB, pectoralis major, extensor carpi 
radials brevis, and flexor digitorum superficialis, bilaterally, 
occurred prior to peak force (fig. 1) suggesting they stabilized 
the upper limbs, which allowed force transfer. 90th percentile 
CC force was on average 819 N during KH, LH, and FH. As 
510 N would compress the training manikin’s spring 5 cm, the 
results would imply certain participants exerted more force 
than necessary. This however did not increase CC depth, as 
the manikin was equipped with a mechanical stop, suggesting 
minimal feedback was available to the rescuer to prevent this. 

Conclusions 

Rescuers should perform CPR below WH, by either lowering 
the patient or safely raising themselves off the ground. CPR 
feedback devices should be improved to detect full CC and 
display force vs. depth measurements. Lastly, an exercise 
program that focuses on strengthening, particularly the TB, 
should be prescribed to those predisposed to increased bouts 
of CPR. 
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Summary 

An accurate method to analyze shoulder kinematics in a clinical 
setting is needed in order to optimize treatment. The purpose of 
this study was to determine the reliability and accuracy of 
kinematics derived from 2D assessment of single plane 
fluoroscopy images compared to kinematics from 2D/3D 
shape-matching. Inter-rater reliability was found to be good to 
excellent for all but one variable. 2D assessments consistently 
overestimated values compared to 2D/3D shape-matching with 
variable root means square errors from ranging from 8° to 35°. 
More data is needed to determine if correction equations can be 
effective in improving the clinical usefulness of measures. 

Introduction 

Shoulder pain is the second most common musculoskeletal pain 
condition, and it has been linked to abnormal kinematics 
[1,2,3]. Analysis of joint kinematics can be used to create more 
effective individualized treatments, however accurate 
kinematics are difficult to obtain in a clinical setting, 
particularly due to visual obstruction of bone motion by 
overlying soft tissue. Single plane fluoroscopy units are 
available in many health systems and are able to capture 
dynamic, in vivo joint motion. The long-term goal of this 
research is to determine if single plane fluoroscopy is a valuable 
assessment tool to obtain shoulder kinematics in a clinical 
setting. The purpose of this study was to identify inter-rater 
reliability of 2D assessment of fluoroscopic images as well as 
accuracy of the 2D assessment compared to kinematics derived 
from 2D/3D shape-matching.  

Methods 

De-identified fluoroscopic videos from a previous study on 
subjects with and without shoulder pain were used. Subjects in 
the fluoroscopic videos had no history of trauma or surgery, 
could achieve at least 120° of humeral elevation, and did not 
have shoulder pain of cervical origin. 

Eight professional doctoral physical therapy students 
underwent standardized training in the definition of the 
variables of interest and the use of Kinovea (Joan Charmant and 
contributors) software to aid in 2D fluoroscopic video analysis 
(Figure 1). Each rater evaluated 16 fluoroscopic videos for 
static variables at rest and end range scapular plane abduction 
(Table 1). Inter-rater reliability was determined using intraclass 
correlation coefficients (ICCs) with factors of subjects and 
raters and standard errors of measurement (SEMs).  

 
A single rater’s 2D assessment of subjects’ fluoroscopy images 
were compared to kinematics from a previous study derived by 

2D/3D shape-matching in which subject-specific 3D bone 
models were overlaid on fluoroscopic videos to identify bone 
and joint positions. A descriptive analysis of root means square 
(RMS) errors between 2D and 2D/3D shape-matched values 
was conducted to assess accuracy. Bland-Altman plots for each 
variable were produced comparing 2D and 2D/3D values. 

Results and Discussion 

Excellent inter-rater reliability was found for three of the five 
variables, with ICCs of ³0.90 [4]. The remaining two variables 
had good reliability with ICCs of ³0.75 [4]. There are no 
specific guidelines for SEMs for fluoroscopy, however all 
variables except clavicular elevation at end range had SEMs 
within 5°, which is the widely accepted SEM for angle 
measurement with goniometry.  

Table 1: Intraclass correlation coefficients (ICC) and standard error of 
measurement (SEM) for variables evaluated with the subject at rest and 
at end range scapular plane elevation. 
 

Position Variable ICC SEM 

Rest 
Scapular Upward Rotation 0.78 3.00 
Glenoid Inclination 0.88 2.30 
Clavicular Elevation 0.98 2.60 

End Range Scapular Upward Rotation 0.90 3.95 
Clavicular Elevation 0.92 10.45 

 
Error was found between 2D and 2D/3D values, as expected 
due to the fluoroscopic planar projection. 2D values 
consistently overestimated the values found through 2D/3D 
shape-matching with RMS errors from 8.2° to 34.8°. Additional 
analysis is needed to determine if error patterns are adequately 
consistent to successfully apply correction equations. 

This study is ongoing; more data are being analyzed from our 
reserve of approximately 100 fluoroscopic videos, and ongoing 
analysis will include additional variables and evaluation of 
intra-rater reliability. This ongoing analysis is needed to 
determine if 2D assessment of single plane fluoroscopy is 
accurate enough for clinical utility. 

Conclusions 

Simple 2D assessment of shoulder kinematics using single 
plane fluoroscopy has good to excellent inter-rater reliability for 
several variables. Kinematics determined by 2D assessment 
have variable RMS errors and overestimate values from 2D/3D 
shape-matching. 
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Figure 1: Identification of clavicular 
elevation angle in a single plane 
fluoroscopy image using Kinovea 
software. 
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Summary 
In this study, hip torques in the transverse plane were analysed 
during the side-walk exercise with elastic resistance. Besides 
showing that the resistance offered by the elastic band does 
not seem to agree with commonly set goals of hip 
rehabilitation, our results show that torque outputs and and the 
effect of elastic band resistance are highly dependent on 
whether the elastic is place at thigh or shank height: Side walk 
with elastic resistance is associated to a great magnitude of 
work production to hip internal rotators and may not be 
beneficial to hip muscle balance in the transverse plane.  

Introduction 
Dynamic knee valgus is a highly undesirable movement 
pattern that has been associated to a greater risk of lower limb 
injuries such as anterior cruciate ligament rupture and 
patellofemoral pain [1]. The valgus movement consists 
primarily on an abduction of the knee combined with hip 
adduction and internal rotation. Therefore, strengthening of 
muscles around the hip that can oppose to this movement is 
considered important. 
Side walk with elastic resistance, aka “Sumo walk”, consists 
on walking sideways with the lower limb slightly flexed and 
with an elastic band between legs. This exercise has been 
widely used in clinical and strength training practice with the 
purpose of strengthening hip muscles and enhancing 
movement control in an, arguably, functional way [2].  
Despite its common use, knowledge and consciousness 
regarding the moments applied to the hip and regarding the 
effect of elastic band placement seems to be scarce. In this 
study, we aimed to analyse the resultant torque at the hip joint 
in the transverse and frontal plane the side walk exercise with 
the elastic band positioned at thigh height and at shank height. 
Specifically, we wanted to test the following hypothesis: i) 
hip torques are primarily in the direction of internal rotation 
and greater ii) the effect of increasing elastic resistance on hip 
moments on the transverse plane will be highly dependent on 
elastic band position.    

Methods 
A VICON motion capture system and 2 force platforms 
(100Hz) were used to record the volunteer motion and its 
interaction with the ground. The marker-set chosen of each 
body segment (i.e. thorax, pelvis, thighs, shanks and feet) 
followed the recommendation given by the International 
Society of Biomechanics. Two acquisitions were performed: 
elastic on the thigh and elastic on the shank. A multibody 
approach was used to perform the kinematic analysis. The 
inverse dynamics was performed through the Newton-Euler 
equations in order to estimate the reaction torques throughout 
the kinematic chain. 

Results and Discussion 
Except for a very short time window during weigh bearing, 
hip torque in the transverse plane was towards internal hip 
rotation during the entire exercise cycle regardless of the 
position of the elastic band (Figure 1) 

 
Figure 1: Hip torques in the transverse plane during the side walk 

exercise with the elastic band placed at thigh and shank height. 

While an increase in approximate 95% in torque was observed 
with increasing elastic band resistance at shank height, at thigh 
height, torque slightly decreased (-6%). Great variability was 
observed across trials (Table 1).   
Table 1: Mean Peak torque and variation across trials for various 
levels of elastic resistance (K) at thigh and shank height.  

 
Conclusions 
The side walk exercise offers great resistance to hip internal 
rotator muscles and therefore its use should be 
counterbalanced by exercises focusing on hip external rotators 
which are thought to be able to control dynamic valgus.  
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 K0 K500 K1000 K1500 K – effect (%) 

Thigh 33.2 
(20-58) 

32.5 
(19-57) 

31.8 
(19-56) 

31.1 
(19-55) 

-6% 
(-5% : -6%) 

Shank 41.3 
(20-53) 

54.2 
(27-70) 

67.3 
(35-87) 

80.5 
(43-104) 

95% 
(84% : 118%) 
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Summary 

This study aimed to compare movement patterns among knee 

osteoarthritis (OA), knee injured and control groups during 

functional tasks. Injured participants demonstrated a trend to 

follow OA movement patterns, especially in more difficult 

tasks. Knee injury implies movement modification similar to 

OA, explaining the likelihood of future OA development. 

Introduction 

Knee injury is a major risk factor of osteoarthritis (OA) 

development [1]. Anterior cruciate ligament or meniscus tears 

change knee joint mechanics and force propagation patterns, 

resulting in structural changes of the knee and ultimately OA 

[2]. Clarifying the link between knee injury and OA will help 

to prevent/mitigate its development. Gait analysis has 

demonstrated differences between OA and healthy knees [3] 

but less is known in relation to how those with knee injuries 

compare to OA subjects. The aim of this study was to compare 

movement patterns among knee OA, knee injured and control 

groups during functional tasks to understand if and how they 

are modified in people who have sustained a knee injury.  

Methods 

Fifteen subjects with knee injury (INJ), 15 with knee OA and 

15 healthy controls (H) took part in this study. Knee magnetic 

resonance images (MRIs) were taken within 6 months from 

the day of assessment for KOA and INJ. A 10 cameras motion 

capture system and 3 force platforms were used to assess 

participants during walking, sit-to-stand (STS), weight-lifting 

(5kg), stair ascent and stair descent. Each task was repeated 3 

times. 3D joint moments and angles were calculated for the 

hip, knee and ankle. Range of Motion (RoM), maximum, 

minimum values as well as time histories for each parameter 

were extrapolated. Data were compared across groups using 

T-test or Mann Whitney U test depending on data normality 

(α=0.05). Decision trees were built for each task to classify 

participants as either OA or H. Trees were validated using a 

leave-one-out cross validation (LOO) method and INJ data 

were tested to determine how they were classified. 

Results and Discussion 

Maximum and minimum knee ab/adduction angle were higher 

for H and INJ compared to OA during walking (p=0.01), 

showing a trend to be more in adduction for OA. Similar 

results were found during STS and lifting (p<0.01). 

Interestingly, during stair negotiation, INJ showed values 

scattered between OA and H despite no significant 

differences. Moreover, decrease in knee flexion RoM for OA 

versus H were found (Walking: -10°, p<0.01, Stair ascent: -

9°). In walking, INJ had a similar motion pattern to H but 

presented with a decrease in knee flexion RoM during stair 

ascent similar to OA. INJ showed a trend to adopt an OA 

movement pattern in more challenging tasks.  

Significant decreases in knee flexion moments were found for 

OA and INJ compared to the H during walking and stair 

negotiation (p≤0.01). Moment alteration means a modification 

in the force the joint supports, which could lead to cartilage 

deterioration, and could explain why INJ may develop OA. 

These differences were also found in the hip and ankle joints, 

showing the impact of knee OA and injury to the kinematic 

chain. 

Knee abduction angle and knee flexion angle were the most 

discriminant parameters across the tasks. Overall, it was 

shown that when the difficulty of the tasks increased, the 

number of INJ classified as OA by the decision trees (accuracy 

>90%, LOO error <10%) also increased (Table 1). This 

demonstrates that INJ gradually adopt OA movement patterns 

with increasing task difficulty. Our findings confirm that a 

knee injury implies movement modification, similar to OA, 

explaining the likelihood of future OA development.  

Table 1: Classification of INJ participants for each tasks (Low: 

Lowering, Pick: Picking, Asc./Desc.: Stair ascent/descent) 

INJ Walk STS Low. Pick. Desc. Asc. 

1 'H' 'H' 'H' 'OA' 'OA' 'OA' 

2 'H' 'H' 'H' 'H' 'H' 'OA' 

3 'H' 'OA' 'H' 'OA' 'H' 'H' 

4 'H' 'H' 'OA' 'H' 'OA' 'H' 

5 'H' 'H' 'H' 'H' 'H' 'OA' 

6 'H' 'H' 'H' 'H' 'H' 'OA' 

7 'H' 'H' 'OA' 'OA' 'OA' 'OA' 

8 'H' 'H' 'H' 'H' 'H' 'H' 

9 'H' 'H' 'H' 'H' 'H' 'H' 

10 'OA' 'H' 'H' 'OA' 'H' 'OA' 

11 'OA' 'OA' 'OA' 'OA' 'OA' 'OA' 

12 'OA' 'OA' 'OA' 'OA' 'OA' 'H' 

13 'OA' 'H' 'H' 'H' 'OA' 'OA' 

14 'H' 'H' 'H' 'OA' 'OA' 'OA' 

15 'H' 'H' 'H' 'H' 'H' 'OA' 

Conclusions 

The findings of this study suggest that there are movements 

patterns that could be considered as OA precursors: MRIs 

proved that INJ had healthy cartilage but were acting as OA in 

challenging task. Using these parameters could help to predict 

OA and therefore intervene at an early stage.  
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SUMMARY 

Children with Autism Spectrum Disorder (ASD) exhibit 

different movement patterns relative to their peers with typical 

development (TD). Few distinguishable patterns have been 

determined, although some have been hypothesized. The 

current study analysed whether coordination variability (vCRP) 

of the lower extremity could be used as a descriptor of motor 

impairments observed in children with ASD. Findings revealed 

that children with ASD exhibited significantly different vCRP 

when compared to a normative group of children with TD in 

each sub-phases of the gait cycle.  

INTRODUCTION  

Contemporary research indicates children with ASD exhibit 

different walking mechanics compared to children with TD 

[1,2,3]. Still, few consistent patterns of differences have been 

shown between these two groups. One variable that has not 

been quantified is variability of kinematic gait characteristics in 

children with ASD. The purpose of this study was to compare 

magnitudes of lower extremity joint vCRP between individual 

children with ASD a normative group of children with TD.  

METHODS 

Twenty children (11 ASD and 9 TD) between the ages of 5 and 

12 years were recruited for participation in this study. 

Participants walked over-ground at a self-selected velocity 

completing 20 trials, while lower extremity three-dimensional 

motion capture data were collected (200 Hz, Vicon Nexus Ltd., 

Oxford UK). Raw trajectory data were exported to Visual 3D, 

where a digital low-pass Butterworth filter was applied (6 Hz). 

Bilateral continuous relative phase (CRP) angles of thigh-leg, 

leg-foot, and thigh-foot segment couples were computed as 

dependent variables. TD data were concatenated for group 

average and standard deviation values, to form a normative 

group, whereas ASD data were computed on an individual 

basis. vCRP was determined as CRP standard deviation [4] and 

was averaged at each of the seven sub-phases of gait. 

Independent t-tests (α=0.05) were used to test for significant 

differences in vCRP at each sub-phase between each child with 

ASD and the group with TD.  

RESULTS AND DISCUSSION 

Analysis revealed that children with ASD exhibit significantly 

different vCRP compared to the group of children with TD in 

all lower extremity segment couples and at each gait sub-phase 

(Figure 1). All swing phase sub-phases were characterised by 

significantly different vCRP in children with ASD. This could 

indicate that children with ASD are at an increased risk for an 

adverse gait event (i.e. a trip or fall) since swing phase is 

preparation for appropriate lower extremity placement upon 

ground contact. In the presence of an unforeseen perturbation 

during the swing phase, children with ASD may not be capable 

of modulating movement accordingly. During terminal swing, 

most children demonstrated significant differences from the 

group with TD. Thus, children with ASD might not use an 

appropriate movement pattern strategy when preparing for 

impact with the ground, consistent with other observed motor 

planning deficits in children with ASD [5].  

 

Figure 1: vCRP of the left leg-foot segment couple of the group with TD and 
an exemplar child with ASD with vertical lines indicating gait sub-phases.  

CONCLUSIONS 

Children with ASD present with significantly different vCRP 

when compared to a group with TD, most importantly in swing 

sub-phases of gait. This suggests that children with ASD may 

not use consistent movement patterns when preparing to contact 

the ground and thus, may not be able to adapt quickly to 

unforeseen perturbations during walking, resulting in poor limb 

placement upon ground contact. Ultimately, children with ASD 

may be exposed to an increased risk of an adverse gait event 

related to inconsistent movement patterns during walking.  
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Summary 

Toe deformities and dysfunction of the tibialis posterior 

muscle is common among patients with rheumatoid arthritis. 

The aim of this study was to investigate potential muscle 

compensation patterns when the tibialis posterior muscle starts 

to be less active. Results of the study show that flexor 

digitorum longus and flexor hallucis longus muscle forces 

compensates for the weakened tibialis posterior muscle.     

Introduction 

Pain and malalignment of the feet are common among patients 

with rheumatoid arthritis and over 85% of patients with 

rheumatoid arthritis experience painful feet at some point 

during the disease. Further, dysfunction of the tibialis 

posterior muscle has been reported with a prevalence of 64% 

among patients with rheumatoid arthritis [1].  

Redundancy in the physiological function between different 

muscles gives the central nervous system multiple possibilities 

in order to perform the same movement [2]. However, if pain 

is present, the central nervous system might choose a 

compensation strategy that potentially could lead to further 

injury [3]. Therefore, in order to recommend the best 

treatment for foot pain, in-depth insight into the complex foot 

function is crucial. We combined experimental and 

computational approaches to investigate which muscles would 

compensate during experimentally induced pain in the tibialis 

posterior muscle. 

Methods 

Twelve healthy subjects participated in the study. 

Experimental pain was induced in the tibialis posterior muscle 

by injecting 1 mL of hypertonic saline (5.0% NaCL) at the 

upper third point of the tibia via an anterior approach using an 

ultrasound-guided injection technique [4]. The participants' 

gait was captured by motion capture and force plates and 

musculoskeletal models, created in the Anybody Modeling 

System V 7.0.1 (Anybody Technology, Aalborg), were used to 

systematically investigate compensation mechanisms in the 

lower leg when tibialis posterior was recruited less as a 

consequence of the induced pain. The isometric strength of the 

tibialis posterior muscle was systematically reduced to 40, 50, 

60, 70, 80 and 90 % of the default strength.   

Results and Discussion 

The mean tibialis posterior muscle force decreased after 

simulating the experimental pain by lowering the maximal 

isometric force of the tibialis posterior muscle (Fig. 1), and, at 

the same time, the force of the flexor digitorum longus and 

flexor hallucis longus increased.  

 

This study demonstrated that experimental tibialis posterior 

muscle pain and simulated reduced tibialis posterior muscle 

strength caused altered muscle recruitment and made flexor 

digitorum longus and flexor hallucis longus muscles 

compensate for the impairment of the tibialis posterior muscle. 

The increased muscle force found in the present study could 

indicate that alterations in muscle recruitment and muscle 

force distribution could be a contributing factor in the 

development of toe deformities observed in patients with 

rheumatoid arthritis (e.g. hallux valgus, claw toes, metatarsal 

instability, and cross-over-toes). These foot deformities might 

be caused when planterflexion and foot invertion is 

increasingly performed in the forefoot, via the flexor 

digitorum longus and flexor hallucis longus muscles. 

 

Figure 1: Mean muscle force of selected muscles of the lower leg for 

100, 90, 80, 70, 60, 50 and 40% of default TP muscle strength 
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Summary 

There are many factors that can influence concussion 

recovery, including the sex of the patient, thus necessitating 

sex-specific analyses. Few studies have investigated 

concussion recovery between sexes using objective outcomes 

as a measure of recovery. We examined the association 

between sex and recovery of single/dual-task gait speed. We 

found that being a male athlete and having a higher initial 

symptom burden were each independently associated with a 

slower recovery of dual-task average walking speed.   

Introduction 

Concussions can result in an alteration to many different brain 

functions, including postural control deficits during gait [1]. 

Sex may also affect outcomes following concussion. Previous 

work has reported female patients have more severe 

concussion symptoms and may have slower recovery than 

male patients [2]. 

Measuring concurrent motor and cognitive task (dual-task) 

abilities has been used to objectively detect impairments after 

concussion. Our purpose was to examine the independent 

association between biological sex and post-concussion gait 

recovery among collegiate athletes. We hypothesized females 

sex would require a longer time to dual-task gait recovery. 

Methods 

We longitudinally evaluated collegiate athletes with a 

diagnosed concussion evaluated <7 days post- injury, and 

again approximately 2 months and 4 months post-injury. 

Participants completed a single/dual-task gait evaluation and 

symptom inventory. Participants walked on level ground 

while wearing an inertial sensor system (APDM Inc., 

Portland, OR) [3]. During dual-task trials, they completed a 

mental task (subtraction, spelling, or month recitation 

backward). The primary outcome measure was height-

adjusted gait velocity [3]. We defined recovery as achieving 

normal gait velocity using established values [3]: >0.56 and 

>0.50 [(m/s)/height(m)] under single-task and dual-task 

conditions, respectively.  

We constructed two multivariable Cox proportional hazards 

models. The outcome was single- and dual-task height-

adjusted gait speed recovery. The predictor variable was sex, 

and covariates included age, prior history of concussion, and 

initial symptom severity rating.  

Results and Discussion 

Eighty-seven athletes participated; 43 (49%) were female. No 

significant between-sex differences were found at the initial 

post-injury assessment for height-normalized single-task gait 

velocity (0.5794±0.0977 vs. 0.5514±0.0730 [(m/s)/height]) or 

dual-task gait velocity (0.4772±0.1103 vs. 0.4426±0.0824 

[(m/s)/height]). 

 

Figure 1: Kaplan-Meier Survival Curve for duration of time 

required for recovery of dual-task height-adjusted gait velocity.  

Multivariable Cox proportional hazards modelling indicated 

male athletes (Hazard Ratio=2.72, 95% CI=1.21-6.09, 

p=0.015; Figure 1) and higher initial symptom burden 

(HR=1.04, 95% CI=1.01-1.06, p=0.002) were independently 

associated with a slower dual-task height-normalized gait 

velocity recovery. There were no significant associations 

between the predictor variables and single-task gait velocity 

recovery. 

Conclusions 

Contrary to previous reports on symptom recovery [2], our 

findings indicate that male athletes recover dual-task gait 

velocity at a slower rate than female athletes [3]. Dual-task 

recovery may therefore vary by sex after concussion. 

However, male athletes may not have been affected initially 

to the same degree as females, thus affecting their recovery 

trajectory. Furthermore, the clinical significance of 

differences between sexes remains difficult to determine.  
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Summary 

Due to changes in segmental volume and mass during weight 

loss, the role of body weight per se on gait characteristics in 

obesity is poorly understood. We measured lower extremity 

EMG activity and sagittal plane joint angles in obese women 

(N=3) walking on a positive-pressure treadmill (0 and 25% 

body weight support [BWS]) at a self-selected pace (0 and 

10% incline). Compared to basal, inclined walking increased 

iEMG of all muscles (10-46%). Conversely, BWS decreased 

iEMG of knee extensors and plantarflexors (8-18%), but 

increased iEMG of knee flexors (9%). BWS curtailed the 

effects of inclined walking on iEMG of the knee extensors and 

plantarflexors, but additively increased iEMG of knee flexors.  

Despite independently increasing peak knee flexion and 

plantarflexion, combined incline and BWS did not affect peak 

sagittal plane joint angles.   

Introduction 

Obesity alters joint kinematics [1–3] and lower extremity 

electromyography [4] and force output [3] during gait which 

are improved by weight loss [5]. Segmental mass and volume 

independently alter gait characteristics [6].  Therefore, the role 

of excess body weight per se on gait characteristics in obesity 

are is unknown. This study sought to determine the effects of 

simulated weight loss, independent of changes in segmental 

mass and volume on lower extremity electromyography in 

obese subjects during gait. 

Methods 

Three obese women (BMI: 38.5 ± 4.7 kg/m2) walked on a 

positive-pressure treadmill (Alter G) under four conditions: 1) 

0% incline and 0% body weight support (BWS) (Basal), 2) 

10% incline with 0% BWS (Incline), 3) 0% incline and 25% 

BWS (25BWS), and 4) 10% incline and 25% BWS (Incline + 

25BWS). Treadmill speed was kept consistent throughout.   

Kinematic and electromyography data were recorded over 30s 

of each stage.  Electromyography of the vastus lateralis (VL), 

vastus medialis (VM), semitendinosis (ST), and medial 

gastrocnemius (MG) was measured via wireless EMG+IMU 

sensors (Delsys Trigno Avanti).  Data were full-wave rectified 

and integrated EMG (iEMG) activity calculated over the gait 

cycle which was determined via the sagittal plane acceleration 

of the sensor placed on the MG. Peak sagittal plane angles of 

the knee and ankle were measured via electrogoniometers 

(Biometrics) synced with EMG. Due to limited number of 

participants at time of submission, no statistical analysis has 

been performed. 

Results and Discussion 

As shown in Figure 1, Incline increased iEMG activity of the 

VL (21%), VM (10%), ST (24%), and MG (46%) compared to 

Basal.  25BWS decreased iEMG activity of the VL (8%), VM 

(18%), and MG (14%), but increased iEMG of the ST (9%) 

compared Basal.  Incline + 25BWS did not affect iEMG of the 

VL compared to Basal. Compared to Basal, iEMG of the VM 

was 15% lower and iEMG of the MG was 11% higher during 

Incline + 25BWS.  Interestingly, Incline + 25BWS additively 

increased iEMG of the STS (38% higher than Basal). 

 

Figure 1. Effects of Simulated Weight Loss on iEMG 

activity during level and incline gait.  Data are presented as 

mean ± SD.  N = 3; no statistical analysis. 

Compared to Basal (50.2 ± 12.0⁰), both Incline and 25BWS 

(both 56.9⁰) independently increased peak knee flexion angle.  

However, peak knee flexion during Incline + 25BWS (49.2 

±14.5⁰) was similar to Basal.  Both Incline (30.0 ± 3.0⁰) and 

25BWS (31.0 ± 4.4⁰), but not Incline + 25BWS (27.7 ± 4.4⁰), 
tended to increase peak plantarflexion compared to Basal 

(26.0 ± 6.2⁰). 

Conclusions 

Simulated weight loss appears to reduce iEMG of knee 

extensors and plantarflexors during gait, especially with 

incline.  However, incline and simulated weight loss 

additively increase iEMG of the ST.  Despite independently 

increasing peak knee flexion and plantarflexion, incline 

walking and body weight support combined do not affect peak 

sagittal plane joint angles.  Additional data are needed to 

confirm these effects. 
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Summary 
Current methods for quantifying gait improvement in 
idiopathic normal pressure hydrocephalus (iNPH) are 
subjective and incomplete. This study demonstrates that 
patients with iNPH who have undergone ventricular peritoneal 
(VP) shunt placement demonstrate improvements in gait but 
still are impaired in comparison to a healthy adult population.  

Introduction 
Patients with iNPH present with a triad of symptoms consisting 
of gait ataxia, urinary incontinence, and cognitive deficits [1]. 
The gold standard of treatment involves the insertion of a VP 
shunt to drain excessive cerebrospinal fluid (CSF), which has 
shown 75-80% efficacy for gait improvement. Placement of a 
programmable shunt allows optimization of CSF drainage 
postoperatively, based on assessments of gait improvement. 
However, specific outcomes assessing gait response to VP 
shunt insertion are sparse. Current methods result in a 
subjective, inconsistent interpretation of responses. While gait 
has been investigated using 3-D motion analysis pre and post 
shunt surgery [2], these gait parameters have not been 
compared to healthy persons. The purpose of this work was to 
characterize gait in patients with iNPH before and after VP 
shunt placement and compare to an unimpaired population. 

Methods 
Seven patients with a diagnosis of iNPH (2/7 F, 74.4 ± 6.0 
years, BMI: 31.9±4.5) were analysed preoperatively prior to 
VP shunt placement, with two patients analysed 4 weeks 
postoperatively. Patients walked barefoot and unassisted on a 
10 meter walkway for a minimum of three trials. Kinematic 
data from a 10 camera system (Motion Analysis Corp, Santa 
Rosa, CA; 120 Hz) and kinetic data from five force plates 
(AMTI, Watertown, MA) embedded in the walkway were 
processed in Visual3D (C-Motion, Inc., Germantown, MD). 
Temporal distance and kinematic parameters were compared to 
laboratory normative data from 20 healthy young adults (10 F, 
26.7 ± 5.0 years, BMI: 23.2 ± 2.2). A two-sample t-test was 
used to explore differences between pre shunt and healthy 
individuals. No statistics were performed on post shunt patients 
due to the small sample size. Analyses were performed using 

JMP (SAS Institute, Cary, NC) software with statistical 
significance set at p<0.05. 

Results and Discussion 
All temporal distance parameters pre VP shunt placement were 
significantly different from healthy adults. These parameters 
improved post VP shunt placement (Table 1), trending 
towards, but not reaching, values of healthy adults. The 
observed 54% decrease in velocity between post-treatment and 
healthy groups is much greater than the 3% reduction in 
velocity that occurs due to aging [3]. Total sagittal plane range 
of motion (ROM) in the hip, knee and ankle showed decreased 
ROM pre shunt surgery compared to healthy adults (p<0.05).  
Increases in ROM were observed post shunt surgery (Figure 1), 
trending towards, but not reaching, values of healthy young 
adults. Maximum hip extension and ankle dorsiflexion 
increased post shunt surgery, while maximum knee flexion 
decreased. While gait parameters improved post shunt surgery, 
deviations still exist from gait patterns of healthy adults. 

   
Figure 1: Kinematic parameters of the lower extremities pre (dotted) 
and post (dashed) surgery compared to healthy young adults (solid) 

Conclusions 

Gait was objectively quantified pre and post VP shunt 
placement in patients with iNPH, with all measures trending 
toward normative values post surgery. Further studies 
comparing gait patterns pre and post VP shunt placement can 
provide insight into the efficacy of the surgical treatment and 
aide in guiding clinical practice. 
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Table 1: Temporal distance parameters of patients with iNPH pre and post shunt surgery, compared to a healthy young adult population.               

* denotes significant difference compared to the healthy young adult population (p<0.05)  

 Velocity 
(cm/s) 

Cadence 
(steps/min) 

Stride Length 
(cm) 

Step Width 
(cm) 

Step Length 
(cm) 

Total Support   
(% of cycle) 

Pre 60.8 ± 36.5* 100.5± 14.7* 71.6 ± 39.3* 19.8 ± 3.5* R: 36.7 ± 20.5* 
L: 34.8 ± 19.7* 

R: 74.5 ± 10.0* 
L: 74.4 ± 8.8* 

Post 63.3 ± 25.2 103.5 ± 3.0 74.1 ± 31.5 18.6 ± 0.5 R: 36.7 ± 20.0 
L: 37.9 ± 10.8 

R: 72.7 ± 12.4 
L: 72.5 ± 5.8 

Healthy 137.3 ± 15.5 119.7 ± 9.6 137.7 ± 11.0 10.4 ± 3.2 68.9 ± 5.5 63.2 ± 1.3 
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Summary 

We applied a PCA-based technique to extract functional 
movement components and the corresponding activity of the 
neuromuscular controller from kinematics data in people with 
DS. Specific abnormalities were found in frontal-plane 
control. 

Introduction 

Down Syndrome (DS) produces distinct gait characteristics, 
e.g. lower speed, increased step width and specific alterations 
in joint kinematics [1]. These abnormalities can be explained 
by physical features (e.g. muscular hypotonia or ligament 
laxity) and by neurological and developmental delays [2]. 
While the kinematic profile of gait in DS is well documented, 
the way how multi-joint gait patterns are activated and 
controlled is still unclear and could improve 
pathophysiological knowledge. This in turn would lead to 
targeted rehabilitation interventions. Recently, it has been 
shown that both movement patterns and the activity of the 
neuromuscular controller can be quantified from kinematic 
data [3]. In this paper we aimed to investigate phenotypical 
gait pattern alterations in DS from a data-driven perspective. 

Methods 

A cohort of 221 patients (107 females) with DS aged 6-46 
years was compared to a Control Group (CG) of 42 healthy 
controls (25 females) aged 5-42 years. Standard gait analysis 
procedures allowed to extract the 3D trajectory of 14 
landmarks: ankle, knee, hip joint centers; fifth metatarsal 
heads, acromia, ASISs, sacrum, C7.  
These data were (i) resampled over a 101-nodes gait cycle; (ii) 
registered, weighting each marker with its relative segment 
mass [3] and (iii) concatenated to form a global posture 
matrix. A Principal Component Analysis was performed on 
the whole dataset. From eigenvalues, Principal Components 
(PCk) and scores (here labelled Principal Positions - PPk), we 
obtained the Principal Movements (PMk, i.e. one-dimensional 
movement component representations) and the second 
derivative of PPk curves, termed Principal Accelerations (PAk) 
[3]. These variables described participants’ kinematics in the 
posture space. Two dependent variables were subsequently 
computed for each subject/component:  
(a) the Relative Amplitude of PPk, describing the impact of a 
single PMk on the global movement [4];  

(b) the root mean square (RMS) of PAk, accounting for the 
amount of control devoted to the k-th movement pattern 
component. 
As PPk and PAk are non-linearly affected by gait speed, we 
subtracted the speed dependence with a scaling power 

function and then tested for group (DS vs. CG) and age effects 
using ANCOVAs (alpha=0.05). 

Results and Discussion 

The first four PCs explained more than 95% of the total 
variance (81.5%, 8.1%, 4.8%, 1.2%, respectively). PM1 
described the basic hip flexion/extension swing pattern; PM2 
asynchronous knees flexion/extension and lateral load shift; 
PM3 the synchronous knees flexion at midstance; PM4 the hip 
abduction, knee extension and trunk lateral inclination in step-
to-step transition (double support phases, Figure 1). Relative 
Amplitude of PM4 was higher in DS than in CG (p=0.001) and 
decreased with age (p<0.001); the RMS of PA4 was higher in 
DS (p=0.009). Once corrected for speed, primary gait patterns 
(PM1-3) showed similar amplitudes compared with the CG. 

An abnormally augmented activation was found in a pattern 
describing lower limbs and trunk behavior during double 
support phase. The augmented control (higher RMS of PA4) to 
manage this function agrees with the documented requirement 
of a larger base of support in people with DS when the weight 
is shifted from a leg to the other. This is also consistent with 
the known neurological features of DS: a damaged prefrontal 
cortex and poor perceptual-motor coupling impair motor 
control even in simple tasks like walking [2], in particular the 
ability to initiate steps and to swing the leg to move forward. 

 
Figure 1: PM4 stick diagrams (left), PP4 (top right) and PA4 (bottom 

right) curves (red: DS, cyan: CG). 

Conclusions 

These findings also suggest that, after correcting for walking 
speed, the amplitude of the main walking patterns (PM1-3) is 
similar in people with DS and in healthy controls. Rather, 
specific gait abnormalities emerged in PM4, which occurs on 
the sagittal plane and plays a role in step-to-step transitions.  
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Introduction 

Humans are able to increase their locomotion speed 

minimizing the energy expenditure at optimum speed. The 

energetic cost to travel a given distance is called the cost of 

transport (C), and has long been known to strongly depend on 

speed in human walking [1]. 

The aim of this study was to verify the correlations between 

metabolic (oxygen consumption and cost of transport) and 

electromyographic (coactivation and electromyographic cost) 

parameters, and to obtain the regression equation over a range 

of walking speeds in chronic heart failure (CHF) and heart 

transplant (HT) patients and healthy controls. 

Methods 

CHF (12), HT (5) patients and control group (CG - 12) 

underwent to C and CEMG protocols, performed on treadmill. 

EMG data (14 muscles) and oxygen uptake were collected 
simultaneously at 5 walking speeds, during 5 minutes at each 

speed, in randomized order: the self-selected walking speed 

(SSWS), two speeds below the SSWS (-40%and -20%), and 

two speeds above the SSWS (+40%  and + 20%) [2]. 

Pearson’s correlation coefficient was used for to test the 

relationship between cocontraction and VO2, and regression 

equation between C and CEMG. 

Results and Discussion 

The Table 1 shows the Pearson correlation coefficients (r) 

calculated for the tested parameters. All ranged between 0.87 

and 0.98 (strong correlation) [3]. Significant correlation 

(p<0.05) were found for all the variables below. Correlation 

coefficient between the VO2 and coactivation of DA-LD 

(deltoideus anterior - latissimus dorsi), IC-OI (iliocostalis - 

internal oblique), ES-RAS (erector spinae - rectus abdominis 
superior portion), TA-GM (tibialis anterior - gastrocnemius 

medialis), RF-BF (rectus femoris - biceps femoris long head). 

Regression Equation: The regression equations for estimating 

CEMG (J.kg-1.m-1) for this study were calculated in four 

models: i) general equation: CEMG = 0.870(C); ii) controls: 

CEMG = 1.154 (C); iii) CHF: CEMG = 0.963(C); iv) HT: 

CEMG = 1.049(C). 

Accordingly, the results highlighted complementary strategies 

to reduce the C caused by muscle economy denominated 

CEMG besides the inverted pendulum mechanism. More 

particularly, muscle coactivation seemed to play a role on 

oxygen consumption increases throughout postural stability, 

stance and balance phases to whole gait cycle, determining 

total body energetic consumption [4]. 

Conclusions 

There are strong correlations between metabolic and 

electromiographic variables. Identification of inefficient 

activations activation in CHF and HT, and how this may lead 
to specific locomotor deficits, could help in prescribing more 

effective training interventions. 

References 

[1] Margaria R et al. (1963). J Appl Physiol, 18: 367-370. 
[2] Bona RL et al. (2017). Eur J Prev Cardiol,5: 544-551. 

[3] Field A. (2009). Discussing Statistics using SPSS; Sage 

Publications. 

[4] Carrier DR et al (2011). Proc Natl Acad Sci, 108: 

18631– 36.

 

Table 1 - Correlation between oxygen consumption (VO2) and coactivation (CA) - stance and balance phases. 

 
Controls CHF HT 

 
Controls CHF HT 

Correlation r p(0,05) r p(0,05) r p(0,05) Correlation r p(0,05) r p(0,05) r p(0,05) 

VO2 and CA Stance Phase VO2 and CA  Balance Phase 

DA-GD 0.91 0.001 0.84 0.033 0.94 0.024 DA-GD 0.92 0.03 0.8 0.03 0.98 0.001 

IL-OI 0.95 0.038 0.70 0.04 0.78 0.03 IL-OI 0.98 0.001 0.82 0.032 0.92 0.001 

ES-RAS 0.96 0.032 0.87 0.026 0.96 0.001 ES-RAS 0.90 0.002 0.86 0.041 0.88 0.01 

TA-GM 0.95 0.001 0.90 0.001 0.98 0.001 TA-GM 0.87 0.035 0.90 0.021 0.92 0.026 
RF-BF 0.92 0.001 0.89 0.034 0.94 0.002 RF-BF 0.94 0.001 0.93 0.04 0.89 0.039 
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Summary 

Patients with developmental dysplasia of the hip (DDH) adopt 
movement compensations to stabilize the hip during sloped 
walking, but compensations vary across degrees of inclination. 
Patients with DDH increased activation demand on the hip 
abductors during level walking, while increasing the co-
activation demand on hip flexors and extensors during decline 
walking. Patients with DDH also demonstrated smaller hip 
abductor moments in all tasks, which may be indicative of 
abductor muscle weakness. 

Introduction 

DDH is characterized by abnormal acetabular and femoral 
geometries that reduce femoral head coverage, alter loading 
within the hip, and increase the risk of hip osteoarthritis (OA) 
[1-3]. Before OA development, this population demonstrates 
functional limitations that affect their daily quality of life [3]. 
However, the understanding of DDH biomechanics remains 
limited and largely focused on level-ground walking, which 
likely does not capture all compensations that contribute to 
symptoms and damage. Accordingly, the objective of this 
investigation was to compare biomechanical compensations 
between patients with DDH and healthy controls (HC) during 
sloped walking. 

Methods 

Eleven female patients with DDH (age: 25.0±8.3 years; BMI: 
22.8±2.6 kg/m2) and nine age- and sex-matched healthy 
controls (HC) (age: 24.4±6.0 years; BMI: 22.1±2.4 kg/m2 
were enrolled. Each participant walked on an instrumented 
treadmill at three slopes (level: 0°, incline: 10°, decline: -10°) 
while whole-body kinematics (100 Hz), ground reaction forces 
(2000 Hz), and surface electromyography (sEMG) from four 
bilateral muscles (gluteus maximus (GMAX), gluteus medius 
(GMED), rectus femoris (RFEM), and tensor fascia latae 
(TFL)) (2000 Hz) were collected and filtered [4].  

Three gait cycles per participant (HC: right, DDH: 
symptomatic) were averaged and used for comparison. Peak 
hip joint angles and internal moments, and integrated EMG 
(iEMG) during the stance period (heel strike to toe off) were 
compared across groups using Cohen’s d effect size (large: d 
≥0.8, medium: 0.5≤d<0.8). 

Results and Discussion 

Level Walking: Peak hip flexion and adduction angles, and 
peak abduction moment were smaller in the DDH group than 
the HC group (31.5±3.9° vs. 36.5±9.3° (d=0.71); 6.8±3.0° vs. 
9.1±4.4° (d=0.62); -0.8±0.2 Nm/kg vs. -1.0±0.2 Nm/kg 
(d=0.53), respectively), which is consistent with previous 
findings [2]. In the DDH group, GMED iEMG was larger 
(d=0.96) and TFL iEMG was smaller (d=1.03) than the HC 
group (Fig. 1). This compensation likely stabilizes the joint by 

placing the limb in a more vertical position closer to the COM 
in the frontal plane, which alters the muscle demand. 

Incline Walking: Peak hip extension and abduction moments 
were smaller in the DDH group than the HC group (-1.1±0.2 
Nm/kg vs. -1.0±0.2, d=-0.53; -0.9±0.1 Nm/kg vs. -0.8±0.15 
Nm/kg, d=0.69, respectively), which is consistent with level 
walking [2]. Reduction in hip extensor and abduction 
moments may be indicative of strength deficits required to lift 
and extend the limb at an incline. 

Decline Walking: Peak hip abductor moment was smaller in 
the DDH group than the HC group (-1.2±0.2 vs. -1.4±0.3 
Nm/kg, d=0.67). GMAX and RFEM iEMG were larger in the 
DDH group than the HC group (d=0.99 and 0.56, respectively) 
(Fig. 1). We hypothesize that patients with DDH are 
increasing co-contraction surrounding the symptomatic hip to 
maintain balance throughout the stance period, which is likely 
more difficult to maintain compared to level walking. This 
strategy may also be a pain avoidance mechanism, in an effort 
to avoid anterior joint overloading, which is the most common 
point of degeneration in the dysplastic hip [5]. 

 
Figure 1. sEMG of four bilateral muscles shown as (a) iEMG 
(*medium or large effect size) and (b) mean ensemble averages. 

Conclusions 

These results indicate that patients with DDH adopt 
compensations across a variety of inclined walking tasks that 
are likely required to stabilize the joint due to altered bony 
geometry. These compensations may have long-term effects 
on hip loading. Future work will investigate how these 
findings correspond to cartilage and joint loading to improve 
the understanding of OA development. 
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SUMMARY 

Children with Autism Spectrum Disorder (ASD) have 

demonstrated differences in gait mechanics when compared to 

children with neurotypical (NT) development. A common 

intervention used to address the negative behavior associated 

with ASD is a weighted vest (WV). Contemporary research has 

revealed that WVs may decrease lower extremity segment 

coordination variability and jerky body movements in children 

with ASD during gait. However, little is known regarding WVs 

effects on displays of spatial-temporal (ST) variability in 

children with ASD, relative to unweighted walking. The current 

study analyzed ST parameter variability during walking while 

wearing a WV compared to unweighted walking. Findings 

revealed no differences in ST parameter variability, and all 

parameters had trivial-to-small effect sizes. This suggests that 

children with ASD do not alter their gait variability during 

walking with a WV.  

INTRODUCTION  

Distinct differences in gait mechanics have been observed when 

comparing children with ASD and NT peers, including hip, 

knee, and ankle angular joint positions, as well as vertical and 

anterior/posterior ground reaction forces [1]. WVs are a 

common intervention for children with ASD to help decrease 

aberrant movements and behaviors linked with the disorder [2]. 

Recent research has demonstrated a decrease in gait 

coordination variability [3] and an increase in smoothness of the 

center of mass while wearing a WV in children with ASD [4]. 

However, little is known regarding the effect of WVs on ST 

parameter variability during walking in children with ASD. The 

purpose of this study was to quantify ST parameter variability 

during walking while wearing a WV in children with ASD.  

METHODS 

10 male children between 8 and 17 years of age (11.1±3.9 years; 

1.5±0.2m; 51.3±24.6kg) with a clinical diagnosis of ASD were 

recruited for participation. Participants walked over-ground for 

a distance of 9 meters, for 15 trials at a self-selected velocity in 

two conditions: without and with a WV with 15% body mass 

evenly distributed posteriorly and anteriorly. During all trials, 

three-dimensional kinematic data were obtained using a 10-

camera motion capture system (200 Hz, Vicon Motion Systems, 

Ltd., Oxford, UK) and exported to Visual 3D (C-Motion, Inc., 

Germantown, MD, USA) for analysis. Data were smoothed 

using a low-pass Butterworth digital filter with a cut-off 

frequency of 6 Hz. Data were reduced to strides using a 

velocity-based algorithm. Group mean and standard deviation 

values were computed for left and right stride lengths, stride 

width, and stride velocity. To quantify variability, coefficient of 

variation (CoV) was computed for each variable. Effect sizes 

(ES) were also computed and interpreted with Cohen’s scale.  

RESULTS AND DISCUSSION 

Right and left stride length had a similar CoV when comparing 

the two conditions (2.8% for right stride length and 2.9% for 

left stride length). Left stride length had a small ES (0.24). CoV 

for stride velocity in both conditions was 1.4%, and had an ES 

<0.2 between conditions. Stride width in both conditions had a 

similar CoV of 9.4% (ES <0.2). CoV magnitudes were similar 

for each variable between conditions which may indicate that 

children with ASD do not modulate their gait variability with 

an added mass. These findings may indicate that children with 

ASD may not appropriately modulate ST parameter variability 

while walking, and likely even less when wearing a WV.   

 

Figure 1: Coefficient of variation (CoV) magnitudes between 

baseline (BW) and the weighted vest condition.  

CONCLUSIONS 

Children with ASD present with no differences in ST parameter 

variability when walking with a WV and the comparison to 

unweighted walking yielded trivial ES. These findings indicate 

children with ASD do not modulate certain ST parameters 

while walking with added mass whereas NT children have 

demonstrated changes [5]. This may indicate that children with 

ASD might not accurately interpret the external stimulus 

appropriately. Nevertheless, it is unknown whether these 

magnitudes of variability may or may not be disadvantageous.  
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Summary 

 Diabetes mellitus (DM) is the most common metabolic 

disorder worldwide that might be associated with peripheral 

neuropathy (DPN). This study aimed to compare the 

spatiotemporal and impulse characteristics of DM and DPN 

patients during gait. Using electrodiagnostic test, DPN patients 

were distinguished from DM (without DPN complication) 

group. DPN is associated with diminished conduction velocity 

(CV) of peripheral nerves, smaller muscle frequency, and 

higher amplitude compared to DM group. In addition, both 

muscle and nerve function were altered in DPN group. 

Regarding gait characteristics, shorter stride length and single 

support time, and longer double support time in DPN group 

were observed. Impulse along medio-lateral axis was greater 

in DPN group compared to DM group. It appears that DPN 

group adopted a more conservative gait strategy to decrease 

the falling risk. Higher impulse in DPN suggests greater joint 

constraints and may lead to an increase of the foot ulceration 

risk.  

Introduction 

In 2017, 424.9 million people were affected by DM, which is 

expected to rise to 628.6 million by the year 2045 [1]. DPN 

affects negatively the musculoskeletal, neurologic and 

proprioceptive systems. These systems play an important role 

during walking [2]. Therefore, the biomechanics of gait might 

be altered in diabetic patients with DPN complication that can 

increase the falling risk [3]. The objectives of this study were 

to a) test accurately the function of peripheral nerves and leg 

muscles in order to separate the subjects into DM and DPN 

groups, b) biomechanically evaluate the gait of DM and DPN 

groups. These results illustrate gait strategy in DPN subjects 

and may help to better understand ulceration risk factors.  

Methods 

Twenty-seven type II diabetic women participated in this 

study. The participants were separated in two groups, DM 

(n=14) and DPN (n=13), based on the electrodiagnostic results 

of sural, tibial, peroneal nerves, and the needle 

electromyography of the gastrocnemius medialis (GM) and the 

tibialis anterior (TA), using an EMG/NCV/EP 4000s. Four T-

series Vicon cameras (100 Hz) were used to quantify 

spatiotemporal gait variables. Two Kistler force plates (1000 

Hz) were used to record the ground reaction forces (GRF) 

during gait. Impulse along vertical (z), anterior-posterior (y), 

medio-lateral (x) were calculated and normalized based on 

body weight (BW). 

Results and Discussion 

Table 1 shows age, demographic, blood, and CV 

characteristics of the two groups. Two groups were matched. 

CV of selected nerves in DPN group were less than for DM 

group (p<0.05). Demyelination is a possible reason for 

diminished CV in DPN group. 

 

 Table 1: Demographic and blood characteristics and CV of subjects 

  DM DPN p-value 

Age (years) 47.50±7.09 51.33±7.82 0.151 

BMI (kg/m2) 26.95±3.60 28.43±3.08 0.219 

WHR 0.85±0.07 0.86±0.06 0.722 

HbA1c (%) 7.67±1.33 8.01±1.28 0.470 

Sural CV 

(m/s) 

Right 56.06±4.21 38.62±4.61 0.009* 

Left 55.75±4.12 35.43±4.51 0.002* 

Peroneal CV 

(m/s) 

Right 47.22±1.35 47.07±1.48 0.093 

Left 45.21±2.08 35.87±2.28 0.0001* 

Tibial CV 

(m/s) 

Right 43.68±1.08 40.89±1.19 0.938 

Left 45.13±0.89 39.18±0,98 0.005* 

BMI: Body Mass Index, WHR: Waist/Hip Ratio, *p<0.05 

Greater amplitude and smaller frequency of GM and TA 

muscles in the DPN group were observed (p<0.05). 

Denervation, reinnervation, and the increasing fiber density of 

the motor units increased the amplitude and decreased the 

frequency of muscles in the DPN group. Differences in 

walking velocity in DM group (1.15±0.08 m/s) and DPN 

group (1.10±0.08 m/s) was not significant (p=0.103). Stride 

length of DPN group (1.16±0.05 m) was shorter than that of 

DM (1.21±0.05 m) (p=0.013). Single support (44.01±1.63 gait 

cycle%) and double support (12.32±2.94 gait cycle%) phases 

in DPN group were shorter and longer than DM group 

(47.29±1.94; 7.03±2.97 gait cycle%), respectively (p<0.05). 

Impulse in DPN (4.57±0.26 BW%. s) group along x axis was 

greater than for DM group (3.81± 0.25 BW%. s) (p<0.05) 

(Figure 1). 

Conclusions 

DPN is associated with shorter stride length and prolonged 

double support, which may decrease falling risk. Since gait is 

a repetitive task, the small increase on the impulse may 

impose a large additive shear and compressive forces on the 

joints in long term which may increase the ulceration risk in 

this group. 
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Summary 
Fragile X Syndrome (FXS) is a genetic condition, mainly 
characterized by intellectual disability and behavioural 
problems. In subjects with this syndrome, delays in the 
acquisition of the main stages of psychomotor development 
are commonly observed. This project aims to investigate 
associations between altered gait pattern and abnormal lower 
limb muscle activity in children with fragile X syndrome 
adopting a combined approach of markerless motion capture 
and surface electromyography (sEMG). Results showed 
excessive hip and ankle flexion associated with prolonged 
Tibialis Anterior and Biceps Femoris activity. 

Introduction 
FXS is the leading form of inherited intellectual disability 
and autism spectrum disorder, caused by a tri-nucleotide 
CGG repeat expansion in the promoter region of the FMR1 
gene [1]. In these subjects, the most frequent 
musculoskeletal manifestations include severe flexible flat 
feet, excessive laxity of the joints, and possible scoliosis [2], 
that justifies a referral for gait analysis evaluation in FXS 
children. Current gait analysis techniques rely on expensive 
technology such as stereophotogrammetric systems that 
require the attachment of markers on the skin for 
determining joints kinematics and controlled environments. 
However, in FXS children deficits in executive control and 
in visuospatial abilities, severe behavioural alterations with 
hyperactivity, impulsivity, anxiety [1], has hampered the use 
of this technology. The aim of the present study was to 
verify the feasibility of introducing gait analysis in FXS 
children by adopting a combined approach of markerless 
motion capture and surface electromyography (sEMG) 
within standard clinical ambulatory assessment conditions. 

Methods 
After collecting appropriate informed consent by the parents, 
7 FXS children (mean (±SD) age and BMI respectively of 
9.74 (±4.18) years and 18.56 (±3.32) Kg/m2) were acquired 
at the Paediatric Department, and 10 controls ((CS) mean 
(±SD) age of 9.09 (±2.51) years and 18,11 (±2.14) BMI of 
Kg/m2), were evaluated at the Bioengineering of Movement 
Laboratory of the Department of Information Engineering 
(University of Padua). Kinematics and sEMG data were 
simultaneously acquired through four synchronized cameras 
(GoPro Hero3, 30fps) and an sEMG system (FreeEmg, BTS, 
1000Hz) that collected the activity of Tibialis Anterior (TA), 
Gastrocnemius Lateralis (GL), Rectus Femoris (RF) and 
Biceps Femoris (BF). Each subject performed several gait 
trials and at least three trials per subjects were processed. 

Sagittal plane kinematics was obtained as in [3] and hip, 
knee and ankle flexion/extension joints rotations were 
computed together with spatio-temporal parameters; in term 
of sEMG analysis, duration of contraction, onset and offset 
activation timing was obtained [4] and peak of the envelope 
computed [5].  

Results and Discussion 
Joints kinematics results (Fig. 1 Top) showed an altered gait 
pattern, characterized by reduced knee flexion/extension 
range of motion and an excessive hip flexion over the whole 
gait cycle, an excessive ankle flexion at loading response and 
push off phases. In terms of sEMG (Fig. 1 Bottom) FXS 
displayed a longer duration of right TA and right BF 
contraction together with a delayed activity onset. 

 

Figure 1: Top: Ankle, knee and hip sagittal plane angles in CS and 
FXS group. Bottom: duration of muscle contraction and on-off 
muscle timing as a function of the percentage of the gait  cycle for 
those muscles that differ significantly between groups. 

Conclusions 
Despite the small sample subjects, preliminary results 
showed the presence of an altered gait pattern associated 
with abnormal muscle activity. These data could be used for 
planning interventions aiming at restoring a gait pattern 
similar to controls.  
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Summary 

We tested whether optical flow perturbations in walking can 

detect preclinical balance impairment in people with multiple 
sclerosis (PwMS). Compared to age-matched controls, PwMS 

had higher and more pervasive gait variability in the presence 

of perturbations. Thus, optical flow perturbations may detect 

balance deficits in PwMS that would go otherwise undetected. 

Introduction 

Roughly 56% of PwMS fall annually. Even PwMS reporting 

minimal to no disability are over twice as likely to fall as the 

general population [1]. Because falls occur more often during 

walking, there is need for new approaches to identify 

preclinical balance impairment during walking in PwMS. 

Optical flow perturbations elicit the visual perception of 
instability, and systematically increase gait variability – a 

marker of corrective adjustments to preserve balance [2,3]. 

These effects are generally weaker for anterior-posterior (AP) 

than mediolateral (ML) perturbations, since ML balance 

depends more on sensory feedback integration [4]. PwMS may 

rely more on vision for motor control to compensate for 

proprioceptive deficits. Accordingly, we hypothesized that 

optical flow perturbations would affect walking balance more 
in PwMS than in age-matched controls (H1). We also 

hypothesized that these effects, measured via gait variability, 

would be larger for ML than AP perturbations (H2). 

Methods 

Fourteen PwMS (38.9±6.6 years old) and their age-matched 

controls participated. Subjects walked on an instrumented 

treadmill in a VR hallway for 3-min with and without ML or 

AP optical flow perturbations). Subjects also completed the 

Sensory Organization Test (SOT) to assess sensory integration 

in the context of balance control. We calculated variability of 

step length, step width, and trunk ML trunk position (7th 

cervical vertebra) using standard deviations. We also 
calculated lateral margin of stability (MoS). An ANOVA 

evaluated group and condition effects and interactions. 

Results and Discussion 

Although not evident during unperturbed walking, ML 

perturbations revealed significantly larger variabilities of step 

width (SWV), MoS at heel strike, and ML trunk position for 

PwMS than age-matched controls (Fig. 1). These results 

support H1 and suggest that even high functioning PwMS rely 

more on vision for walking balance than age-matched 
controls. AP perturbations caused no changes in either group 

compared to unperturbed walking, supporting H2.  

 

Figure 1: Variability in step width and ML position of the 7th cervical 
vertebra (C7) with ML, AP or no perturbations. * denotes p<0.05. 

PwMS had lower composite SOT scores than their age-

matched controls (p=0.016) due to lower visual and vestibular 

scores (Table 1). SOT visual scores most strongly correlated 

with SWV during ML perturbations, alluding to underlying 

sensorimotor mechanisms in PwMS that require further study. 

Conclusions 

Optical flow perturbations reveal larger gait variability in 

PwMS that goes undetected during normal walking, likely due 

to their reliance on vision for balance control. These results 
support continued study into the use of optical flow 

perturbations to detect preclinical balance deficits in PwMS. 
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Table 1: Clinical test results and correlations with step width variability under ML perturbation (SWV-ML) 

 SOT-C SOT-Vi SOT-Ve SOT-S PWS 
(m/s) 

25’ walk 
test (s) 

SOT-Vi vs 
SWV-ML 

SOT-Ve vs 
SWV-ML 

SOT-S vs 
SWV-ML 

SOT-C vs 
SWV-ML 

PwMS 69.1±11.2 71.6±20.8 53.7±18.6 96.6±2.3 1.29±0.11 3.76±0.47 R2=0.281, 

p=0.004 

R2=0.119, 
p=0.007 

R2<0.001, 

p=0.964 
R2=0.149, 

p=0.042 controls 79.3±5.7 87.1±7.7 70.4±10.3 97.9±1.5 1.36±0.11 3.29±0.38 

Abbreviations: C-composite score, Vi-visual sub-score, Ve-vestibular sub-score, S-somatosensory sub-score, PWS – preferred walking speed 
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Summary 

The goal of this study was to assess the differences in collision 

work performed by healthy, aged-matched controls compared 

to patients with peripheral artery disease (PAD) to provide 

foundations for an eventual exoskeleton design. 

Introduction 

Collision work could be an important consideration when 

designing powered exoskeletons. Collision work is energy 

dissipated into the surrounding environment from impact, in 

this case, upon heel strike. When designing an exoskeleton for 

patients with PAD, harvesting energy lost to collision work 

could be a valuable mechanism to improve walking 

performance. Devices designed to utilize the normally 

dissipated energy to assist propulsion for improved walking 

performance are under-explored [1, 2]. This study assessed 

average collision work in patients with PAD compared to 

healthy, age-matched controls. The purpose of this study was to 

assess the validity of healthy, older individuals as a model for 

patients with PAD for fundamental research comparisons when 

designing assistive exoskeleton devices. 

Methods 

Fifteen subjects with PAD were recruited by the Veteran’s 

Affairs Nebraska-Iowa Health Care System and five healthy, 

age-matched controls (Age: 67.4 ± 9.5 years) performed over-

ground walking trials at their self-selected speed. Subjects 

walked over eight in-ground AMTI force plates until six quality 

foot-to-force plate contacts were achieved for each leg. Three-

dimensional kinematics were collected using 17 motion capture 

cameras (Cortex 5.1, Motion Analysis Corp, Santa Rosa, CA). 

Collision work was calculated by multiplying each subject’s 

peak ground reaction force for each axis (X,Y,Z) by their 

corresponding velocity at heel strike [3]. Their corresponding 

velocity at heel strike was calculated from the average change 

in position of the retro-reflective marker placed on the heel over 

a 0.04 second period before initial heel-to-ground contact. The 

short time frame is to avoid the average velocity being affected 

by the foot still being in swing phase of gait. The magnitude of 

this three-dimensional vector was then computed and 

normalized by body mass to units of watts per kilogram. The 

velocity of the retro-reflective marker placed on the sacrum was 

also determined similarly for approximation of the subject’s 

preferred walking speed. Differences between mean collision 

work performed by patients with PAD and controls was 

assessed using a 2-sample t-test.  

Results and Discussion 

Collision work performed by patients with PAD was not 

significantly different from control subjects (t = 0.73, p = 0.47). 

Therefore, healthy, older subjects are a viable population to 

conduct exoskeleton design research for exploration into 

collision work as a mechanism for improving walking 

performance. Average collision work and ankle power at push-

off for patients with PAD was 2.54±0.83 and 1.99±0.50 

watts/kg respectively. This suggests that collision work, if 

correctly transferred, could be a sufficient energy source for 

assisting push-off. In Figure 1, sacrum velocity is correlated to 

the magnitude of collision work performed. This is to be 

expected since work is directly related to velocity. These results 

emphasize the importance of controlling walking speed when 

exploring collision work to eliminate its confounding impact. 

 

Figure 1:  Blue circles are patients with peripheral artery disease 

(PAD) and red triangles are healthy, age-matched controls. This chart 

showcases the relationship between collision work and walking speed. 

Estimated preferred walking speed is correlated to collision work with 

no significant difference between patients with PAD and controls. 

Conclusions 

Healthy, older subjects are an appropriate model to study 

collision work outcomes in comparison to patients with PAD. 

This allows for appropriately powered subject recruitment, and 

creates a wider impact for exoskeleton research dedicated to 

collision work. This study showed similar amounts of energy 

dissipated as collision work as compared to push-off creating 

another design parameter for improving walking efficiency 

through application of exoskeletons. These analyses also 

showcase the importance of maintaining a consistent walking 

speed when assessing the walking performance outcome 

measures for an exoskeleton device.  
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SUMMARY 

Lesser quadriceps function is moderately associated with 

longer periods of support during gait in individuals with 

obesity. Further work is needed to evaluate if increasing 

quadriceps function in individuals with obesity will improve 

temporal gait characteristics associated with postural 

instability. 

INTRODUCTION  

Muscle weakness and gait alterations are common in 

individuals with obesity and older adults with increased fall 

risk [1]. For example, both groups commonly walk with 

longer double limb support (DS) and single limb stance time 

(ST), shorter step length (SL), and wider step width (SW) 

compared to control individuals [1]. Collectively, these gait 

adaptations are thought to represent an underlying instability 

and assist with the maintenance of dynamic balance. Postural 

stability in individuals with obesity may be limited due to 

muscle weakness, as an increase in mass requires a 

proportional increase in strength to stabilize deviations in the 

body’s postural position [1]. However, it is unclear if 

quadriceps function is related to gait characteristics associated 

with postural instability in individuals with obesity. Therefore, 

the purpose of this study was to examine the relationship 

between quadriceps function and spatiotemporal gait 

biomechanics in individuals with obesity. We hypothesized 

that lesser quadriceps function would be associated with 

longer periods of support (DS, ST), shorter SL, and wider SW. 

METHODS 

Forty-eight young adults with obesity participated in the study 

(Age= 22.8±3.5 years; BMI (kg/m2) = 33.1±4.1; 50% female; 

body fat (%) = 37.9±7.2). 

Quadriceps function of the participants’ dominant limb was 

assessed with an isokinetic dynamometer and B-mode axial-

plane ultrasound imaging to obtain: peak isometric strength 

(PT), early (RTD100) and late (RTD200) rate of torque 

development, and vastus lateralis cross sectional area (CSA) 

and echo intensity (EI). Torque data were analyzed using a 

custom LabVIEW program, normalized to body mass, and the 

highest value from three trials was used for analysis. 

Ultrasound images were analyzed using Image J. EI was 

corrected for subcutaneous fat thickness [2] and the average 

from three images was used for analysis. 

Gait biomechanics were assessed by having participants 

complete five walking trials at self-selected speed in 

standardized footwear along a 10-meter runway while three-

dimensional kinematics and kinetics were recorded to obtain: 

DS, ST, SL, and SW. Trials were accepted if they were within 

±5% of their self-selected speed and participants’ feet made 

full contact with the consecutive force plates located in the 

center of the runway. All data were exported to Visual 3D for 

model construction and further analyzed using a custom 

LabVIEW program. ST was defined as the time elapsed from 

heel contact to toe off of the dominant limb. DS was defined 

as the elapsed time between heel contact of the leading foot to 

toe off of the trailing foot. SL and SW were defined as the 

distance between the proximal end point of the foot segments 

at heel contact along the anterior-posterior axis and medial-

lateral axis, respectively. SL was normalized to height, and the 

average from 5 trials for each outcome was used for analysis.  

Partial correlation controlling for sex and self-selected gait 

speed was used to examine the association between quadriceps 

function and spatiotemporal gait characteristics (α=0.05). 

Preliminary analyses indicated that gait speed and sex were 

associated with quadriceps function and gait biomechanics, 

and thus were included as covariates.  

RESULTS AND DISCUSSION 

PT (r=-0.369, p=0.013) and RTD100 (r=-0.452, p=0.002) 

were inversely related with DS time. RTD100 (r=-0.342, 

p=0.021) was inversely related to ST. No additional 

associations were found between quadriceps function and gait 

outcomes. 

These findings suggest that lesser quadriceps strength and 

early RTD are associated with longer periods of support in 

individuals with obesity. The extended periods of support in 

individuals with obesity are indicative of underlying postural 

instability [1]. Therefore, improving quadriceps function may 

be useful to influence falls risk in adults with obesity. 

CONCLUSIONS 

Lesser quadriceps function is moderately associated with 

longer periods of support in individuals with obesity. Further 

work is needed to evaluate if increasing quadriceps function in 

individuals with obesity will improve temporal gait 

characteristics associated with postural instability.  
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SUMMARY 

A kinematic analysis of vaulting in comparison with normal 

walking was performed as 20 participants walked over level 

ground with and without a brace restricting knee flexion on 

the right side. It was determined that vaulting results in 

significantly different plantarflexion and dorsiflexion ankle 

angles and heel height on the unrestricted side compared to 

normal walking. 

INTRODUCTION 

The beginning of the swing phase in walking is marked by 

flexion of the hip and knee, which draws the leg up as the 

leg moves forward, allowing for ground clearance. 

Individuals with gait disparities may adopt compensatory 

strategies such as circumduction, hip hiking, and vaulting in 

order to decrease the risk of falling. Vaulting is the 

premature rising onto the forefoot of the contralateral limb 

during advancement of the swing limb [1]. Vaulting may 

emerge when adequate toe clearance cannot be achieved. 

An effort is made to reduce vaulting in individuals with 

prosthetics through visual observation of the gait pattern. 

However, vaulting may be a small, quick change in the gait 

that could be easily missed with visual observation. A few 

studies have aimed to quantify vaulting through analysis of 

ankle power generation of the contralateral limb [2,3]. To 

the best of our knowledge, vaulting has not been quantified 

kinematically. The goal of this study was to analyze the 

vaulting strategy kinematically in order to provide a clear 

working definition of this compensatory gait strategy. 

METHODS 

Twenty healthy young adults (13 male, 7 female, age: 23.7 ± 

4.3 years, height: 1.7 ± 0.1 m, mass: 70.9 ± 12.9 kg) 

participated in this study. IRB approval was received, and 

all participants signed an informed consent prior to 

participation.  

After the anthropometric measurements were taken for the 

participant, reflective markers were placed on their 

anatomical landmarks following a lower extremity plug-in-

gait model. Participants then walked along a 10-m linear 

pathway across two inline force plates (AMTI, MA) 

embedded in the middle of the pathway until at least 3 good 

trials were collected. A trial was considered good when 

participants’ feet naturally landed on the force plates. A 

brace was then placed on the participants’ right leg, so that 

knee flexion could not occur. Participants were then 

instructed to vault as they walked across the walkway. They 

practiced vaulting walking with the brace until they were 

familiar with the vaulting walking. Then, at least 3 good 

trials were collected for vaulting walking. 

Kinematic ankle motion data were collected using 8 VICON 

infrared cameras (Oxford Metrics, Oxford, UK), sampling at 

100 Hz. The peak heel vertical displacement, peak 

dorsiflexion and peak plantar-flexion angle during the gait 

cycle on the un-constrained side under both walking 

conditions (normal vs. vaulting) were determined. These 

dependent variables were then compared between the 

walking conditions using paired t-tests in SPSS (IBM, NY) 

with an alpha level of 0.05. 

RESULTS AND DISCUSSION 

Results indicated that the peak plantarflexion angle was 

significantly greater (26.56 ± 5.95° for vaulting vs. 20.19 ± 

5.76° for normal, p < 0.001) and peak dorsiflexion angle 

was significantly smaller (1.29 ± 3.34° vs. 8.72 ± 2.35°, p < 

0.001) on the unrestricted side during the vaulting condition. 

Peak heel vertical displacement was significantly different 

during vaulting than regular walking (13.18 ± 1.01 mm vs. 

13.62 ± 1.02 mm, p < 0.029, Figure 1). The heel leaves the 

ground earlier in the vaulting condition, which allows 

individuals to clear the ground and swing the constrained leg 

through during mid-stance. 
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Figure 1: Height of the un-constrained heel in both walking 

conditions for a representative subject. 

CONCLUSIONS 

This study illustrates kinematic differences between normal 

walking and vaulting. Vaulting is one compensatory strategy 

individuals may adopt when unable to bend the knee. 

Though vaulting enables individuals to clear the ground, it is 

a gait abnormality. The findings provide kinematic features 

characterizing the vaulting gait pattern, which may assist 

clinicians in correcting vaulting during rehabilitation.  This 

study has limitations. First, our participants were healthy 

young adults. It is unknown if the results can be generalized 

to clinical populations. Second, knee flexion was inhibited 

on the right side only. Future studies are needed to examine 

these issues. 

REFERENCES 

[1] Perry J & Burnfield JM. (2010). Gait Analysis, Slack 

Inc. 

[2] Ferrarin M, et al. (2012). Gait and Posture, 35, 131-137. 

[3] Drevelle X, et al. (2014). Clinical Biomechanics, Vol 

29, 679-683. 

 

Thursday, August 01 2019: Posters (1600-1800) 351

Clinical Gait General 1



 

 

Gait Kinematics are Different between Asymptomatic Individuals with Bipolar Disorder and Healthy Controls 
 

Gu Eon Kang1, Brian J. Mickey2, Melvin G. McInnis3, Barry S. Krembs4, M. Melissa Gross4 
1Michael E. DeBakey Department of Surgery, Baylor College of Medicine, Houston, TX, USA 

2Department of Psychiatry, University of Utah, Salt Lake City, UT, USA 
3Department of Psychiatry, University of Michigan, Ann Arbor, MI, USA 

4Department of Movement Science, University of Michigan, Ann Arbor, MI, USA 

Email: gueon.kang@bcm.edu  
 

Summary  

Individuals with bipolar disorder (BPD) exhibit gait 
abnormalities during symptomatic phases, but whether gait 
patterns are affected during asymptomatic phase is not known. 
Accordingly, this study aimed to describe gait patterns in 
asymptomatic individuals with BPD (n=14) as compared to 
healthy controls (n=14). Subjects performed gait trials at self-
selected comfortable speed on an 8-meter walkway. Mean gait 
speed was similar between the two groups. When statistically 
controlling for the effects of gait speed on outcomes, 
asymptomatic individuals had significantly longer stride 
length, slower cadence, smaller shoulder, elbow and ankle 
ranges of motion (ROM), and larger hip ROM compared to 
unaffected controls. Findings suggest that mood disorders may 
disrupt gait kinematics, even when subjects are asymptomatic. 

Introduction 

Individuals with mood disorders spend more than half of their 
lifetime in asymptomatic phase [1]. Recently we demonstrated 
that symptomatic phases (i.e., depression and hypomania) 
affect gait patterns such as gait speed and balance control in 
BPD [2,3]. However, it remains uncertain if these gait patterns 
are also affected during asymptomatic phase. In this study, we 
aim to compare gait kinematics in asymptomatic individuals 
with BPD relative to healthy controls. 

Methods 

We performed a secondary analysis of data from a previous 
study [2]. All participants were enrolled in the Heinz C. 
Prechter Longitudinal Study of Bipolar Disorder [4]. We 
measured depressive and manic symptoms using Patient 
Health Questionnaire (PHQ-9) and Altman Self-Rating Mania 
Scale (ASRM), respectively, and individuals with a score of 
five or lower on both self-questionnaires were considered 
asymptomatic. We collected motion data from 54 reflective 
markers using a 16-camera motion capture system (Motion 
Analysis, Santa Rosa, CA, USA). The marker data were 
collected at 120 Hz and low-pass filtered at 6 Hz. We created 
a 15-segment biomechanical model in Visual3D (C-Motion, 
Germantown, MD, USA) [5,6], and calculated gait parameters 
and sagittal joint ROM during one gait cycle. Participant 
characteristics were compared between the two groups using 

an independent t-test. We used a linear mixed model with 
random effects of participants and fixed effects of age, body 
mass index (BMI), gender, antipsychotic and antidepressant 
medications (i.e., covariates) and group to compare mean gait 
speed. For all other variables, gait speed was included as an 
additional covariate for controlling for the effect of gait speed. 
A p-value < 0.05 was considered a significant difference. 

Results and Discussion 

Fourteen asymptomatic individuals with BPD (4 men) and 14 
healthy controls (5 men) were included in the data analysis. 
Age, BMI, PHQ-9 and ASRM were similar between groups 
(asymptomatic and control; 38.7±10.5 and 42.2±12.6 yrs; 
26.5±4.1 and 25.6±5.1 kg/m2; 2.4±1.5 and 0.1±1.4; 1.7±1.6 
and 1.1±2.6, respectively) (all p>0.05). Mean gait speed was 
similar between the asymptomatic and control groups 
(1.21±0.15 m/s and 1.22±0.22 m/s, respectively) (p>0.05). 
Significant differences between the groups emerged for other 
gait variables (all p<0.05) (Table 1). 

Conclusions 

Gait kinematics are different in asymptomatic individuals with 
BPD compared to healthy controls, even when gait speed is 
similar. Together with our previous reports [2,3], the results 
demonstrated that gait pattern is disrupted in individuals with 
BPD regardless of their mood phase, which is consistent with 
an underlying neurobiological state of bipolar disorder.  
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Table 1: Gait variables between asymptomatic individuals with BPD and unaffected controls. Asterisks indicate significant differences. 

 Stride length* Cadence* Shoulder ROM* Hip ROM* Knee ROM Ankle ROM* 

Asymptomatic 1.40±0.11 m 102.8±8.5 steps/min 21.0±12.3º 42.8±4.9º 73.4±6.3º 23.6±6.8º 
Control 1.34±0.10 m 108.6±7.7 steps/min 24.3±8.0 º 38.6±3.2º 70.9±5.0º 32.0±5.8º 
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Summary 
Turning gait is important to everyday activity but has yet to be 
fully explored. In this study a clinical dual-task (DT) 
assessment using a 180˚ guided turn, instrumented with an 
inertial measurement unit (IMU), was applied to concussed 
subjects. Subjects had increased turn time at 72hrs and 1wk 
post-injury in DT. Concussed subjects also showed trends of 
longer turn time, slower peak roll, and faster peak yaw angular 
velocities across 2-months post-injury suggesting turning 
under divided attention may lead to impaired balance control. 

Introduction 
Persistent gait balance control impairments following acute 
concussion have been well documented in straight gait [1]. 
Turning is essential to daily activity but has been minimally 
studied. One study using an IMU investigate 45˚, 90˚ and 135˚ 
turns which result in a pivoting turn strategy [2]. Guided 
multiple step turns are a regular part of daily life but have yet 
to be explored with clinical instruments. The purpose of this 
study is to explore gait balance control in a 180˚ guided turn, 
across a two month post injury period, in acutely concussed 
young adults utilizing a wearable IMU. 

Methods 
In this preliminary investigation seven young adults (5F/2M, 
age 19.8yrs, height 170.9cm, weight 72.1kg) who sustained an 
acute concussion were compared to six healthy young adults 
(3F/3M, age 23.8yrs, height 170.5cm, weight 68.3kg). A 
clinical gait assessment using a wearable IMU placed over the 
L5 vertebra was performed at five post-injury time points 
(within 72hrs, 1 wk, 2 wks, 1 mo, 2 mos). Healthy subjects 
performed the same gait assessment at similar intervals 
consisting of a 7m straight walk, a 180˚ counter clockwise 
guided turn around a cone, and a return 7m walk. Eight trials 
were performed in each assessment with four single-task (ST; 
walking only) and four DT (walking while performing a 
concurrent cognitive task) trials presented in a random order. 
During DT trials subjects performed an auditory Stroop task 
queued one step prior to turning. Data were sampled at 128Hz 
and filtered with a 2nd order low- pass, Butterworth filter with 
a 20Hz cut-off. Peak yaw and peak roll angular velocities were 
collected and analysed at each assessment with 2-way (group 
vs condition) repeated measures analyses of variance, α=.05. 

Figure 1: Turn time for both groups and conditions at 5 assessment 
times. * interaction effect, p=.027. † main effect of condition, p=.013. 

Results and Discussion 
An interaction effect was identified for turn time at the 72hr 
assessment, p=.027 (Fig. 1) suggesting increased turn time is 
caused by adding a secondary task (main effect of condition, 
p=.013). While not significant, the concussion injury also 
likely contributed to increased turn time at 72hrs and 1 wk 
(main effect of group, p=.078 and p=.062 respectively). Main 
effects of condition were identified for yaw at 72hrs and roll at 
1 wk (p=.008 and p=.015) suggesting balance control is 
affected during divided attention turning (Table 1).  
Table 1: Peak roll and yaw angular velocities for both groups in both 
conditions, mean (SD). Main effects of condition were identified for 
roll at 1 wk (†p=.015) and yaw at 72hrs (*p=.008). 

Additionally, concussed subjects display non-significant 
trends of faster peak yaw and slower peak roll angular 
velocities than healthy individuals in both ST and DT. The 
faster yaw is in contrast to a recent study of chronically 
concussed individuals but is not entirely unexpected as the 
45˚, 90˚ and 135˚ turns used resulted in a pivot turning 
strategy. In our guided 180˚ turn, subjects took multiple steps 
in an arcing motion around a cone. Healthy subjects had 
slower peak yaw occurring in a shorter turn time, possibly 
indicating a smoother turning strategy. Roll during turning 
may provide insight into medial-lateral (ML) sway, and may 
be a reasonable corollary to ML linear acceleration. In straight 
gait concussed individuals have lower ML acceleration in the 
transition from double- to single-support, suggesting a 
diminished capability to attenuate ML momentum [3]. During 
turning, ML linear acceleration profiles are less consistent 
than roll angular velocities. In this study the faster peak roll 
seen in healthy subjects may suggest a faster ML sway, and 
similar to linear accelerations in straight gait, indicate a 
superior control of ML momentum. 

Conclusion 
Our results suggest DT turning leads to increased turn times in 
acutely concussed subjects. Trends of faster yaw and slower 
roll angular velocities may denote impaired balance control 
and suggest a 180˚ guided turn may be useful in identifying 
gait imbalance during complex divided attention tasks.  
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SUMMARY 

Subject-specific lateral trunk lean (LTL) gait modification 
(GM) decreased knee abduction moment (KAM) magnitude 

on average by 8.9%, although not statistically significant. 

There was a concurrent increase in trunk kinetics, which is 

indicative of increased spinal loading. Over prolonged periods, 

exposure to increased trunk moment and impulse could result 

in unfavourable long-term consequences. 

INTRODUCTION 

GM is an emerging option that is inexpensive and has shown 

promising results to change KAM [1]. GM strategies reported 

in literature include modifying i) trunk position, ii) knee angle, 

iii) foot angle, and iv) stride width. LTL GM involves a lateral 

shift of the center of mass, which decreases the moment arm 

of the ground reaction force, thereby reducing the stance limb 

KAM. In a study employing self-selected trunk sway 

magnitudes, LTL GM resulted in increased trunk moment and 

muscle activity [2]. Increased spinal loads have been identified 

as causal factors for lower back pain [3].  Therefore, the 

purpose of this study was to investigate changes in trunk 

kinetics as a result of implementing subject-specific LTL GM 

magnitudes. 

METHODS 

Nineteen healthy participants (age 26.7±4.8 years; height 

1.69±0.17 m; mass 72.3±11.8 kg) qualified for inclusion. 

Dominant limb was established as the preferred swing leg in a 

kicking task. Eight motion analysis cameras (200Hz) tracked 
marker trajectory of 53 retroreflective markers attached to the 

trunk and lower extremity. Ground reaction force (GRF) was 

acquired using 4 floor-embedded force plates (1000Hz) 

located along a 6 meter walkway.  

Participants completed 10 trials of both baseline walking and 

LTL GM. Subject-specific LTL angle was determined by 

adding (a) 1-3 standard deviations (SD) for small, and (b) 3-5 

SD for large GM to the baseline average trunk angle. Five 

trials for both small and large GMs were completed.  

Visual real-time biofeedback was projected as a line graph 

displaying the trunk angle during stance. Feedback was 
projected to a large screen visible to the participants during the 

GM trials. Practice trials were allowed; trials were valid if gait 

speed was within ±5% of average baseline speed (Table 1). A 

visual 3D kinematic model was used to quantify the motion at 

the trunk and knee joints. Joint angles were measured in 

degrees (o), and internal joint moments were normalized to 

mass and height (Nm/Kg.m). The stance phase was analyzed. 

Repeated measures ANOVAs were performed to compare 

baseline and LTL GM (p<0.05). 

RESULTS AND DISCUSSION 

Participants successfully achieved LTL target 21.5% of the 

time while exceeding recommended target 66% of time.  

LTL angle at peak trunk moment (F2,36=15.224, P<0.001), and 

peak LTL moment (F2,36=9.787, P<0.001 respectively) were 

significantly increased during both GM magnitudes. 

Additionally, trunk impulse during the 1st half of stance was 

significantly increased during both LTL GM magnitudes 

(F1.178,21.202=52.537, P<0.001) (Table 1). 

Our findings suggest that LTL could result in detrimental 

adaptations along the kinetic chain; evidenced by the observed 

increase in trunk kinetics. This may suggest a greater spinal 

load. KAM reduction during LTL was not statistically 

significant. The low success rate for achieving target 

modification could be attributed to physiological challenges of 

maintaining prescribed 2 SD bandwidth.  

CONCLUSIONS 

Implementing LTL GM might result in unintended secondary 

changes along the kinetic chain. Further researcher is required 

to investigate the chronic nature of these adaptations. 
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Table 1: Descriptive statistics (mean ± standard deviation) for gait speed and joint kinetics across gait modification strategies. Small LTL= 

Baseline lateral trunk lean ±1-3 standard deviation, and large LTL= Baseline lateral trunk lean ±3-5 standard deviation. TA at PK trunk moment = 

Trunk angle at peak trunk moment. 

Gait strategy 

 

Gait speed 

(m/s)  

KAM 

(Nm/Kg.m) 

TA at PK trunk moment 

(Nm/Kg.m)   

Trunk moment 

(Nm/Kg.m)   

Trunk impulse 

(Nms/Kg.m)    

Baseline walking 1.34±.18 -0.28±.09 1.73±2.3 0.23±.16 0.01±.01 

Small LTL 1.34±.19 -0.25±.08 3.59±3.2 0.28±.20 0.03±.02 

Large LTL 1.34±.19 -0.26±.10 4.10±2.9 0.29±.18 0.03±.02 
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Summary 

A recent survey in India reported a point prevalence of 43.5% 

low back pain among dancers amongst which a large majority 

were Indian classical dancers namely, Bharatanatyam. In an 

attempt to explore the source of low back pain, 7 
Bharatanatyam dancers presenting with low back pain during 

walking were studied to record gait kinematics using Vicon 3-

D motion analysis system and compared with 10 

Bharatanatyam dancers without low back pain.  Consistent 

dance training over 12 years reflected in altered joint 

kinematics of spine and pelvis. Dancers with low back pain 

presented 16% increased spine extension, 35% increased 

anterior pelvic tilt, 56% reduced pelvic obliquity and 30% 
reduced pelvic rotation compared to dancers without low-back 

pain.  Implementation of a specific exercise program designed 

to neutralize excess deviations at pelvis and spine may result 

in strength and conditioning effects which are likely to 

safeguard low back. 

Introduction 

Bharatanatyam dance form involves complex symmetric and 

asymmetric poses performed in maximal arc of motion which 

may result in kinematic changes. These changes could be 

reflected in a common weight-bearing activity such as gait.  

Fig1: Pelvic inclination in dancers a)without LBP &b)with LBP 

                                   

Kinematic analysis of gait performance among western dance 
forms like ballet is extensively reported. However information 

on musculoskeletal adaptations among Indian classical 

dancers to provide an insight into understanding 

pathomechanics of spine pain is lacking.  

Methods 

Seventeen active Bharatanatyam dancers with 8 years of 

formal dance training (practising for minimum 5 hours/week) 

participated. Group-A included dancers without 

musculoskeletal pain; Group-B included dancers with chronic 

mechanical, non-radicular low back pain (pain intensity on 

Numerical Rating Scale at rest 0/10, during walking < 6/10).              

Demographic information and anthropometric data was 

recorded. Kinematic data was obtained using twelve infra-red 

cameras of the Vicon (Oxford Metrics Group, UK) and three-

dimensional motion analysis system. Thirty-nine retro- 

reflective markers were attached on specific anatomical 

landmarks in accordance with the standard kinematic model, 

PlugInGait. Participants were instructed to walk five times at 

self-selected walking speed without shoes on a 10 m walkway.  

Mid-gait data were processed within Vicon Nexus 2.4 to 

obtain peak joint angles of spine, pelvis, hip, knee and ankle in 

sagittal, coronal and transverse plane. Intergroup analysis 
between two groups was performed using Mann-Whitney U 

test. 

Results and Discussion 

Dancers with low back pain presented 35% increased anterior 

pelvic tilt, 56% reduced pelvic obliquity and 30% reduced 
pelvic rotation and 16% reduced spine extension compared to 

dancers without low-back pain. Kinematic demands placed by 

typical dance postures resulted in increased spine extension, 

exaggerated anterior tilt and obliquity of pelvis. Exaggerated 

spine extension coupled with excessive anterior pelvic tilt 

causing sustained facet joint loading and increased intra-discal 

pressure is speculated to result in low-back pain during 

walking. 

Fig 2: Maximal values (M+SD) of selected angular variables 

Conclusions 

Implementation of specific exercise program designed to 

neutralize excess deviations at pelvis and spine may result in 

strength and conditioning effects which are likely to safeguard 

low back. 
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Joint Kinematics 

Dancers 
without LBP 

(n=10) 

Mean(SD) 

Dancers with 
LBP (n=7) 

Mean(SD) 

 

p  
value 

Spine extension -17.80 (9.93) -21.33 (3.54) 0.67 

Anterior pelvic tilt 8.56 (7.05) 11.58 (8.20) 0.02* 

Pelvic obliquity 11.13 (1.64) 4.80 (3.19) 0.00* 

Pelvic rotation 12.47 (8.72) 8.73(5.99) 0.00* 

Hip flexion 25.45 (7.91) 35.52 (9.57) 0.06 

Hip extension 18.31 (5.86) 10.48 (2.42) 0.00* 

Hip abduction 6.63 (3.06) 13.35 (2.00) 0.00* 

Hip external rotation 21.04 (13.23) 29.01 (21.94) 0.13 
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Summary  
This study demonstrates a biofeedback method for training 
adaptable gait. The method involved a customised Matlab 
program and a 3D motion capture system. 22 young adults were 
selected to test the effect of gait adaptability training on error-
reduction of two target-oriented stepping tests while walking: 
(1) vertical foot height error and (2) fore-aft foot placement 
error. Kinematic trajectories of lower limb and target state were 
displayed in various forms in real-time by TV monitor at front 
of treadmill. Participants were allocated to either a control or 
experimental group. The gait adaptability training program was 
administered to the experimental group, while a ‘placebo’ 
training program was delivered to the control group. All 
participants performed the same adaptability test at pre- and 
post-training. The training program involved generic but 
targeted stepping tasks that were different to the test trial tasks. 
The experimental group showed improved foot placement 
adaptability following biofeedback training.  

Introduction 
Ability to adapt gait patterns that match changing environment 
situations is important for safe navigation. Our embodied 
locomotor system is equipped for these task demands, but gait 
can become less adaptable with ageing and pathology.  
Research has shown that target-oriented biofeedback has a 
greater beneficial effect on gait compared to walking without 
biofeedback [1,2]. While biofeedback programs that provide 
visual projection of stepping performance have demonstrated 
positive outcomes for gait and posture [1,3], there is still need 
for further development to achieve maximal effect from an 
efficient training regime. Therefore, a training method should 
include a variety of task and target-oriented options that 
challenge the various sub-tasks of the gait cycle, and enable 
growth of abundant repertoires of locomotor solutions. The aim 
of this project was to evaluate a new gait adaptability training 
method, which incorporated a variety of walking tasks and 
adjustable targets that probe different locomotor control system 
resources. We assumed that targeted biofeedback training 
would produce short-term improvement for a given gait 
adaptability performance test.  

Methods 
Young healthy adult participants were fitted with customised 
footwear and pelvic belt that had cluster of retro-reflective 
markers. A 3D motion capture system (Vicon Pty) collected the 
foot and limb position data and streamed to Visual3D Server 
(C-Motion Pty). A customised MATLAB program was 
developed to present a graphical display of task performance in 
real-time. From a warm-up period of treadmill walking, mean 

and standard deviation statistics of gait kinematics served as 
input for the tests and training program. Second, the pre-
training gait adaptability test was scored by the accumulated 
error from four 1-min tests (task by limb, 2x2), where a target 
was kept constant for a block of 5-steps before random switch 
to a new state. Each limb was scored by a separate test that 
involved four blocks of targeted stepping. Third, the 
experimental group performed a training regime of six 3-min 
trials (2-min rest periods). Two trials consisted of ‘random 
stepping stones’ where foot position targets continually varied 
in fore-aft and medio-lateral position. Two trials targeted left 
and right hip height of the swing limb at mid swing. Two trials 
targeted left and right swing limb length at mid-swing. The 
control group were presented with same six trials but asked to 
explore without target criteria. The gait adaptability tests were 
then repeated at completion of training. An independent t-test 
evaluated the post-test difference between the groups.  

Results and Discussion 
Post-test gait adaptability performance show the experimental 
group reduced their foot position error (p < .08 and p < .09) 
(Figure 1). Both groups scored similarly at pre-test (p=.46).  

 
Figure 1: Comparison of mean absolute errors for step length (SL) and 
toe-ground clearance (TGC) after training between two groups. 

Conclusions 
The biofeedback method had an acute effect on gait 
adaptability. Future work will evaluate the effect of this training 
regime on adaptability tests prescribed for over ground walking 
tasks in ageing and gait pathology populations.  
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Summary 
Total Ankle Replacements (TAR) use a variaty of bone 
fixation mechanisms. The Bone-Implant-Interface (BII) has 
been indentified as a source of failure due to loosening. FEA 
is used to compare bone fixation mechanisms assescing 
micromotion under different loading conditions.  

Introduction 
Osteoarthritis is one of the most common ankle diseases, often 
treated by arthrodesis or Total Ankle Replacement (TAR). 
TAR has gained popularity as it has the advantage over 
arthrodesis that joint mobility is preserved and adjacent joint 
arthritis is prevented [1]. However, failure rates of current 
TARs are still unacceptably high. Studies showed that implant 
loosening and subsidence is one of the main reasons for an 
early revision [2]. High levels of micromotion within the 
Bone-Implant-Interface (BII) for cementless prostheses 
impede osseointegration and may be the reason for early 
implant loosening and failure. Finite element analysis has been 
used by [3] to assess micromotion at the BII limited for three 
TAR implants and compressive loading conditions.  It is 
believed that a reduction of micromotion within the BII under 
all possible loading conditions is the key to increase long-term 
success of TARs. Therefore, the goal of this study is to 
investigate different bone fixations mechanisms of the tibial 
and talar component of current implants and determine the 
occurring micromotion under various loading conditions.  

Methods 
Four implant systems (INFINITY, VANTAGE, STAR, 
AXIOM) were investigated, geometries observed and 3-
dimensional CAD models designed based on their 
mechanisms of fixation (SolidWorks® Dassault Systèmes, 
France). A cubic block was used to simulate the tibia and talus 
including a 3mm thick cortical shell. Both, bones and implants 
were imported into ABAQUS 2018 (Dessault Systèmes, 
France). Talar components were assigned a Young’s modulus 
of 110 GPa representing Ti6Al4V and Tibia components 210 
GPa (CoCr; Poisson’s ratio both 0.3). The material properties 
for bone were assigned 20MPa (cortical) and 10MPa 
(trabecular) [4]. A linear isotropic Coulomb friction 
coefficient of 0.45 was assumed within the BII [5] and a hard-
linear contact penalty method in combination with a tangential 
contact behavior using small sliding formulation was used. 
Bones were fixed to all motions. Forces were applied for eight 
loading conditions. Axial loading forces (Neutral, 
Dorsiflexion, Plantarflexion, Inversion, Eversion) up to 
1500N, while push-in and push-out scenarios were only 
simulated for the tibial components with a force up to 1300N. 
Rotational loading was accomplished with a Moment of 5Nm. 
Linear tetrahedral elements were used for meshing bones and 

implants. A finer mesh size was applied for the contact 
surfaces within the BII. Micromotion was computed and 
maximum values were reported. 

Results and Discussion 
Tibial Component: Micromotion was found to be the same for 
all implants with axial loading. Loading scenarios of 
Dorsiflexion, Plantarflexion, In- and Eversion indicated the 
highest micromotion for the Infinity. For rotational loading 
conditions, the Axiom followed by the Vantage outdid the 
other implants (Figure 1). The Axiom was found to be the 
most stable implant for push-in/push-out loading scenarios. 
Talar Component: Axial loading showed no differences in 
micromotion for the implants. The amount of micromotion 
occurring during the loading conditions of Dorsiflexion, 
Plantarflexion, In- and Eversion was the same between all the 
tested implants. During rotational loading, the Star and Axiom 
showed the least amount of micromotion while the other two 
failed during this loading condition. 

 
Figure 1: μ-motion at the BII in dorsiflexion for both components 

Conclusions 
(1) The various design types of fixation methods (pegs, fins, 
barbs and peaks) showed that a combination of different 
multilateral fixation mechanisms is beneficial. In addition, the 
position of fixation should not be centrally focused but 
arranged over the whole interacting surface. (2) The talar 
components don’t differ in micromotion for any axial loading 
conditions which may be due to the enlarged stability by the 
chamfer cutted talus. In case of rotational loadings pegs seem 
to have disadvantages over novel designs such as the Axiom.   
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SUMMARY 

Gait analysis is essential in orthotics and prosthetics (O&P) 

practice. This pilot study aimed to determine the reliability of 

a simple 2D video-software analysis tool and to compare it 

with 3D gait laboratory. Gait trials were undertaken with 10 

able-bodied participants. The 2D video-software system 

showed good validity with regard to the measured kinematic 

data in comparison to the gold standard 3D motion analysis 

laboratory. There were no significant differences between the 

2D video-software and 3D motion analysis with respect to the 

measured kinematic variables (P>0.05). 

INTRODUCTION  

Gait analysis is essentially used for treating patients and 

enhancing our understanding of gait through research. 

Absence of access to gait laboratory combined with time and 

costs cause most O&P practitioners and students to rely on 

visual analysis. A 2D video-based tool, comprised of a DSLR 

camera and free off-the-shelf Skillspector software, helps to 

overcome the limitations of visual analysis and provides 

outcomes important for evidence based practice and quality 

patient care. The purpose of this study was to determine the 

reliability of a simple 2D motion analysis tool and to compare 

its kinematic data with those from instrumented gait analysis 

laboratory. 

METHODS 

This pilot study assigned 10 healthy subjects; age 26.40±8.33 

years, height 165.80±6.76 cm and body mass 62.50±13.20 kg.  

 

Figure 1: Experimental Setup 

A foot velocity algorithm (FVA) was employed to indicate 

‘troughs’ as the timing of initial contact (IC) and ‘peaks’ as of 

preswing (PSw). The heel marker was close to the ground at 

the time of IC. The main peaks identified the timing of the 

PSw events. While for 3D gait laboratory, the IC and PSw 

times were determined from the force plate data in which the 

resultant force exceeded or fell below threshold (5-10 N). 

Three raters processed the measured kinematic data for the 

reliability of 2D video-software system. Kinematic parameters 

were compared between the two systems using Intraclass 

Correlation Coefficient (ICC), Cronbach’s coefficient, and 

Paired t-test with significance set to P < 0.05. 

RESULTS AND DISCUSSION 

The ICC values ranged between 0.983-0.993, 0.878-0.938, 

0.879-0.896 for joint angle, angular velocity and acceleration 

respectively. The inter-rater reliability results produced 

Cronbach’s coefficient values greater than 0.882. According to 

the ICC interpretation scale, the results were classed as almost 

perfect. 

 

Table 1: Comparison showing mean, SD and P values; ICC with 

corresponding 95% confidence interval and Cronbach’s 

The kinematic variables from 2D video-software and 3D 

motion analysis system showed no significant differences. 

However, it is only limited to the measured parameters. 

Further investigation is expected to reveal whether or not the 

system is reliably valid for other kinematic variables with 

respect to gold standard 3D gait laboratory system.  

CONCLUSIONS 

The validation data suggest that 2D video-software system is 

capable of generating reliable data with respect to the 

measured kinematic parameters and is therefore able to be 

applied in clinical O&P practice.  
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Summary 

The complex loading that occurs at the residual limb- 

prosthetic socket interface of a person with an amputation can 

affect comfort and skin integrity [1]. This study assessed the 

effect of providing interface pressure measurements to 

clinicians during the design and fabrication of prosthetic 

sockets. Three clinicians designed prostheses for the same 

residual limb model, enabling standardized testing. The socket 

and limb model were subjected to loading in a material testing 

machine. Two tests were performed, once after the initial 

manufacture of the socket had taken place, and then, after 

pressure feedback was provided and socket modification shad 

been made. Feedback and resultant modifications resulted in 

an overall reduction in loading, and a convergence of pressure 

measurements between clinicians. These results suggest that 

there is value in providing quantitative pressure feedback 

during the prosthetic design and manufacturing phase.  

Introduction 

The interface between the residual limb and prosthetic socket 

of a person with an amputation is subject to complex, variable 

loading conditions. There are many emerging sensing 

technologies to help facilitate measurement and monitoring of 

interface mechanics. To date however, the value of these 

pressure measurements to the design and fabrication of a 

prosthetic socket has not been investigated. This study will 

seek to identify whether pressure measurement feedback 

during the design process enables clinicians to design sockets 

with more optimized pressure profiles, and produce more 

consistent sockets between clinicians.  

Methods 

Three qualified prosthetists were recruited and consented prior 

to participation. Each was asked to design and align a 

prosthetic socket for the same transtibial residual limb model. 

Four ‘regions of interest’ were identified by the prosthetists as 

locations for pressure sensing. Four individual pressure 

sensors were inserted on the inside surface of the socket 

(SingleTact, USA). Each socket was attached to the limb 

model and placed into a material testing machine (Instron, 

USA). Loading from 0-800N was applied at a rate of 

10mm/min. Testing was repeated 5 times in a position 

simulating heel strike (15° hip flexion) and a position 

simulating mid stance (0° hip flexion). Peak pressure readings 

at each sensor site for each limb position were then provided 

to the prosthetist, and they were asked to modify their socket 

based on feedback. Testing was then repeated.  

Results and Discussion 

Initial testing resulted in pressures ranging from 11-133kPa. 

All pressures were below the thresholds set for tolerable 

loading [2]. This indicated that none of the regions were 

overloaded by the initial socket design. There were however 

variations in range and distribution between prosthetists of 

loading despite all sockets being designed for the same limb. 

Test two, performed after socket modifications, resulted in 

much lower peak loading values for all prosthetists and also 

saw a convergence of the pressure readings between 

prosthetists. Changes in pressure readings corresponded to the 

regions where socket modifications were made. 

 

Figure 1: Pressure readings for all prosthetists at all anatomical 

locations. Test one data was provided to the prosthetists as feedback 

to inform their socket modifications. Test two was performed after 
socket modifications. 

Conclusions 

This study has shown that pressure feedback to prosthetists 

during the socket design and fabrication process can result in 

reduced loading over anatomical regions, and results in more 

consistent socket fabrication between clinicians.  
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Summary 
Effect of surface profile of a Co-28Cr-6Mo alloy (ASTM F-
75) disc on wear behavior of an ultra-high-molecular-weight 
polyethylene (GUR1050) pin was investigated by using a pin-
on-disc wear testing machine with multi-directional pathways. 
The surface of a Co-28Cr-6Mo alloy disc had a waviness 
curve from the millimetre to micrometre scale and a surface 
roughness of the nanometre scale, which was processed by 
micro slurry jet (MSJ). It was elucidated that the Co-Cr-Mo 
alloy surface processed by MSJ reduced the specific wear rate 
of polyethylene. The wear particles isolated from the 
lubricating liquid were added to a culture medium, and human 
monocyte-derived macrophages (HMDM) were incubated by 
using an upright/inverted method. The production of TNF-α 
and IL-6 seemed to have a correlation with the amount of wear 
particles added. 

Introduction 
In a polymer-on-hard artificial joint, the bearing parts are 
typically composed of ultra-high molecular weight 
polyethylene and alloy with good corrosion resistance, or 
polyethylene and a ceramic material. The wear debris 
generated from the polyethylene part is considered a major 
factor in the long-term osteolysis and loosening of an artificial 
joint because the presence of this debris stimulates 
macrophage activity, thereby promoting the production of 
cytokines.  

In this study, the effect of surface profile of a Co-Cr-Mo alloy 
on wear behaviour of a polyethylene was investigated [1]. 

Methods 
A pin-on-disc wear tester capable of multidirectional motion 
was used. The pin made of a polyethylene with diameter of 9.0 
mm was pressed onto a disc made of a Co-Cr-Mo alloy at a 
pressure of 7.0 MPa. The pin was fixed with a holder jig, and 
the disc was subjected to orbital motion with a diameter of the 
centre of wear track of 10 mm and a sliding speed of 20.0 
mm/s. The lubricating liquid was a fetal bovine serum, in 
which the total protein concentration of 30.0 g/L was adjusted 
by adding distilled water. 

Figure 1 shows the surface profiles of the alloy discs used. 
The MSJ was used for processing the surface profile of alloy 
disc, which was a kind of the wet-blasting technique that uses 
alumina particles as the abrasive media, along with 
compressed air and water. A surface profile is obtained by 
adjusting the feed speed and feed pitch of the nozzle. A 
polished surface, obtained using a conventional lapping 
method, is used as a conventional surface. 

 
Figure 1: Surface profiles of Co-Cr-Mo alloy discs. 

 

The production of inflammatory cytokine against the wear 
particles isolated was examined. The concentration of wear 
particles generated from the MSJ-processed surface was 
adjusted based on the gravimetric wear result, which had a 
relation to the gravimetric results from the conventional 
surface. 

Results and Discussion 
It was elucidated that the processed Co-Cr-Mo alloy surface 
could reduce the wear in comparison to the conventional 
surface. However, the morphological aspect of the 
polyethylene wear particles was not drastically changed. 

For the upright incubation, both TNF-α and IL-6 was 
decreased by using the processed surface, which could be due 
to the low concentration of wear particles in the culture 
medium. 

Conclusions 
The alloy disc surface processed by the micro slurry jet 
reduced the specific wear rate of polyethylene, however, the 
morphological aspect of polyethylene wear particles was not 
drastically changed. The production of TNF-α and IL-6 
seemed to have a correlation with the amount of wear particles 
added. 
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Summary 

The use of bracing is a cost-effective and non-invasive 

treatment that provides pain relief without side effects with 

respect to knee osteoarthritis. In this study, a model with knee 

osteoarthritis combined with a finite element analysis model 

and a musculoskeletal model was constructed. This study 

evaluates the treatment of three types of knee braces that are 

valgus braces, including both a rotation brace and valgus-

rotation brace, which can be used to design and evaluate knee 

braces using this model. 

Introduction 

When evaluating knee braces based on a typical walking 

experiment, the inconvenience of experimental time 

consumption and safety of the experiment with respect to 

participants must be considered. The purpose of this study was 

to construct a model with knee osteoarthritis considering the 

motion of the knee during walking. The model was capable of 

evaluating the treatment effect of the knee braces on actual 

human subjects. 

Methods 

A surface model of the knee joint that considered bones, 

cartilages, meniscus, and ligaments was constructed based on 

medical imaging of the knee osteoarthritis. In this model, four-

node tetrahedron, which included approximately 80,000 

elements, were used. Bones were treated as a rigid body, and 

menisci and cartilage were considered to be linear elastic and 

isotropic material. To represent the incompressible material 

property of a ligament, the four ligaments were defined as 

transversely isotropic hyperelastic materials [1]. To simulate 

real contact between tissues, 19 contact zones were defined in 

this model. Muscles are not included in this model. In other 

words, the articular forces are necessary as a boundary 

condition to calculate knee joint loading. In this study, 

articular force vectors calculated by a three-dimensional 

whole-body musculoskeletal model [2] were applied on the 

knee joint model during walking. Three types of knee braces 

models were constructed, which were not shape model-based 

but the mechanical models that were simplified to moment 

forces affecting the knee joint. 

Results and Discussion 

The highest contact pressure occurring on the medial and 

lateral meniscus during the stance phase during the heel strike, 

maximum joint compress, and mid-stance were calculated 

without a knee brace. Furthermore, peak values of the 

meniscus were calculated while wearing the knee braces, and 

the treatment effects were evaluated without a knee brace. 

Peak values of the meniscus were also calculated while 

wearing the knee braces. In this paper, we use a comparison of 

data to show that the highest contact pressure took place in 

medial and lateral meniscus during maximum joint 

compression. The maximum joint forces effecting the knee 

joint are shown in Figure 2.  

  

Figure 2: Highest contact pressure without/with the knee braces. 

Conclusions 

This study provides a method of evaluating and comparing the 

treatment effect of a knee brace not based on experiment, but 

using computer simulation. In this study, we can cursorily 

draw a conclusion that the valgus-rotation knee brace 

represented a best-treatment effect during stance phase 

through the result of a reduced amount of highest contact 

pressure. 
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Figure 1: Construction flow of the knee joint model. 
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Summary 

This study quantified how rigid foot plates of different length 

altered individual foot segment kinematics during walking. The 

foot plates impacted most segment ranges of motion. The 

greatest changes were seen for toe and forefoot dorsiflexion. 

Introduction 

Exoskeletons and assistive orthotics often utilize a foot plate to 

actuate the foot during rehabilitation. [1] showed that a foot 

plate in a shoe restricted ankle movement but did not change 

ground reaction forces or hip or knee kinematics. They used a 

single foot segment, although it is likely footwear stiffness 

alters foot kinematics. Supporting this, a study using sandals of 

increasing stiffness showed that shod conditions restrict the 

abduction/adduction (ABD/ADD) and inversion/eversion 

(INV/EV) of the foot but do not affect plantarflexion/ 

dorsiflexion (PF/DF) [2]. This abstract quantifies the effects of 

very rigid foot plates on foot and toe kinematics. 

Methods 

For this pilot study, one subject walked on a treadmill at a self-

selected speed while kinematic data was collected for 1 min per 

condition. The subject wore a modified ballet slipper with a 

strap that held the foot plate to the foot and allowed markers to 

be placed. The Oxford foot model [3] was used to generate 

hindfoot, forefoot, and toe segments. For this work, joint angles 

were defined as the relative angle between the segment and the 

next most proximal segment. Three conditions were tested – a 

foot plate ending just before the metatarsal joints (three 

quarters), a foot plate equal to the length of the foot (full), and 

the ballet slipper alone (control). The foot plates were made of 

5 mm thick Delrin. For the three quarters condition, foam was 

used under the toes to maintain a constant insole height. Range 

of motion (ROM) data were tested for statistical differences via 

t-tests with α = 0.05. All reported differences have 𝑝 < 0.05. 

Results and Discussion 

In general, as the foot plate lengthens, the foot kinematics 

become less similar to the control condition (Fig. 1). The toe is 

the most effected by the foot plate condition (Tab. 1). PF/DF 

experienced the greatest decrease in ROM as the foot plate 

lengthened. While the three-quarter plate ended before the toe 

joint, the toe kinematics were still restricted, although to a lesser 

extent  than  for  the  full  plate  condition.   Toe  INV/EV  also 

 

 

decreased, while the change in ABD/ADD was inconclusive. 

This indicates that a rigid foot plate significantly restricts the 

toe’s natural movement, particularly in DF. The forefoot PF/DF 

ROM increased as the foot plate length increased, and the 

forefoot was more DF in general. This may indicate that the 

arch of the foot is compensating for the foot plate. Alternatively, 

this may indicate that as the foot tries to flex the foot plate 

resists and squeezes the arch of the foot via the strap. A longer 

plate generally decreased ABD/ADD of the forefoot, while 

changes in INV/EV ROM were inconclusive. This disagrees 

with [2] in which stiffer soles led to less ABD/ADD and 

INV/EV with little effect to PF/DF. This could be due to the 

difference in stiffness of a foot plate versus a sandal. 

Additionally, [2] used a 2-segment foot model compared to the 

3-segment model used here. It is possible that the axes defining 

the rotations are not aligned between these models. The 

hindfoot PF/DF ROM decreased as foot plate length increased, 

while changes in ABD/ADD and INV/EV ROM were 

inconclusive. This agrees with [4] in which running with 

sandals had no effect on hindfoot INV/EV. 

Conclusions 

It is clear that a foot plate has a significant effect on the motion 

of the foot, with a longer foot plate having a greater effect. The 

toe kinematics in particular are affected by a foot plate and thus 

should be considered when designing devices for the feet. 
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Table 1: Range of motion in degrees for each of the foot segments. 

Condition Toe Forefoot Hindfoot 

 PF/DF ABD/ADD INV/EV PF/DF ABD/ADD INV/EV PF/DF ABD/ADD INV/EV 

Control 21.0 10.5 6.9 10.0 4.2 5.9 15.0 11.2 10.2 

Three-quarter 13.6 9.3 4.7 12.9 3.8 4.7 15.2 13.4 11.4 

Full 8.9 5.8 2.9 13.8 1.8 4.3 13.9 14.2 11.6 

C 
Figure 1: PF/DF for (A) the toe 

relative to the forefoot, (B) the 

forefoot relative to the hindfoot, 

and (C) the hindfoot relative to 

the tibia (this is the closest 

measure to typical ankle angle). 
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Summary 

A soft pneumatic sleeve orthosis worn around the forearm and 
connected to the cuff of a Lofstrand crutch was designed to 
help alleviate high loading demands on the wrist and hand 
during crutch-assisted gait. When pressurized, the orthosis was 
found to provide moderate and physiologically-acceptable 
constriction pressure to the forearm (< 35mmHg), support the 
wrist in a more neutral position and distributed body force into 
both the crutch handle and cuff [1]. In this abstract, the effect 
of this orthosis on palmar pressure distribution was 
investigated. Results indicated reduced palmar pressure 
magnitude and shifted pressure concentration location away 
from the carpal tunnel region to the adductor pollicis.  

Introduction 

Repetitive and excessive palmar pressure associated with 
crutch walking have been shown to increase carpal tunnel 
pressure and thus result in onset and aggregation of carpal 
tunnel syndrome [2]. To address this issue, we designed a 
sleeve orthosis with a soft pneumatic actuator attached to the 
cuff of a Lofstrand crutch (Fig. 1a). Analysis of wrist 
kinematics and kinetics found that the orthosis significantly 
reduced wrist extension by 8% and off-loaded the wrist during 
swing-through crutch-assisted gait [1]. The current work 
presents changes in palmar pressure distribution with the use 
of orthosis during the Lofstrand crutch-assisted gait. 

Methods 

Eleven able-bodied subjects (5M; 18-32 yrs; height 171.6 cm; 
weight 67.4 kg) were recruited to perform swing-through (ST) 
and reciprocal (R) crutch gait with the orthosis attached or 
removed from the cuff. The testing protocol, and kinematic 
and kinetic data collection were previously described [1]. 
Palmar pressure data were collected at 60 Hz using a 16 ×16 
flexible matrix array (S2129, Novel Inc.) wrapped around the 
crutch handle on the dominant side (Fig.1b). An identification 
test to determine palmar landmarks was performed prior to the 
gait trials, in which a researcher pressed five locations (P1-P5) 
along the contour of participant’s hand on the pressure mat 
(Fig.1c). Motion analysis was further used to calculate the 
relative movement of the hand to the crutch handle during gait 
trials. Using these data, we correlated cells in the pressure mat 
with the palmar locations. Normalized peak and mean palmar 
pressure along with the mean and variance of distances 
between the pressure concertation (PC) locations to palmar 

landmarks were calculated and averaged in each testing 
conditions. Repeated measures MANOVA followed by 
ANOVA were used to assess their difference ( = 0.05). 

Results and Discussion 

During the swing-through gait trials, MANOVA indicated a 
significant difference in palmar pressure parameters (p=0.026; 
Table 1). Follow-up ANOVAs identified significant 
reductions in the peak and mean palmar pressure, distances 
from PC to P3 (the adductor pollicis) and P4 (the head of the 
second metacarpal) with orthosis use. Similar but non-
significant trends in pressure magnitude were observed during 
reciprocal gait trials (p = 0.396; Table 1). In these cases, the 
use of the orthosis could potentially reduce carpal tunnel 
pressure due to crutch-gait loading. 

 

Conclusions 

Using the pneumatic sleeve orthosis to moderately constrict 
the forearm during swing-through crutch-assisted gait has 
additional beneficial effects including reducing palmar 
pressure magnitudes and shifting the location of the peak 
pressure concentration away from the carpal tunnel region. 
These effects were more evident in the more physically 
demanding gait style of swing-through gait. 
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Table 1: Results for ST and R trials, mean (std). *indicates ANOVA p-value <0.05 in ST trials. (Unit: pressure: Pa/BW, distance: cm) 
Test condition Peak Pressure * Mean Pressure * Mean PC-P3* Mean PC-P4 * Variance PC-L3 Variance PC-L4 

ST w/ orthosis 358.16 (125.51) 34.69 (7.14) 6.35(0.92) 6.70(1.14) 0.52(0.38) 0.51(0.38) 

ST w/o  390.82 (115.31) 38.78 (8.16) 6.92(1.03) 7.43(1.04) 1.15(1.38) 1.04(1.22) 

R w/ orthosis 106.15 (52.78) 16.00 (5.42) 6.34 (1.73) 6.41 (1.95) 2.20 (1.43) 2.57 (1.57) 

R w/o orthosis 126.38 (73.34) 18.88 (7.00) 5.85 (1.10) 5.92 (0.92) 3.14 (1.31) 3.48 (1.55) 

Figure 1. a) 
Participant with the 
pneumatic sleeve 
orthosis and other data 
collection equipment.  
b) Unwrapped 
pressure mat.  
c) Five palmar 
landmarks (P1-P5) 
used to correlate 
palmar locations with 
pressure mat cells.  
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Summary 

We evaluated the Pneumatic Ergonomic Crutch (PEC), which 
consisted of a pneumatically-activated sleeve orthosis worn to 
improve wrist posture and loading when using a Lofstrand 
crutch. A spring-loaded piston pump at the PEC crutch tip was 
used to harvest pneumatic energy for pressuring the orthosis 
and provide shock absorption. Comparison between PEC, 
traditional Lofstrand crutch (TLC) and spring-loaded crutch 
(SLC) during swing-through crutch-assisted gait found that the 
PEC resulted in a significantly lower maximum rise rate of 
ground reaction force (GRF). Furthermore the PEC did not 
change peak GRF magnitude nor spatiotemporal parameters 
compared with TLC, whereas the SLC increased peak GRF. 

Introduction 

Joint pain and injury, carpal tunnel 
syndrome, arthritis, and joint deformity 
are common for long-term crutch users 
due to repetitive loads and poor wrist 
posture. To address these issues, we 
designed a soft pneumatic sleeve 
orthosis worn around the forearm and 
connected to the cuff of a Lofstrand 
crutch with an energy-harvesting piston 
pump in the crutch tip and pneumatic 
accumulator in the shaft to pressurize the 
sleeve, i.e., the Pneumatic Ergonomic 
Crutch (PEC) (Fig.1). The pneumatic 
sleeve orthosis, when activated to create 
a constriction pressure around the 
forearm, was found to share load 
between the palm and forearm, reduce 
wrist extension, and redistribute palmar 
pressure when attached to a traditional 
Lofstrand crutch [1,2,3]. However, the 

effect of complete PEC design on crutch-assisted gait is 
unclear. A previous study found that adding a spring-loaded 
component in axillary crutches resulted in significantly higher 
peak GRF despite of a beneficial shock absorption effect [4]. 
Since our design inherently took advantage of the viscous 
effect of air flow during spring compression, we hypothesized 
that using the PEC would reduce GRF rise rate, while not 
changing peak GRF or spatiotemporal parameters compared 
with using traditional Lofstrand crutches (Medline Industries 
Inc.) during swing-through gait. We also hypothesized that 
using spring-loaded crutches (Ergoactives Orthopaedic Device 
Co.) would have the same effect except for a larger peak GRF. 

Methods 

Six able-bodied subjects (3M; 19-31 yrs; height 171.6 ± 8.4 
cm; weight 69.8 ± 16.9 kg) were tested and provided informed 
consent. A 6-camera motion capture system (5+ series, 

Qualisys) and force plate (BP600900, AMTI) embedded in a 
6m walkway were used for data collection at 90 Hz and 810 
Hz, respectively. After a 30-min training period, participants 
performed swing-through gait at a self-selected speed using 
the three different crutches (randomized order) for three trials 
each. Spatiotemporal parameters included cadence, stride 
time, stride length and walking speed. Peak GRF (normalized 
by body + crutch weight), maximum rate of GRF increase 
over 10ms, and impulse of GRF at initial 50ms and 100ms 
after crutch strike were calculated. Parameters were averaged 
over three trials. A repeated-measures ANOVA and follow-up 
pairwise comparisons were used to evaluate the effect of using 
different crutches on these parameters (SPSS v24, ). 

Results and Discussion 

Significant differences in peak GRF and maximum GRF rise 
rate were observed among three conditions (Table 1). The 
pair-wise comparison indicated significantly lower maximum 
rate of GRF rise when using PEC and SLC compared with 
TLC, while using SLC resulted in a significantly higher peak 
GRF compared with TLC. No significant differences were 
found among all spatiotemporal parameters.  

 Table 1: Mean (SD) comparison of Lostrand crutches: pneumatic-
ergonomic (PEC), spring-loaded (SLC), and traditional (TLC) 

Parameter [unit] PEC SLC TLC 

Peak GRF [%W]* 51.15 (3.2) 53.96 (3.53)b 50.34 (1.97) 
Max rise rate 
[%W/s^2]** 

1.43 (0.21)a 1.40 (0.28)b 1.94 (0.46) 

Cadence [step/min] 30.16 (3.07) 32.28 (4.30) 30.72 (3.04) 

Stride time [s] 1.94 (0.20) 1.89 (0.23) 1.97(0.20) 

Stride length [m] 1.41 (0.13) 1.37 (0.16) 1.38 (0.13) 

Walking spd [m/s] 0.72 (0.18) 0.72 (0.21) 0.70 (0.19) 
Results of repeated measures ANOVA (* p = 0.004, ** p = 0.022) 
Significant pairwise comparison (a PEC vs. TLC, b SLC vs. TLC) 

Conclusions 

The PEC design provided effective shock absorption by 
reducing maximum GRF rise rate, while not changing crutch-
assisted gait patterns. It also did not increase peak GRF, which 
has been observed in spring-loaded designs. 
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Summary 

A new energy storage and return insole has been developed 

with the goal of reducing musculoskeletal injuries by 

decreasing impact loads at heel strike while also assisting gait 

by releasing stored elastic energy during toe off. This pilot 

study analysed a single subject walking on an instrumented 

treadmill with and without the insole while unloaded and 

loaded with an 18 kg pack. The results showed the insole did 

help attenuate the peak vertical ground reaction force at heel 

strike but also reduced the peak propulsive anteroposterior 

force at toe off. Thus, there appears to be biomechanical trade-

offs with the new insole.  

Introduction 

Musculoskeletal injury to the lower limbs is a primary concern 

to military members. Injury rates can reach as high as 30% 

during military training resulting in significant medical costs 

and lost productivity [1, 2]. Load carriage and high impact 

forces on the lower limbs are often cited as leading causes of 

musculoskeletal injuries [2]. Additionally, standard military 

boots are often not designed to absorb the high shock loads 

that occur during load carriage [1, 2] which can further 

transmit harmful forces to the lower limbs. 

A new insole developed by Kingetics LLC (Fig. 1) seeks to 

reduce peak impact loads at heel strike and to release stored 

energy at toe off to assist the limb into swing [3]. The purpose 

of this pilot study was to assess the insole’s ability to reduce 

peak loading at heel strike and increase the propulsive 

anteroposterior force at toe off. 

 

Figure 1: Schematic of Kingetic insole system. 

Methods 

One male subject (age 24, mass 88 kg) was analysed. The 

subject walked at 1.2 m/s on an instrumented treadmill. The 

subject wore both military compliant (AR 670-1, Tactical 

Research TR550) boots and street shoes (Lugz Canyon Mid 

Chukka) each with and without the insoles and while unloaded 

and then wearing a backpack load of 18 kg (light military field 

load [2]). The first peak of the vertical ground reaction force 

(vGRF) was analysed to determine differences in impact load 

at heel strike while the peak positive anterior force (AP+) was 

used to assess the propulsive forces. A three-way ANOVA 

was used to evaluate differences between the Shoe-Stiffness-

Pack combinations with significances set at p < 0.05. 

 

 

Results and Discussion 

The analysis found significant differences between the varying 

combinations for both the vGRF and AP+ metrics (Fig. 2). 

The insole reduced the peak vGRF by 6% (7%) when wearing 

the boots and by 5% (3%) when wearing the street shoes when 

unloaded (loaded). However, the insole also reduced forward 

prolusion (AP+) by 1% (2%) when wearing the boots and 3% 

(4%) when wearing the shoes when unloaded (loaded). All 

pairwise p-values were <0.001. We also found that significant 

interactions existed between the shoe type and insole for the 

vGRF and AP+ force (p<0.001, both) and between insole and 

pack condition for the AP+ force (p=0.03). Thus, the benefit 

of the insole may be greater using a stiff, military boot 

particularly when carrying loads. 

 

Figure 2: Comparison of vGRFs and AP+ forces when wearing the 

boots and shoes with and without the insoles and with and without an 

18 kg pack. * indicate significant difference. 

Conclusions 

This pilot study found a new insole reduces the peak vGRFs 

for varying shoe and load carrying conditions which may 

result in reduced impact forces that lead to musculoskeletal 

injuries. The insoles also demonstrated reduced peak AP+ 

forces which suggests they may reduce propulsion and require 

greater energy consumption when walking. Future work will 

include additional subjects to determine the effectiveness of 

the insoles for a wider population. Additionally, future work 

will aim to assess the clinical implications of the outcomes. 
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Summary 

The purpose of this study was to quantify the effects of using 

geared wheels on hand-rim kinetics and glenohumeral joint 

kinetics during wheelchair ramp ascent in individuals with 

spinal cord injury (SCI). Seven veterans with SCI propelled 

their manual wheelchairs equipped with geared wheels up a 

ramp in standard and low gear conditions. A custom 

instrumented geared wheel measured hand-rim kinetics and 

tri-axial glenohumeral joint dynamics were calculated. The 

peak hand-rim resultant force and propulsive moment, as well 

as the peak glenohumeral flexion moment, were significantly 

less during the low gear condition than the standard gear 

condition. The current investigation suggests that using geared 

wheels may be beneficial for upper extremity joint load 

reduction during demanding tasks such as ramp ascent. 

Introduction 

High repetitive loading during manual wheelchair use is a 

major contributor in the incidence of upper extremity injuries 

such as shoulder impingement in manual wheelchair users [1]. 

The use of geared wheels may decrease the biomechanical 

demands during strenuous tasks such as ramp ascent. The goal 

of this study was to evaluate the effects of using geared wheels 

on hand-rim kinetics and glenohumeral joint kinetics during 

ramp ascent in individuals with SCI.    

Methods 

Seven veterans with paraplegic SCI (T1-L2) and an average 

age of 43.7 + 13.7 years participated. Subjects propelled their 

wheelchairs equipped with geared wheels (IntelliWheels, Inc., 

Champaign, IL) up an 8-foot ramp with a 4.8-degree slope in 

standard gear (gear ratio of 1:1) and low gear (gear ratio of 

1.5:1) conditions. A previously developed and validated 

custom instrumented geared wheel was used to measure hand-

rim kinetics on the dominant side [2]. Upper extremity 

kinematics were collected using a 15-camera Vicon T-series 

motion capture system according to our established inverse 

dynamic model, which was used to calculate the triaxial 

glenohumeral joint dynamics [3]. Metrics of interest including 

speed, hand-rim peak resultant force, and hand-rim peak 

propulsive moment, as well as the peak triaxial glenohumeral 

joint forces and joint moments during the push phase were 

compared across the two conditions using separate Wilcoxon 

Signed-Rank tests in SPSS 25 (significance level = 0.05).  

Results and Discussion 

The peak hand-rim resultant force, propulsive moment, and 

peak glenohumeral flexion moment were significantly less 

during the low gear condition than the standard gear condition 

(Table 1). The stroke cycle frequency was similar for both 

conditions (1.1 Hz) and as expected the propulsion speed 

during the low gear condition (0.85 m/s) was less than the 

standard gear condition (1.00 m/s), but it was not statistically 

significant (p = 0.091).  These results suggest that manual 

wheelchair users with SCI may benefit from using geared 

wheels for ascending ramps. Further investigation of upper 

extremity joint dynamics combined with electromyography 

and energetics is underway to elucidate the effects of using 

geared wheels during propulsion over different ground 

conditions and mobility tasks. 

Conclusions 

The significant reduction in the peak hand-rim kinetics and 

glenohumeral flexion moment indicates that wheelchair ramp 

ascent is significantly less demanding for persons with SCI 

using the geared wheels in the low gear condition. Ultimately 

this might lead to increased independent mobility and a 

reduction of the detrimentally high glenohumeral joint forces 

and moments from manual wheelchair mobility.  
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Table 1: Mean and standard deviation of the peak hand-rim (HR) kinetics and glenohumeral (GH) joint kinetics during the push phase of manual 

wheelchair ramp ascent. Geared wheels were used in standard gear and low gear conditions.  p = significance level; *: p < 0.05. 

Peak Forces 

(N) 

Standard Gear Low Gear p Peak Moments 

(N. m) 

Standard Gear Low Gear p 

Mean + SD Mean + SD  Mean + SD Mean + SD  

HR: Resultant 148 + 39 128 + 24 0.043* HR: Propulsive 35 + 6 18 + 3 0.018* 

GH: Anterior 71 + 14 72 + 28 0.735 GH: Flexion 17 + 6 13 + 5 0.018* 

GH: Inferior 97 + 34 95 + 24 0.866 GH: Adduction 23 + 8 24 + 8 1.000 

GH: Medial 41 + 18 36 + 10 0.735 GH: Int Rotation 30 + 11 30 + 7 0.866 
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Summary 

With prescription of a carbon-fiber Intrepid Dynamic 

Exoskeletal Orthosis (IDEO), patients receive specialized 

functional training. Presumably, this increases the capacity to 

perform work in the brace and decreases demand in the 

remaining lower extremity constituents. By looking at the 

absolute brace work in proportion to absolute lower extremity 

work, this abstract attempts to quantify the benefit to the lower 

extremity as brace work increases. Initial results indicate 

reliance may exist, but adaptation strategies may differ.  

Introduction 

Patients prescribed a carbon-fiber Intrepid Dynamic 

Exoskeletal Orthosis (IDEO) receive specialized, high-level 

mobility training to promote achieving the highest possible 

function [1]. The Return to Run (RtR) clinical pathway 

increases patient strength and functionality by facilitating the 

work adaptation required to maximize IDEO work 

performance. Theoretically, an increased percentage of IDEO 

work during a fixed task facilitates increased functional 

capability. Increased reliance on IDEO work beneficially 

decreases overall lower extremity (LE) work demands, thus 

creating potential for even higher-level function.  

The purpose of this case series is to quantify changes in reliance 

on IDEO work after participation in RtR. We hypothesize that 

the percentage of absolute IDEO work to the total absolute work 

of the LE over the gait cycle will increase, demonstrating an 

increased work reliance.  

Methods 

In a retrospective analysis of Naval Medical Center San Diego 

Clinical Biomechanics Laboratory patient registry data, three 

male servicemembers (Age: 33.712.5 yrs, Height: 1.8 0.01 

m, Weight: Pre: 99.2814.97 kg, Post: 99.0313.97 kg) 

received unilateral IDEO braces and underwent RtR functional 

training. Braced 3D gait analyses (12 cameras, 4 forceplates) at 

0.2 Froude speed were performed before and after RtR using a 

6DoF markerset with tracking markers placed on the IDEO for 

shank segment tracking. Kinematic and kinetic data were 

processed and analyzed in Visual3D.  

The Unified Deformable (UD) segment analysis was applied to 

all braced ankle-feet, with a Constituent Lower Extremity Work 

(CLEW) approach for all other constituents [2]. 6DoF 

constituent powers were calculated and integrated over the 

entire gait cycle in order to reveal and sum the absolute work 

for each constituent (unaffected-side: distal foot, ankle, knee 

and hip; IDEO-side: UD, knee and hip). Rigid body 

assumptions cannot be made for the custom carbon-fiber IDEO, 

and thus, the UD segment analysis enables power calculations 

for all structures below the knee. An increased percentage of 

absolute UD work demonstrates increased brace work reliance.  

Results and Discussion 

Average increase in IDEO work reliance for the three patients 

was 3%, with a corresponding benefit to the remaining LE. 

Further inspection reveals two different methods by which this 

is accomplished: LE work remained similar, while IDEO work 

increased 45% post-RtR (subject 1), or LE work decreased 9% 

post-RtR, while device work mostly maintained (subject 2) 

(Table 1). Subject 3 mostly maintained similar IDEO and LE 

work values pre-/post-RtR which may indicate an adequate 

individual usage upon initial fitting. 

Conclusions 

Increased IDEO work reliance and subsequent benefit to the 

other LE constituents tentatively confirms the hypothesis that 

upon completion of RtR, greater device reliance exists. Upon 

further inspection, differing but effective work reliance 

strategies may exist and should be explored in the future.  
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Table 1: Table of work changes pre/post RtR and resulting reliance values.  

 PRE-RtR POST-RtR 

  Work (J/Kg) IDEO Reliance Work (J/Kg) IDEO Reliance   

Subject IDEO Constituents % IDEO Constituents % Reliance Change 

1 0.33 2.59 13 0.48 2.54 19 ↑ 6% 

2 0.27 2.81 10 0.28 2.55 11 ↑ 1% 

3 0.41 2.87 14 0.42 2.85 15 ↑ 1% 
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Summary 

Statistical parametric mapping (SPM) has been used to 

analyse biomechanical data including force, kinematic and 

EMG trajectories, but common SPM software 

implementations require 20 ms for probability calculations, 

which may be too slow for real-time applications.  This study 

aimed to improve the efficiency of SPM probability 

calculations and to obtain sub-ms speeds, thereby making 

these analysis methods appropriate for near-real time analysis 

and feedback. To this end we constructed linear lookup tables 

(LLUT) for probabilities, as a function of degrees of freedom 

and temporal smoothness, and interpolated as appropriate for 

the smoothness characteristics of particular biomechanics 

datasets. This LLUT approach resulted in probability 

calculations of approximately 0.1 ms. These results suggest 

that SPM may be suitable for near-real time applications 

including rehabilitation robotics and internet-based analyses. 

Introduction 

Statistical parametric mapping (SPM) [1] is a general analysis 

framework that can be used to analyze a variety of one-

dimensional (1D) biomechanical datasets. A potential 

limitation of SPM is that common implementations require 

approximately 20 ms for probability calculations, even in 

implementations optimized for 1D data [2]. This implies that 

SPM may not be suitable for real-time applications including 

exoskeleton and rehabilitation feedback controllers. The 

purpose of this study was to develop a method for sub-

millisecond SPM inference. 

Methods 

We used the open-source software package rft1d [2] to 

compute critical t statistics (α=0.05), based on random field 

theory (RFT) probabilities [1], as a continuous function of 

sample size and temporal smoothness (Fig.1). We then 

approximated this surface with a 15×15 lookup table and used 

linear interpolation between grid points to compute exact 

critical t values. 

Results and Discussion 

The RFT lookup table reduced probability calculation 

durations from approximately 20 ms to approximately 0.1 ms, 

which represents a 200-fold speed increase. Full SPM 

statistical calculations, including test statistic computation, 

smoothness estimates and RFT-based inference, also executed 

at sub-millisecond speeds. The average inference error 

imposed by the proposed RFT lookup table approach was 

4.1%., or a t value error of approximately 0.2. Increasing table 

resolution to 50×50 was found to reduce error to 0.09% 

(approximately t=0.0045) while increasing calculation times 

only marginally to 0.12 ms. This implies that negligibly small 

error can be achieved using looking tables with rapid 

computation speeds of less than 0.2 ms. 

 

 

Figure 1: Critical t statistic as a function of degrees of freedom (i.e., 

sample size) and temporal smoothness. Biomechanical data typically 

have temporal smoothness values between 6.2% and 67.0% [3]. 

 

Conclusions 

Achieving sub-millisecond SPM probability computations via 

lookup tables implies that SPM may be suitable for near-real-

time 1D process monitoring. These results have potentially 

significant implications in robotics for the design of 

exoskeletons, active protheses and remote surgical control 

systems. 
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SUMMARY 

In order to analyse the severity of sports impacts, time-

frequency analysis of tibial acceleration can be performed with 

wavelet transform. However, a prerequisite to conduct such 

analysis is the selection of the mother wavelet. This study 

compared a set of 65 different wavelets on 2,240 tibial 

accelerations recorded at different speeds and fatigue states 

with two different pairs of shoes. The ‘Mexican Hat’ was 

selected as the best mother wavelet for this kind of analysis. 

INTRODUCTION  

Tibial acceleration is a common measurement of shocks 

during sports activity, especially during running. It has been 

related to ground reaction forces [1] and thus it has been 

proposed as a surrogate measurement of the loading applied to 

a runner’s skeleton [2]. In the 90’s, these shocks were 

analysed using FFT analysis [1,3] but these analyses violate 

the stationarity assumption of the signal. More recently, 

wavelet analysis offered new perspectives in the time-

frequency analysis of shock-induced accelerations [4,5]. 

Different mother wavelets lead to different wavelet results and 

interpretations. So, the mother wavelet used for such analysis 

needs to be selected with caution. The present study intended 

to select the best mother wavelet for time-frequency analysis 

of tibial acceleration signals. 

METHODS 

Twenty subjects (9 females and 11 males, age: 38.6±7.4 years; 

mass: 64.5±11.2 kg; height: 171.8±6.0 cm) volunteered to 

participate in this study. They ran on a treadmill before and 

after a trail running race (38 km, +1,900 m) at two different 

speeds (preferred speed and 10 km.h
-1

) with their personal 

shoes first and then with a pair of standard shoes (Kalenji Trail 

TR). Tibial accelerations were recorded at 2 kHz with a 

lightweight triaxial accelerometer (Dytran; ±50 g; 6 grams). 

The accelerometer was firmly strapped on the antero-medial 

part of the shank, 10 cm above the malleolus [4]. Once the 

participant reached the desired speed, bouts of 10 s tibial 

accelerations (~14 impacts) were recorded for each condition. 

Raw signal of each impact was isolated within a 200 ms 

window, 50 ms before and 150 ms after the maximal peak of 

the tibial acceleration resultant vector. 

The selection of the best mother wavelet was performed 

according to the previous methods used on tennis racket 

vibration [5] for continuous wavelet analysis. First, white 

Gaussian noise with signal-to-noise ratio of 0, 5, 10, 15, or 

20 dB was added to original signal. Then, 65 different mother 

wavelets were tested on the original and the noisy signals for 

the 2,240 impacts. The mean square errors (MSEw) between 

the wavelet coefficients of the original signal and the five 

noisy signals were calculated. Similarly, the mean square 

errors (MSEr) between the recomposed original and noisy 

signals were calculated. The results were ranked from the best 

mother wavelet (i.e. with minimal MSEw or MSEr, 1
st
) to the 

worst mother wavelet (i.e. largest MSEw or MSEr, 65
th

). 

RESULTS AND DISCUSSION 

Whatever the fatigue condition, the running speed or the 

footwear used by the participants, the best mother wavelet for 

both MSEw and MSEr ranking was the ‘Mexican Hat’, with 

all the rest of the derivate of Gaussian wavelet family (‘dog’). 

This wavelet shape was very similar to the analysed signal 

(Figure 1), which could explain the good ranking in both 

MSEw and MSEr (Table 1). The ‘Morlet’ wavelet was almost 

always ranked as one of the best regarding MSEw, but it was 

also the worse one regarding MSEr ranking. As the ‘dog’ 

wavelet family is not orthonormal, the ‘Coiflet 2’ could be 

proposed as the alternative in order to conserve the energy of 

the original signal in the wavelet coefficients for specific 

analysis.  

Table 1: Mean (± SD) of rankings for an extract of selected 

wavelet (‘dog family’ includes: dog4, dog6, dog8, dog10). 

 mexh dog family morl haar coif2 

MSEw 1.7±0.3 6.2±3.0 1.3±0.4 6.8±1.2 14.2±0.6 

MSEr 1.0±0.0 3.5±1.1 65.0±0.0 28.0±0.7 8.0±0.0 

 
Figure 1: Psi function of Mexican Hat wavelet (left) and a 

typical 3D tibial acceleration with mediolateral (ML), 

anteroposterior (AP) and vertical (V) components (right). 

CONCLUSIONS 

Whatever the running speed, type of footwear, or fatigue state, 

the best mother wavelet for time-frequency analysis of impact 

tibial accelerations was the ‘Mexican Hat’. 
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Summary 

We present a systematic source of error affecting the meas-

urement of optoelectronic stereophogrammetric systems 

(OSS), hereinafter called the camera occlusion artefact (COA). 

The COA takes place when the view of a marker is partially or 

completely occluded to one or more cameras. In these condi-

tions, the set of rays tracking the marker suddenly changes, 

introducing a discontinuity in the reconstructed marker posi-

tion and a consequent apparent marker displacement. A Vicon 

OSS is investigated in two cameras configurations, one max-

imizes accuracy (Measure Setup) and the other typical of gait 

analysis (Gait Setup). In the experiments, the COA resulted in 

a maximum apparent marker displacement of 6.67 mm and 

5.70 mm for the Measure and Gait Setup, respectively. Alt-

hough smaller than the soft tissue artefact (STA), the COA 

may significantly impact on the results of motion analysis. 

Introduction 

OSSs represent the standard for motion analysis. Their accura-

cy depends on several factors, such as number and distribution 

of cameras, marker size, calibration techniques, and manufac-

turer [1-4]. Despite the relevant literature on the topic, the im-

pact of camera occlusions was investigated only marginally 

[5]. OSSs determine the location of a marker as the point that 

minimizes the distance from all the tracking rays [6]. Com-

plete or partial camera occlusions result in a sudden change in 

the set of rays tracking the marker, introducing a discontinuity 

in the reconstructed marker position and a consequent appar-

ent marker displacement. The aim of this work is to quantify 

the COA in controlled experimental conditions.  

Methods 

A Vicon system with 6 Bonita and 2 Vero cameras was used. 

Two different camera setups were employed: Measure Setup 

is intended to maximizes accuracy [2], with cameras were 

evenly distributed on a circular arch of 140°, 1.7 m from the 

centre of the calibrated volume, symmetrically varying their 

heights.  The Gait Setup  is typical of gait analysis, with cam-

eras defining a 7x4 m rectangle. The tests were performed in a 

concrete-ground floor laboratory. Cameras were warmed up 

more than 6 hours prior to tests and Calibration was performed 

using a minimum of 3000 frames. After system calibration, a 

pendulum featuring two Polaris markers, 11.5 mm in diameter, 

142 mm apart, was positioned with horizontal rotation axis 

centred with respect to the camera distribution. Starting from 

an angle of 90° with respect to the resting position, the pendu-

lum motion was acquired at 100 Hz until the free oscillation 

ended (two minutes or roughly 12000 frames). The same test 

was then repeated placing an obstruction between the pendu-

lum motion plane and the cameras. The obstruction was de-

signed so that one marker was alternatively occluded to differ-

ent cameras. In both cases, 5 trials were acquired. Cameras 

data were elaborated keeping all system settings at default 

values and the resulting kinematics were not filtered.  The 

COA impact was evaluated as the inter-marker distance (IMD) 

variation evaluated over the 5 occluded trials. 

Results and Discussion 

Maximum IMD variations in un-occluded motion were 0.20 

and 0.83 mm for the Measure and Gait Setup, respectively. 

Both the setups were significantly affected the COA. The in-

duced IMD variations were repeatable with respect to the pen-

dulum position, with a various and non-random pattern (Fig. 

1, all trials plotted). Maximum apparent marker displacement 

was 6.67 mm and 5.70 mm the Measure and Gait Setup, re-

spectively. The peak error was higher on the setup intended to 

maximize the accuracy, however Gait Setup appear more af-

fected.  The COA errors are larger than those due to the simple 

reduction in the number of tracking cameras [4]. The COA is 

very likely to affect motion data from OSSs in gait, where 

swinging arms and legs provide moving occlusions. The pre-

sent test was designed to maximize the COA, thus the effects 

on clinical data may be different. Nevertheless, the COA has 

the potential to mislead the clinical interpretation of motion 

data collected through OSSs, in particular on components dif-

ferent than flexion. Likely, the COA was counted within the 

STA so far. This may explain the limited success of STA 

compensatory strategies, since the COA is a different type of 

error, driven by different causes.  

 

Figure 1: IMD variation versus pendulum rotation angle.  

Conclusions 

A new source of systematic error affecting OSSs is presented, 

that takes place when one or more cameras are occluded. 

Since this condition is very common in motion analysis, com-

pensation strategies need to be developed. 
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Summary 

A procedure is presented by which a non-stationary signal can 

be partitioned into sections to apply different Butterworth 

filter cut-off frequencies to respective sections when 

necessary. The Teager-Kaiser Energy Operator (TKEO) is 

used to divide the signal into sections based on their energy. 

The procedure produces improved derivative estimates 

compared with commonly used signal processing approaches. 

Introduction 

The computation of accurate derivatives is often crucial in 

processing biomechanical data. A Butterworth filter is 

commonly used to reduce sampled signal noise prior to 

differentiation. The problem lies in selecting a filter cut-off 

frequency which retains the signal of interest whilst removing 

some of the noise. If the cut-off is too low important aspects of 

the signal can be removed, but if it is too high too much noise 

remains. Both instances produce poor derivative estimates. 

A typical approach utilizes the same cut-off frequency for the 

whole sampled signal, but the frequency components of a 

signal can vary with time. To accommodate such a signal, a 

procedure is proposed which uses different cut-off frequencies 

for separate sections of the sampled signal. This approach is 

advantageous for preserving the frequency components from 

both motion and force data when performing inverse dynamics 

on tasks with an impact [1]. 

Methods 

To determine sections of a signal with different frequency 

components, the TKEO of the signal was computed [2].  Three 

times the median absolute deviation of the TKEO served as 

criterion for outlier detection [3], where the outliers became a 

new section. Filter cut-offs were then determined for each 

section using the Autocorrelation Based Procedure [ABP; 4]. 

To evaluate this procedure, a data set with noisy displacement 

data and criterion acceleration data was used [5]. This data set 

contains a non-stationary signal. Two processing approaches 

were taken, 1) determine the cut-off frequency for the whole 

noisy data set, and 2) determine the separate cut-off 

frequencies for the individual sections of the data set. 

Following computation of derivatives, estimates were 

compared with the criterion acceleration values using the 

percent root mean square error (%RMSE). 

Results and Discussion 

A single ABP determined cut-off frequency applied to the 

whole data set produced a %RMSE of 41.4%, whereas with 

the data divided into three automatically determined sections 

the %RMSE was 27.2% (Table 1). As a point of comparison, a 

generalized cross-validated quintic spline (GCVQS) produced 

a %RMSE of 38.1% [4]. 

The criterion acceleration signal contains two periods of high 

acceleration magnitudes, giving distinct minimum and 

maximum acceleration values (Figure 1). Compared to  

commonly used procedures, estimates of these accelerations 

were comparable for the maximum and significantly better for 

the minimum (Table 1).  

 

Figure 1: Criterion acceleration data and estimates. 

Conclusions 

A new procedure for the optimal filtering of a non-stationary 

signal has been presented, its evaluation using a common test 

data set demonstrates improved acceleration estimates 

compared with other commonly used procedures. 
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Table 1: Percent Root Mean Square Error (%RMSE) for computing signal acceleration using the new procedure, the ABP, and the GCVQS. 

Method %RMSE %Error for Signal Min. %Error for Signal Max. 

New Procedure 27.2 17.1 2.2 

ABP 41.4 50.8 1.1 

GCVQS 38.1 34.7 1.8 
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Summary 
Functional data analysis (FDA) provides a powerful alternative 
to traditional digital filtering for analysing time-series data. In 
this study, FDA applied to repeated throwing trials facilitates 
comparison of curve shapes and key features. 

Introduction 
Time-series data are typically filtered digitally. An alternative, 
functional data analysis (FDA) applies a set of statistical tools 
to first smooth the data and then to compare curves from 
multiple repetitions. The power of the technique lies in the 
ability to manipulate the functionalized data with techniques 
such as function derivatives, curve registration, phase plane 
plotting, and principle components analysis (PCA) [1]. In this 
study, FDA is used to compare upper arm angular acceleration 
during repeated baseball throwing trials.  

Methods 
Six college-age females each performed three throwing trials 
with a regulation weight baseball. Trials were recorded using 
standard motion capture techniques (OptiTrak, 39-marker 
biomechanics set). The angle of the upper arm in the transverse 
plane was calculated using right shoulder and elbow markers in 
Matlab (the “raw” data).  

The raw data was “functionalized” using the Matlab toolkit 
provided with [1] (available at [2]). 100 “knots” were equally 
spaced over the length of the data series, then polynomial spline 
functions created a curve to fit the data between each pair of 
knots. The function segments were constrained to be continuous 
through the 4th derivative (two derivatives past the derivative of 
interest). During functionalization, a roughness penalty reduced 
the noise in the data. Angular acceleration was calculated by 
twice differentiating the mathematical function describing 
position as a function of time. 

For comparison, the raw data was filtered in Matlab using a 
standard low-pass filtering technique with a 4th order 
Butterworth filter with a 30Hz cut off frequency and then 
numerically differentiated twice to obtain angular acceleration. 

 
Figure 1: Angular acceleration for  raw (grey), filtered (dashed 

black), and functionalized (solid black) data. 

Results and Discussion 
Both the filtered (Figure 1, dashed black) and functionalized 
(solid black) techniques remove the noise from the “raw” (solid 
grey, twice numerically differentiated from the raw position 
data) angular acceleration. The functionalized technique 
slightly underestimates the extreme peak values compared to 
the filtered data, though the magnitude of the difference adjusts 
by varying the roughness penalty.  

Three throwing trials (Figure 2a, solid lines) starting at max 
upper arm external rotation and ending at max internal rotation 
peaked at different times, resulting in an average (Figure 2a, 
dotted) that does not represent the true curve shape. Registration 
using a max angular acceleration landmark aligns the curves for 
easier comparison of key features and providing an additional 
piece of information about time shift for the peak (Figure 2b). 

 
Figure 2: (a) Unregistered and (b) registered angular acceleration for 

three trials (solid) and the average of all three trials (dashed). 

Conclusions 
FDA provides comparable noise elimination compared to low-
pass filtering and facilitates a curve feature comparison using 
advanced statistical techniques such as curve registration.  
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Summary 

This research describes a new method to quantify external 
mechanical load during professional rugby league match play. 
Positional differences during match play are also explored. 
Outside backs and hit-up forwards spend the majority of 
match play in low intensity activity, however, outside backs 
tend to spend more time at high intensity than hit-up forwards. 

Introduction 

Rugby league is a collision sport, comprised of two 40-minute 
halves, and players are expected to be physically competent in 
a range of areas including: aerobic fitness, speed, agility, 
strength, and power [1]. Two primary groups of playing 
positions are outside backs (OB), and hit-up forwards (HUF). 

External mechanical load is the mechanical force an athlete 
exerts, and absorbs as ground reaction forces [2]. Foot ground 
impacts are the primary cause of external mechanical load in 
running based sports, and it is possible to measure a surrogate 
measure of external mechanical load at the lower limb with 
accelerometry [3]. The purposes of this paper are to explain a 
new method of measuring external mechanical load, and to 
explore positional differences in professional rugby league 
match-play.  

Methods 

A case series approach using four non-injured National Rugby 
League (NRL) players (Age: 23.4 ± 3.1 years; Height: 1.89 ± 
0.05 m; Mass: 107.0 ± 12.9 kg) from the same club was used 
in this study. Participants were two OB and two HUF. 

Training matches were performed on a standard rugby league 
field, from February to August, during the 2018 NRL season. 
28 files (183 min) were collected from OB, and 25 files (165 
min) from HUF. Prior to the training, the sensors were affixed 
to each participants’ boots. The participants wore the same 
boots for the duration of the training, including the training 
matches. 

Two accelerometers were used to measure accelerations in 
three axes (x, y, and z) at 500 Hz. One accelerometer was 
attached to the laces of the participants left boot by threading 
the laces through the unit. Double sided tape was applied to 
the underside of the accelerometer to affix the unit to the 
tongue of the boot. The second accelerometer was applied 
similarly to the participants right boot. The same sensors were 
used for each participant, for each testing session.  

For each participant, data from the training matches were used 
for analysis. The resultant accelerations were calculated using 
proprietary software (IMU_Step, Version 1.0, iMeasureU, 
Auckland, New Zealand). Custom Matlab (R2017b, The 
Mathworks Inc, Natick, MA) code was used to extract the 
resultant accelerations for the entire training match, and 

calculate percentage of time, and area under the curve for four 
categories of accelerations: < 0 g (negative accelerations), 0 – 
8 g (low intensity), 8 – 16 g (high intensity) and > 16 g (very 
high intensity), for each accelerometer. To compare the body 
as a whole, data from left and right accelerometers were 
summed and averaged.  
Results and Discussion 

Mean percentage of total time, and mean area under the curve 
in the four categories of accelerations for each participant and 
position averages are presented in Figure 1. 

 

 
Figure 1: (a) Percentage of time (%min), and (b) area under the 
curve (AU) in four categories of accelerations. 
The results of this analysis show that both OB and HUF spend 
the majority of match play in low intensity activity, however 
OB spend a greater percentage of time in negative 
accelerations than HUF, and HUF spend a greater percentage 
of time in low intensity activity than OB. The area under the 
curve results show that HUF tend to display greater area under 
the curve in low intensity activity than OB, however the OB 
have greater area under the curve in high intensity activity 
than HUF.  

Conclusions 

This abstract shows that is possible to quantify the external 
mechanical player load and understand the demands of 
professional rugby league match-play, by percentage of total 
time, and area under the curve. Both OB and HUF spend the 
majority of match play in low intensity activity, but the OB 
tend to spend more time in high intensity activity than HUF.  
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Summary 

The effect of a secondary blocking action on the primary long 

snapping action was tested in this study. Comparison of reaction 

forces (RFs) and linear impulse revealed that players increased 

posterior RF while maintaining resultant RF with a secondary 

blocking action. A larger posterior linear impulse with a 

blocking action was determined to be force-based due to the 

lack of change in push phase duration across conditions. 

Ultimately, players in this study regulated reaction force 

generation during the primary task when a secondary task was 

introduced. These findings may assist players and coaches as 

they design interventions aimed at improving performance.  

Introduction 

A successful Long Snap (LS) in American football delivers the 

football between the legs of the snapper behind him to the 

punter’s kicking hip in a time-efficient manner [1]. After 

completing the LS, athletes may be required to complete a 

secondary blocking action to prevent opponents from reaching 

the punter. Previous research in other well-practiced skills (e.g., 

golf swings, dance turns) has determined that changing the 

mechanical objective of the task (regulating shot distance, 

increasing number of turns) can cause changes in RF regulation 

and impulse generation [2,3]. It is unknown if athletes regulate 

the primary snapping action to prepare for the secondary 

blocking action. Because the primary task remains constant, we 

hypothesized the secondary blocking action would not have an 

impact on RFs or impulses generated during the Long Snap. 

 

Methods 

Highly skilled subjects (n=11, 18.91.2 years old) volunteered 

in accordance with the local institutional review board. Subjects 

averaged 4.961.6 years of varsity or college experience. Long 

Snaps were performed with each foot supported by a force plate 

(Kistler, 1200Hz), and were directed toward a net (Wizard 

Kicking Solo-Snap) placed 13.3m (15 yards) behind the nose of 

the football. The primary task was defined as a LS of the 

football to the target; the secondary action was a 3-step block to 

the left or right directions following the snap. Subjects 

completed 6 snaps each of the no block (NB), block left (LB) 

and block right (RB) conditions in a pseudo-random order.  

The push phase of the LS was defined as the time near the 

beginning of the movement when the posterior RF (Fy) was 

above a threshold of 0.1 BW (Figure 1). Three-dimensional RF 

data was normalized by body weight. Linear impulse was 

calculated and normalized by body mass. Differences across 

conditions were determined using one-way ANOVA (α = 0.05). 

Post-hoc analyses were performed using dependent t-tests and 

a Bonferroni correction for multiple comparisons. 

Results and Discussion 

Posterior linear impulse was significantly different between 

conditions (p = 0.003), post-hoc analysis determined that NB < 

RB (p = 0.023) and LB (p = 0.019) (Table 1). Maximum 

posterior Fy during the push phase was significantly different 

between conditions (p = 0.001), where NB < RB (p = 0.021) 

and LB (p = 0.008). Normalized resultant impulse was not 

significantly different (p = 0.702), suggesting that subjects did 

not change their total force produced during the push phase 

between conditions. The direction of sagittal plane RF (ꝊRh) 

revealed a significant difference between conditions (p = 

0.000), where NB (76.1) > RB (75.3, p = 0.005) and LB 

(75.2, p = 0.000). There was no significant difference in push 

phase duration across conditions (p = 0.354), suggesting that 

changes in linear impulse when snapping with a secondary 

block resulted from regulating RF magnitudes. 

Conclusions 

During the push phase of the long snap with a secondary 

blocking action, the subjects in this study generated less 

posterior RF as compared to without a block. Subjects displayed 

small, yet consistent changes in posterior linear impulse during 

the push phase with and without a secondary blocking action. 

These findings suggest that a secondary action has an effect on 

how the primary action is generated in long snapping. This 

understanding of the task may have implications toward 

strategies players utilize to improve performance. 
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Table 1: Mean ± SD values across the group of linear impulse 

(normalized by body mass). Units expressed as Ns/kg. (*p < 0.05) 

 No Block (NB) Block Left (LB) Block Right (RB) 

Fx -0.0126  0.052 -0.0162  0.0572 -0.0187  0.0553 

Fy* 0.708  0.120 0.747  0.125 0.742  0.130 

Fz 2.855  0.277 2.825  0.267 2.829  0.310 
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Summary 

Countermovement jump height along with several kinetic and 

kinematic measures, decreased following an acute fatigue 

protocol. However, single-subject analysis revealed that four 

participants jumped higher following the fatigue protocol as a 

result of generating greater concentric impulse.  

Introduction 

Regular assessment of countermovement jump (CMJ) 

performance can monitor neuromuscular status and be an 

indicator of fatigue [1]. However, knowledge on the acute 

effect of fatigue on CMJ performance is limited to discrete 

measures (i.e. peak and average values). Furthermore, discrete 

measures tend to represent pooled data across a specific 

cohort, which does not consider individual CMJ performances. 

Therefore, the primary aim of this study was to investigate the 

acute effect of fatigue on kinetic and kinematic CMJ variables 

using temporal phase analysis (TPA). The secondary aim 

examined the practical application of supplementing a group-

based research design with single-subject analysis.  

Methods 

Sixteen male football players (age 24.5±6.1 years, height 

1.77±0.04m, mass 79.4±7.1kg) participated in the study. 

Ethical approval was granted from the University Research 

Ethics Committee. Using a self-selected depth, participants 

performed the CMJ with maximum effort for jump height [1]. 

Force data from three CMJ trials, with sixty seconds rest 

between each trial, were collected before and following a 

fatigue protocol, consisting of ten sets of ten continuous squat 

jumps with thirty seconds rest between sets [2]. CMJ data 

were recorded at 1000 Hz using two AMTI force plates 

(Advanced Mechanical Technology Inc., MA, USA). Kinetic 

and kinematic jump variables were analysed in a customised 

Microsoft Excel Spreadsheet (version 2016, Microsoft Corp., 

Redmond, WA, USA). TPA was conducted using Statistical 

Parametric Mapping (SPM) [3]. 

Results and Discussion 

Significant differences in discrete measures of CMJ 

performance following the fatigue protocol are highlighted in 

Table 1. SPM noted significant differences in the group mean 

force-time (Figure 1A–70-88%), velocity-time (Figure 1B–84-

95%), and power-time (Figure 1C–79-90%) waveforms that 

related to reduced force, velocity, and power in the concentric  

phase (Figure 1). TPA provides greater detail on kinetic and 

kinematic differences within the entire CMJ than discrete 

measures [1]. In the current study for example, the decrease in 

relative power as the result of fatigue can be explained by a 

decrease in the force component at the start of the concentric 

phase, since pre and post group velocity was similar until the 

last 16% of the CMJ movement. While group data noted a 

decrease in jump height (Table 1), four participants jumped 

higher following the fatigue protocol. This can be attributed to 

a larger concentric impulse (Figure 1D – indicated in red) that 

enabled higher velocities, thus generating greater momentum 

and subsequently increased jump height.   

 

Figure 1: SPM results (paired t-test) depicting pre-post fatigue 

differences in relative force (A), velocity (B), relative power (C). 

Scatter plot details individual changes in concentric impulse (D)     

Conclusions 

This study highlights the practical application of TPA to detail 

CMJ performance and the need for including single-subject 

analyses to understand individual changes in movement 

strategies that are masked by pooled data. 
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Table 1: Kinetic and kinematic CMJ variables (group means and SD). * indicates a significant difference, p = <0.05. 

(Jump Height - JH, Peak Concentric Force - PCF, Peak Velocity -PV, Eccentric Impulse – EI, Concentric Impulse - CI, Peak Concentric Power - PCP, Eccentric Average Power – EAP, 

Concentric Average Power - CAP). 

 JH (m)* PV (m·s-1)* PCF (N·kg-1)* EI (N·s) CI (N·s)* PP (W·kg-1)* EAP (W) CAP (W)* 

Pre 0.30 (0.05) 2.58 (0.19) 22.07 (1.85) 85 (16.40) 196 (25.85) 47.21 (6.25) 431 (82.36) 1971 (360.74) 

Post 0.27 (0.06) 2.46 (0.27) 21.12 (1.71) 82 (14.67) 186 (26.00) 43.98 (7.82) 429 (76.32) 1714 (359.09) 
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Summary 
3.8 million sports and recreational activity related concussions 
are estimated to occur in the United States Each year, with many 
occurring in American Football. Reducing concussion in 
Football is a priority with significant challenges, but with 
several methods currently under investigation. This simulation 
study evaluates how player strategies and changing the 
approach to impacts can reduce measurements of head injury 
risk. A custom OpenSim model with contact parameters 
accounting for helmet to helmet impacts was used in this 
investigation. Results indicate that actively engaging with a 
striking player and moving the head to attempt to prevent 
impact can reduce head injury metrics by more than 40% and 
20% respectively. 

Introduction 
Concussion in all sports, but especially American Football is a 
topic of major concern [1] with growing research regarding 
chronic disease related to repeated concussion [2]. Proposed 
methods of reducing prevalence include rule changes, neck 
strengthening, and improved player coaching. This study aims 
to inform coaching techniques by investigating the effects of 
several possible strategies a player may adopt to reduce head 
injury metrics during blows to the head. 

Methods 
An existing OpenSim model of the head and neck [3] was 
modified to include inertial properties and contact models 
representative of a Football helmet (Figure 1). Simulations of 
helmet to helmet impacts in American Football were performed 
using two copies of this model. Impact velocity, posture, and 
helmet contact model parameters were adjusted to reproduce 
head kinematics reported to have caused concussion [4]. 

 
Figure 1: OpenSim model for simulating American Football helmet 

to helmet impacts 

The investigated strategies were: i) active neck muscles, and ii) 
changes in initial posture. Muscle activation patterns were 
computed using custom MATLAB scripts. These included 
bracing for impact by activating opposing muscles to stiffen the 
neck without motion of the neck or head (Stiff), moving the 
head directly towards (Towards) or away (Away) from the 
impact, and moving the head tangentially to the impact (Avoid). 

Impacts were simulated with the struck player with a vertical 
torso (Straight) and with a torso rotated 45 degrees towards (In) 
or away (Out) from the striking player. 
A parametric simulation study was performed by simulating 
every combination of muscle activation strategy, torso posture, 
and impacts from three directions (anterior, posterior, and 
lateral). The average percent reduction compared to impacts 
with a neutral posture and relaxed neck muscles was calculated. 
Three metrics were calculated including the Head Injury 
Criterion (HIC), the Brain Injury Criterion (BrIC), and the Head 
Impact Power (HIP).  

Results and Discussion 
Most of the strategies result in reduced head injury metrics 
(Figure 2). Moving the head to prevent impact is more effective 
than simply bracing for impact or moving the head towards the 
impact. Torso posture prior to impact had a dramatically greater 
effect on risk metrics than active muscle strategies.  

 
Figure 2: Percent reduction of three head injury metrics due to 

various player strategies 

Conclusions 
This study supports coaching players to actively engage with 
striking players (rotate torso towards them), which may allow 
forces to be transmitted through the spine instead of being 
translated into head motion. This study also supports coaching 
players to move their head to avoid helmet to helmet contact, 
which may reduce impact velocity. These strategies appear 
somewhat conflicted, and warrant additional study. We 
recommend a comprehensive approach to coaching including 
neck strengthening regiments, training players to be aware of 
impending impacts, and enforcing proper tackling technique. 
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Summary 
Ankle sprains occur at a high rate in high school football. Three-
dimensional analyses of football related tasks were performed 
in players with and without history of ankle sprain. Playing 
position influenced the magnitude of inversion load that 
football players with a history of ankle sprain exhibit.  

Introduction 
The most common injury in high school sports is an ankle 
sprain [1]. The rate of ankle sprains is greater in high school 
football competitions compared to other high school sports [1]. 
A lateral ankle sprain is the primary classification in 85% of all 
ankle sprains [2]. The most common mechanism of injury is 
excessive and rapid ankle inversion, producing high levels of 
tensile force through the anterior talofibular ligament.  Greater 
ankle inversion motion, joint velocity and moment have been 
reported to be related to increased ankle injury risk [3]. 
Therefore, risk of recurrent ankle injury in football may be 
reduced if these potential risk factors can be modified. The 
purpose of the study was to examine ankle biomechanics during 
football related tasks in players with a history of ankle sprain.  

Methods 
93 high school American football players (age: 15.6 ± 1.6 yrs;  
height: 174.7 ± 8.6 cm; weight: 79.5 ± 19.8 kg) volunteered to 
participate in the study. Each participant gave written informed 
consent prior to testing. Participants were instrumented with 
retroreflective markers on the trunk, pelvis, arms, legs, and 
cleats for motion capture. Participants wore standardized 
football cleats (adidas crazyquick 2.0) and performed several 
football related tasks on synthetic turf with two embedded force 
platforms. During data collection, each participant completed a 
weighted sled push (75% of body weight) and a jump-stop 
unanticipated cut. Peak ankle inversion angle, peak ankle 
inversion angular velocity, and peak external inversion ankle 
moment were calculated (Visual3D) during each movement. 
Participants were classified based on self-reported history of 
ankle sprain (AS n=35) or no history of an ankle sprain (NAS 

n=58) and by playing position (backs/receivers n=59; linemen 
n=34). A mixed-model ANOVA was used to determine the 
effects of previous ankle sprain history, playing position, and 
type of movement (cut, weighted sled push) (p<0.05). Effect 
sizes (bias corrected Hedges) were calculated to determine the 
magnitude of differences between study groups.  

Results and Discussion 

A statistically significant interaction (injury, position) was 
found for peak ankle inversion moment (Table 1). During the 
cutting task, the backs/receivers with history of ankle sprain 
exhibited significantly greater ankle inversion moment 
compared to linemen with history of injury (large effect size 
d=0.90 [95% CI 0.17, 1.63]). Similar results were found for the 
weighted sled push (Table 1 moderate effect size d=0.45 [95% 
CI -0.26, 1.15]). Differences between injury groups were not 
found for peak inversion angle and peak inversion angular 
velocity, Table 1).  
The cutting task had significantly larger peak inversion angle 
and peak inversion angular velocity (Table 1, main effect of 
movement) compared to the weighted sled push. Additionally, 
a main effect of playing position was found for peak inversion 
angular velocity indicating backs/receivers had larger velocity 
compared to linemen 

Conclusions 
Playing position influenced the magnitude of inversion load 
that football players with a history of ankle sprain exhibited 
during an unanticipated cut task. Technique and footwear 
modifications should be considered in backs/receivers (skilled 
positions) at high risk of recurrent ankle sprains.  
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Table 1: Ankle Inversion Kinematic and Kinetics during Cutting and Sled Pushing Tasks. 

  Unanticipated Cut Weighted Sled Push 
  Linemen Backs/Receivers Linemen Backs/Receivers 
Peak Ankle Inversion Angle 
(deg) † 

NAS 17.2 ± 4.7 17.5 ± 4.6 7.5 ± 6.5 5.7 ± 3.9 
AS 18.0 ± 4.7 17.8 ± 4.8 9.6 ± 6.4 7.4 ± 5.3 

Peak Ankle Inversion 
Angular Velocity (deg/s) †§ 

NAS 285.0 ± 116.9 319.3 ± 135.3 234.5 ± 68.4 284.8 ± 62.9 
AS 264.5 ± 153.2 347.1 ± 120.0 174.1 ± 136.2 284.9 ± 180.5 

Peak Ankle Inversion 
Moment (Nm/kg) *§†‡ 

NAS 0.414 ± 0.215 0.444 ± 0.217 0.055 ± 0.073 0.043 ± 0.047 
AS 0.296 ± 0.158 0.501 ± 0.247 0.011 ± 0.051 0.046 ± 0.086 

No History of Ankle Sprain (NAS), History of Ankle Sprain (AS), * Injury and Position Interaction p<0.05, ‡ Movement and Position Interaction 
p<0.05, †Movement Main Effect p<0.05, § Position Main Effect p<0.05 
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Summary 

Exploratory Factor Analysis was used to determine the 
optimal athlete movement domains and the associated key 
metrics from 55 metrics collected from athletes performing a 
wheelchair (WC) rugby field test. The analysis demonstrated 
that a minimum number of factors can be groups into domains. 
This can improve the reporting and evaluation of athlete 
capabilities in WC rugby.  

Introduction 

The use of Inertial measurement units (IMU’s) in WC sports 
during both training and competition has dramatically 
improved the ability to quantify athlete physical capabilities. 
In its simplest configuration, one IMU can be placed on the 
frame of a WC which allows acceleration and rotation to be 
measured [1]. These measures can help define mobility skills 
and can be used to help evaluate differences between athlete 
classification, competition level and position [2, 3]. Field-
testing protocols, such as agility tests are often used to test 
athlete mobility skill. However, there are many metrics that 
can be calculated during agility tests and it is difficult to 
determine which metrics are most valuable. Further, coaches 
require a minimum number of metrics to provide efficient 
athlete assessment and feedback. Therefore, data reduction is 
required to determine the minimum number of metrics to 
quantify physical capability in WC sports agility tests.  

Methods 

24 National WC rugby athletes (23 males and 1 female, 
meanSD: age 28.917.44yrs, weight: 67.9510kg) 
completed an agility protocol involving linear and rotational 
accelerations around cones. IMU were collected at 200hz.  
Labview software was used to calculate 55 metrics.  
Exploratory Factor Analysis was used to determine optimal 
number of domains and associated metrics. 

Results and Discussion 

 
Figure 1: Parallel Analysis Scree Plot 

 

Parallel Analysis Scree plot (Figure 1) suggest 3 to 5 factors.   

3-factor solution had a simple structure (ie single loading per 
metrics – Figure 2). The root mean square of residuals 
(RMSR) is 0.08.  The Tucker-Lewis Index (TLI) is 0.95, 
establishing adequacy of the factors and validating the model. 

The 3 factors can be described by grouping the variables into 
rotational (radial acceleration, radial speed, turning radius), 
linear (acceleration, speed) and time (time to cone). 

 

 
Figure 2: Factor Analysis 

Conclusions 

The Exploratory Factor analysis enabled the decomposition of 
WC rugby agility test data into different domains and 
minimize the metrics required for reporting. The domains and 
metric isolated provide meaningful mobility skill data to assist 
in training recommendations and athlete selection. Future 
investigations will evaluate game data to determine the 
domains and metrics that define game demands and can be 
used to more accurately assess WC rugby athlete capabilities.  
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Summary 

The aim of this study was to compare hip and knee strength in 
asymptomatic active subjects with and without dynamic knee 
valgus (DKV). Sixty one active male subjects were evaluated, 
with DKV individuals (n=46) presenting weaker hip and knee 
strength compared to the group without DKV (n=15). No 
correlation was found between knee valgus angle and strength 
measures for both groups. 

Introduction 

Excessive hip adduction and internal rotation during weight 
bearing has the potential to affect the kinematics of the entire 
lower limb, frequently leading to dynamic knee valgus (DKV) 
[1]. DKV is a dysfunctional movement pattern associated with 
patellofemoral pain, a multifactorial syndrome with altered 
lower extremity kinematics and muscle strength [2,3].  

Muscle weakness in hip and knee joints may increase the 
patellofemoral syndrome risk [2,3]; however, this associations 
still has conflicted findings [4,5]. The aim of this study was to 
compare and correlate hip and knee strength in asymptomatic 
active subjects with and without DKV. 

Methods 

A convenience sample of 61 active military male recruits 
(18.25±12.94 years, 1.71±0.06 m and 73.61±12.94 kg) were 
evaluated. All of them were free of injuries and participated in 
regular military physical training.  

DKV were recorded during Lateral Step Down test with a 
digital video camera (Sony DscHx300, sampling at 50Hz) 
positioned 2 m from the subject. Five repetitions of the 
movement were recorded and the frontal-plane projection 
angle (FPPA) was analyzed in the dominant limb by a single 
experimenter. This experimenter positioned and digitized the 
four reflexive markers placed on the subject (two-dimensional 
video analysis with Kinovea, version 0.8.15). FPPA was 
computed by drawing the angle between the line formed with 
the reflexive markers at the anterior superior iliac spine, 
proximal thigh, midpoint of the femoral condyles and 
midpoint of the ankle malleoli [2] (Figure 1).  

Muscle strength was measured with a hand held dynamometer 
(Microfet 2, West Jordan, UT, USA) during a 5-s isometric 
maximum voluntary contraction. Knee-extension strength 
were tested at 90° of knee flexion and for hip abductor and 
external rotator muscle strength, the Hip Stability Isometric 
Test was used (HipSIT). Participants were sidelying, with legs 
at 45° of hip flexion and 90° of knee flexion, and were 
instructed to raise the knee of the upper leg while keeping the 
upper and lower heels in contact.  

One-way ANOVA (α=.05) was used to compare groups and 
Pearson correlation coefficients assessed the relationship 
between muscle strength and the FPPA. 

 
Figure 1: Frontal-plane projection angle during Lateral Step Down 
Test in subjects with (A) and without dynamic knee valgus (B). 

Results and Discussion 

Subjects with DKV presented lower hip and knee strength 
(Table 1). There was no association between the FPPA angle 
and strength measures in both groups (r=0,134 and r=0,100 for 
DKV; r=-0,319 and r=-0,180 without DKV). 

Table 1.  Frontal-plane projection angle (FPPA), knee extension and 
hip abductor and external rotator (HipSIT) muscle strength in active 
subjects with and without dynamic knee valgus (DKV) (*p<0,05). 

 
With DKV 

n=46 
Without DKV 

n=15 
FPPA (°) -12,6 ± 7,9 7,1 ± 5,8 * 

Knee extension (kgf/kg) 93,9 ± 46 127,8 ± 57,8 * 

HipSIT (kgf/kg) 60,8 ± 28,1 81,23 ± 34,6 * 

FPPA and strength of the hip muscle dependents on the task 
being performed [6]. When the task is planned and controlled 
by the subject, it may presents different results if the same task 
were performed during an uncontrolled movement [6,7]. Knee 
injuries are multifactorial and the type of challenge during 
dynamic tasks must be considered when trying to identify the 
relationship between lower limb kinematics and other injury 
factors such as strength. 

Conclusions 

Asymptomatic active subjects with DKV presents weaker 
knee extension and hip abduction and external rotation 
strength compared to active subjects without DKV.   
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INTRODUCTION  

Although there are extensive musculoskeletal simulation of 

gait movements [1, 2], comprehensive documentation of lower 

extremity muscle forces and patterns in gait is still lacking in 

literature. Such information may provide valuable baseline 

data for applications in rehabilitation, exercise, and robotics.  

Therefore, the purpose of this study was to determine muscle 

forces and patterns of knee and hip joints during the entire gait 

cycle of young college students.  

METHODS 

Fifteen active college students (Height: 1.7±0.39 m, Mass: 

66.4±19.0 kg) participated in this study. A 12-camera motion 

analysis system (240Hz, Vicon Motion Analysis Inc.) was 

used to collect three-dimensional kinematic data. Three force 

platforms were used to collect ground reaction force data 

(1200Hz, BP600x600, AMTI). Participants were asked to 

perform tree level walking trails in a 6-meter walkway at a 

mean walking speed of 1.34±0.31 m/s. The critical events of 

heel strike and toe-off were determined and 3D kinematic and 

kinetic data were computed in Visual3D (6.0, C-Motion, Inc.). 

Data were then exported from the Vicon system into a TRC 

format and imported into LifeMOD for muscle force 

estimation. The simulated lower extremity joint angles and 

ground reaction force data were compared to the data from 

literature for consistency. Lower extremity muscle forces were 

simulated and estimated in LifeMOD. The gait cycle was 

broken into six phases: early stance, single support, late 

stance, early swing, mid-swing, and terminal swing. Peak 

muscle forces of each phase were obtained, and normalized to 

body mass to yield a unit of N/kg.  These muscles were 

included: gluteus maximus (GMax), gluteus medius (GMed), 

iliacus (ILIAC), psoas major (PM), adductor magnus (AM), 

rectus femoris (RF), vastus lateralis (VL), vastus medialis 

(VM), short head (SH-ST) and long head (LH-ST) of 

semitendinosus, and semimembranosus (SM). 

RESULTS AND DISCUSSION 

During early stance, the simulation results showed that GMax 

and LH-ST generated a great amount of forces to decelerate 

the body, with peak muscle force ranged from 5.1 to 6.1 N/kg 

(Table 1). During single support phase, these two muscles 

along with RF, GMed, VL, VM, AM, and SM were high in 

force production in supporting the body weight and stabilizing 

the support limb. These peak forces are ranged between 1.4 to 

5.8 N/kg. During push-off, RF and AM generated more forces 

in order to provide support for planterflexors in completing the 

push-off action. 

During earlier and mid swing phases, RF and GMed produced 

highest amount of forces which are necessary and important in 

producing the hip flexion and abduction, and knee extension 

during the swing (Table 1).  In order to prepare for the heel 

strike during the late swing, the GMax and hamstring muscles 

contract to accelerate hip extension.   

CONCLUSIONS 

The results from this study provided detailed and normative 

peak muscle force data of the knee and hip joints in six sub-

phases during a gait cycle. These results also demonstrated the 

coordination between the uni- and bi-articular muscles and 

agonist and antagonist muscles throughout the gait cycle.  
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Table 1: Mean knee and hip joint muscle forces (N/kg): Mean ± STD. 

   Early stance Single Support Push-off Early swing Mid swing Late swing 

SM 1.72±0.16 1.72±0.13 0.48±0.53 0.43±0.38 0.46±0.47 1.63±0.17 

SH-ST 0.12±0.20 0.93±0.82 0.17±0.20 0.42±0.37 0.27±0.19 0.11±0.11 

LH-ST 5.06±0.28 4.65±0.53 0.28±0.28 0.77±1.42 0.93±1.17 4.59±0.56 

VL 0.00±0.00 1.47±2.26 1.38±1.54 1.34±2.62 0.06±0.14 0.04±0.11 

VM 0.38±0.65 1.37±1.27 1.21±1.18 0.85±1.79 0.00±0.00 0.06±0.09 

RF 0.07±0.18 4.63±0.89 5.34±0.57 3.16±1.01 0.87±1.65 0.44±0.70 

GMax-1 4.00±0.21 3.63±0.45 0.63±0.68 1.03±0.85 0.75±0.55 3.10±0.64 

GMed-1 0.44±0.53 2.89±1.46 1.65±1.09 1.02±1.03 1.01±0.95 0.61±0.79 

GMax-2 2.13±1.74 2.21±1.52 0.11±0.16 0.31±0.50 0.30±0.64 1.65±1.09 

GMed-2 0.38±0.48 1.33±1.09 0.23±0.37 0.43±0.77 0.65±0.81 0.46±0.76 

ILIAC 0.02±0.04 0.37±0.44 0.32±0.35 0.45±0.81 0.43±0.80 0.26±0.40 

PM 0.02±0.04 0.17±0.24 0.60±0.41 1.04±0.73 1.05±0.56 0.86±0.45 

AM 1.18±0.84 2.49±0.50 2.62±0.50 1.03±0.80 0.54±0.32 0.84±0.59 
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Summary 

Labral tears in developmental dysplasia of the hip (DDH) may 

be related to abnormal loads at the acetabular edge. Thus, 

quantifying in-vivo edge loads can help us clarify the reasons 

for labral tears. Using image-based musculoskeletal models 

(MSM), we developed new analyses to project hip joint reaction 

forces (HJRF) on DDH and healthy acetabula for estimation of 

edge loads in gait. Compared to healthy, HJRF in DDH were 

higher, and closer to the acetabular edge. As a result, higher 

edge loads were projected on the DDH acetabula, both 

instantaneously and accumulatively. The findings support risks 

of labral tears in DDH and may help inform clinical treatments. 

Introduction 

Acetabular labral tears are prevalent in DDH [1] and expedite 

hip osteoarthritis [2]. The associations of DDH and labral tears 

may be due to coupled effects of hip deformity and mechanics, 

including direct trauma and gradual micro-damage [1]. As a 

mechanical constraint at the acetabular edge, the labrum is 

susceptible to damage from altered loads due to acetabular 

deformities unique to DDH [3]. To understand the short and 

long-term reasons for labral tears in DDH, it is important to 

identify acute and chronic in-vivo acetabular edge loads during 

motions. Computational models have been used to predict 

labral stresses and edge load risks [4,5], but omitted either 

subject-specific anatomy or motions. Using image-based MSM 

that include both, our objective was to compare instantaneous 

and accumulative edge loads on DDH and healthy acetabula 

during gait. We hypothesized that due to shallow acetabula [3], 

edge loads would be higher in DDH hips. 

Methods 

5 DDH (23±5 y/o, 24±2 BMI) and 5 Healthy (21±2 y/o, 21±2 

BMI) subjects consented to participate. Gait data were captured 

as subjects walked on an instrumented treadmill. MR scans of 

pelvis and femurs were segmented in 3D, added to an OpenSim 

model, and used to update muscle paths in each subject-specific 

MSM. Hip joint centers (HJC) were moved to MR femoral head 

centroids. HJRF, as force vectors from HJC, were computed 

during a gait stance using MSM-estimated muscle forces via 

static optimization. 

For edge loads, first, the acetabular rim was divided in 3 areas: 

antero-lateral (AL), near anterior inferior iliac spine; supero-

lateral (SL), the highest point on the rim; postero-lateral (PL), 

the most posterior point on the rim. Spatial vectors from HJC to 

AL/SL/PL represented the directions along which hip loads act 

from the femoral head to the acetabular edge. Angles between 

HJRF and AL/SL/PL vectors were computed as the closeness 

of HJRF to the edge. HJRF were then projected along the 3 

vectors as instantaneous edge loads to the respective acetabular 

areas. Lastly, projected edge loads were integrated over stance 

for their accumulative impulse. Resultant HJRF, its angles and 

loads to the edge at the times of 2 HJRF peaks (early and late 

stance), and accumulative impulses were compared between 

DDH and Healthy using independent t tests (α=0.05). 

Results and Discussion 

HJRF in DDH subjects were higher than Healthy in early stance 

(5.6 vs 4.4 ×Body Weight), while closer to AL (43.7° vs 51.5°) 

and SL edges (20.4° vs 34.0°). Accordingly, edge loads at AL 

(4.0 vs 2.7 ×BW) and SL (5.3 vs 3.7 ×BW) were higher. Lastly, 

accumulative impulses to the edge were higher for DDH in both 

AL (2.0 vs 1.5 ×BW*s) and SL (2.2 vs 1.6 ×BW*s) (Fig. 1). 

 

Figure 1: Resultant HJRF, angles & edge loads to AL/SL acetabulum 

(Avg±1SD). Times of HJRF peaks highlighted in yellow. Significant 

differences: * = instantaneous; # = accumulative (blue shades). 

As hypothesized, instantaneous and accumulative edge loads 

were both higher in DDH, likely a collective effect of elevated 

HJRF and shallow acetabulum that caused HJRF to be closer to 

the edge. Yet deformity may not increase edge loads alone, as 

forces were not sizably different in late stance despite HJRF 

staying close to SL. Notably, due to high edge loads throughout 

stance, AL/SL accumulative impulses showed more significant 

differences than instantaneous forces, supporting beliefs that 

chronic edge loads may be a major cause of labral tears [1]. 

Conclusions 

DDH hip deformities, coupled with in-vivo HJRF, elevated 

loads at the anterior and superior acetabular edges, which likely 

increases the risk for labral tears in those areas. Future work 

will verify these findings on a larger cohort, and explore the 

effects of surgery or rehabilitation on edge loads. 
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Summary 

Hip-related pain is a common cause of lower-limb 
musculoskeletal pain and a potentially debilitating diagnosis in 
football players. This study aimed to examine the relationship 
between hip strength and hip joint kinematics during walking, 
to assist in the development of targeted interventions. 

Introduction 

Hip-related pain is a common cause of lower-limb 
musculoskeletal pain, significantly impacting quality of life 
and physical activity participation. While most research 
focuses on musculoskeletal pain affecting the elderly (e.g. 
osteoarthritis), there is compelling evidence that hip-related 
pain in younger adults (e.g. aged 18-50) creates a substantial 
burden, as it occurs at a time in their life when major work, 
social and family responsibilities exist. Previous research has 
demonstrated that people with hip-related pain have 
differences in hip kinematics during walking compared to 
controls [1], such as lower hip extension during the stance 
phase. Additionally, reduced hip muscle strength is evident in 
adults with hip-related pain [2]. Despite this, the relationship 
between hip strength and kinematics has yet to be 
investigated. As muscle strength is a potentially modifiable 
variable, the aim of this study was to examine the associations 
between hip strength and hip kinematics during gait in young 
active adults with hip-related pain.  

Methods 

This study recruited young (18-50 years) active adults 
(currently playing sub-elite soccer or Australian Rules 
football) with hip-related pain. Participants reported hip-
related pain for a minimum of six months duration, and had a 
positive flexion/adduction/internal rotation (FADIR) test. 
Assessment of hip strength and hip kinematics were analyzed 
on the more symptomatic side as indicated on the International 
Hip Outcome Tool (iHOT33). 

Hip muscle strength was assessed using a hand-held 
dynamometer (PowerTrack II Commander, JTECH Medical) 
in standardized positions [3]. Isometric strength was assessed 
for six movements, including hip flexion and extension, 
abduction and adduction, as well as internal and external 
rotation. Three trials were recorded at maximal effort, with the 
peak force value across the three trials taken for analysis. Peak 
force values were converted to torque and normalized to body 
mass (N.m/kg). 

Hip kinematics during gait were analysed using a ten-camera 
three-dimensional gait analysis system (Oxford Metrics) with 
embedded force plates in the laboratory floor (AMTI & 
Kistler). Participants walked at a self-selected habitual speed 
across the laboratory walkway, with data collected using 
Vicon Nexus software (Oxford Metrics). A seven-segment 
biomechanical model was created using BodyBuilder software 

(Oxford Metrics) to calculate hip kinematics. Discrete 
kinematic variables (e.g. peak hip extension) were then 
examined during the stance phase of gait.  

Statistical analysis revealed data were normally distributed. To 
examine the associations between hip strength and discrete 
kinematic variables during gait, Pearson correlation 
coefficients were calculated. Significance was set at P<0.05, 
with all analyses performed in the Statistical Package for 
Social Sciences (SPSS). 

Results and Discussion 

A total of 88 adults with hip-related pain were included in the 
study (mean±SD age of 27±6 years, 65 males and 23 females, 
average iHOT-33 score of 62±16%). Participants on average 
walked at 1.5±0.1m/s. 

In the sagittal plane, a greater peak hip extension angle during 
stance was significantly (P<0.05) associated with higher hip 
extension (r = 0.25), hip adduction (r = 0.28), and hip 
abduction (r = 0.27) strength, while a greater peak hip flexion 
angle was associated with lower levels of hip extension 
strength (r = 0.33). This indicates stronger individuals had 
more hip extension during stance and weaker individuals went 
into more hip flexion during stance. 

In the frontal plane, a greater hip abduction angle was 
associated with lower hip abduction, adduction, internal 
rotation, and flexion (r = 0.21-0.32) strength. There was also 
an association between greater total range of motion in the 
frontal plane and lower hip adduction, extension, flexion, as 
well as external and internal rotation (r = 0.23-0.34) strength. 

For the transverse plane, greater average hip internal rotation 
angle was associated with higher levels of hip internal rotation 
strength (r = 0.25). 

Conclusions 

This study is the first to examine the associations between hip 
strength and kinematics during walking in adults with hip-
related pain. These data can be used in the development of 
targeted interventions strategies. Due to the cross-sectional 
nature of this study, causation is unable to be determined. 
Future research is needed to examine how changes in muscle 
strength impacts on kinematics during walking, and how these 
variables relate to symptoms and disease progression. 
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Summary 

This study compared hip muscle geometry (volumes, length), 

mechanical potential (moment arms), and strength in patients 

with developmental dysplasia of the hip (DDH) and healthy 

controls. Results suggest that abnormal bone structure in DDH 

creates a mechanical disadvantage for muscles surrounding the 

hip, especially in abduction. 

Introduction 

DDH affects bone structure, alters joint loading, and is a 

primary cause of early osteoarthritis [1]. Treating bone structure 

alone is insufficient for long-term joint preservation in most 

patients [2]. Although muscles are the primary hip movers and 

stabilizers, it is unclear how they are influenced by abnormal 

DDH bone structure. The objective of this study was to compare 

hip muscle geometry (volumes, length), mechanical potential 

(moment arms), and strength in DDH patients and healthy 

controls (HC) for rectus femoris (RFEM, major flexor), gluteus 

medius (GMED, major abductor) and tensor fascia latae (TFL, 

multi-functional). 

Methods 

Subjects: With IRB approval, 9 DDH patients (female, 26±8 

y/o, 23±2 BMI) and 6 HCs (female, 24±7 y/o, 21±2 BMI) 

participated. DDH was diagnosed based on symptoms and 

lateral acetabular coverage < 20°. Magnetic resonance images 

(MRI) were captured from psoas origin to knee (T1 weighted, 

fat supressed, 1 mm slices), from which subject-specific 3D 

reconstructions of femurs, pelvis, RFEM, GMED, and TFL 

were generated.  

Muscle Geometry: Muscle volumes and lengths were calculated 

using Eqs 1-2 [3].  

𝑣𝑜𝑙𝑢𝑚𝑒𝑛𝑜𝑟𝑚 =
𝑣𝑜𝑙𝑢𝑚𝑒

ℎ𝑒𝑖𝑔ℎ𝑡∗𝑚𝑎𝑠𝑠
  (1)        𝑙𝑒𝑛𝑔𝑡ℎ𝑛𝑜𝑟𝑚 =

𝑚𝑢𝑠𝑐𝑙𝑒 𝑙𝑒𝑛𝑔𝑡ℎ

𝑙𝑖𝑚𝑏 𝑙𝑒𝑛𝑔𝑡ℎ
∗ 100 (2) 

Moment Arms (MA): Subject-specific pelvis and femur 

reconstructions were incorporated into an existing 

musculoskeletal model [4] in OpenSim to provide exact scaling 

and hip joint center (HJC) location. MAs for RFEM, GMED 

(anterior, middle, posterior sections), and TFL were calculated 

in hip flexion and abduction [5]. 

Strength: Isometric torques were recorded using dynamometry 

[6]. Hip flexion was collected seated with knees and hips at 90° 

flexion; abduction was collected side-lying, with hip and knee 

in neutral extension, hip at 10° abduction.  

Analysis: Geometry, MA, HJC, and strength variables were 

compared between groups using Cohen’s d effect size (large: d 

≥0.8, medium: 0.5≤d<0.8).   

Results and Discussion 

Measured from the pelvic origin, HJCs in the DDH group were 

more lateral than HCs (90.1±7.3 vs 85.6±7.1 mm, d=0.6), which 

corroborates previous reports [1]. 

The DDH group had larger GMED volumes, longer GMED 

lengths, shorter RFEM lengths, and weaker flexion and 

abduction torques (Table 1). Abduction MAs for all muscles 

were smaller in the DDH group (Fig 1).  

Figure 1. Abduction(-) moment arms across functional extents of 

abduction for most activities (0°-40°) (*large and # medium effect). 

Conclusions 

Results suggest that abnormal bony structure in DDH (e.g. 

lateral HJC) creates a mechanical disadvantage for muscles of 

the hip, especially in abduction. Lateralized HJC reduced MAs 

in patients with DDH, requiring greater demand to generate 

torques equal to HCs. The greater demand led to larger muscle 

volumes of the primary abductor (GMED). Despite that 

geometric adaptation, patients with DDH could not meet the 

torque output of HCs (Table 1). 

Smaller abduction MAs, flexion torque, and lengths of RFEM 

suggest a change in its role as a major flexor and secondary 

abductor in the presence of DDH, but the interplay between 

abnormal bone and RFEM alterations requires further study. 

While larger samples are required, this study highlights the 

importance of inherent bone and muscle mechanical 

relationships when optimizing interventions for DDH.  
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Table 1. Normalized muscle volumes, lengths, and torques. Light grey indicates 0.5≤d<0.8. Dark grey indicates d≥0.8. 

 Volume (mm2/kg) Length (%) Flex. Torque 

(N/kg) 

Abduct. Torque 

(N/kg) Group TFL RFEM GMED TFL RFEM GMED 

DDH 0.59 ± 0.19 2.18 ± 0.27 2.77±0.46 19.4 ± 2.0 36.1 ± 1.3 23.0 ± 1.2 5.59±1.29 6.50±1.77 

HC 0.51 ± 0.14 2.21±0.39 2.52±0.29 18.9 ± 1.2 37.9 ± 1.0 21.6 ± 1.4 6.18±0.94 7.81±1.87 
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Summary 

This study aimed to identify differences in contact force 

pathways at the interface between the acetabular cup and 

femoral head. We have observed different locations of peak 

contact forces for different activities of daily living, which 

could lead to different wear rates in patients depending on 

activity level. 

Introduction 

Total hip replacements (THR) have a high success rate 

postoperatively [1]. With the ability to achieve a level of 

activity beyond what was plausible 20 years ago, patients are 

now able to return to high levels of physical activity [2]. 

Current pre-clinical implant wear testing, such as the 

ISO14242-2, only considers walking in the testing protocol, 

and is thus incapable of identifying the effects that varying 

activities of daily living (ADLs) have on wear. Previous work 

has observed a large range of hip angles and forces in different 

ADLs [3], nevertheless the true effect of this on the implant 

surface is relatively unknown. Weber et al [4] used contact 

force pathways to identify patient specific locations of contact 

paths during gait. The aim of our study was to identify 

differences in contact force pathways during ADL’s in a large 

cohort of patients. 

Methods 

132 THR patients, >12 months post-surgery, underwent 3D 

kinematic (Vicon, UK) and kinetic (AMTI, USA) analysis 

whilst performing different ADLs, including gait at a self-

selected speed, fast gait, stair ascent and descent, sit down and 

stand up from a chair, squats and lunges. Joint contact forces 

were analysed through multibody modeling (AnyBody 

Technology, Denmark). To calculate the contact force 

pathways, the point where the force vector from the femoral 

head, calculated in AnyBody, meets the acetabular cup has 

been computed, resulting in a force path for the affected limb. 

All acetabular cups were 32-mm in diameter and standardised 

with 40 degrees of inclination and 15 degrees of anteversion. 

Average contact force pathways for all patients during the 

different activities were computed, and location and shape of 

force pathways were compared.  

Results and Discussion 

Walking was revealed to have the most anterior/superior 

located peak contact force (2449N) demonstrating a figure of 

8 pattern (Figure 1), with the peak contact forces occurring in 

the superior-anterior area of the cup. Stair ascent exhibited the 

highest peak contact forces of (2822.7N), the force pathway 

was more circular in shape with peak forces occurring on the 

superior-posterior portion of the cup.  

 

Figure 1: Mean resultant hip contact force pathway, for each activity 
of daily living.  

The non-locomotive activities such as stand-up, sit down and 

squat task had a more linear shape, spanning across the 

superior-posterior quarter of the cup. We identified that peak 

loads occur in different locations on the acetabular cup during 

different activities, which combined with the different 

observed directional contact pathways would be critical in 

determining the wear rate. Previous work [5] has revealed 

similar figure of 8 contact patterns during gait, without the 

inclusion of force data. By including forces, our data reveals 

which points of contact may be more critical. 

Conclusions 

This study is the first to explore contact force pathways during 

different ADLs in a large cohort of THR patients. Our results 

suggest including ADLs in preclinical testing would provide 

more accurate prediction of implant performance.  
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Summary 

Hip muscle weakness is a risk factor for many musculoskeletal 

injuries to the hip and groin region. Instruments used to measure 

hip muscle strength are designed to assess muscle actions in a 

single plane, which is not consistent with the multiplanar line 

of action of many hip muscles. This study aimed to assess 

validity and reliability of single and multiplanar hip strength 

measurements acquired with a custom-made rig. Results 

demonstrate moderate to excellent reliability, suggesting this 

rig can adequately measure multiplanar hip muscle strength, 

which may have important implications for studies of 

populations with hip pathology. 

Introduction 

Hip muscle weakness is common in individuals with hip and 

groin complaints (e.g. femoroacetabular impingement 

syndrome, groin strains) [1,2]. Although multiple devices have 

been validated for measurement of hip muscle strength, these 

are often expensive (e.g. isokinetic dynamometers) and require 

experienced operators (e.g. hand-held dynamometers (HHD). 

Further, these devices measure strength in a single plane, which 

given the multiplanar line of action of many hip muscles, may 

underestimate their contribution to strength (e.g. piriformis, 

gluteus medius) [3]. The aim of this study was to assess validity 

and inter-session reliability of a custom-made rig designed to 

measure both single and multiplanar hip strength. 

Methods 

Fifteen recreationally active individuals (age=26.1±2.7 yrs, 

female=33%, BMI=23.8±3.0 kg/m2), with no history of hip 

surgery or lower limb injury in the past three months, 

participated in two testing sessions separated by an average of 

7 days. After a 5-minute self-paced warm up on a cycle 

ergometer, participants completed a sequence of maximal 

voluntary isometric contractions (MVIC) on both a commercial 

dynamometer (System 4 Pro, Biodex Medical Systems, NY, 

USA) and a custom-made rig. Six single plane hip actions were 

tested on both devices: adduction (AD), abduction (AB), 

flexion (F), extension (E), internal rotation (IR), and external 

rotation (ER). Three multiplanar hip actions were tested on the 

rig: E with ER, E with AB, E with AB and ER. Participants 

completed a minimum of three MVIC for each hip action. 

Testing device and hip action orders were randomised between 

participants. Validity of strength measurements acquired with 

the rig was estimated using a limits of agreement analysis. Inter-

session reliability was assessed for both devices using intraclass 

correlation coefficients (ICC3,1). 

Results and Discussion 

Moderate to good correlations (r=0.64-0.81) were found 

between rig and dynamometer measurements for AB, AD, E, F, 

and ER (Table 1). Except for flexion (ICC=0.65), inter-session 

reliability for the rig was good to excellent for all single plane 

actions (ICC>0.75), which is comparable to previous reports 

using HHD [4]. Inter-session reliability was excellent for all 

multiplanar actions (ICC>0.91) (Figure 1). 

 

Figure 1. Interclass correlation coefficients (ICC3,1) for single and 

multiplanar hip strength measurements using the rig (white), 

dynamometer (dark grey), and HHD (values taken from the literature 

(light grey)[4]). AB = abduction; AD = adduction; E = extension; F = 

flexion; ER = external rotation; IR = internal rotation. 

Conclusions 

Single and multiplanar hip muscle strength can be assessed with 

good to excellent reliability using a custom-made rig. Future 

research exploring the contribution of individual muscles to 

multiplanar measurements is warranted and will shed new light 

on muscle-specific strength deficits in populations with hip 

pathology. 
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Table 1. Pearson correlation coefficient (r) and bias ± limits of agreement (LoA) between strength measurements acquired using a 

custom-made rig and dynamometer. 

 AB AD E F IR ER 

r 0.76 0.81 0.69 0.64 0.38 0.75 

Bias ± LoA (Nm) 15 ± 37 13 ± 41 79 ± 83* 14 ± 33 -2 ± 39* 3 ± 21 

*Significant heteroscedasticity (p<0.05); AB = abduction; AD = adduction; E = Extension; F = flexion; ER = external rotation; IR = internal 

rotation. 
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Summary 

Femoroacetabular impingement (FAI) syndrome has been 
related to joint and muscle adaptations. Three different FAI 
patient age groups had their range of motion (ROM), strength 
and functionality compared. Although hip ROM and 
functionality were similar between groups, muscle strength 
was smaller for external rotators, abductors, flexors and 
extensors in the age group 40-49y compared to the groups’ 20-
29y and 30-39y. This strength loss in age group 40-49y 
patients might be related to aging or with the early onset of 
osteoarthritis (OA). 

Introduction 

FAI syndrome is a hip joint motion-related clinical disorder 
characterized by abnormal contact between the hip joint 
structures [1]. Abnormal hip morphology and joint pain may 
impair ROM, muscle strength, and the patient’s functional 
status [2]. However, FAI effects on ROM, muscle strength and 
functionality were not measured in different age group 
patients. Investigation of differences in hip joint ROM and 
skeletal muscle adaptation in patients whose symptoms start at 
different ages might help to determine which factors generate 
pain and functional impairment in these patients, as well as 
might help to guide physical therapy treatments. 
Methods 

One-hundred and thirty-five FAI syndrome male patients 
participated in the study. Group 20-29y (25.6±3.4 years) was 
composed by 41 patients, Group 30-39y (35.5±2.5 years) by 
52 patients, and Group 40-49y (45.2±3.0 years) by 42 patients. 
Hip joint ROM for flexion (FLX), external rotation (ER) and 
internal rotation (IR) were assessed through goniometry. 
Maximal isometric strength for hip FLX, extension (EXT), 
abduction (ABD), adduction (ADD), ER and IR were 
evaluated through hand-held dynamometry. The international 
hip outcome tool (iHOT) was used to assess the patients’ 
ability to return to an active lifestyle. Pain visual analog scale 
(VAS) and symptoms duration were also measured. 

Results and Discussion 

iHOT values were similar between the 3 groups (Group 20-
29y = 49.78 ± 18.00; Group 30-39y = 53.32 ± 19.34; Group 

40-49y = 48.71 ± 19.03). Group 20-29y patients had higher 
VAS (7.3 ± 2.3) pain levels compared to Group 30-39y (6.6 ± 
2.3) and Group 40-49y (5.9 ± 2.2). Hip ROM was similar 
between the groups for FLX, ER and IR (Figure 1). ER, ABD, 
FLX and EXT strength was smaller in Group 40-49y 
compared to Group 30-39y and Group 20-29y (Table 1). The 
symptoms duration was similar between the 3 groups. The 
higher pain levels might explain why the youngest group had 
similar functionality compared to the older ones. The smaller 
ER, ABD, FLX and EXT strength of Group 40-49y might be 
related with the strength decline due to aging, or with FAI 
syndrome related adaptation, especially related to early onset 
of hip OA. However, the Group 40-49y patients’ strength loss 
showed no impact in their functionality. 

 
Figure 1: Hip ROM for the three age groups. 

Conclusions 

FAI syndrome patients diagnosed in different ages had similar 
ROM and functionality. The older group muscle strength loss 
might be related to aging and/or early onset of hip OA. 
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Table 1: Hip strength relative to body mass (Nm/kg) of the 3 age groups (mean ± SD) (*=Group 40-49<Group 20-29 & <Group 30-39). 

Age Groups External rotators Internal rotators Abductors Adductors Flexors Extensors 
Group 20-29y 1.34±0.41 1.46±0.50 1.46±0.34 1.28±0.42 1.65±0.48 1.78±0.58 
Group 30-39y 1.35±0.58 1.39±0.55 1.44±0.39 1.28±0.53 1.64±0.52 1.74±0.64 
Group 40-49y 1.09±0.40* 1.20±0.48 1.23±0.31* 1.11±0.41 1.31±0.46* 1.38±0.40* 
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Summary 

We developed and tested a radiology-driven framework to 
simulate hip kinematic motion and articular interference in 
young and active adults with diagnosed cases of two common 
hip pathologies. We “place” the hips of thirty-five individuals 
(15 control; 10 femoroacetabular impingement, FAI; and 10 
acetabular dysplasia, AD) via kinematic simulation in one 
provocative pose, flexion adduction internal rotation (FADIR), 
and assess patterns of interference. These techniques 
statistically differentiate FAI from control and dysplastic hips.  

Introduction 

Multiple hip pathologies present with similar pain symptoms, 
challenging clinicians to offer accurate diagnoses and 
corresponding care. Early diagnosis is important because 
pathologies such as dysplasia and impingement are risk factors 
for joint degeneration and development of osteoarthritis [1]. 
Correct diagnosis often depends on a combination of clinical 
history, physical exam [2] and radiographs, which frequently 
vary due to errors of reliability, failure of standardization and 
differing patient positioning [3]. An automated procedure 
based on quantitative benchmarks could reduce the time of 
interpretation, and increase diagnostic accuracy. From one 
perspective, physical exam can isolate the symptoms but is 
insufficient to determine complex underlying anatomy. From 
another perspective, radiological exams highlight anatomical 
differences. However, due to the static nature of common 
medical imaging, the impact of anatomy on patient motion 
cannot be assessed. Simulating the motion of radiological 
images combines the two methods, physical and radiological, 
and may demonstrate the influence of anatomy during limb 
motion. In this study, we test an automated method, using pre-
segmented pelvic CT scans, to determine hip joint center-of-
rotation, perform joint rotation and determine the presence of 
interference. We hypothesize parameterizations of simulated 
interference patterns would differ in control, FAI and AD hips.  

Methods 

At our medical center, we identified 20 patients over an 18-
month period with symptomatic AD and symptomatic FAI. 
AD was diagnosed based on physical exam and radiographic 
evidence of femoral head uncovering and a lateral center-edge 
angle (LCEA)<20°. FAI was diagnosed based on physical 
exam and radiographic evidence of head and neck offset 
deformity in addition to adequate acetabular coverage (alpha 
angle>55° with LCEA>25°). All patients underwent pelvic 3D 
CT scans as part of preoperative planning for hip preservation 
surgery. We simulated the FADIR pose, using pre-segmented 
CT images of asymptomatic control, AD and FAI hips. The 
computational routine automatically locates the hip joint 
center using kinematic considerations and sphere fitting 
geometrical analysis, and performs a virtual FADIR test (90° 
flexion, 15° adduction and a 15° internal rotation). One-way 

ANOVA (α=0.05) followed by Tukey’s multiple comparisons 
assessed interference patterns between the three groups. 

Results and Discussion 

We observed significantly more localized interference in the 
anterior-superior portion of hips in FAI than for AD hips (Fig. 
1). However, little difference in interference was observed 
between control and AD hips, and both shared “distributed” 
patterns of interference (Fig. 1). Average calculation time per 
case (including hip joint calculation, motion simulation and 
interference analysis) was 6.7 seconds on a laptop with an i7 
6-core processor and 12 GB of RAM. Rotation and 
interference detection alone required an average of 89 
milliseconds per movement. 

 
Figure 1: (a-c) Stacked (across subject) overlay of bounding 

polygons capturing the sagittal-plane projection (P, posterior; H, 
superior directions) of all interfering points. Patients are shown as 

different colors. Note a characteristic teardrop shape in many of the 
FAI cases, but in few of the control and dysplastic cases. (d) Mean, 
95% confidence interval, and spread for distance between centroid 
and hip joint center of bounding polygons. Note elevated distances 

for FAI cases. 

Conclusions 

In contrast to prior simulations to predict range-of-motion [1], 
kinematic simulation to calculate hip articular interference 
may provide actionable information to help determine the 
pathophysiology of hip pain in the young adult patient. This 
technology can also be used to simulate arbitrary lower-limb 
motions, in future studies. 
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Summary 

Noncontact ACL injuries occur during dynamic movements, 

and females are more than twice as likely to have an ACL 

injury compared to males. Decision-making tasks have shown 

altered knee mechanics and may better represent game-like 

scenarios in the lab. However, it is unknown if the 

unanticipated stimuli commonly used replicate real-life 

scenarios. Eight females and eight males completed 

sidecutting tasks with a visual stimulus and a human defensive 

opponent stimulus. Sagittal plane knee loading increased with 

the defender compared to the visual stimulus for males and 

females, while the visual stimulus increased frontal plane 

loading for females.  

Introduction 

Noncontact anterior cruciate ligament (ACL) injuries occur 

during movements that involve sudden decelerations and 

directional changes due to combined sagittal and frontal plane 

knee loading [1]. Additionally, females are more than 2 times 

likely to have an ACL injury compared to males [2]. Previous 

studies have shown altered knee mechanics when decision-

making to an external stimulus (i.e. visual light) is involved 

[3]. Including these decision-making tasks may better 

represent game-like scenarios compared to anticipated tasks. 

Currently, it is unknown how a live, human defensive 

opponent affects knee biomechanics during sidecutting tasks. 

The purpose of this study was to identify differences in knee 

biomechanics during sidestep cutting in response to a visual 

stimulus and a live, human defensive opponent. 

Methods 

Eight females (age: 22.5±3.0yrs; height: 1.70±0.07m, mass: 

69.11±11.16kg) and eight males (age: 23.9±3.0yrs; height: 

1.79±0.05m, mass: 85.83±6.64kg), all recreationally active, 

completed two unanticipated 45 cutting conditions (visual 

stimulus (VS); human defensive opponent (DO)). Approach 

speeds ranged from 3.75m/s–4.25m/s. For the VS condition, a 

custom LabVIEW program presented one of three tasks: a cut 

to the left, a cut to the right, or a stop visual stimulus in a 

randomized order. This stimulus was triggered after 

participants crossed a timing gate that was 1.75m away from 

the force plate. For the DO condition, the same three tasks 

were used in a randomized order. A research assistant 

(defender), standing in the same location as the visual stimulus 

monitor, attempted to “block” the participant’s running path 

by performing a defensive move when participants passed the 

trigger timing gate, giving the same reaction time range as the 

VS condition. From the time the stimulus was triggered to 

contacting the force plate, participants had a reaction time of 

412–467ms for both conditions. 

Three-dimensional (3D) marker coordinate data were collected 

using a 12-camera Vicon system (200Hz), and ground reaction 

forces were collected with two AMTI force plates (2000Hz). 

3D kinematics and internal moments, normalized to body 

mass, of the dominant leg were calculated. Peak sagittal and 

frontal plane knee angles and moments were extracted for 

analysis. Separate 2×2 mixed-model repeated measures 

ANOVAs (condition × sex) were performed (𝝰=.05). 

Results and Discussion 

There was a significant condition main effect for knee 

extension moments, which were greater in DO compared to 

VS (p = .009, Table 1). Significant interactions were present 

for peak flexion angle and adduction moment. Females had 

greater flexion angles (p = .001) and adduction moments (p = 

.030) in VS compared to DO. Additionally, males had higher 

adduction moments than females, solely in DO (p = .026).  

Results suggest sagittal plane knee loading is greater in a more 

realistic setting with the defensive opponent present. 

Additionally, the visual stimulus increased frontal plane knee 

loading in females. Interestingly, knee abduction angles were 

not statistically different between either sex or conditions 

Conclusions 

While both a visual stimulus and simulated defender stimulus 

have been analyzed separately, no study has directly compared 

the two. Our results revealed differences in knee biomechanics 

between the two conditions. Specifically, the visual stimulus 

may amplify injury risk variables in females such as peak knee 

adduction moment. These differences between conditions may 

suggest that simulated defender more closely replicates the 

demands of a practice/game situation in the laboratory 

environment. Therefore, studies investigating factors possibly 

associated with ACL injury should account for how stimuli are 

presented to participants. 
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Table 1: Mean ± SD knee kinematic and kinetic variables between sexes and conditions. 
  Defensive Opponent Visual Stimulus 
  Female Male Female Male 

Peak Angles 
Knee Flexion () § -52.0±4.9A -57.2±6.1 -60.8±5.0 -58.1±7.8 

Knee Abduction () -8.4±4.5 -8.2±4.5 -10.0±6.2 -7.2±4.1 

Peak Moments 
Knee Extension (Nmkg-1) * 2.54±0.81 3.19±0.49 2.20±0.85 2.78±0.71 

Knee Adduction (Nmkg-1) § 0.37±0.17 AB 0.61±0.22 0.51±0.26 0.50±0.09 
§ significant interaction, A significantly different from VS, B significantly different from males in DO, * significant task effect  
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Summary 

Healthy tibio-femoral kinematics are controversially discussed 

in the literature. In this study, 10 healthy subjects were 

assessed throughout dynamic functional gait activities using a 

moving fluoroscope to establish physiological healthy knee 

kinematics. Significantly larger range of anterior-posterior 

(A-P) translation was found for the lateral condyle compared 

to the medial condyle for level walking as well as stair 

descent. Nevertheless, subject specific movement patterns 

were evident and let to larger A-P translation of the medial 

condyle for two subjects. 

Introduction 

The accurate assessment of 3D tibio-femoral kinematics in 

vivo is essential for a clear understanding of knee joint 

functionality. However, despite extensive investigations using 

multiple measurement systems, as well as during different 

movements, tibio-femoral kinematics of the healthy knee joint 

remain controversially discussed [1,2]. Overall, assessments of 

multiple functional activities using a coherent analysis method 

are still missing. Therefore, the aim of this study was to 

determine tibio-femoral kinematics of healthy individuals 

during complete, consecutive cycles of different gait activities. 

Methods 

10 healthy subjects (23.7±3.1 years, 21.7±2.0 kg/m2) with a 

neutral limb alignment (range: 3°valgus to 2°varus) were 

assessed during 5 to 6 complete cycles of free level walking 

and stair descent (0.18m steps) using a moving fluoroscope 

(25Hz) [3]. After 2D/3D registration of the fluoroscopic 

images, tibio-femoral rotations were calculated [4]. 

Furthermore, A-P translations were described using the 

nearest point of each femoral condyle relative to the tibial 

articular surface and were calculated with respect to the mid-

coronal plane of the tibial articular surface. An ANOVA 

mixed linear model was used to test for differences between 

the medial and lateral A-P translation (α = 0.05). 

Results and Discussion 

For level walking, the mean average walking speed was 

0.87±0.06m/s whereas it was 0.58±0.05m/s for stair descent. 

The range of A-P translation over the whole gait cycle 

(Table 1) as well as for the loaded stance and the unloaded 

swing phase was significantly larger for the lateral condyle in 

both activities. However, during level walking two subjects 

exhibited larger A-P translation on the medial condyle over 

the full gait cycle. For both activities and all subjects, 

extension of the knee during the swing phase was associated 

with a clear anterior translation of the lateral condyle 

(Figure 1), which is in agreement with previous findings [2].  

 
Figure 1: Mean A-P translation of the medial (left) and lateral (right) 

condyle for each subject during level walking and stair descent. The 

average toe-off for each subject is indicated (vertical line). 

Conclusions 

For the first time, the in vivo tibio-femoral kinematics of the 

healthy knee joint have been evaluated for several consecutive 

and complete cycles of free level walking and stair descent. 

Subject-specific movement patterns were observed for the A-P 

translation of the femoral condyles. Overall, the centre of 

rotation primarily seems to be located on the medial side of 

the knee joint. However, the influence of the subject specific 

differences (e.g. limb alignment) need to be further analysed.  
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Table 1: Range of motion for all three tibio-femoral rotations and range of A-P translation for the medial and lateral condyle during complete 

cycles of level walking, and stair descent. Mean and SD over all 10 subjects are presented. 

 tibio-femoral rotation [°] A-P translation [mm] 

 flex/ex int/ext abd/add medial condyle lateral condyle 

level walking 65.8±4.6 15.8±2.7 7.5±1.9 14.5±3.3 23.9±7.8 

stair descent 92.9±4.2 16.0±2.7 7.3±1.1 12.4±2.5 23.8±6.6 
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Summary 
High knee flexion postures, despite their association with 
increased joint loading, are frequently adopted in occupational 
childcare. This study sought to quantify the frequency and 
depth of high knee flexion postures adopted by childcare 
workers in order to evaluate their increased risk of knee 
osteoarthritis (OA) development. Through video analysis of 
eighteen childcare workers, nine high knee flexion postures 
were identified. Posture frequency as well as peak flexion 
angles achieved in the identified postures were determined. 
Results suggest that childcare workers currently exceed the 
established thresholds for knee OA development when 
working with children of all ages, suggesting a potential for 
increased risk of OA in these individuals. 

Introduction 

High knee flexion postures, such as kneeling or squatting, are 
frequently adopted in occupational settings for a significant 
portion of working hours [1,2]. Repetitive exposures to such 
postures, where the knee flexion angle exceeds 120◦, have 
been associated with increased joint loading, and therefore 
linked to increased incidences of knee osteoarthritis (OA) [3]. 
Despite the increased exposures in many occupations, few 
guidelines exist to address the link between injury 
mechanisms and the occupational use of high flexion postures. 
Given the consistent reports of knee injury and pain in 
childcare workers, the purpose of this study was to quantify 
the frequency and depth of assumed knee flexion postures in 
order to evaluate the potential for increased risk of knee OA 
development in occupational childcare settings [4]. 

Methods 

This investigation constitutes a secondary analysis of data 
from 18 childcare workers caring for infant (0 – 1.5 years), 
toddler (1.3 - ~2.5 years), and preschool-aged (~2.5 -~4 years) 
children. Continuous video-recordings were collected using a 
handheld video camera (Sony Handycam DCR-SR82) at a 
capture rate of 30 frames/s. Each recording was collected over 
approximately 3.5 hours (195 ± 25.0 minutes).  

Each video was analysed in order to note the occurrence of all 
high knee flexion postures. When the movement was on a 
plane perpendicular to the camera, with clear visibility of the 
hip, knee, and ankle, the peak knee flexion angle was 
measured using Kinovea (Version 8.27). Once each video had 

been analyzed, the peak flexion angles and frequency of each 
posture were calculated for each age group.  

Results and Discussion 
Eighteen childcare workers were included in this study, of 
which 6 worked with infants, 3 with toddlers, and 9 with 
preschool-aged children. It has been suggested that daily 
exposures to high flexion postures exceeding 30 cycles are 
associated with increased OA risk [1]. Nine-frequently 
adopted high flexion postures were identified through this 
analysis (Table 1) and results suggest, over a typical working 
day of eight hours, that childcare workers would cumulatively 
exceed this cyclic threshold in most squatting, kneeling, and 
seated postures. Additionally, overall analysis of peak flexion 
angles (Figure 1) revealed that childcare workers attain knee 
flexion angles exceeding 120◦ in each of the nine knee flexion 
postures when working with children of all age groups.  

 
Figure 1: Average range of peak flexion angles for each identified 
high knee flexion posture. The number of subjects per category are 
indicated next to each posture (n= infant, toddler, preschooler). 

Conclusions 
Based on the frequency and depth of the high flexion postures 
identified, childcare workers may be at increased risk for OA 
development.  
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Table 1: Frequency of exposures to each identified high knee flexion posture including sitting on child sized furniture (CCS), single arm 
supported leaning when sitting on the ground (SSL), single arm supported kneeling (KSA), plantarflexed kneeling (PK), heels up squatting (HS), 

flatfoot squatting (FS), sitting on the floor (CLS), double arm supported kneeling (KDA), and dorsiflexed kneeling (DK). 

High Flexion 
Posture/ Age Group 

DK KDA CLS FS HS PK KSA SSL CCS 

Infant 16.7 ± 14.9 8.2 ± 5.0 42.7 ± 19.7 NA 16.0 ± 7.8 35.2 ± 16.4 12.7 ± 8.0 12.8 ± 6.2 15.2 ± 7.8 
Toddler 38.3 ± 53.8 2.5 ± 2.1 23.5 ± 27.6 NA 12.7 ± 12.0 16.0 ± 5.6 4.3 ± 4.2 5.5 ± 3.5 10.0 ± 9.5 

Preschooler 27.8 ± 16.3 4.3 ± 3.4 9.4 ± 8.7 2.0 ± 0 15.6 ± 10.9 19.9 ± 27.0 8.6 ± 9.9 10.8 ± 7.2 17.1 ± 18.2 

Thursday, August 01 2019: Posters (1600-1800) 395

Knee 1



 

 

Quantitative Assessment of the Risk of Anterior Cruciate Ligament Injury in Female Soccer Players Throughout a Four 

Year Case Study Using Joint Kinematics: Preliminary Results 

Alice Luanpaisanon, Vidhi Sharma, and Craig M. Goehler, PhD 
Department of Mechanical Engineering and Bioengineering, Valparaiso University, Valparaiso, IN, USA 

        Email: craig.goehler@valpo.edu 
 

Summary 

This study is in the first year of a four year case study that will 

quantitatively assess the risk of lower extremity injuries, 

especially those to the knee. Seven healthy female NCAA 

soccer players from Valparaiso University were evaluated on 

their preseason and postseason functional movements. In this 

study, one participant, subject J12, fell out of the expected 

healthy range metric and later suffered an anterior cruciate 

ligament (ACL) injury, which will be the focus of this 

abstract. In the future, this metric will allow us to quantify 

data for future injury prevention that would have otherwise 

been qualitative. 

Introduction 

Due to the increased interest in studying sports-related knee 

injuries, there has been a greater focus on injury prevention 

measures. Other conducted studies have compared the risk of 

knee injury between males and females, specifically injuries of 

the ACL, using a series of functional movement tests. Studies 

have concluded that females are at a greater risk of ACL 

injury as they consistently exhibit greater valgus knee motion 

upon landing [1]. Furthermore, this can be attributed to a 

combination of anatomical differences that increase stress on 

the ACL during strenuous activity [2]. 

This study was part of a four year case study that evaluated the 

joint kinematics of 7 female soccer players in their first year of 

NCAA competition using Functional Movement Screening 

(FMS), with this abstract focusing on subject J12 who endured 

an ACL injury shortly after the preseason screening. Subject 

J12 was compared to the remaining uninjured subjects to 

illustrate areas of concern that could have been targeted with 

intervention techniques. 

Methods 

Prior to collecting the data, 7 healthy female soccer players 

from Valparaiso University were asked to participate in a four 

year IRB approved case study. Each subject was affixed with 

28 passive reflective markers on the upper and lower 

extremity using hypo-allergenic adhesive and performed 

various FMS tests including left and right in-line lunges and 

deep squats. Each test was performed three times and was 

scored qualitatively on a scale from 0-3, where a “0” signifies 

that the athlete being evaluated experienced pain and a “3” 

signifies that the athlete was successful in the completion of 

the task without any compensation. 

The three-dimensional position data from each of the trials 

were processed and filtered in VICON Nexus. OpenSim was 

then utilized to analyze the inverse kinematic results for each 

trial of the test. Statistical analyses were performed in 

MATLAB to compare to previously developed metrics for hip 

flexion, knee flexion, and ankle flexion [3]. 

Results and Discussion 

For this abstract, the results from the left and right in-line 

lunges and deep squats from all healthy subjects were 

analyzed and compared to the previously developed metrics. 

There were no statistically significant differences between the 

metrics and the data from the rest of the team. However, the 

data from subject J12 (who sustained an ACL injury) fell 

outside the norm of the rest of the team.  

Additionally, subject J12 was given qualitative FMS scores by 

two separate evaluators and received scores of either 2 or 3 in 

all trials. As a result, there was no immediate concern of injury 

and the data was entered in the laboratory queue to be 

analyzed. However after suffering an injury, the quantitative 

data for subject J12 was quickly analyzed.  There were 

statistical differences between J12 and the rest of the team 

across multiple kinematic markers. These “red flags” could 

have provided the athlete with an opportunity to be more 

aware of potential risk of injury and even adapt their exercise 

and training routines to help minimize or even prevent future 

injury.  This suggests that a precursor to ACL injury can be 

detected. 

Table 1 displays differences in the resulting joint kinematics. 

Both right knee flexion and left ankle flexion demonstrated 

noticeable variations between the team and subject J12. Based 

on these differences, one could infer that an injury is 

correlated to those respective joints. In regards to J12’s ACL 

injury, the hypoflexion of the left ankle could have led the 

right knee to compensate by hyperflexing, causing undue 

stress on the knee. 

Conclusions 

These statistical comparisons provide greater insight as to 

which movements this subject should avoid in order to achieve 

a more efficient recovery. We can further use this information 

to formulate a testing protocol or a training regimen for knee 

injury prevention for future subjects. 
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Table 1. The average (SD) maximum right knee and left ankle flexion angles for subject J12 and the rest of the female soccer team when 

performing FMS (all numbers have units of degrees). Statistically significant differences between J12 and the team are denoted with an *. 

  
Left In-Line Lunge Right In-Line Lunge Deep Squat 

Maximum Right Knee Flexion 
J12 116.39 (2.02) 121.20 (0.31)* 111.85 (4.36)*  

Team 114.81 (5.67) 127.31  (4.31) 130.27 (12.82) 

Maximum Left Ankle Flexion 
J12 31.07 (1.19)* 48.10 (0.48)* 38.55 (1.16)* 

Team 41.55 (5.51) 54.63 (3.16) 46.42 (4.70) 
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Summary 

This study determined the impact of different ankle braces on 

both sexes’ knee biomechanics during a single-leg cut. With the 

lace-up brace, both sexes altered knee biomechanics that may 

impact knee injury risk during the cut. All participants 

decreased peak knee internal rotation angle, while females 

increased peak knee abduction angle and males decreased peak 

knee internal rotation moment when wearing the brace during 

the cut. 

Introduction 

Ankle braces reportedly prevent injury by limiting harmful 

ankle motions during sports-relevant tasks [1]. Yet, limiting 

ankle motion may lead to knee biomechanics that increase 

injury risk during such tasks. During a single-leg cut, females 

increase peak knee abduction and internal rotation joint angle, 

biomechanics thought to increase knee soft-tissue injury risk, 

with a braced ankle [2]. However, it is unknown if ankle bracing 

results in similar alterations in knee biomechanics for males, or 

whether knee alterations differ between braces. We 

hypothesized that alterations in knee biomechanics during the 

single-leg cut would differ between ankle braces, but not sexes. 

Methods 

Thirty (15 M; 15 F) recreationally active participants (ht: 1.72 

± 0.07 m, wt: 71.5 ± 10.5 kg, age: 21.7 ± 2.9 years) had knee 

biomechanics quantified during a series of single-leg cuts. Each 

participant performed five successful cuts with four ankle 

braces: Ankle Roll Guard (ARG), ASO Ankle Stabilizer 

(Brace), closed-basket weave of non-elastic tape (Tape), and 

unbraced (Control). Each cut required participants run at 4.0 

m/s ± 5%, before planting their braced (dominant) limb on a 

force platform and cut at 45  towards the opposite side.   

During each cut, knee biomechanics were quantified from 3D 

trajectories of 32 retroreflective markers. Using Visual3D (C-

Motion, Rockville, MD), synchronous ground reaction force 

(GRF) and marker data were low pass filtered using a fourth 

order Butterworth Filter (12 Hz). Then, filtered marker 

trajectories were processed to solve knee joint rotations, and 

knee joint moments were calculated using conventional inverse 

dynamics with the filtered marker and GRF data.  

For analysis, peak stance (0%-100%) knee abduction and 

internal rotation joint angles and moments were calculated. 

Each variable was submitted to a RM ANOVA to test main 

effect and interaction between condition (ARG, Brace, Control, 

and Tape) and sex (Male and Female). Significant interactions 

were submitted to simple main effect analysis and a Hommel 

Bonferroni correction was used. Alpha was set at p < 0.05.   

Results and Discussion 

A significant 2-way interaction was observed for peak knee 

abduction angle (p = 0.022). Females exhibited a significant 

2.5º increase in peak knee abduction angle with Brace 

compared to Control (p = 0.008, adjusted α = 0.0083), while 

males exhibited no difference between any condition (p > 0.05). 

The lace-up brace, which reportedly restricts both frontal and 

sagittal plane ankle motions [3], may lead to increased knee 

abduction and injury risk for females completing the single-leg 

cut. Males however, may decrease knee biomechanics related 

to injury risk when completing the single-leg cut with a lace-up 

brace. A significant 2-way interaction was observed for peak 

knee internal rotation moment (p = 0.003). Males exhibited 

greater knee internal rotation moment compared to females (p 

= 0.010), but only with ARG (p = 0.009, adjusted α = 0.025), 

Tape (p = 0.005) and Control (p = 0.002).  Males, in fact, 

decreased peak knee internal rotation moment with Brace 

compared to Control (p = 0.006, adjusted α = 0.010) and Tape 

(p = 0.002). The restricted ankle motions when wearing a lace-

up brace may alter knee joint moments, but currently only for 

males. Brace also impacted peak knee internal rotation angle (p 

= 0.034). But, after correcting for Type I error, the 1.6º decrease 

in knee rotation with the lace-up brace was not significant 

compared to other braces (p > 0.018, adjusted α = 0.0083). 

Conclusions 

Wearing a lace-up brace alters knee biomechanics during a 

single leg cut. However, the impact on knee injury risk may 

differ between sexes. Specifically, females increased peak knee 

abduction angle and potential injury risk, whereas males 

decreased peak knee internal rotation moment and potential 

injury risk when wearing a lace-up brace during a single-leg cut.    
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Table 1: Peak knee abduction angle (KAA) and moment (KAM), and internal rotation angle (KIA), and moment (KIM) during single leg cut. 

 ARG Brace Control Tape 

 M F M F M F M F 

KAA (-) -6.07 (3.4) -5.87 (3.1) -5.63 (3.8) -7.76 (3.2) -6.36 (5.3) -5.29 (3.1) -5.44 (4.1) -6.65 (4.0) 

KIA (+) 4.35 (5.7) 6.79 (3.8) 3.25 (4.6) 4.68 (3.7) 3.77 (3.6) 7.31 (4.4) 5.27 (6.7) 5.96 (4.3) 

KAM (+) 0.13 (0.08) 0.11 (0.04) 0.12 (0.06) 0.12 (0.04) 0.15 (0.09) 0.11 (0.03) 0.15 (0.08) 0.11 (0.03) 

KIM (-) -0.10 (0.08) -0.04 (0.02) -0.08 (0.07) -0.05 (0.03) -0.10 (0.08) -0.03 (0.01) -0.10 (0.09) -0.03 (0.02) 
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INTRODUCTION  

Knee shape is intimately linked to the kinematics of the 
tibiofemoral joint [1]. Alterations to kinematics and shape 
are related to the onset and progression of joint pathology 
[2,3]. Deep flexion is important for both cultural and 
recreational activities with tasks such as kneeling, gardening 
and squatting requiring more than 120° [4]. Patients with 
total knee replacement list achievement of deep flexion as 
an important outcome. However, the relationship between 
knee shape and kinematics in deep flexion are not well 
understood [5]. The aim of this study was to examine the 
association between shape and kinematics of the 
tibiofemoral joint during kneeling using statistical shape 
modelling (SSM) and image registration. 

METHODS 
68 participants, free of any lower limb pathology received a 
3D CT of their knee. Participants then completed full 
flexion kneeling while being imaged using single-plane 
fluoroscopy. Statistical shape models were generated for the 
femur and tibia by running a principle component analysis 
on aligned bony meshes generated from the CTs. Modes of 
variation and subsequent weights accounting for 90% of the 
variation in the model were retained. Six-degree-of-freedom 
kinematics were calculated by registering the 3D static CT 
onto the 2D dynamic fluoroscopic images. Linear models 
were run to test the association between the femoral and 
tibia PCA weights and joint kinematics. Significant modes 
of variations were visualised in order to characterise 
geometric changes. Significance was set at 0.05.  

RESULTS AND DISCUSSION 
The first 4 modes of the tibial SSM and the first 3 modes of 
the femoral SSM captured >90% of the shape variation. As 
expected, isometric scaling was represented in mode 1 in 
both models. Mode 2 of the femoral model captured changes 
in the distal shape from narrow with deeper grooves to 
wider and flatter (Figure 1- top). This mode was associated 
with joint-origin location during anterior-posterior (AP) 
translation at 120° of flexion, varus-valgus angle at 
maximum flexion, and mediolateral position at 120° and 
maximum flexion. Mode 4 of the tibial SSM captured 
changes in the coronal slope of the medial and lateral 
plateaus, height of the tibial spines, and changes in the 
posterior tibial slope (Figure 1 - bottom). This mode was 
associated with changes to the axial rotation at 120°. The 
variance explained within each model ranged between 14 
and 21%. 

  
Figure 1: Overview of the shape variation exhibited 
contained in the 2nd femoral principal component (top) and 
4th tibial principal component (bottom) varied by 2 standard 
deviations in the negative direction and positive direction. 
Models aligned to appear right sided.  

CONCLUSIONS 

Variations in bony geometry of the femur and tibia were 
associated with kinematics of the tibiofemoral joint during 
deep knee flexion. Specifically, increased femoral 
mediolateral width, posterior-condylar height, and axial-
condylar orientation (Femur Mode 2), were associated with 
a more posterior-medial femoral position relative to the 
tibia. A flatter tibial plateau and increased tibial-spine height 
(Tibia Mode 4) were associated with a more internally 
rotated tibia at 120°. The models explained a small amount 
of variation in the data indicating either additional shape 
predictors or different kinematic measures are needed to be 
identified. Future analysis will include modelling the entire 
kinematic profile of kneeling and its association with shape. 
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Summary 

This study investigated the relationship between ratio of 

vastus medialis (VM) to vastus lateralis (VL) muscle thickness 

and the knee valgus angle at initial contact during single-leg 

landing. Ultrasound images of VM and VL were obtained 

from thirteen healthy subjects. All subjects performed single-

leg landing from a 30-cm-height platform and the knee valgus 

angle was measured at initial contact. Negative correlation 

was found between VM:VL ratio of muscle thickness and the 

valgus angle. Individuals who have less VM:VL ratio of 

muscle thickness could experience higher risk of anterior 

cruciate ligament injuries.  

Introduction 

Anterior cruciate ligament (ACL) plays importance role in 

dynamic stability of knee joint and it is the most commonly 

injured area during sports activities [1]. The knee valgus angle 

and moment were the primary predictors of ACL injury risk [2, 

3]. Previous study has suggested that low ratio of VM to VL 

recruitment compresses the lateral joint and opens the medial 

joint, which directly loads the ACL [4]. Despite the functional 

importance of the ratio of medial to lateral quadriceps 

recruitment, its relationship with knee valgus angle in 

movements such as running or landing is unclear. Therefore, 

the purpose of this study was to examine the relationship 

between muscle thickness ratio of VM to VL and the knee 

valgus angle at initial contact during single-leg landing.  

Methods 

Thirteen subjects without any current pain or history of lower 

extremity musculoskeletal injuries requiring surgery 

participated (age: 23.5±1.4 yrs, height: 1.69±0.08 m, mass: 

65.3±12.1 kg).  

In vivo muscle architecture of VM and VL were examined 

using two-dimensional, B-mode ultrasound (MicrUs EXT-1H, 

TELEMED Ultrasound Medical System, Milano, Italy) with a 

linear array probe (10 MHz). With the subjects lying supine 

and both feet are fixed to prevent hip external rotation. The 

depth of the image was adjusted until the femur was visible in 

the centre of the screen, and the gain was adjusted until 

muscle boundaries were also visible on screen. Sufficient 

ultrasound gel was used to minimise muscle compression with 

the transducer head. VM scanned at 20% of the distance from 

the superior tip of patella to the anterior superior iliac spine 

and VL at 50% of this distance [5]. Muscle thickness of VM 

and VL was defined as the distance between the superficial 

border of the muscle and the deep border (Figure 1A).  

A motion capture system was used to obtain the knee joint 

kinematics during single-leg landing. Reflective markers were 

placed on the anatomical bony landmarks in lower extremities. 

Each subject was instructed to perform single-leg landing by 

stepping off from a 30-cm-height platform using dominant 

limb. The subjects folded their arms across their chest and 

stepped off the platform without jumping up and landed as 

naturally as possible. Knee valgus angle at initial contact was 

measured using Euler angle rotation of the tibia relative to the 

femur. Regression analysis was performed between VM:VL 

ratio of muscle thickness and the knee valgus angle using 

MATLAB version R2015b. Significance levels set at P < 0.05. 

Results and Discussion 

VM:VL ratio of muscle thickness was negatively related with 

knee valgus angle at initial contact during single-leg landing 

(R=0.423, p=0.016, Figure 1B). The subject with lower 

VM:VL ratio of muscle thickness showed the greater knee 

valgus angle. Since the potential link between dynamic knee 

valgus and ACL injury risk has been suggested previously [2], 

low VM:VL ratio of muscle thickness might be another risk 

factor of ACL injury by altering dynamic knee valgus angle 

during landing.   

 

Figure 1: A. Measuring muscle thickness of VM and VL using 

ultrasound. B. Relationship between the VM:VL ratio of muscle 
thickness and the knee valgus angle at initial contact. 

Conclusions 

In conclusion, individuals who have less VM:VL ratio of 

muscle thickness could experience higher risk of ACL injuries 

because, there was a negative correlation between VM:VL 

ratio of muscle thickness and knee valgus angle at initial 

contact during single-leg landing. 
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Summary 

Although knee injury is common among soccer players, 

limited research on risk of injury exists. This study examined 

core endurance and strength in thirty-nine professional male 

soccer players and recorded knee injuries experienced 

throughout the following season. Prone-bridge, side-bridge, 

trunk flexion and horizontal back extension hold times were 

used as core endurance measures while peak isokinetic trunk 

flexor and extensor torques as well as hip abductor and 

external rotator torques were used as strength measures. 

Following the season, players were divided into injured and 

non-injured groups. Preseason endurance and strength were 

compared between both groups and used for risk of injury 

prediction. Non-injured players had significantly higher 

prone-bridge hold time compared to players that experienced 

injury. Both prone-bridge hold time and peak isokinetic hip 

abductor torque were significant predictors of injury (OR 

1.033 & 13.62, respectively). Improving prone-bridge hold 

time and hip abductor strength can reduce the risk for injury. 

Introduction 

This study compared trunk muscle endurance as well as trunk 

and hip muscle strength between soccer players who 

experienced knee injuries during their season and those who 

did not. Trunk muscle endurance as well as trunk and hip 

muscle strength were also used to predict the risk for injury. 

Methods 

Thirty-nine male soccer players (mean age 19.64±2.84 years, 

weight 73.94±15.66 kg and height 175.67±9.92 cm) 

participated in this study. After being screened for a season, 

twelve (30.77%) reported knee injuries. Accordingly, two 

groups were identified and compared, injured and non-

injured. The prone-bridge, side-bridge, trunk flexion and 

horizontal back extension hold times were used as trunk 

endurance measures while the peak isokinetic trunk flexor and 

extensor torques as well as hip abductor and external rotator 

torques were recorded as strength measures. 

Results and Discussion 

MANOVA analysis showed that only prone-bridge hold time 

was significantly higher in the non-injured players than the 

injured (p<0.05; Figure 1). Logistic regression analysis 

revealed that prone-bridge hold time and peak isokinetic hip 

abductor torque (Figure 2) were significant predictors of 

injury (OR=1.033 & 13.62 respectively).  

Trunk muscles involved in supporting the body during the 

prone-bridge help maintain postural stability. As these 

muscles fatigue, their ability to maintain stability is reduced 

[1]. Since the knee joint is located between the body’s longest 

levers, any small changes in forces along these levers (tibia 

and femur) can cause a large increase in knee joint torques, 

ultimately leading to injury.  

Players that experienced knee injuries had significantly 

weaker hip abductors compared to non-injured players. 

Weaker abductors prevent players from resisting valgus 

forces leading to the “position of no return” [2].  

 

Figure 1: Core endurance in injured and non-injured soccer players 

 

Figure 2: Core strength in injured and non-injured soccer players 

Conclusions 

Soccer players with knee injury have less core endurance than 

non-injured players. Reduced prone-bridge hold time and 

peak isokinetic abductor torque, specifically, are associated 

with increased risk for injury.  
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Summary 

Gait modification provides a promising method for the 

treatment of medial knee osteoarthritis (OA). Although gait 

modifications have been identified to lower the knee 

adduction moment (KAM), the potential effect on the medial 

contact force (MCF) are unclear. This study aims at evaluating 

the effect of two gait modifications on the KAM and MCF by 

a subject-specific musculoskeletal multibody model with a 

natural knee joint. The KAM showed a distinct decrease under 

toe-out gait, but similar pattern was not observed in the MCF. 

And the first MCF peak increased during toe-in gait trial. 

Introduction 

Medial knee OA is almost caused by abnormal joint loading 

distribution. The KAM was considered as a valid surrogate 

measure for the medial compartment loading, and a risk factor 

for disease progression[1]. Gait modifications, such as the 

alteration of foot progression angle (FPA), have been 

suggested as a non-invasive approach to reduce the KAM, and 

slows the rate progression of OA. However, KAM decreases 

cannot guarantee the corresponding decrease of MCF[2]. 

Using a subject-specific musculoskeletal multibody model 

with a natural knee joint architecture, the KAM and MCF can 

be simultaneously predicted, and provided evidence to 

evaluate the biomechanical effect of gait modifications. 

In this study, a subject-specific lower extremity 

musculoskeletal multibody model combined with a natural 

knee joint was developed to investigate the effect of FRA 

alterations on the KAM and MCF during human walking.  

Methods 

One healthy volunteer (female, age 25 years, Height 1.65 m, 

Weight 55 kg) was recruited. The magnetic resonance images 

of right knee (GE 3.0T machine with knee coil) were collected 

to create geometries of the articular cartilages, menisci, and 

bones using Mimics 16.0 (Materialise, Leuven, Belgium) and 

Geomagic 12.0 (Geomagic, Inc. Research Triangle Park, NC). 

A ten-camera motion analysis system (VICON Motion 

Systems Ltd., Oxford, UK) sampling at 100 Hz was used to 

capture displacement of 40 retro-reflective markers during 

human walking. Ground reaction forces were collected with 

three forceplates (AMTI, MS, USA). 

Subject performed three gait patterns: 1) normal gait with bare 

foot; 2) toe-out gait with the FPA increase of 10°; 3) toe-in 

gait with the FPA decrease of 10°. 

The knee joint geometries were integrated with a lower 

extremity musculoskeletal multibody model based on the 

force-dependent kinematics method in AnyBody (AnyBody 

Technology, Aalborg, Denmark). A sum of seven elastic 

contact pairs were built between the contact surfaces of 

articular cartilages and menisci. Six degree of freedoms 

(DOFs) in the tibiofemoral joint and five DOFs in the 

patellofemoral joint were considered. The subject-specific 

musculoskeletal multibody model was used to predict the 

KAM and MCF during three different gait patterns.  

Results and Discussion 

The predicted KAM and MCF were shown in the Figure 1. 

Toe-out gait leaded to a great reduction of KAM with respect 

to the normal gait. And two KAM peaks decreased 28.0% and 

10.5% separately. However, no significant changes happened 

in the MCF. The first peak of MCF presented a larger increase 

than the KAM one during toe-in gait. Conversely, the KAM 

between two peaks showed a more significant increment than 

MCF. These results showed the KAM and MCF did not 

comply with the same pattern under toe-out and toe-in gait. 

 

Figure 1: KAM and MCF for Normal (red), Toe out (blue), Toe in 

(green). 

Conclusions 

In the present study, we established a subject-specific lower 

extremity musculoskeletal multibody model with a natural 

knee joint to investigate the effect of toe-out and toe-in gait 

modifications on the KAM and MCF during human walking. 

The results show clear KAM decreases cannot guarantee 

corresponding MCF decreases. And toe-in gait modification 

can lead to the increase in the first peak of MCF.  

Acknowledgments 

This work was supported by the ‘National Natural Science 

Foundation of China’ (grant number 51323007).  

References 

[1] Hurwitz D. 2002. J Orthop Res, 20(1): 101-107. 

[2] Walter JP. 2010. J Orthop Res, 28(10): 1348-1354.

 

Thursday, August 01 2019: Posters (1600-1800) 402

Knee Adduction Abduction 1



 

 

Knee Abduction Moments of Normal Weight, Overweight, and Obese Participants in Gait, Cycling, and Elliptical Training 

 

Shaida Biglari1, Reymil Fernandez2, Scott J. Hazelwood1,2, Stephen M. Klisch1,2 
1Biomedical and 2Mechanical Engineering Departments, California Polytechnic State University, San Luis Obispo, CA, USA 

Email: sklisch@calpoly.edu 

 

Summary 

Internal knee abduction moments affect mediolateral 

distribution of tibiofemoral loads and, thus, are likely related 

to the development of knee osteoarthritis (OA). Four normal 

weight (NW), overweight (OW), and obese (OB) participants 

performed gait (G), cycling (C), and elliptical (E) training 

experiments. Kinematics were recorded and kinetics were 

calculated by a 12-camera motion analysis system with Cortex 

software. Maximum knee abduction moments were higher in 

G than C (p<0.001) and E (p<0.001) for NW, OW, and OB 

groups and suggest that cycling and elliptical training are 

preferred weight loss exercises.  

Introduction 

Due to the increasing prevalence of obesity, it is imperative to 

develop evidence-based guidelines for safe and practical 

weight loss exercises [1]. A higher body mass index (BMI) 

has been linked to increased external knee adduction/internal 

knee abduction moments (KAMs), a risk factor for medial 

knee OA [1,2]. Previous studies have analyzed biomechanics 

of gait at different BMIs; however, no studies have analyzed 

KAMs in cycling and elliptical training. The hypothesis of this 

study was that maximum KAMs would depend on exercise 

(G, C, E) and body type (NW, OW, OB).  

Methods 

Protocols were approved by Cal Poly’s Institutional Review 

Board. Participants were 3 females and 9 males (aged 

21.8±2.0 years) with no previous knee injury. Standard BMI 

classifications were used to identify NW (n=4, 

BMI=23.6±0.5), OW (n=4, BMI=27.1±1.3), and OB (n=4, 

BMI=32.9±2.2) participants. 32 retroreflective markers were 

placed on anatomical landmarks and used to track kinematics.  

Kinematic data were captured and processed using a 12-

camera motion analysis system with Cortex software (Motion 

Analysis Corp., CA, USA). Kinetic data were collected using 

3-4 force plates (Accugait, AMTI, MA, USA) for G, and a 

stationary bike (Lifecycle GX, Life Fitness, IL, USA) and an 

elliptical machine (XE-795, Spirit Fitness, AR, USA) 

retrofitted with custom pedals containing 6-axis load cells 

(AMTI, MA, USA) for C and E. G trials were conducted at 

self-selected walking speeds, and C and E trials were 

conducted at 70 RPM with moderate resistance levels. 

Kinematic and kinetic data were processed and filtered (4th 

order Butterworth, 6 Hz cutoff frequency) in Cortex. KAMs 

were exported and interpolated for a full G cycle (0% = 1st 

heel strike to 100% = 2nd heel strike), a crank revolution for C 

(0% to 100% top dead center position), or a crank revolution 

for E (0% to 100% most anterior foot position). For each 

participant, KAMs were calculated using Cortex for three 

trials for each exercise, and absolute KAMs were averaged 

across all participants. Two-factor repeated measures ANOVA 

and post-hoc Tukey tests (p<0.05 significant) were used to 

compare NW, OW, and OB maximum KAMs between 

exercises.  

Results and Discussion 

Maximum KAMs, which agree with published studies [1,2] 

for G, were higher in G than C (p<0.001) and E (p<0.001) for 

NW, OW, and OB participants (Figure 1), confirming the 

hypothesis that KAMs would depend on exercise type. No 

differences were found due to BMI; however, a power analysis 

and previous studies [1,2] suggest that increasing the number 

of participants would increase the power to detect a body type 

effect.  

 

Figure 1: Maximum internal knee abduction moments (KAMs) for 

normal weight (NW), overweight (OW), and obese (OB) participants 

during gait, cycling, and elliptical training. Mean ± S.D. shown. * = 

significant difference (p<0.05).  

Conclusions 

The results suggest that C and E exercises may be preferred 

weight loss exercises aimed at limiting OA risk in OW and 

OB individuals. A limitation of this study was the small 

sample size of participants. In order to improve evidence-

based guidelines for weight loss exercises that minimize OA 

risk, future studies will include more participants and consider 

other biomechanical parameters and exercises.   
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Summary 

Walking speed is one of the important factors in gait analysis. 

The purpose of the study is to examine the walking speed 

variation and biomechanical effects caused by the walking 

speed after wearing the Variable Stiffness Shoes (VSS). 
Twenty subjects were instructed to walk in three shod 

conditions, i.e., control shoes, VSS, and VSS after 60-minute 

of adaptation. The results showed that the walking speed was 

not changed significantly after wearing the VSS and the 

EKAM was lowered in the VSS. It means that tibiofemoral 

joint is less adducted and medial knee joint is less compressed 

in the VSS than the control shoes during the similar loading 

exposure in medial knee. 

Introduction 

The use of variable stiffness shoes (VSS) has been found to 

help reduce external knee adduction moments (EKAM) [1]. 

As such, the previous studies have focused on the kinematic 
analysis. However, the walking speed is also important 

variable for the gait stability. As the walking speed becomes 

slower, the walking stability increase [2]. The purpose of this 

study is to examine the walking speed change and 

biomechanical effects in the VSS. 

Methods 

Twenty healthy subjects (10 males, age 24.6 ± 1.3 years) were 

recruited. Subjects were instructed to walk in three shod 

conditions, e.g. control, VSS and VSS after 60-minute of 

adaptation. The subjects were required to execute at least five 

successful walking trials. The VSS had a medial: lateral 

stiffness ratio of 1:1.6 based on the finite element modeling of 
the male foot and ankle with a midsole support [3,4]. Force 

plates (AMTI, Watertown, MA) and motion capture system 

(Vicon, Oxford Metric, UK) were used. Student t-tests were 

used to identify the significant differences between the control 

and VSS. Statistical significance was considered as p<0.05. 

Results and Discussion 

The results showed that no significant difference was found in 

the walking speeds among the three shod conditions. The 

EKAM was significantly reduced with the immediate use of 

VSS (8.43%, p < 0.05), as compared to the control shoe 

(Figure 1). The reduction remained significant even after the 

given 60-minute adaptation time. No significant difference 
was identified between the two VSS conditions of immediate 

use and usage after 60-minute. The impact peak of the use of 

VSS after 60-minute has shown significantly lowered EKAM 

(7.67%, p < 0.05), as compared to control shoe (Figure 1). 

 

Figure 1: Comparison of three shod conditions on external knee 

adduction moments (EKAM) 

There was no significant change in walking speeds among the 

three shod conditions even though the VSS lowered the 

EKAM than the control shoes. Loading exposure on the 

medial knee tissues increases and maximum magnitude of the 

exposure decreases as the walking speed increases [5]. 

According to the results, the VSS does not affect loading 

exposure of the medial knee during the gait. That is, the VSS 
and the control shoes have similar loading exposure of the 

medial knee. The maximum EKAM was significantly reduced 

with the VSS immediately upon usage and after 60-minute of 

adaptation as compared to the control shoes. In maximum 

EKAM, the tibiofemoral joint is greatly adducted, and the 

medial compartment of the knee joint is maximally 

compressed [6]. The VSS lowered the EKAM than the control 

shoes. Therefore, the tibiofemoral joint is less adducted and 
the medial knee joint less compressed as well during the 

similar loading exposure with the control shoes. 

Conclusions 

Based on the findings, the tibiofemoral joint is less adducted 
and the medial knee joint less compressed as well during the 

similar loading exposure with the control shoes as the walking 

speed was not changed after wearing the VSS. The influence 

of the variable stiffness sole design is inferred to be helpful in 

decreasing the distributed stress on the knee and the risk of the 

knee injury. 
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Summary 

Multiple linear regressions were conducted to determine 

which kinematic and temporospatial variables best predict 

reduction in knee abduction moment (KAM) during gait 

modification (GM). Only varus knee angle and stride width 

predicted KAM reduction in GMs. These results demonstrate 
that factors aside from target kinematic parameters explain 

KAM reduction during GM. Decreased varus knee angle 

during reduced foot progression (FP) GM may have greater 

contribution to reducing frontal plane lever arm than 

lateralization of the center of pressure (COP) due to internal 

foot rotation. During lateral trunk lean (TL), a more varus 

knee is required to shift the center of mass (COM) over the 

involved limb, thereby reducing the frontal plane moment 

arm. Increased stride width also contributed to KAM reduction 

in all GMs, and warrants further investigation as a simple GM 

to reduce KAM. 

Introduction 

Increased KAM has been associated with knee osteoarthritis 

(KOA) progression [1]. Multiple GMs have shown success in 

reducing KAM in both healthy and KOA samples [2], 

however, most studies have focused on a single kinematic 

parameter to alter KAM [2]. Recent evidence suggests that 

instructions to modify a single parameter induces secondary 

changes to gait including kinematic and temporospatial 

variables [3]. Hence, the extent to which reductions in KAM 

are a result of changes to a singular kinematic variable during 

GM remains unclear. Our purpose was to analyse which 

kinematic and temporospatial variables most explain KAM 

reduction in three GMs (TL, MKT, and FP).  

Methods 

Twenty healthy individuals volunteered for this study (28.4 ± 

3.8 years, 1.73 ± 0.1 m, 75.3 ± 12.5 kg). Mean and standard 

deviation (SD) for GM parameters (frontal plane trunk and 

knee angle, and transverse plane foot angle) during stance 

were calculated from ten baseline trials. GMs were 

individualized for each participant by creating ranges of 1-3 

SD greater (FP and TL) or lesser (MKT) than baseline (small 

GM) and 3-5 SD greater or lesser than baseline (large GM). 

Participants were instructed to modify their gait using visual 

real-time biofeedback (RTB) so that a line representing the 

current GM parameter fell within the range. Five trials of 

small GM were completed, followed by 5 trials of large GM. 

Successful trials required one full contact of the dominant 

limb within a force plate and gait speed of ±5% relative to 

baseline. Joint angles (º) and internal moments (Nm/kgm) 

were measured at the first peak of the internal knee abduction 

moment. Multiple linear regression models were created for 

each GM to determine the amplitude of KAM as functions of 

the amplitude of the three GM parameters and temporospatial 

variables. 

Results and Discussion 

All GMs significantly reduced KAM from baseline (p<0.05). 

Reductions in KAM were accurately modelled for each GM 

using multiple regression (p<0.001); however, only knee angle 

and step width were significant predictors of KAM reduction 

(Table 1). These results demonstrate that factors aside from 

the targeted GM parameters explain KAM reduction. During 

FP GM, decreased KAM may result more from reduced knee 

varus angle than lateralization of the COP due to internal 

rotation of the foot. In comparison, TL GM requires increased 

varus knee angle to adopt the modification successfully, which 

reduces KAM by shifting COM over the involved limb. 

Contribution of increased step width to KAM reduction is 

noteworthy as a lack of reporting in prior literature [4] 

suggests that previous positive results may not be solely 

attributed to singular kinematic modifications. This finding 

also supports studies which demonstrate that increased stride 

width is effective in reducing KAM both as a singular GM [5] 

and in combination with kinematic modifications such as toe-

in GM [6]. 

Conclusions 

Knee varus angle and increased stride width predicted KAM 

reduction during GM suggesting that factors aside from target 

kinematic parameters explain KAM reduction. Our results 
suggest that FP and TL GMs relied on changing varus knee 

angle to reduce frontal plane moment arm more than 

modifying their respective kinematic parameters. Increased 

stride width is also an underreported factor in KAM reduction 

and should be investigated in future studies as a simple GM. 
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Table 1: Multiple Linear Regressions for KAM for each Gait Modification 

 Standardized Coefficients  

Gait Modification Foot Angle Knee Angle Trunk Angle Stride Width Stride Length Accuracy of the Total Model (R2) 

Foot Progression -0.105 -0.243*** 0.041 -0.254*** -0.004 0.145*** 

Medial Knee Thrust -0.101 -0.193** 0.136 -0.161* 0.028 0.138*** 
Lateral Trunk Lean 0.019 -0.454*** 0.100 -0.220** -0.034 0.288*** 

*p<0.05; **p<0.01; ***p<0.001 
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Summary 
Real world walking environments are constantly changing in 
both predictable and unpredictable ways. Our previous research 
suggests that people form a predictive model of their 
environment that is used to control whole body walking 
trajectories in response to novel yet consistent environment 
changes. It is not clear how people control their trajectory when 
the walking environment is unpredictable. Here we evaluate 
center of mass (COM) trajectory control during a discrete goal-
directed walking task. A cable robot randomly applied left or 
right directed force fields to the COM during each walking trial. 
In support of our hypothesis, we found that healthy young 
adults utilized an impedance control strategy, increasing 
bilateral whole-body resistance, to control COM trajectories 
when walking in a randomly varying dynamic environment. 

Introduction 
To effectively walk from one location to another, people must 
control whole body trajectories amid constantly changing 
external environments. Previous work studying upper limb 
reaching suggests that the motor system may prioritize an 
impedance control strategy, body positions and joint stiffnesses 
that are highly resistant to perturbation, when environmental 
dynamics are unpredictable [1]. When walking in an 
unpredictable environment it is not known if people implement 
impedance control strategies to regulate whole body movement. 
Thus, our purpose was to investigate how people control COM 
trajectories when walking in an unpredictable dynamic 
environment. We hypothesized that when whole body 
movement is perturbed by a randomly varying dynamic 
environment people would adapt an impedance control strategy 
to regulate their COM trajectory. A reduction in bilateral 
movement errors with practice walking in the environment and 
an absence of after-effects when the external perturbations are 
removed would suggest people adapted to the environment by 
utilizing an impedance control strategy. 

Methods 
Five healthy young adult subjects participated. Participants 
performed repetitions of a discrete goal-directed forward-
walking task, moving from a static standing position to an end 
target located 1.5 leg lengths (~2 steps) away. During the task, 
a cable robot applied a laterally-directed force field to the COM 
[2]. The magnitude of the force field was proportional to real-
time forward walking velocity. 

Participants performed 110 total trials of the walking task: 20 
Baseline trials (no applied forces), 70 Field trials (in the force 
field), and 20 Washout trials (no applied forces). Trials 45, 60, 
75, and 90 were Catch trials (no applied forces) used to evaluate 
neural control strategies. During Field trials the direction of the 
force field was randomly varied between right and left. 

Participants were unaware of the external force field they would 
experience prior to starting each trial. We quantified Absolute 
Deviation, deviation of the COM trajectory relative to Baseline. 
Changes in COM trajectory were evaluated by comparing 
Absolute Deviation across Baseline, Early Field (first four  
trials), Late Field (last four trials), Washout, and Catch. 

Results and Discussion 
During Early Field trials participants’ walking trajectories 
included large lateral deviation in the same direction as the 
applied force field. With practice walking trajectories in the 
field became more similar to Baseline. To support this, we 
found a significant difference in Absolute Deviation across 
condition (ANOVA; p < 0.001) (Figure 1).  

 
 

 

 

 
 

 
Figure 1: COM Absolute Deviation across trials. Mean and SEM 

calculated across all participants for each experimental trial. 

Early Field was significantly different from Baseline (p=0.002). 
However, Baseline was not different from Catch (p=0.068), 
Late Field (p=0.074), and Washout (p=0.40). Participants 
adapted a control strategy that bilaterally increased resistance 
to the random lateral force field. The similarity between 
Baseline and Catch trial trajectories suggests that participants 
may have utilized an impedance control strategy that did not 
require a predictive model of the environment. 

Conclusions 
In support of our hypothesis we found that people utilized an 
impedance control strategy to modulate their COM trajectory 
during a discrete goal-directed walking task amid randomly 
varying environmental conditions. We hope this work may 
provide a foundation for future studies to quantify deficits in 
locomotor control among pathological populations. 
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Summary 

Trunk reaction time and three-dimensional trunk-hip motions 
were compared between subjects with and without chronic 
low back pain (LBP). The control group demonstrated greater 
trunk flexion; however, the LBP group reduced trunk flexion 
to protect against further injuries following the novelty of the 
slip perturbation. Although trunk reaction time was not 
significantly different between groups, the hip flexion changes 
were significantly different following the perturbation. The 
negative correlation between reaction time and trunk flexion 
in the chronic LBP group was related to a compensatory 
pattern. A compensatory strategy to improve trunk flexibility 
might be necessary to enhance postural control in individuals 
with LBP.  

Introduction 

Compensatory trunk and hip motions following slip 
perturbations may compromise the control of lumbopelvic 
movement. However, it is unclear how postural integration of 
the trunk and hips can be transferred to treadmill-induced slip 
perturbations in subjects with chronic low back pain (LBP). 
The purpose of this study was to investigate trunk reaction 
times and three-dimensional trunk-hip angle changes 
following a slip perturbation with a handheld task between 
subjects with and without chronic LBP.  

Methods 

There were 23 subjects with LBP and 33 control subjects who 
participated in the study. The trunk reaction time was not 
significantly different between groups. However, the three-
dimensional trunk-hip angle changes were significantly 
different following the perturbation (duration: 0.12 sec, 
velocity: 1.37 m/sec, displacement: 8.22 cm). Figure 1A 
indicates the experimental setup for inducing slips in standing 
while holding a tray. Figure 1B and 1C include a comparison 
of the kinematic changes between subjects with and without 
chronic LBP. 

Results and Discussion 

There were significant interactions between the body regions 
and three-dimensional angles between groups (Figure 2). 
There was also a negative correlation between reaction time 
and trunk flexion in the LBP group. Overall, the LBP group 
demonstrated significantly reduced trunk flexion, which might 
be associated with reduced adaptability or a possible fear of 
avoidance strategy. 

 
 A  B  C 

Figure 1. A: The experimental protocol used a treadmill to produce 
slip perturbations in standing. Each subject was protected by a full-
body safety harness during all trials on the treadmill. B: An example 
of angle and velocity changes following a slip perturbation for the 
control subject. C: A subject with low back pain (LBP) demonstrated 
greater angular displacement and velocity changes compared with the 
control subject. 
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Figure 2. The results of mixed repeated measure ANOVA 
between groups. The trunk-hip angle changes were 
significantly different following the perturbation (F = 206.47, 
p = 0.001) in three dimensions (F = 34.72, p = 0.001). There 
was a significant difference between groups in the sagittal 
plane (t = 2.30, p = 0.02). S: sagittal, F: frontal, and T: 
transverse planes; R: right, L: left; LBP: low back pain group; 
* p < 0.05 

Conclusions 

The control group demonstrated greater trunk flexion; 
however, the LBP group reduced trunk flexion to protect 
against further injuries following the novelty of the slip 
perturbation [1,2]. Clinicians need to consider compensatory 
strategies to improve trunk flexibility following slip 
perturbations in subjects with chronic LBP.  
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Summary 

Nonlinear weighting adjustments were implemented to study 
low back injury potential associated with variable compression 
exposures. This in vitro study exposed porcine spinal units to 
cyclic compression paradigms that had consistent and variable 
peak amplitudes until failure was detected. When weighted, 
the tolerated compression was similar between consistent and 
variable protocols, despite being significantly different when 
unweighted. Therefore, weighting factors appear to be an 
important equalization tool when evaluating cumulative 
exposures and injury risk during repetitive occupational tasks.  

Introduction 

Repeated performance of the same motor task is common in 
many occupational contexts. As such, cumulative loading is a 
recognized risk factor for low back injury development [1]. To 
understand the effect of loading magnitude, weighting 
adjustment systems have been established [2]. Therefore, this 
study aimed to examine the effect of compression magnitude 
on injury development during variable and consistent loading 
exposures using existing weighting factors [2]. A secondary 
objective was to examine the probability of failure resulting 
from the different loading paradigms.  

Methods 

Forty-eight motion segments were excised from porcine 
cervical spines. Prior to testing, preload and passive range-of-
motion tests were performed. Each spinal unit was rotated 
about its flexion/extension axis to its neutral posture and then 
randomly underwent one of six cyclic loading protocols that 
differed by average peak compression magnitude (30%, 50%, 
and 70% of the estimated tolerance) and peak amplitude 
variation (consistent, variable). Cyclic loading-unloading was 
imposed at a frequency of thirty cycles per minute until failure 
occurred or a maximum of 21600 cycles were tolerated. 
During the consistent amplitude protocol, the peak 
compression of all cycles was equal to the normalized peak 
compression magnitude. Conversely, inter-cycle peaks 
oscillated about the normalized compression magnitude by a 
maximum of ± 30% during the variable loading protocol [3]. 
Compression force and vertical displacement were sampled at 
10 Hz throughout the protocol. Nonlinear weighting factors 
were determined on a point-by-point basis and then multiplied 
by the instantaneous measured force [2]. Only specimens with 
macroscopic fracture were included in subsequent analyses. A 
general linear model (α = 0.05) was implemented to assess the 
effect of loading variability, normalized loading magnitude, 
and weighting adjustment on cumulative compression 
tolerance. Lastly, Kaplan-Meier survival functions were 
determined for all experimental conditions.  

Results and Discussion 

Statistical differences in cumulative load to failure for 
unweighted calculations were removed between variable and 
consistent protocols within each normalized compression 
magnitude when weighting factors were applied (p > 0.071) 
(Figure 1).  

 
Figure 1: Tolerated compression during consistent and variable 
loading. Bars with the same letter were not significantly different.  
 
Within each normalized compression group, survivorship was 
generally greater when the peak compression magnitude was 
consistent compared to variable. The functions diverged 
following 14600, 575, and 15 cycles for normalized 
compression magnitudes of 30%, 50%, and 70%, respectively.  

Conclusions 

Though absolute differences still exist between weighted 
variable and consistent loading, the weighting adjustment 
system appears to effectively adjust compression magnitudes 
for the evaluation of injury development. Based on the point at 
which survival functions diverge, variable loading appears to 
have a similar potential to cause injury during initial loading-
unloading cycles; however, failure was more probable (≥ 
12%) beyond the abovementioned points of divergence. Taken 
together, our results further emphasize that the evaluation of 
cumulative exposures associated with repetitive movement 
should include a nonlinear weighting system to account for the 
effects of inherent variation in loading magnitude.   

Acknowledgments 

The authors acknowledge funding received from the Natural 
Sciences and Engineering Research Council of Canada.  

References 

[1] Norman RW et al. (1998). Clin Biomech, 13: 561-73. 
[2] Parkinson RJ et al. (2007). TIES, 8: 171-84. 
[3] van Diëen JH et al. (2001). Spine, 26: 1799-804. 

Thursday, August 01 2019: Posters (1600-1800) 410

Low Back Pain 1



 

 

Standing-Intolerant Office Workers Can Improve Low Back Pain and Active Standing with Sit-Stand Desk Use  
E. Nelson-Wong1, K. Gallagher2, C. Antonioli1, A. Ferguson1, S. Harris1, E. Johnson1, H. Johnson1, J.B. Miller1 

1School of Physical Therapy, Regis University, Denver, CO, USA 
2College of Education and Health Professions, University of Arkansas, Fayetteville, AR, USA 

Email: enelsonw@regis.edu  
 

Summary 
Sit-stand desks (SSD’s) are increasing in popularity, however 
many people are standing intolerant (SI) due to low back pain 
(LBP) and this may be a barrier for use. People with LBP have 
fewer weight shifts in standing compared with more active 
standing in healthy people. Sedentary office workers, 
classified as standing tolerant (ST) or intolerant (SI), and new 
to SSD use were assigned to intervention or control conditions 
for 12-weeks. Body weight shifts and LBP were assessed pre- 
and post-intervention. SI individuals, both intervention and 
control, increased weight shifts and decreased LBP during 
standing after 12-weeks. People with standing-induced LBP 
may be able to improve standing tolerance through SSD use.  

Introduction 
Sedentary work behaviors have been linked to adverse health 
outcomes [1]. SSDs to encourage standing have been used to 
decrease sitting/sedentary time. As few as 10% of workers 
given SSDs, especially those with musculoskeletal pain, use 
the standing feature [2]. 40-70% of people have standing-
induced LBP [3] which is a barrier to SSD use. People with 
LBP have lower postural shift frequencies in standing 
compared to healthy people [4]. Both ST and SI people, 
without LBP history, increased body weight shift frequency as 
standing duration progressed, with similar numbers of shifts 
between groups [5]. Exercise programs targeted to SI 
individuals can improve standing tolerance but have not been 
investigated in conjunction with SSD use [3]. The purpose of 
this study was to investigate a combined exercise/structured 
standing schedule intervention in SI/ST office workers 
initiating SSD use. The intervention was expected to improve 
standing tolerance (reduce LBP in standing) and encourage 
active standing (increase weight shifts) in SI people. 

Methods 
32 sedentary office workers (sit > 6 hrs/day) were enrolled. 
Testing sessions were conducted before and after the 
intervention period. Participants stood for 2-hrs with a force 
plate under each foot while performing computer work. LBP 
was rated (100-mm visual analog scale, VAS) every 10-min. 
Participants were considered SI if VAS increased > 10 mm 
[3,5]. Participants were provided SSDs and randomly assigned 
to intervention (exercise program [3] + structured standing 
schedule) or control (no exercise, self-selected SSD use) for 
12 weeks. Vertical ground reaction forces (GRFs) were used 
to determine body weight shifts by normalizing right/left GRF 
differences to the total, summed GRF at each time point over 
10-min windows for the 2-hr standing period, 

      where FvR,L are vertical GRFs 
of right/left plates at the ith frame number [6]. Detection 
thresholds of 30% (large) and 10-29% (small) of body weight 

were used to explore large stance asymmetries and small 
postural adjustments. Shifts were tallied for each 10-min 
window and entered into 4-way mixed model ANOVAs: 
standing tolerance group, intervention assignment, repeated 
measures of day and standing time. 

Results and Discussion 

Participants were categorized as SI (n=20, VAS = 22.2 ± 14.8 
mm), or ST (n=12, VAS = 2.5 ± 3.1 mm), with 50% of each 
group assigned to intervention. Both SI groups (control, 
intervention) had decreased LBP on day 2 (VAS = 5.2 ± 6.9 
mm). While there were no intervention effects, there were 
significant group-day (p=.016) for large shifts and group-day-
time (p=.035) interactions for small shifts. SI participants 
increased both large and small shifts, while ST participants 
decreased large shifts with no change in small shifts (Fig. 1).  

 
Figure 1: Standing intolerant participants increased active standing 

strategies (weight shifts) on day 2 (* p < .05) 

Conclusions 
Standing intolerant office workers benefited from 12-weeks of 
SSD use with improved standing tolerance and active standing 
strategies. Prescribed exercises and standing schedule did not 
enhance these benefits during 2-hrs of lab-based standing. 
Motivated individuals who have standing-induced LBP may 
be able to increase their standing tolerance with consistent 
SSD use over a relatively short period of 3 months. 

Acknowledgments 
Funded by Regis URSC. VARIDESK, USA provided SSDs.  

References 
[1] Chau JY et al (2013). PLoS One, 8: e80000. 
[2] Wilks S et al (2006). Appl Ergon, 37: 359-365. 
[3] Nelson-Wong E and Callaghan JP (2010). J Electromyogr 

Kinesiol, 20: 1125-1133. 
[4] Lafond D et al (2009). Gait Posture, 29: 421-427. 
[5] Gallagher K et al. (2011). Gait Posture, 34: 490-495. 
[6] Prado JM et al (2011). Gait Posture, 33: 93-97. 

(Eq.1) : FvRL(i) =
1
2
FvR(i)− FvL(i)
FvR(i)+ FvL(i)

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

0

10

20

30

40

50

60

Large (> 30%) Small (10-29%) Large (> 30%) Small (10-29%)

Standing Tolerant Standing Intolerant

N
um

be
r o

f B
od

y 
W

ei
gh

t S
hi

fts

Day 1 Day 2

*

*

*

Thursday, August 01 2019: Posters (1600-1800) 411

Low Back Pain 1



 

 

Thermal sensitivity mapping - warmth and cold detection thresholds of the torso  

 

Daniel Schmidt
1
, Guenther Schlee

2
, Andresa M.C. Germano

1
, Thomas L. Milani

1
 

1
Department of Human Locomotion, Chemnitz University of Technology, Chemnitz, Saxony, Germany 

2
 Biophysics and Human Performance Lab, W.L. Gore and Associates, GmbH, Putzbrunn, Germany 

Email: daniel.schmidt@hsw.tu-chemnitz.de  

 

Summary 

To our knowledge, this is the first mapping study 

investigating cutaneous thermal thresholds of the human 

torso. We found females to be more sensitive than males, 

and specific sensitive and insensitive locations, regardless of 

gender or the temperature protocol used.  

Introduction 

Measuring cutaneous thermal sensitivity (TS) is an important 

research tool for the clinical diagnosis e.g. of neuropathy [1]. 

Assessing TS gives insight into the physiology of 

temperature receptors and certain types of associated nerve 

fibers, and may provide important information for the textile 

industry, among others. Regarding a detailed TS mapping of 

upper body regions, however, literature provides only sparse 

empirical studies. For these reasons, this study aimed to 

investigate cutaneous warmth and cold detection thresholds 

(WDTs, CDTs) at various test sites of the upper body. We 

hypothesized an increased sensitivity for CDTs compared to 

WDTs, and regional differences between the tested sites.  

Methods 

Forty-two healthy subjects participated in this study 

(mean±SD: 23.6 ± 2.3 yrs, 175.4 ± 9.5 cm, 69.4 ± 10.9 kg). 

A protocol similar to [2] was used to assess CDTs and 

WDTs. First, the baseline temperature was set to 32.0°C, 

subsequent cooling and warming took place at 0.25 and 

0.5°C/s, resp. (randomized). The square-shaped thermo 

device had a contactor area of 9.0cm
2
. Subjects pressed a 

button as soon as they perceived a temperature change, 

which corresponds to the thermal threshold. 11 anatomical 

locations were tested in randomized order: Middle aspect of 

the lower belly (LowBel), solar plexus (SolPlex), sternum, 

lower (LowBack) and middle back region (MedBack) on top 

of the M. erector spinae, scapula, low lateral side (LowSide) 

at the kidney region, middle region of the lateral side at the 

level of the solar plexus (MidSide), below the armpit 

(LowArmpit), deltoid at the lateral upper arm, and middle 

upper arm (MidUpArm). Body sites (right/left) were chosen 

randomly. Following a test trial, three trials were averaged 

for further statistical analyses. 

Results and Discussion  

Overall, subjects were more sensitive to cooling compared to 

warming, which is in line with previous research [3]. This 

may be explained by different nerve conduction velocities, 

receptor locations, and receptor densities [3]. Females were 

more sensitive compared to males, which may partially be 

due to  females exhibiting a greater temporal summation for 

thermal pain compared to males [4]. There are certain areas 

that consistently exhibited high and a low sensitivity, 

regardless of gender or whether it was cooled or warmed 

(Figure 1): LowBack was always very sensitive, whereas e.g. 

the LowArmpit was consistently insensitive. This may be 

due to different receptor densities. Both genders seemed to 

exhibit a decline of TS from the lower to the upper torso, but 

this was only pronounced for WDTs. Hence, lower torso 

regions probably play a more dominant role in (warmth) 

thermoregulatory processes. This seems plausible, because 

there is a higher density of eccrine sweat glands at e.g. the 

lower back compared to scapula regions [5].  

 

Figure 1: Exemplary boxplot: Female warmth detection thresholds 
(WDT, in °C) for the 11 anatomical locations tested. 

Conclusions 

Thermal sensitivity in the human torso is greater for cold 

than warmth, and females are more sensitive than males. As 

a new finding, there are also differences between the 11 

anatomical torso locations. This is important for physiology 

studies, and for the industry, e.g. textile development, and 

comfort.   
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Introduction 

The effects that external forces have on the human body are 

important for learning movements, understanding the exercise 

mechanics and stabilizing the trunk. External resistance in the 

Pilates method (PM) is obtained from springs [1]. The 

stability/instability generated by altering springs or by the 

practitioner’s experience level during a Pilates exercise, has 

great impact in trunk control. 

Stability of a system is the ability to maintain an equilibrium 

position (balance) under the application of an external force 

[2]. The objective of this study was to compare trunk stability 

between two different Pilates practitioners’ levels and two 

different intensities of exercise during Pilates’ exercise 

measure by biomechanical model. 

Methods 

Sample was composed by 15 advanced (AP) and 15 beginners 

(BP) Pilates practitioners paired by mass, age, height and 

gender. Each subject performed two series of 10 repetitions of 

the long stretch front (LSF) exercise with one and two spring’s 

resistance on the reformer apparatus at a self-selected speed. 

The LSF is characterized as shoulder extension against the 

springs on the reformer (with support on hands and feet, with 

straight trunk). The movement was modelled as a spring-mass 

system (trunk was represented using a second-order 

differential equation). Model input consisted of kinematics 

data [3], obtained from ten infrared cameras, kinetic data, from 

load cells attached to the reformer equipment [1], and 

anthropometric data, obtained from literature [3]. Both the 

stiffness and damping constants were solved by optimization. 

Natural frequency (Fnat), external force frequency (FextF) and 

damping factor (DF) were determined by the model. Two way 

repeated Anova were used for statistics. 

Results and Discussion 

Average Fnat and DF [4] showed significant differences 

between AP with one spring (higher movement intensity) 

compare BP with two springs (lower movement intensity). 

These results were probably due to differences in intrinsic 

motor control and practice of PM. Unstable tasks, like LSF, 

require a learning control mechanism. In situations with lack 

of stability (like 1 spring), external forces will cause the spine 

instability and the muscles will present higher activity to 

maintain balance [5].  

Elevated Fnat and DF at LSF exercise on AP group 

represented fine trunk control, which result in a strong core 

recruitment and consequential less injuries. Human vibration, 

obtained with Fnat, can be modified in PM by the intensity of 

the exercise (one or two springs).  

This parameter can interfere with comfort, efficiency and, in 

some circumstances, health. At the resonant frequency (i.e. 

DF) there is maximum displacement between the organ and 

the skeletal structure, imposing biodynamic strain on the body 

tissues involved [4]. An inefficient neuromuscular system may 

not adapt well to these demands, resulting in impaired 

performance or even injury [3]. 

Overall, it appears that changes in trunk stabilization are 

adaptive to training and are possibly driven by changes in task 

or environment [2].  

 
Figure 1: Spring-mass model variables - natural frequency (Fnat), 

external force frequency (FextF) and damping factor (DF) – for trunk 
stability. p<0.05 *for Fnat and # for DF. 

Conclusions 

This research has found the range of Fnat, FextF and DF from 

the trunk during LSF, a PM exercise. The model identifies 

differences between more experienced or less experienced 

subjects. To prevent or rehabilitate the lumbar spine and 

musculoskeletal disorders, strengthening the core muscles has 

been advocated with PM. Moreover, inadequate stabilization 

of the trunk may be a cause of injury and could play a role in 

the development and recurrence of pains, like low back pain. 
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Summary 

In individuals with recurrent low back pain, symptom remission 

did not result in a return to back-healthy state of trunk control, 

based on kinematic coordination and muscle activity. 

Introduction 

Low back pain (LBP) has become a global health issue due to 

its high recurrence rate and disabling nature [1]. Besides a 

history of previous episodes, no predictors of future recurrence 

are currently known [2]. 

This study aims to investigate trunk kinematic coordination and 

muscle activity in and out of an episode of recurrent low back 

pain. We chose to modulate walking step width because it 

provides ecological validity and challenges the motor system. 

Repetitive daily activities, such as locomotion, if executed with 

an altered state of control, may elicit recurrence [3]. 

Methods 

Five individuals with recurrent LBP (1M, 4F; 21-37 years old; 

7-216 months with recurring symptoms) were tested once when 

they were in active pain and once in symptom remission. Eleven 

back-healthy controls (1M, 10F; 22-30 years old) were also 

tested. Testing consisted of randomized 30-second trials of 

walking with 5 different step widths (0.33, 0.67, 1, 1.33, 1.67  

preferred step width) on a treadmill at a speed of 1.25 m/s. Real-

time step width feedback was projected on a wall in front of the 

treadmill.  

Kinematic data of the thorax and pelvis were captured with an 

11-camera motion capture system at 125 Hz and low-pass 

filtered at 10 Hz. The relationship between thorax and pelvis 

motion was categorized into four patterns using vector coding 

analysis: in-phase, anti-phase, pelvis-only, and thorax-only. 

Surface electromyography (EMG) data of bilateral L3 

longissimus were captured with a wireless system at 1500 Hz 

and band-pass filtered at 30-500 Hz, rectified, smoothed, 

normalized to peak activation during treadmill walking, 

averaged between sides as there were no side differences, then 

averaged through gait cycle. Two individuals (one per group) 

were deemed outliers based on the slope of EMG data as a 

function of step width and were excluded from further analysis. 

Results and Discussion 

Trunk coordination and muscle activity are presented in figure 

1. In both planes, individuals with LBP exhibited a shift from 

in-phase to pelvis-only pattern when out of pain, regardless of 

step widths. This was inconsistent with the control group that 

showed more time spent in anti-phase. Thorax-only pattern was 

minimal in all participants; therefore, is not included here.  

Longissimus muscle activity decreased when individuals were 

out of pain, regardless of step width. This corresponds to the 

decrease of in-phase trunk coordination pattern. Persons with 

active LBP also demonstrated a dampened response to the 

change of step width, evident by the flattened longissimus 

activation curve compared to the controls on figure 1.  

Conclusions 

Individuals with recurrent LBP showed an increased pelvis-

only pattern when out of pain, as opposed to a higher anti-phase 

demonstrated by the back-healthy controls. Those with 

recurrent LBP also utilized a more constant trunk muscle 

activation pattern to varying demands. These findings suggest 

that elimination of back pain symptoms did not indicate a 

normalization of trunk control in this population. 
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Figure 1: Mean and standard error of mean of trunk coordination and longissimus activation in different step width for individuals with recurrent 

LBP during active pain (rLBP-A), during symptom remission (rLBP-R), and back-healthy controls (Control). 
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Summary 

Low back pain (LBP) is the most common, and disabling 

musculoskeletal disorder worldwide, with posture being a 

modifiable risk factor for LBP. The aim of the study was to 

assess the effectiveness of a lumbopelvic postural feedback 

device for changing postural behaviour in a group of 

healthcare workers. This was a participant-blinded, 

randomized controlled trial, with blocked cluster random 

allocation. Healthcare workers (n=130) took part in the study. 

A device monitored and recorded lumbo-pelvic forward 

bending posture, and provided audio-feedback whenever the 

user sustained a forward bending posture that exceeded pre-

defined thresholds. Participants were randomly assigned to 

one of two intervention arms: a feedback group and a no-

feedback group. We compared between-group differences in 

postural behaviour by using a repeated measures mixed-effect 

model. Our findings suggested no differences in changes in 

postural behaviour between the two groups (0.25, 95% CI: -

1.94 to 2.45).  

Introduction 

Low back pain is prevalent in healthcare workers. It is 

suggested that sustained or repetitive flexed postures are 

underestimated as risk factor for occupational LBP in this 

workforce [1]. Despite the extensive amount of research on 

LBP, prevention and rehabilitation continues to be a challenge 

[2]. Preliminary findings suggest that the use of postural 

feedback may help change postural behaviour, potentially 

contributing to prevention and management of non-specific 

LBP [3, 4]. The provision of real-time postural feedback 

during daily activities in the workplace could help healthcare 

workers reduce hazardous postural behaviours [3]. 

Methods 

This was a participant-blinded, assessor-blinded, sham-

controlled, parallel-group, stratified, cluster-randomized 

controlled trial. The cluster RCT design prevented treatment 

contamination between the intervention and sham groups. 

Healthcare workers, with or without LBP, were recruited from 

aged care institutions within the local community.  

For the purpose of this study, postural behaviour was defined 

as the number of times per hour workers exceed a given 

postural threshold of cumulative forward flexed trunk posture. 

The postural threshold was defined based on the range and 

duration of forward bending posture. 

Postural behaviour was used as the primary outcome measure. 

Data was collected over a 6-week period (baseline, 4 weeks of 

intervention, and follow-up at week 6). The intervention 

period consisted of 4 weeks. Participants in the FG received a 

postural audio-feedback whenever the postural threshold was 

exceeded, the sham group did not receive feedback. 

Results and Discussion 

A total of 130 healthcare workers took part in the study, 62 

participants were allocated to the control group, while 68 

participants were allocated to the feedback group. Our 

findings suggested no within-group or between-group 

differences in postural behaviour at follow-up (Table 1). 

Findings from our feasibility trial suggested differences 

between sham and feedback group [4]. The present trial used 

an updated software for recording postural pattern. That might 

explain differences between our feasibility and the present 

findings. In addition, it is common for feasibility trials to 

under or overestimate the effects of an intervention [5]. 

Table 1: Adjusted mean differences in changes in postural behavior 

for within and between-group comparisons. 

 Mean difference & 95% confidence interval 

Within-group 

Sham group 

 

-1.3 (-4.9 to 2.4) 

Feedback group 2.3 (-1.4 to 6.1) 

Between-group   

Sham vs Feedback 0.25 (-1.94 to 2.45) 

Conclusions 

The provision of a postural audio-feedback over the period of 

4 weeks did not promote changes in postural behaviour among 

healthcare workers.  
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Summary 

Maximal back extension force of the participants was 

measured using a dynamometer while standing barefoot and 

on top of two insole conditions (AUTO and DELTA insoles). 

Only DETLA insole demonstrated a significant positive effect 

on back strength. We found that most subjects improved their 

force profile (good responders) but that there were also some 

non-responders for the effect of this insole. Responders were 

characterised as having a significantly pronated rearfoot 

compared to that of the non-responders, with the supportive 

DELTA insole realigning their feet, lower limbs to reduce the 

amount of pronation. It should be concluded 1) an insole 

having unique corrective arch supports can be an effective tool 

for improving force transmission through the ankle and 

maximum back strength in this task and 2) the beneficial 

effect of the corrective insoles is dependent on individual foot 

alignment. 

Introduction 

The effectiveness of corrective insoles on sports performance 

is still relatively unknown and there is no clear evidence 

supporting the functionalities of insoles on some aspects of 

sports performances except for a few studies that have 

demonstrated had examined minor improvements on balance 

performance [e.g. 1]. 

The present study was designed to clarify the immediate effect 

of insoles on maximum muscle strength exertion. Maximal 

back strength was measured while wearing two types of insole 

by a back extension dynamometer (Figure 1).  

Methods 

For thirty healthy, male university students, three-dimensional 

foot shape and alignment during standing were measured 

using a 3D foot scanner. Maximal back strength of the 

participants was measured using a specially made test rig 

which allowed simultaneous measurement of the time series 

change of back strength and foot pressure of both feet while 

standing barefoot and on top of two insole conditions (without 

footwear) (Figure 1). To minimize the effect of fatigue, at 

least 1 min interval was taken between each trial. Two trials, 

measured on a different day, were averaged for each subject. 

The trials were conducted in a randomized order. Two types of 

insoles: a common ready-made insole (AUTO) and an insole 

specially designed to elevate the cuneiforme intermedium 

bone to support anterior transverse arch of the foot (DELTA).  

Results and Discussion 

DELTA insole improved the maximum back strength 

significantly compared to barefoot and AUTO conditions 

(Table 1). 

 

Figure 1: Illustration of the back strength task and the dynamometer 
set up while standing on a pressure platform. 

Through careful check of the effect of DELTA insole, we 

made two subgroups; participants who substantially improved 

the maximum back strength (responders) and showed slight 

improvement or decline the force (non-responders).  

Post-hoc comparison (t-test) of the foot alignment between ten 

responders and ten non-responders revealed that the 

responders have significantly pronated rearfoot (calcaneus 

angle) than that of the non-responders. Moreover, significantly 

larger foot pronation angle seen in the responders (when the 

participants stand still) was straightened when DELTA insole 

was installed. 

Conclusions 

It should be concluded 1) an insole having special shape of 

anterior transverse foot arch supports can be an effective tool 

for improving ankle force transmission and maximum back 

strength and 2) the beneficial effect of the insoles is likely 

dependent on individual foot alignment.  
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Table 1: Average (1SD) maximum back strength in three conditions. 

Conditions Barefoot AUTO insole DELTA insole 

Force (N) 1379.5 (226.4) 1378.1 (220.9) 1438.7 (240.8) 
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Summary 

Introduction 

 exhibit higher incidences of 
LBP than their able-bodied counterparts which impact their 
quality of life. During walking they exhibit greater lateral 
bending of the trunk [1] and greater internal load in tissues of 
the spine [2]. It is unclear if these differences are responsible 
for the higher incidence rates of LBP in patients with 
amputation. Since LBP is often described using the 
biopsychosocial model of pain, determining what role the 
biomechanics may play in pain incidence is an important 
component of understanding the entire model. The purpose of 
the study was to examine the kinematics of the trunk and 
pelvis in persons with and without LBP. We hypothesize that 
kinematic differences may not be present in servicemembers 
with LBP due to the multifactorial nature of the issue.  

Methods 

We performed a retrospective data pull of 26 male 
servicemembers with unilateral transtibial amputation with 
permission from NMCSD IRB (CIP# NMCSD.2014.0026). 
Thirteen patients self-reported LBP while 13 were pain free. 
For patients self-reporting pain, the corresponding time point 
gait data was evaluated. For patients who did not self-report 
pain, the gait data furthest from injury was evaluated. A 
modified Helen Hayes marker set was applied and peak trunk 
lateral bending angle and peak pelvic obliquity were 
calculated during stance on the affected limb. These values 
were then summed to reflect the maximum frontal plane 
motion being observed between the trunk and pelvis 
(trunk+pelvis) during stance. The two pain conditions were 
compared using an independent t-test with   

Results and Discussion

Peak (Avg±SE) frontal plane pelvis and trunk angles in 
patients without LBP were 6.7±1.0° and 3.6±0.7° respectively 
(Avg±SE); found in the patients without LBP (Fig 1A). 

Patients with self-reported LBP walked with peak frontal 
plane pelvis and trunk angles of 6.8±2.2° and 3.3±0.3°.  The 
peak frontal trunk+pelvis angle for patients without LBP was 
8.8±1.4° and with self-reported LBP group was 10.7±2.3°.  
(Fig 1B) (p=0.038).  

Conclusions 

The combination of the two frontal plane kinematic measures 
did result in a significant difference between patients with and 
without LBP. This biomechanical difference is an important 
component in the LBP model, but is not comprehensive. 
Given that LBP is a self-reported measure, there are possible 
social factors involved in reporting LBP with servicemembers. 
Future work will attempt to incorporate multiple planes of 
motion, patient reported outcomes, and qualitative data that 
may be a unique to servicemembers with amputation who 
have LBP. This future work may provide a more 
comprehensive insight into the biopsychosocial model of LBP 
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Summary 

The purpose of this study was to use Continuous Relative Phase 

(CRP) and CRP variability (CRPvar) to characterize 

coordination patterns in trunk, lumbar and pelvic regions in 

runners with a history of resolved LBP vs healthy controls 

(HC). While previous studies have looked at a resolved LBP in 

runners, none has included the lumbar region. Analysis revealed 

that the patient population on average ran with a more out-of-

phase pattern in lumbar-trunk axial rotation. While pelvic-

lumbar lateral bending and flexion/extension was an in-phase 

pattern.  

Introduction 

7-10% of the U.S population will suffer from non-specific low 

back pain (nsLBP). While 80% of back pain sufferers will 

return to normal in 2-6 weeks. Studies have found a one-year 

recurrence of 60 - 75% [1].  Runners are of particular interest 

because a study conducted by Taunton reported that 3.4% of 
runners surveyed experienced LBP and 10.9% hip/pelvis pain 

[2].  In this study, the relative phase of trunk, pelvis and lumbar 

rotation was examined as unusual out-of-phase motions could 

lead to changes in lumbar tissue loading. 

Methods 

17 subjects who run at least 20 km/wk were recruited for this 

study: 10 HC (294 years) and 7 LBP (286 years). All subjects 

were physically healthy and answered “no” on the Physical 

Activity and Readiness Questionnaire (PAR-Q). Subjects with 

LBP reported experiencing back pain in the past year, but had 

been pain free for at least 3 months.  

Subjects were asked to run for 5-8 minutes. At a random 

interval, kinematic data of the spine, pelvis, and legs was 

collected for 1-minute.  Angle and angular velocity of the 

lumbar spine, pelvis and trunk were calculated using equations 

described by Hamill [3]. Phase () was calculated as the 

arctangent of angular velocity and angle. CRP was calculated 

as the difference between distal   and proximal .  CRPvar was 

calculated as the group average of the intrasubject stride-to-

stride variability of the first 5 strides in the cycle. 

Results and Discussion 

MANOVA of the CRPs with multiple responses found 

significant group differences (p<0.01) in all coordination 

patterns in all planes. CRPvar only shows significant 

differences in pelvic-trunk flexion/extension, lumbar-trunk and 

pelvic-lumbar axial rotation.  

MANOVA results combined with max CRP results show that 

on average, subjects with LBP ran with a more in-phase pattern 

in pelvic-lumbar lateral bend and lumbar-trunk 

flexion/extension, while maintaining a more out-of-phase 

lumbar-trunk axial rotation (Table 1). 

Conclusions 

Other studies have only found significant differences in trunk-

pelvic CRP axial rotations with LBP. In this study, all CRP 

rotations show significant differences. Max CRP results show 

greater out-of-phase differences lumbar-trunk axial rotation and 

in-phase patterns in pelvic-lumbar lateral band and lumbar-
trunk flexion/extension in subjects with LBP. Our CRPvar align 

well with Seay’s study [4]. Seay found significant out-of-phase 

differences in axial rotations of the pelvis and trunk. However, 

our study found these significant differences in lumbar-trunk 

and pelvic-lumbar rotations. These results support the 

importance of including the lumbar region in phase 

calculations.  
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Table 1: Average of 5-stride maximum CRP for each group along with the percentage of subjects whose CRP for each rotation were > 60%.  

  Trunk-Pelvic Lumbar-Trunk Pelvic-Lumbar 

  Lat Bend Flex/Ext Ax.Rot Lat Bend Flex/Ext Ax.Rot Lat Bend Flex/Ext Ax.Rot 

HC Max CRP 69.06 77.17 67.68 55.21 82.97 28.99 59.78 67.73 70.68 

  % Subs > 60 70% 100% 70% 20% 90% 0% 60% 50% 70% 

LBP Max CRP 73.21 76.95 70.91 55.31 72.9 39.29 45.84 58.58 67.39 

  % Subs > 60  86% 86% 57% 14% 86% 14% 0% 43% 57% 

 

Thursday, August 01 2019: Posters (1600-1800) 418

Low Back Pain 1



 

 

Core Muscle Activation and Lumbo-Pelvic Alignment during Common Lumbar Stabilization Exercises 
Bhupinder Singh1, Derek Camilleri1, Barbara Chan1, Harshavardhan Deoghare2  

1 California State University Fresno, Fresno, CA, USA  
2 Western University of Health Sciences, Los Angeles, CA, USA 

Email: bhsingh@csufresno.edu  

 

Summary 

The study examined the electromyographic activation of major 

muscle groups during lumbar stabilization exercises using 

‘LevelBelt’ alignment. Significant difference are seen during 

static and dynamic exercises with accurate lumbo-pelvis 

alignment highlighting the importance of proper objective 

measurements in biomechanical assessment.  

Introduction 

With increasing amounts of evidence showing that 

neuromuscular activation is delayed in individuals with low 

back pain, it is important to determine which specific 

exercises, when utilized as a part of rehabilitation intervention, 

specifically target those muscles for motor control. Previous 

EMG studies generally relied on trained eyes to ensure lumbo-

pelvic alignment and no objective measure is provided which 

questions their validity [1,2]. Using the ‘LevelBelt’ it is 

possible to objectively confirm lumbo-pelvic alignment during 

functional postures/exercises [2]. In female college students 

with no history of low back pain, we investigated activation of 

Transverse abdominis (TAr), external oblique (EO), 

multifidus (MF) and quadratus lumborum (QL) during three 

specific core stabilization exercises including static and 

dynamic stabilization on a physioball, and planking.  

Methods 

15 healthy female subjects between the ages of 22-30 (24.5 +/-

2.1) years old, with no recent complaint of low back pain, 

normal flexibility of lumbar spine and lower extremity range 

of motion, were recruited for this IRB approved study. 

Subjects were excluded if they reported previous fracture or 

surgery to the spine and/or lower limbs, gross postural 

deformities, pregnancy and current low back pain symptoms. 

Following skin preparation and EMG instrument (Noraxon, 

USA) set up, all subjects were verbally and visually cued for 

the following exercises: sitting unsupported on physioball, and 

progress to dynamic stabilization (lifting a seven pound 

weight in seated position) followed by planking. ‘LevelBelt’ 

was strapped onto each participant across the upper sacrum 

and secured with the stabilization straps. The level belt was set 

to provide auditory and vibratory feedback with > two degree 

of pelvic tilt. Electrode were placed following SENIAM 

guidelines and maximum voluntary isometric contraction 

(MVIC) was obtained for each muscle group. The order of the 

exercise sequence was randomized for each subject to avoid 

order effect and fatigue. Muscle activity recorded from the 

three exercises was normalized to MVIC values. The 

percentage of all the exercise activity in each of the four 

muscles was averaged and used for final analysis. A one-way 

ANOVA was used for statistical analysis (SPSS 22.0).  

Results and Discussion  

TrA and EO exhibited the most EMG activity during plank; 

whereas, MF and QL demonstrated highest EMG activity 

during dynamic stabilization type exercises (p value 0.001).  

The EMG values for all muscle groups are shown in Fig 1. 

The significant difference between muscle activity during 

exercise suggest that prescribing static exercise, progressing to 

dynamic and plank will elicit progressive activation for the TA 

and EO; however MF and QL are mostly activated with 

dynamic stabilization type activity and not with 

planking. Results suggest that core muscle activity is 

dependent on the type of core stabilization exercise as some 

muscles are more heavily activated in one type of exercise 

than the other exercise.  

 

Figure 1: Figure 1: EMG Activity of Core Stabilizers during 

common physical therapy exercises.. 

To construct an exercise regimen for prevention of low back 

pain or optimization of sports performance in subjects, 

consideration must be given to evidence based exercises that 

elicit optimal muscle activity with proper lumbo-pelvic 

alignment [3]. 

Conclusions 

Accurate neuromuscular activation of core muscles ensures 

the stability of the lumbo-pelvic complex, which is required 

for optimizing sports performance and prevent injuries. This 

study investigated muscle activation during core stabilization 

exercises where lumbo-pelvic alignment is confirmed using a 

novel device called level belt, a clinical tool that provides real-

time biofeedback about the pelvic alignment.  
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Summary
Suryanamaskar is  a Yogic sequence of 12 poses  alternating
between  flexion  and  extension  and  synchronized  with
breathing,  holding  a  huge  potential  to  improve  spine  joint
motion, muscle strength and postural control.[1] Present study
aimed to explore the effect of Suryanamaskar intervention on
spine  pain,  kinematics,  disability  score  and  core  muscle
strength  (transversus  abdominis  and  multifidus).  Ten
participants  with  chronic  mechanical  low  back  pain  were
recruited  following   Institutional  ethical  approval.  Twelve-
pose  Suryanamaskar  was  captured  with  Vicon  3-D  motion
system along with physical  evaluation of  pain,  core  muscle
strength and disability,  pre  and post  6-week Suryanamaskar
intervention. Observations indicate 20% improvement in spine
extension and 5% improvement in spine flexion. Pain intensity
reduced by 50%, core muscle strength improved by 13% and
54%  reduction  in  disability.  Further  improvement  expected
post 12-week intervention will inform clinicians of a simple,
effective exercise tool for management of chronic mechanical
low back pain.  

Introduction
Suryanamaskar is  a Yogic sequence of 12 poses  alternating
between  flexion  and  extension  and  synchronized  breathing,
with a huge potential to improve spine joint motion, muscle
strength and postural control. [1] Speculated positive benefits
of  Suryanamaskar  make  it  a  potentially  feasible,  simple
exercise in time and space constraint settings for management
of chronic low back pain. Therefore,  present study aimed to
explore  the  effect  of  Suryanamaskar  intervention  on  spine
pain, kinematics and disability score and core muscle strength
(transversus abdominis and multifidus). 

Methods
Ten  Yoga  practitioners  and  ten  participants  with  chronic
mechanical low back pain (LBP) were recruited after approval
from Institutional Ethics Review Committee and obtaining a
written informed consent form. Vicon 3D motion analysis of
Suryanamskar  was  recorded  for  Yoga  practitioner  and
participants with LBP. Pain assessment on Numerical rating
scale(NRS),  core  muscle  strength  using  dynamometer,  and
disability score measured on modified Oswestry Scale were
additionally evaluated for participants with LBP. All the tests
were  performed  pre  and  post  12-week  Suryanamaskar
intervention. Data were processed using Plug-in-Gait model.
Relative spine angles were computed between C7-L5 marker.  

Results and Discussion:
Sagittal spine kinematics of ten Yoga practitioners was used as
baseline to compare spine kinematics pre and post intervention
in  participants  with  LBP.  Yoga  practitioners  completed  the
sequence in 44 secs; whereas participants with LBP completed
sequence in 54 secs pre-intervention. Alternate movement    of
spine  flexion & extension were  noted  in  the  sequence  with

dominance  of  extension.  Yoga  practitioners  demonstrated
spinal  flexion in  pose 3,  5,  8  and  pose  10,  with maximum
flexion  noted  in  pose  3  and  10.Extension  was  noted  in
remaining 8 poses with maximum extension noted in pose 7.
Participants  with  LBP  demonstrated  maximum difficulty  in
performing pose 4 to pose 7 pre-intervention.  Post  6-weeks
intervention,15  %  improvement  was  observed  in  maximum
flexion  during  pose  3  and  13%  improvement  in  spinal
extension  during  pose  7(p<  0.01).   Statistically  significant
(p<0.00)  reduction  was  noted  in  pain  intensity  (50),  core
strength (13%) & disability score (54%) after 6 weeks. Active
mindfulness  during Suryanamaskar  movement  causing  body
awareness explains improvement in spine motion, core muscle
strength  and  reduction  in  pain  thus  making  it  a  potential
therapy in people with low back pain. 

Figure 1: Sagittal plane spine kinematic graph in yoga expert, LBP-
pre intervention and post intervention

Conclusions
Six-week intervention of Suryanamaskar demonstrated notable
improvement  in  spine  flexion  and  extension;  core  muscle
strength  and  reduction  in  disability.  Further  improvement
expected post 12-week intervention will inform clinicians of
Suryanamaskar  as  a  simple,  effective  exercise  tool  for
management of chronic mechanical low back pain in time and
space constraint settings. 
Acknowledgments
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INTRODUCTION  
The custom of Chinese Bound Feet among females, also 

known as ‘Chanzu’ or ‘San Cun Jin Lian (Three-Inch Gold 

Lotus)’, has been practiced for over a thousand years, and 

was prohibited since the early 20th century [1, 2]. Deformity 

of the second to fifth toes and foot arch from external 

binding forces since early age (5-7years) would lead to 

adaptation of walking gait characteristics and abnormal 

tissue formation. Therefore, the aim of this study was to 

evaluate differences in gait biomechanics between bound 

and normal elderly female feet.   

 

METHODS 

Six female volunteers, three with bound feet (age: 

92.7±1.5yrs, height: 152.6±1.3cm, weight: 48.7±3.3kg) and 

three with normal feet (age: 86.7±0.6yrs, height: 

156.5±1.6cm, weight: 53.8±2.8kg) participated in this study. 

Ethics was obtained from Ningbo University. The gait test 

included measurement of spatiotemporal parameters (speed, 

cadence, stride length and stance time), kinematics (knee 

and ankle range of motion, and heel and toe clearance in a 

gait cycle), and plantar pressure distribution (peak pressure, 

force time integral, contact area and center of pressure 

velocity). Finite element foot models of bound and normal 

feet were created and inter segmental stress was simulated 

using Abaqus.  

 
Figure 1: Stance of bound feet (left) and normal feet (right). 

 

RESULTS  
Bound feet females presented shorter stride length 

(0.67±0.09m) and longer stance time (80.17±3.94%) 

compared with those (1.04±0.08m, p=0.037 and 

68.47±5.89%, p=0.001) of normal females. The bound feet 

group had smaller ankle (15.36±1.78°) and knee 

(18.15±2.06°) range of motion in sagittal plane than those 

(36.24±4.63°, p=0.049 and 25.82±3.65°, p=0.25) of normal 

feet group. The heel and toe clearance showed significance 

differences between bound and normal feet groups. The 

bound forefoot and heel supported most of the pressure 

during stance in contrast to normal feet. The center of 

pressure velocity (156.6±27.5mm/s) reduced significantly 

compared with normal feet (205.9±12.1mm/s, p=0.01).  

 

Findings from experimental tests were used as boundary 

conditions for heel strike simulation. A highly focused von 

Mises stress was observed in the calcaneus of the bound foot 

model (Figure 2) in contrast with the normal foot.  

 
Figure 2: Stress distribution on calcaneus while heel strike 

 

DISCUSSION  

The higher pressure loading on the calcaneus in the bound 

foot population is consistent with the typically observed 

increased stress distribution and bone mineral density in that 

region compared with healthy feet [3, 4]. Participants with 

bound feet also exhibited reduced push-off and range of 

center of pressure as they minimized the loading to the 

forefoot. This is consistent with the fact that the forefoot is 

mainly used for support with reduced stress. This unique 

form-function relation highlights adaptation that we only 

typically observe in minimal amounts in general feet 

populations. 
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Summary 
This study investigated effects of game-play on elite under 20-
year-old basketball players’ hamstring and adductor muscle 
forces during an anticipated cut task. These muscle forces 
decreased post-game in 40-80% of participants, which has been 
previously linked to destabilization of the knee and increased 
injury risk. 

Introduction 
Hamstring and adductor muscle injuries are prevalent in 
basketball athletes and commonly occur during rapid body 
acceleration during game play, with fatigue increasing risk of 
injury [1,2]. We investigated effects of game-induced fatigue 
on hamstring and adductor muscle dynamics using the 
Calibrated EMG-informed Neuromusculoskeletal Modelling 
toolbox (CEINMS) [3]. We hypothesized that muscle force 
would diminish post-game, based on findings from previous 
investigations of soccer players that did not implement 
neuromusculoskeletal modelling [2]. 

Methods 
Ten elite male basketball players (17.2±1.1 years) performed 
multiple repetitions of an anticipated cut task pre and post a 
competitive game. Three-dimensional ground reaction forces 
(Kistler; 2000 Hz), electromyograms from select hamstring and 
adductor muscles (Trigno EMG System; 2000 Hz), and three-
dimensional kinematic (Qualisys; 250 Hz) data were 
synchronously recorded. The CEINMS toolbox was used in 
EMG-assisted mode to calculate muscle forces (N) from these 
muscles. Peak muscle forces were extracted during stance phase 
for pre- and post-game cut tasks. Difference scores were 
calculated (%), and number of participants with increased or 
decreased muscle forces reported. 

Results and Discussion 
Compared to pre-game values, post-game cut tasks resulted in 
lower force across several hamstring and hip adductor muscles. 
Specifically, adductor longus (11-38%, n=6), biceps femoris 
long head (7-37%, n=8), biceps femoris short head (6-24%, 

n=4), semimembranosus (9-49%, n=4) and semitendinosus (5-
81%, n=8) forces were lower post-game in most participants. 
Reduction of muscle forces in hamstring and quadriceps has 
been previously linked to knee instability, and impairments in 
electromechanical delay, and anterior tibial displacement [2].  
Fatigue response was not the same in all participants. 
Approximately 20% of participants had considerable increase 
in muscle forces post-game compared to pre-game. 
Specifically, adductor longus (5-29%, n=2), biceps femoris 
long head (18-61%, n=2), biceps femoris short head (7-31%, 
n=4), semimembranosus (190-205%, n=2), and semitendinosus 
(8-12%, n=2) were higher post-game compared to pre-game. 
Reduction of muscle forces in hamstring and adductor muscles 
were more common in our participants, but in those with 
increased post-game muscle forces, the magnitude of increase 
was larger than in those with decreased post-game muscle 
forces. Although reductions were more common, not all 
participants behaved the same, which suggests that maintaining 
or increasing post-game muscle forces may be possible with 
appropriate training. 

Conclusions 
Neuromusculoskeletal modelling of hamstring and adductor 
muscle forces pre- and post-game shows post-game decrease in 
40-80% of participants. Injury risk and athletic performance 
assessment may benefit from measuring player’s hamstring and 
adductor muscle forces before and after game conditions. 
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 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 μ 
addl 1.0 -11.0 -0.4 -21.2 -38.4 -13.9 28.9 -10.3 5.2 -16.8 -7.7 
bflh -25.0 18.1 -37.4 -11.9 61.9 -6.9 -7.3 -11.6 -11.0 -26.8 -5.8 
bfsh -6.9 7.1 8.7 -24.2 -6.5 1.0 -0.8 9.9 31.5 -6.8 1.3 

semim -9.0 2.5 205.1 -49.3 189.9 3.3 -18.1 -1.6 -14.3 1.6 31.0 
semit -35.8 -57.5 11.7 -25.4 -81.0 -13.4 -15.5 7.8 -5.6 -15.4 -23.0 

Table 1: Changes in muscles force, calculated as -(pre-post)/pre expressed as percentage. P1-P10 - participant 1-10, addl - adductor longus, 
bflh - biceps femoris long head, bfsh - biceps femoris short head, semim - semimembranosus, semit - semitendinosus and μ - sample mean. 
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SUMMARY 

We propose a damped harmonic oscillator model of the 

acceleration of the center of mass during a medial drop landing 

to measure dynamic stability in subjects with functional ankle 

instability. We found construct validity of the model to be 

good. The damping coefficient () in the model significantly 

correlated with measures of static stability; however the trial-

to-trial reliability of  was weak and not significant.  

INTRODUCTION  

Lateral ankle sprain (LAS) is the most common injury in 

athletes [4]. About 40% of those who experience LAS develop 

chronic ankle instability. There are two types: mechanical 

instability (MI) and functional ankle instability (FAI) [1]. 

Subjects with FAI exhibit deficits in static and dynamic 

stability. Linens et al [5] found that time in balance (TIB) and 

number of foot lifts (NFL) during single leg stance (SLS) and 

time to stability (TTS) following a drop landing significantly 

distinguish between healthy subjects and subjects with FAI. 

However, there are debatable issues regarding the use of TTS 

as a measure of stability [2]. Due to the damped, oscillatory 

nature of accelerometer data during drop landings (Figure 1), 

we propose using the damping coefficient () of a damped 

harmonic oscillator (DHO) model as a measure of stability.  

 

Figure 1: Medial Drop Landing: ML Acceleration vs. DHO Model  

The DHO model and damping of acceleration might better 

capture dynamic stability than previously used ground reaction 

force measures (i.e. TTS). Therefore, the purpose of this 

analysis was to quantify the reliability and validity of the DHO 

model and  during a medial drop landing in subjects with FAI. 

METHODS 

This secondary data analysis was part of a project studying the 

effect of a custom-designed Yoga intervention on FAI [3]. We 

classified FAI ankles using the Cumberland Ankle Instability 

Tool (CAIT), using clinical tests to rule out MI. We quantified 

static stability using TIB and NFL during SLS with eyes open 

(EO) and eyes closed (EC) [5]. Subjects also performed single 

leg drop landings in a medial direction. We measured 3D 

acceleration at 20 Hz using an iPhone at L3, approximately 

level with the subject’s center of mass (COM). We used a 

curve-fitting program to fit acceleration data in anteroposterior 

(AP), mediolateral (ML), and longitudinal (Long) directions, as 

well as Net acceleration, to the DHO equation: 

a(t) = A*(e
-t

)*cos(t - ) 

where  is the damping coefficient. To quantify construct 

validity, we used the correlation coefficient provided by the 

curve-fitting program measuring correlation between the DHO 

model, fitting A, and  and the raw acceleration data. We 

quantified test-retest reliability using the interclass correlation 

coefficient (ICC) between the 1
st
 and 2

nd
 trials. We quantified 

correlation between and other stability measures (CAIT, TIB, 

and NFL) using Spearman’s We set significance at  = 0.05.  

RESULTS AND DISCUSSION 

We pooled pre- and post-test data to analyze 33 ankles 

exhibiting FAI. Construct validity for the DHO model was 

good (r = 0.8071 + 0.1253). Test-retest reliability for  in the 

DHO model was not significant and weak (ICC < 0.5). We 

found a significant but weak correlation (= -0.4363, p = 0.01) 

between -AP and NFL in the EO condition. The correlations 

between -Net and all NFL measures (EC, EO, and Overall) 

were significant and moderate (|| > 0.5; p < 0.002). We found 

no significance between  and TIB or CAIT scores. 

CONCLUSIONS 

We found the DHO model of acceleration of the COM during a 

medial drop landing in subjects with FAI has good construct 

validity indicating its appropriateness. The damping coefficient 

in the DHO model had poor test-retest reliability supporting the 

idea that each drop landing is a unique event. We found 

significant and moderate correlation between NFL measures 

and -Net indicating the latter might be an appropriate measure 

of stability in subjects with FAI. All ’s between  and NFL 

were negative, indicating increased NFL (lower static stability) 

correlates with a lower (decreased damping)in a dynamic 

task. This relationship, the DHO model as a whole, and  as a 

measure of dynamic stability warrant further study. 
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Summary 

Musculoskeletal models of a person with a unilateral 

transtibial amputation were developed to investigate hip joint 

contact force (HJCF) during running using running-specific 

and daily-use prostheses. Peak HJCF was greater in the intact 

leg compared to the amputated leg for both types of 

prostheses. The HJCF was greater in the amputated leg when 

wearing daily-use prostheses compared to running-specific 

prostheses. Reducing HJCF magnitude and improving 

symmetry may be an important target for maintaining long-

term joint health. 

Introduction 

People with a unilateral transtibial amputation (TTA) have a 

greater prevalence of hip osteoarthritis (OA) on both intact 

and amputated sides compared to people without TTA [1]. 

Risk factors for the development of hip OA in people with 

TTA are not clear, but may be linked to higher and/or 

asymmetric joint loading [1]. Runners are often susceptible to 

hip injuries [2], but it is unclear how running with TTA may 

further influence injury rates. Prostheses with different 

mechanical characteristics may have important implications 

for HJCF on both the amputated and intact legs. For example, 

runners with TTA may run using either running-specific 

(RSP) or daily-use prostheses (DUP), which have different 

design characteristics. Thus, the purpose of this study was to 

quantify HJCF in people with TTA during running using RSPs 

compared to using DUPs.  

Methods 

One male (31 years old, 78.6kg, 1.73m) ran at 2.5 m/s using 

his clinically prescribed RSP (Freedom Innovations Catapult) 

and also with his DUP (Fillauer All-Pro) while kinematics 

(100Hz, NDI, Canada) surface electromyography (2000Hz, 

Bortec, Inc., Canada), and ground reaction forces (2000Hz, 

Bertec, Inc., USA) were collected.  

12-segment (DUP) and 17-segment (RSP) musculoskeletal 

models with 80 musculotendon actuators and eight torque 

actuators for arm movement were developed in OpenSim v.3.3 

(simtk.org). The DUP model had a passive rotational actuator 

at the amputated side ankle to model the DUP. The RSP 

model included three passive rotational actuators in the keel to 

represent RSP mechanical properties. Models were created 

using an existing model for runners without TTA [3] and 

scaled based on anthropometrics of the person with TTA.  

Running simulations were developed using a computed 

muscle control algorithm to estimate the individual muscle 

forces that drove the model to reproduce the inverse 

kinematics solution. We then computed three-dimensional 

HJCFs for the amputated and intact legs for both prosthesis 

conditions and compared the peak vector magnitude.  

Results and Discussion 

The intact leg while wearing a DUP had a greater peak HJCF 

compared to the amputated leg (7.4% greater), but less than 

the intact leg while wearing a RSP (5.2% less). The intact leg 

while wearing a RSP had a greater peak HJCF compared to 

the amputated leg (11.7% greater). The amputated leg while 

wearing a RSP had a 3.4% smaller peak HJCF compared to 

the amputated side while wearing a DUP (Fig. 1).   

 

Figure 1. Vector magnitude of the hip joint contact force 

(bodyweight multiple) during the stance phase of running at 2.5 m/s 

with a DUP and RSP. 

Conclusions 

The runner with a TTA had asymmetric peak HJCF 

magnitudes during running regardless of prosthesis type. 

Running with a RSP reduced the amputated leg HJCF and 

increased the intact leg HJCF compared to running with a 

DUP, although the differences were small. Reducing peak 

HJCF in the amputated leg by using RSPs may be beneficial 

for hip joint health, especially over long running distances 

where the link between joint loading and the development of 

hip OA is of interest [2]. However, further investigation of 

additional participants and a greater range of running speeds is 

needed to clarify these results. Prosthetic design 

characteristics, such as stiffness and geometry, likely influence 

HJCF and understanding the use of different types of 

prostheses is beneficial for ensuring positive long-term 

outcomes for runners with TTA.  
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Summary 
We used two different models to estimate muscle activations 
during a static and dynamic task involving the ankle.  It was 
found that a multi-objective optimization (MOO) model that 
included both muscle activation and stability terms better 
matched experimental activations than a single objective 
optimization (SOO) model with only muscle activations. The 
difference in muscle activations predicted by the MOO vs SOO 
resulted in a 10-67% increase in metabolic power; we assume 
this increase was attributed to adding stability to the ankle joint. 

Introduction 
Often researchers perform static optimization to determine 
muscle force estimates, often using a cost function that 
minimizes a certain variable (e.g., muscle activations or stress) 
[1]. Previous research has shown that including stability as a 
constraint [2] or a term [3] within static optimization can better 
predict patterns of muscle activation, such as co-contraction, 
when performing isometric tasks. No research has examined 
this topic in different tasks (i.e., static, dynamic), as the control 
of joint stabilization may differ depending on task dynamics. 
We suggest that when activating muscles, humans must balance 
between both a) producing a stable joint, b) minimizing muscle 
activations. The purpose of this study was to determine 1) 
whether there is any indication that the central nervous system 
attempts to simultaneously minimize muscle activations and 
stabilize the ankle joint and 2) whether this difference in 
predicted activations increases metabolic cost that may be 
associated with “adding” stability to the ankle joint in a task. 

Methods 
12 participants performed either dorsiflexion (DF), 
plantarflexion (PF), inversion (In), or eversion (Ev) isometric 
contractions, while surface and intramuscular EMG was used to 
record activity of 9 muscles crossing the ankle. We predicted 
muscle activations with static optimization using a) a SOO that 
minimized muscle activations squared and b) a MOO that 
minimized muscle activations and maximized stability of the 
ankle joint. We compared these sets of theoretically determined 
muscle activations with the experimentally measured 
activations (EMG) using a root mean square difference 
(RMSD). When the MOO produced a smaller RMSD compared 
to the SOO, the difference was input into a metabolic model [4] 
to determine the difference in metabolic power between the two 
force distribution solutions. To determine if the same results 
could extend to a dynamic task, we performed the same 
procedure during cycling at different power outputs (150, 200, 
300W). 

Results and Discussion 
In the static task, the MOO, compared to the SOO, produced a 
better match to the experimental EMG data in 77% of the trials 
(31 + 5% improvement) and resulted in an increase in metabolic 
power ranging from a 44-67% increase. 

Figure 1: Percentage increase in metabolic power for ankle joint 
stability for each type of static contraction direction. 

During cycling, 91% of trials predicted the EMG data better (8 
+ 6%) with a MOO relative to SOO and resulted in an increase
in metabolic power ranging from 10-17%.  There was, however,
no increase in added metabolic power for stability with
increasing mechanical power output on the cycle ergometer.

Figure 2: Percentage increase in metabolic power due to ankle joint 
stability for each power output 

It was interesting that a MOO with competing criteria 
(minimizing muscle activation & stabilizing the ankle joint) 
predicted experimental activation better. Further, this 
difference in activations between the MOO and SOO resulted 
in increased metabolic cost. We assume that this increased 
metabolic cost is attributed to “adding” stability to the ankle 
joint. Also, there was an increase in metabolic power of stability 
for the static versus dynamic task, which could be attributed to 
higher forces being produced in the static task. If true, there 
would be an increased “stabilization metabolic cost” at the 
higher power outputs during cycling – an effect we did not 
observe. Therefore, we suspect that the dynamic nature of the 
cycling task was one of the main factors contributing to the 
decreased metabolic cost of joint stability. 

Conclusions 
MOO that balances between both producing a stable ankle joint 
and minimizing muscle activations better fit the experimentally 
measured activations. We assume that this better fit to the 
experimental data was due to including a stability criteria and 
this additional activation increased the metabolic cost of the 
task. This increase in metabolic cost was lower for cycling and 
we suspect that this was due dynamic nature of the task and not 
to magnitude of joint moment requirements. 
References 
[1] Erdemir A. et al., (2007). Clin Biomech., 22: 131-54.
[2] Brown SH & Potvin JR (2005). J Biomech, 38: 745-54.
[3] Cashaback JG & Cluff T (2015). J Biomech, 48: 621-6.
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Summary 

Greater shoe midsole bending stiffness has been shown to 

improve jump height during single leg maximal jumping, 

however, this improved performance may come at the cost of 

increased Achilles tendon (AT) injury risk from greater AT 

strain. We calculated participant-specific AT strain during 

maximal countermovement jumps in shoes with different 

midsole bending stiffness. We found that AT strains were 

unaffected by midsole bending stiffness due to the opposing 

factors of increased MTP range of motion and an anterior 

centre of pressure shift when jumping in stiffer shoes. 

Introduction 

The AT is repetitively strained during jumping, which causes 

microscopic damage (i.e., microdamage) accumulation. The 

extent of microdamage within the tendon has been implicated 

as a cause of Achilles tendinopathy and is highly dependent 

upon AT strain magnitude [1]. As such, interventions that 

increase AT strain may place athletes at a heightened risk of 

Achilles tendinopathy. 

Jumping in shoes with greater midsole bending stiffness has 

been shown to improve jump height [2], however, an increased 

the metatarsophalangeal (MTP) joint moment has also been 

observed due to an anterior shift the location of ground reaction 

force (i.e., centre of pressure, COP) [3]. While the former 

result is promising from a performance standpoint, the latter 

suggests that increased bending stiffness may increase ankle 

plantarflexor torque demands, raising AT strain and increasing 

Achilles tendinopathy risk. Therefore, the purpose of this study 

was to examine the effect of increased midsole bending 

stiffness on AT strains during maximal countermovement 

jumps. 

Methods 

Ten healthy male participants performed maximum 

countermovement jumps in shoes with four different bending 

stiffnesses while motion capture and force platform data were 

collected. A commercially-available running shoe (Nike Free 

5.0; Nike Inc., USA) was used for all conditions, and midsole 

bending stiffness was increased from condition 1-4 by inserting 

custom carbon fiber plates under the insole of both shoes (C1: 

no plate; C2: 1 mm plate; C3: 1.7 mm plate; C4: 2.7 mm plate).  

In a separate session, participants performed maximal isometric 

ankle plantarflexion contractions in a dynamometer (System 3; 

Biodex Medical, USA) while ultrasound video of the AT 

musculotendinous junction was recorded (Logiq E9; GE 

Healthcare, USA) to obtain values for AT stiffness, moment 

arm, and resting length. These data were combined in a 

musculoskeletal model of the lower-extremity to estimate in 

vivo AT strains during jumping in each condition [4]. 

Results and Discussion 

No effect of midsole bending stiffness on AT strain was 

observed (p = 0.232). Post hoc data analysis revealed that the 

COP was located 8.5 mm further from the MTP joint as 

bending stiffness increased (p = 0.021). Interestingly, the MTP 

joint had a larger range of motion in stiffer shoes (p = 0.001). 

The lack of effect on AT strain is likely due to these two 

findings offsetting each other. If MTP joint motion was 

unchanged, a more anterior COP would likely result in greater 

ankle plantarflexion torque; however, the observed increase in 

MTP joint motion allows the rearfoot to decouple from the 

forefoot, decreasing ankle plantarflexion torque. 

 

Figure 1: Participant- and trial-averaged maximum AT strains in each 

bending stiffness condition during jump take-off (p = 0.232). 

Conclusions 

AT strains were not affected by increases in midsole bending 

stiffness during countermovement jumping. This lack of an 

effect appears to be due to an increased MTP joint range of 

motion that tends to offset the anterior COP shift observed 

when jumping in shoes with greater longitudinal bending 

stiffness. 
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SUMMARY 

The present study examines the validity and reliability of a 

depth-camera based approach for segment lengths estimation 

of the pelvis and the lower extremity. For the evaluation, a 

Kinect sensor and an optical motion capture system were used 

to automatically deduce the segment lengths of young 

subjects. The results revealed mean errors below 0.04 m and 

strong reliability for all segment lengths. Furthermore, the 

results were compared to a commonly used scaling approach 

for segment lengths determination, partly matching and partly 

even excelling its results. 

INTRODUCTION  

Inertial measurement unit (IMU) systems for motion capturing 

rely on a biomechanical model. To date many commercial 

IMU systems scale the segment lengths (SL) according to the 

body height and anthropometric tables or manual 

measurements [1]. However, these approaches might not apply 

to all kinds of humans, demand expert knowledge or manual 

intervention. Therefore, the aim of this study was to examine 

the validity and reliability of an automated depth-camera 

based approach for the SL estimation of the lower body. 

METHODS 

27 young subjects participated in the study. They stood in a T-

pose facing a Kinect sensor for the first approach (APP1). A 

parametric human body model with incorporated anatomical 

landmarks (AL) positions [2] was automatically registered to 

the Kinect point cloud in two steps: 1) the model joint centres 

were registered to those of the Kinect based skeleton to obtain 

an initial rigid alignment using [2,3]. 2) The model scale, 

surface and pose including the AL were registered to the 

filtered Kinect point cloud using [2,3]. For the reference 

measurement, 32 retroreflective markers were placed on AL of 

the lower limbs. Subjects again maintained a T-pose during a 

record with an optical motion capture system (OMC). The 

pelvis width and depth and the SL of thighs, shanks and feet 

were calculated from the AL obtained from the Kinect data 

and the OMC data. Additionally, the segment lengths were 

calculated using a commercial approach based on scaling 

according to the body height and anthropometric tables 

(APP2) [1]. The mean absolute error (MAE) over all subjects 

between APP1 / 2 and the OMC data was calculated. A 

paired-sample t-test was conducted to find significant 

differences between the MAE of both approaches. The Kinect 

measurement was repeated for each subject a second time a 

few days later. The intraclass-correlation coefficient (ICC) 

was calculated to evaluate the test-retest reliability. 

RESULTS AND DISCUSSION 

APP1 revealed a MAE below 0.04 m for all SL. APP2 showed 

a MAE below 0.10 m for all SL (Figure1). The ICC revealed 

moderate results for pelvis width and depth (0.68, 0.64) and 

excellent results for the remaining SL (0.87 – 0.96). 

 

Figure 1: MAE and standard deviation of the SL between APP1 / 2 

and the OMC system. Asterisks mark significant differences between 

the approaches 

The examination revealed better results for the new Kinect-

based SL estimation compared to the commercial scaling 

approach. Significant differences were found in the SL of the 

feet, the left thigh and the pelvis depth. Though the Kinect 

based approach showed better results in the pelvis depth, the 

reliability showed the poorest result in this parameter. Note 

that the anterior-posterior direction was expected to show 

higher uncertainties since the Kinect record provided only a 

frontal view. However, the remaining SL showed good to 

excellent values for the ICC, indicating strong reliability. 

CONCLUSIONS 

In summary, the examination revealed a valid and reliable 

approach for the estimation of SL of the lower extremity and 

pelvis, based on a single depth-camera image. However, the 

SL which are orthogonal to the camera view still need 

improvement. Furthermore, the present study showed that the 

described approach delivers comparable or better results 

compared to an approach based on anthropometric tables, also 

delivering additional information like approximate segment 

shape and orientation as well as AL based joint centre 

estimates. Future studies have to evaluate this information. 
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Summary 

OpenSim was primarily developed for gait analysis in which 

external loads are only applied to the feet. When analyzing 

cycling in OpenSim, loads from the handlebars and seat are 

omitted as inputs. This study aims to investigate if OpenSim’s 

residual reduction algorithm (RRA) is capable of accounting for 

these loads by comparing the RRA pelvic residual force to an 

experimentally determined handlebar and seat equivalent 

(HBSE). Comparison of RRA to HBSE for five participants 

revealed root mean squared errors (RMSEs) ranging from 2.0% 

to 4.2% body weight. These results suggest that RRA can be 

used to accurately model cycling biomechanics.  

Introduction 

Musculoskeletal modeling in OpenSim (Stanford University, 

CA, USA) typically limits the input of kinetic data to ground 

reaction forces. However, this practice is not consistent with 

activities such as seated cycling where large loads are applied 

to the body at the handlebars and seat. Previous research into 

handrail supported gait [1] indicates that the RRA tool is 

capable of accounting for handrail loads. The objective of this 

study was to investigate if RRA is capable of accounting for the 

much larger handlebar and seat forces in cycling by directly 

comparing the magnitude of RRA’s pelvic residual force to an 

experimentally determined HBSE force. 

Methods 

Protocols were approved by Cal Poly’s Institutional Review 

Board. Kinematic data were collected using 12 motion analysis 

cameras and Cortex software (Motion Analysis Corp, CA, 

USA). Cycling trials were conducted at 70 RPM and a moderate 

resistance level on a stationary bicycle (Lifecycle GX, Life 

Fitness, IL, USA) instrumented with four 6-axis load cells 

(AD2.5D, AMTI, MA, USA) at the pedals, handlebar stem, and 

seat. Instrumentation of the handlebars and seat were conducted 

for this study in order to calculate the HBSE (Fig. 1). Five 

participants (3 male, 2 female, age 22-52 yrs, weight 50-83 kg) 

underwent three cycling trials each.  

 

Figure 1: Custom bicycle handlebar and seatpost instrumented with 

6-axis load cells. 

Participant kinematics and pedal loads were analyzed in 

OpenSim using a high flexion knee model [2]. Pelvic residual 

forces calculated by RRA were combined into a single resultant 

magnitude to compare directly with the experimentally 

measured handlebar and seat data.  

The force components from the handlebar and seat load cells 

were combined in MatLab (MathWorks, MA, USA) into a 

single HBSE resultant force. RMSEs between four 

corresponding cycles (0 deg equals top center) of RRA and 

HBSE data were calculated for each of the three trials per 

participant.  

Results and Discussion 

Across all participants, comparisons between RRA and HBSE 

data showed similar trends (Fig. 2). RRA results typically 

overestimated the HBSE data throughout most of the cycle.  

 

Figure 2: Typical results for a 57 kg participant comparing the pelvic 

residual from OpenSim’s Residual Reduction Algorithm (RRA) and 

the experimentally determined handlebar seat equivalent (HBSE).  

RMSE for all 15 trials ranged from 13.8N to 33.7N. When 

normalized by body weight, the RMSEs ranged from 2.0% to 

4.2% of body weight and are relatively low when compared to 

the total forces acting on the body.   

Conclusions 

The results of this study indicate that the OpenSim RRA tool 

can adequately account for handlebar and seat forces during 

cycling biomechanics analyses. Limitations to this study are 

sample size and the lack of consideration of residual moments.  
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INTRODUCTION  
Ballroom dancing is a popular global activity, with 
interested participants spanning decades. Dancing, the 
rhythmic movement of the human body with music, has 
been described as an artform and one of the most expressive 
forms of non-verbal communication. The technique book by 
Walter Laird [1] is the guide for coaches, competitors, and 
students of all skill levels. 

The goals of this preliminary study are to evaluate two 
biomechanical assessment tools, pressure sensing insoles [2] 
and inertial markers [3], or combining both tools to facilitate 
the collection of objective, quantitative data to benefit 
coaches and dance students. Also, to investigate whether 
there are patterns within the data to facilitate more effective 
feedback to students learning ballroom dance.  

METHODS 
Three experienced competitive latin dancers and three 
novice student dancers were instructed to “perform” a 
sequence to the same music. A maximum of 5 minutes 
warm-up was provided to different music than the music 
used for data collection.   Data collection included dynamic 
pressure distribution (F-Scan, Tekscan, Inc) and lower 
extremity kinematic data with inertial markers (Notch 
Interfaces, Inc.) with video and audio. Data capture was 
initiated 15 seconds after the start of the song and for 30 
seconds throughout the song.  Three trials to the same song 
were conducted for each participant.  Data was collected 
along with video and source audio for subsequent analysis. 
Fast Fourier Transform was used to assess the dominant 
frequency/frequencies of the music and compared with 
frequency patterns from the foot pressure measurements and 
lower extremity inertial motion tracking assessment. 
  
RESULTS AND DISCUSSION 
The preliminary assessment demonstrated different FFT 
results between experienced and novice dancers for both 
pressure measurements and inertial motion capture data. 
Figure 1a shows the FFT plot of the Rumba music and 
Figure 1b is a plot of center of pressure amplitude with 
frequency for an inexperienced dancer.   

Since dance includes movement and load transfer, we are 
exploring computational algorithms to combine both the 
pressure distribution data and the motion capture data. 
Additional analyses are planned with the existing data sets 
in order to find variation and correlation amongst 
inexperienced and experienced dancers. 

 

 
Figure 1: a) FFT of Rumba music (Quiero Pecar En Ti) with 92 
BPM, b) FFT assessment of center of pressure sensing insoles. 

  

CONCLUSIONS 
While early results are promising, this is a preliminary 
investigation and more research and data collection are 
planned. 
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Summary 

We examined the postural control strategy of kendo (Japanese 

fencing) players that enables fast and accurate striking 

movements. Participants were required to strike their 

opponent’s right forearm as quickly as possible while also 

switching to defensive movements if the opponent engaged in 

a counter-strike. In the striking movement, players’ trunks 

were largely tilted to the left due to laterally asymmetrical 

postures and intensive kicking movements of the left leg that 

leaping participants center of mass to hit opponent. On the 

other hand, their heads were counterrotated to compensate for 

the large tilt of the trunk, which contributed to stabilizing the 

head according to the gravitational force. This head stability is 

necessary for obtaining stable visual information about the 

opponent’s actions. Thus, the perceptual-motor system of 

kendo movements was coordinated through the relatively large 

mass of the head and trunk segments. 

Introduction 

In kendo, players move rapidly while maintaining posture in 

which the right side of the body is always ahead of the left, in 

response to opponents’ attacks or defensive moves. In this 

study, we examined the perceptual motor control mechanism 

of postural control strategy of kendo players that enables rapid 

attacking action. 

Methods 

Fifteen male university kendo players with over 10 years of 

experience participated in our experiment. Participants were 

instructed to step toward the opponent from a laterally 

asymmetrical posture (see picture in Figure 1). In the 

experiment, participants were instructed to strike the 

opponent’s right forearm (“kote”) when the opponent moved 

his kote to the front of his chest. All participants were fully 

trained to perform striking movements such that they kicked 

the ground with their left-trail foot, leaped to the opponent, 

and then struck the opponent’s kote with a bamboo sword 

“Shinai” (length: 1.2m) held with both hands. Conversely, if 

the opponent made a counter-strike move toward the 

participants’ head (“men”), participants were instructed to 

withdraw the striking movement and switch to the defensive 

movement to defend themselves with their own Shinai. The 

co-operator (opponent) was instructed to execute one of two 

postural movements when the participant’s second step (with 

trail left foot) was taken. 

We calculated participants’ three-dimensional whole-body 

movement including head and trunk roll-pitch-yaw angle 

using twenty-seven reflective markers’ positions, which were 

recorded using optical motion capture system (360 Hz, 

Prime17w, OptiTrack, Inc.). We then confirmed participants’ 

head, trunk, and foot movements through the following six 

phases; 1: right toe-off, 2: right heel-strike, 3: left toe-off, 4: 

left heel-strike, 5: leaping (right) foot toe-off, 6: Shinai impact 

(on the opponent’s forearm or opponent’s striking Shinai).  

Results and Discussion 

Figure 1A indicates that participants’ heads were initially (i.e., 

in phase 1-3) stabilized along the direction of the gravitational 

force in both striking and defensive movements. This head 

stabilization contributes to perceiving the opponent’s actions 

and determine one’s own actions. The head was then 

stabilized vertically until participants leaped toward the 

opponent and completed striking the target (red plot in Figure 

1A, phase 4-6), whereas, when they took a defensive 

movement, the head was largely tilted to avoid the opponent’s 

sword (blue plot, phase 4-6).  

Participant’s asymmetrical (right ahead of left) posture was 

also maintained, even when participants completed striking 

movements, so their pelvises had to tilt more extensively to 

the left while their left trail legs kicked the ground. Moreover, 

their trunk increasingly tilted during phase 4-6 of the striking 

movement, which is necessary to hit opponents’ forearms 

positioned on the left side of the participants’ bodies (red plot 

in Figure 1B). However, the head extensively counterrotated 

to the right significantly more than during defensive 

movements (Figure 1C). These head tilts contribute to 

compensate for large tilts of the trunk due to leap-and-strike 

movements; moreover, they contribute to stabilize the head’s 

upright posture.  

This compensatory rotation of the head-trunk segments for 

head stabilization were also confirmed in yaw or pitch rotation 

(not shown in this paper). This head stabilization help to 

obtain stable visual information necessary for extremely fast 

and accurate movements of kendo strikes.  

 

 

 

 

 

 

Figure 1: A: Roll angles of the head defined in external 3D-space 

measured in six phases. B: Trunk roll angles relative to pelvis. C: 

Head roll angles relative to trunk.  
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Summary 

The purpose of this study was to examine ‘men-kaeshi-do’ 

in kendo technique and clarify the common motions and 

technical differences at the graded technical level of 

experienced players. The results of the present study revealed 

technical differences in the motions of the elbow and knee in 

each subject, suggesting that they indirectly influence the 

displacement of the right wrist. 

1. Introduction 

Kendo oji-waza is techniques to quickly deflect or return an 

opponent’s hit using a bamboo sword. It is said that oji-waza 

are difficult for beginners since the timing and the way of 

using the body differ from those used in performing basic 

motions. Therefore, the purpose of the present study was to 

examine a face counter return to torso hit (men-kaeshi-do) and 

clarify the common motions and technical differences at the 

graded technical level of experienced players. 

 

2. Methods 

2.2 Experiment 

 The subjects performed men-kaeshi-do five times from a 

mid-guard stance (chu-dan) according to the examiner's signal. 

3. Data Measurement 

3.1 Motion Measurement via Motion Capture 

Motion capture was used for 3D motion analysis. The marker 

was affixed to a total of 14 points on the body. 

3.2 Measurement of  EMG 

The EMG sensor was affixed to four sites of the extensor 

carpi radialis longus, long head of triceps brachii, rectus 

femoris, and semitendinusoid and recorded at a sampling 

frequency of 1,000 Hz. 

4.  Data analysis 

4.1 Analysis of 3D Position Data 

 The measured data was calculated with respect to the time of 

impact to the torso, 0.6 seconds prior to impact, and 0.2 

seconds post-impact. Mean± SD was calculated for the elbow 

joint angle, knee joint angle, and wrist displacement, 

respectively. In order to clarify the characteristics of each 

player, principal component analysis was performed using the 

mean value.  

5. Results and Discussion 

5.1 Motion Analysis Data 

Fig. 1 shows the displacement of the right wrist of a 3-dan 

player. Player D showed a tendency to raise the wrists higher 

than the other four players when receiving a hit. However, the 

differences in right wrist displacement were small in the other 

four players. 

5.2 Grouping by Principal Component Analysis  

Fig. 2 shows a scatter plot of each subject by principal 

component analysis. The first principal component, with a 

 
                            Fig1. Right wrist displacement  

 
Fig2. Scatter diagram of each subject by principal component analysis  

 

cumulative contribution rate of approximately 90%, was taken 

as the right elbow angle and the second principal component 

was taken as the right wrist displacement. As a result, since 

there was a difference in how to use the right wrist 

displacement as the second main component, we used group 

analysis by cluster analysis. 

5.3 Technical Differences 

Comparing the characteristics of the three groups, players A 

and B had less vertical movement of the right wrist. It appears 

that, when receiving a hit from the opponent, it is possible to 

bend the right knee and quickly enter the opponent's chest 

space and strike. In the case of players C and E, because 

vertical movement of the right wrist is large when receiving a 

strike by the opponent, it appeared that they could turn the 

wrist quickly at a distance far from the opponent and strike 

while extending the right elbow. Moreover, the reasons why 

player D differed from the two groups is that the motion style 

of the right wrist differed from that of other players and, when 

moving to oji-waza after receiving the opponent's hit, only the 

upper body preceded the motion, without bending of the knees 

occurring. 
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The 1st component 

The 2nd component 
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Summary 
Nihon Kendo Kata, a form of practice where two individuals 
act out a predetermined protocol, is applied to assess skill level 
(dan grade) during the assessment for rank promotion in Kendo, 
a Japanese martial art. It is crucial to assess form for coaching 
using objective and quantitative methods. The objective is to 
suggest a novel quantification method using eye blinking (EB) 
regarding of synchronization within redundancy. Four novice, 
four skilled (3rd dan), and four advanced (4th dan) level men 
participated in the study (n=12). Each participant viewed a 
video illustrating a pair acting out the Nihon Kendo Kata five 
times. We estimated entropy as a marker using the average 
filtered response of the binary sequence corresponding to EB 
timings. We demonstrated that entropy increased with 
increasing dan grade, which led to the conclusion that skill 
classification using EB based on synchrony and redundancy is 
possible. 

Introduction 
The Japanese martial art of Kendo includes a form of practice 
called Nihon Kendo Kata [1]. Each type of practice comprises 
a pair of players termed Uchitachi and Shitachi, who act out a 
predetermined protocol. This form of practice is also applied in 
the practical assessment for rank the promotion, which is judged 
according to mental state and form. Therefore, it is important to 
assess form for coaching using objective and quantitative 
methods. Eye blinking (EB) is the most convenient 
characteristic for form assessment because it can be detected 
using few channels during electrooculography measurement. 
EB is associated with mental statuses such as emotion and 
reflection. Previous reports demonstrated that EB timings 
concentrated at specific time points during exposure to the same 
video [2]. Although this EB synchronization could be observed, 
it is still unclear whether fluctuation and the redundancy can be 
observed as in the central nervous system. Our objective is to 
suggest a novel quantification method that reveals 
synchronization within redundancy and analyse whether this 
quantification can be used to determine skill levels (dan grades) 
in Kendo. 

Methods 
Twelve male participants were grouped according to their skill 
levels as novice (n=4), skilled (3rd dan, n=4) and advanced (4th 
dan, n=4). The experimental protocol was approved by the 
institutional review board of Kanto Gakuin University (2016-4-
2). All participants provided written informed consent before 
participation. Each participant was seated on a chair in front of 
the screen and watched a video that projected Nihon Kendo 
Kata repeatedly five times with an interval of 10 seconds 
between each viewing. For each participant, a vertical 
electrooculography was recorded simultaneously with a 
sampling frequency of 1024 Hz using eegoTMsports (ANT 
Neuro). The binary sequence at the ith trial, xi(t) is generated 

from a vertical electrooculography, where '1' indicates EB and 
'0' demonstrates the outside of EB. The binary sequence is then 
passed through a low-pass filter. The rate sequence, y(t), is 
defined as the average of filtered response. We suggest that the 
entropy (bits) obtained from the histogram of amplitude in y(t) 
is as an index of skill quantification. 

𝐻(𝑦) =&𝑝(𝑦!) log" 𝑝(𝑦!)
#

!$%

 

where p(yk) is the probability at the kth bin.  
The medians of dan grade groups were compared by using the 
Kruskal-Wallis test. 

Results and Discussion 
The median and standard deviation of entropy as shown in 
Figure 1 was 0.1385±0.048 bits in the novice group, 0.1465±
0.034 bits in the skilled group, and 0.1985±0.026 bits in the 
advanced group. Our findings showed that entropy increased 
with increasing skills level, and the p value for the Kruskal-
Wallis test was p=0.0274, which suggested that entropy could 
be an index of skill level. Our study differs from previous 
studies [2] on EB, since higher entropy does not represent just 
higher synchronization.  

 
Figure 1: Comparison of entropy among skill levels. 

Conclusions 
We propose a novel technique to evaluate EB. We utilized this 
technique in a form of practice in Kendo to quantify skill levels. 
It is successfully shown that entropy using the technique 
increased as increasing skill level.  
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Summary 

Yunshou is a primary movement form of all kinds of Tai Chi, 

to which the meniscal stress response characteristic is not 

clear. This study applied finite element (FE) analysis with 

kinetic data to track the meniscal stress response during the 

typical Yunshou. The knee could flex with max angle of 58°, 

and move between left side 8° and right 9°. The movement 

out of the range increased the meniscal stress. 

Introduction 

Tai Chi has significant benefits for health and fitness,  

recommended as a treatment option for patients with knee 

OA. Yunshou is a primary movement form of all kinds of 

Tai Chi, also named “mother form.” Meniscal stress 

response during Yunshou is seldom investigated. This study 

aimed to analyze meniscal stress response to typical right-

left Yunshou movement by finite element (FE) analysis with 

kinetic data, for Tai Chi practicers prescribing exercise 

intensity to avoid health problem of the meniscus. 

Methods 

A male Tai Chi practicer (42 years old, stature 172 cm and  

mass 65.6 kg) volunteered as the subject, with the left leg 

natural stretch in the supine position scanned by CT and 

MRI scans for geometry respectively, then performed right-

left Yunshou in a biomechanics lab with motion capture 

system (8 cameras, VICON, UK) for knee kinetic data. 3D 

geometry of left lower leg segments were reconstructed from 

CT images in three anatomical planes. Sagittal, coronal and 

axial MR images were used to generate the 3D geometry of 

the knee articular cartilage, menisci, cruciate and collateral 

ligaments. The geometries were converted into solid 20-node 

hexahedral (solid 185) and 10-node (solid 187) tetrahedral 

elements, then imported into the ANSYS FE software v2018 

(ANSYS, Ltd., USA) for the FE model (Figure 1). After 

optimizing computational expense and loading proper 

material properties according to some literature[1], knee 

kinetic data was imported into the FE model as boundary 

conditions, while the quasi-static loading conditions were 

simulated to compare the predicted FE kinematics from an 

ex vivo study [2]:1) 0 to 50 Nm of knee abduction (flexion 

25°) and abduction (flexion 25°, 20 Nm of internal tibial 

rotation), 2) baseline (no external load, flexion 0°-90°), 3) 15 

Nm of internal tibial rotation (flexion 0°-90°), 4) simulated 

quadriceps loads  at 400 N and hamstrings at 200 N. Mesh 

quality assessment was in accordance with Burkhart et al [3] 

Results and Discussion 

During Yunshou the max angle of the knee flexion was 58°, 

while moving between left side 8° and right side 9°. Table1 

shows the meniscal stress at the points with knee joint 

flexion angle at neutral 0°,30°, 60°, 90° according with some 

latera-Medial bending position. The inner of the blue frame 

shows the stress distribution corresponding to the real 

motion  range of Yunshou movement, while the outer 

showing those from FE model which expand the virtual 

scope. It shows that, inappropriate knee flexion during 

Yunshou (especially nearing 90°) would increase the 

meniscus stress overall and stress concentration implying  

meniscus injury risk, the same as expanding latera-Medial 

bending range.  

Table 1: Meniscal stress (MPa) during Yunshou movement 

0 30 60 90

left-15 3.654 5.160 5.807 13.145

left-8 3.006 2.908 5.461 11.029

neutral-0 2.286 2.661 3.984 10.748

right-9 3.121 3.026 4.280 12.054

right-15 3.823 3.558 5.160 13.783

 latera-

Medial

bending

radian of

knee joint

knee joint flexion angle( radian ) 

 

Conclusions 

The FE model imported with kinetic data is good for 

investigating meniscal stress response during Yunshou. 

Suitable range of Tai Chi exercise normally benefits the knee, 

but over range and long term knee exericse  imply possible 

meniscus injury risk. 
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Summary 

Purpose: The purpose of this study was to compare the 

differences in frequency and location of head impact events 

per match between lightweight and heavyweight MMA 

fighters. Methods: 15 heavyweight & 15 lightweight videos of 

professional MMA bout videos were viewed to document all 

impacts to the head. Independent sample t-tests were 

completed for statistical analysis. Results: No significant 

differences in head impact frequency between lightweight and 

heavyweight fighters were found. Impacts to the side of the 

head as well as the mental region were the most common 

impact locations. Lightweight and heavyweight MMA fighters 

from this study experienced on average, lower frequency of 

head impacts than boxers, however differences in head-impact 

events between the two sports highlights the importance of 

also determining the effects of impact magnitudes in the 

future. Conclusions: The frequency and location of head 

impacts were similar in both weight classes. 

Introduction 

Mixed martial arts (MMA) is an unarmed combat competition 

involving frequent head impacts from punches, kicks, knees, 

and elbow strikes that subsequently elicit linear and rotational 

accelerations to the head resulting in brain trauma. Evidence 

reported in boxing and MMA suggests athletes exposed to 

frequent head trauma are at an increased risk of negative 

behavioural and neurological consequences [1]. Tactical and 

physical differences between weight classes in MMA [2] may 

affect the type and frequency of various head impact events. 

Head impact kinematics studies have reported that changes in 

event type and location influence the dynamic response of the 

head creating different levels of head injury risk [3]. 

Therefore, the purpose of this study was to compare the 

differences in frequency, and location of head impacts per 

match between lightweight and heavyweight fighters in the 

UFC. 

Methods 

Head impacts of 60 fighters were documented from 15 

lightweight and 15 heavyweight MMA bouts; impact locations 

were determined by dividing the head into 8 (45°) separations 

in the transverse plane and 3 elevations within the sagittal 

plane. To be considered “Head impacts” a strike had to meet 

the following conditions: i) impact type is visible & results in 

visible motion of the head, ii) the exact moment and location 

of impact can be identified. An independent sample t-test was 

completed to determine if differences in head impact 

frequency exist between lightweight and heavyweight fighters 

Results and Discussion 

572 and 616 impacts to the head were documented for 30 

heavyweight and 30 lightweight fighters respectively. No 

significant differences were found in the average head impact 

frequency sustained between Lightweight and Heavyweight 

fighters (20.5 and 19.1 strikes/fight) (p > 0.05). Impact event 

types were similar as well (Figure 1).  

 

 

 

 

 

Figure 1: Number of head impacts 

MMA fighters in this study sustained 2.1 & 1.9 head 

strikes/min respectively, less than half of what has been 

reported in boxing (5 strikes/min), a sport with known 

negative brain health outcomes[4]. Head impacts to the 

temporal and mandibular region are the most common impact 

locations in both sports, as to induce knockouts – a primary 

objective in both sports (Figure 2). Impacts to these locations 

can induce high rotational accelerations leading to brain injury 

due to shear stress and strains of the tissue. 

Figure 2: Top head impact locations 

Unlike boxers, MMA fighters also experience head impact 

events from bony surfaces, which could result in higher 

impact magnitudes.  While this study examined impact 

frequency, future research will be focused on identifying the 

magnitude of strain in the brain associated with each impact 

event type. 

Conclusions 

The frequency and location of head impacts were similar in 

both weight classes. Impacts to the temporal and mandibular 

region were most common, suggesting that athletes from both 

weight classes sustain frequent head impacts at locations 

associated with higher risk for brain trauma.  
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Summary 

A novel method for accurately measuring carpal kinematics 

in a cadaveric model was developed via discreet sensors 

rigidly fixed to carpal bones using single attachment mounts. 

Introduction 

Accurate biomechanical evaluation of carpal bone 

kinematics is challenging due to the combination an inability 

to use skin mounted sensors, the bones’ amorphous 

geometry, and the inability to mount sensors to bones 
without interfering with the kinematics. Both in vivo and in 

vitro measurements can use fluoroscope and CT modalities; 

however, these methods are limited in their ability to collect 

dynamic data and often require extensive post processing.  

Cadaveric modeling using enables sensors to be mounted 

directly to the bones, but systems capable of 6 DOF motion 

tracking historically require sensors that are too heavy, large, 

or have wires, which can add artifact to the data.  A novel 

system was developed enables carpal kinematics to be 

dynamically measured by directly tracking the bones without 

sensor induced error. 

Methods 

Moiré Phase Tracking 3D motion tracking sensors (MPT, 

Metria Innovation, Inc., Milwaukee, WI), motion capture 

software (The Motion Monitor xGen, Innovative Sports 

Training, Inc., Chicago, IL), modified suture anchors, and a 

custom wrist simulator are combined to evaluate the carpal, 

wrist, and forearm kinematics.  The Moiré system consists of 

15 mm square, wireless, passive markers of which the 
position and orientation can be measured with an accuracy of 

0.4 mm and 0.05°, respectively.   

Figure 1: Set of 5 Moire sensors mounted to carpal bones and the 
radius using modified suture anchors 

Sensors are mounted to the desired carpal bones using 

modified suture anchors with the shaft of the anchor’s driver 

cut from its handle and the anchor tip bonded onto the end of 

the cut rod with epoxy resin.  The anchor is then screwed 

into the desired carpal bone such that it is rigidly fixed.  A 
3D printed interface plate is mounted a top each rod to which 

a sensor is attached with double-sided tape.  The rod lengths 

are varied and are staggered on the bones such that each 

sensor has line of sight to the camera.  A sample set up with 

sensors mounted to the 3rd metacarpal, scaphoid, lunate, 

capitate, and radius is shown in Figure 1.  

A custom wrist simulator is used to move the wrist through a 

cyclical motion about a single axis of rotation under 

displacement control [1].  The hand is mounted to a free-

sliding x-y stage, but remains rotationally stationary while 

the forearm is driven through the desired range of motion, 

allowing the cadaveric limb to move about its natural axis of 

rotation in an unconstrained manner.  

Studies using this system [2] have defined anatomical 

coordinate systems of the hand and according to ISB 

standards [3] with coordinate systems of the capitate, lunate, 

and scaphoid aligned to that of the hand with the wrist in a 

neutral position.   

Results and Discussion 

Data from this method have resulted in carpal kinematics 
comparable those in published literature using fluoroscopic 

based techniques [4].  Specific joints investigated include the 

scapholunate, lunocapitate, scaphoradial, and lunoradial 

joints.  A sample plot of intercarpal kinematics in an intact 

wrist during flexion extension is seen in Figure 2.  This 

technique will be a valuable tool to investigate the effect of 

wrist surgical techniques on carpal kinematics and stability. 

Figure 2: Sample of intercarpal kinematic data during wrist flexion. 

Conclusions 

An innovative method to measure 6 DOF carpal kinematics 

has been developed and can be used to evaluate 

biomechanical changes associated with various injuries and 

surgical repair in a cadaveric model. 
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SUMMARY 

Differences in head accelerations between blunt impacts 

performed on a linear impactor and monorail were compared 
across impact locations and velocities. Difference scores 

varied by impact location, but seem to be highly specific and 

non-generalizable across locations and velocities. 

INTRODUCTION 

Previous research investigated acceleration differences in 

frontal blunt impacts of a Hybrid III anthropomorphic test 

device (ATD) between the monorail and  linear impactor and 

found that the linear and angular accelerations differ between 

test methods [1]. However, the differences in headform 

response between monorail drop and linear impactor tests 

across impact locations has not been investigated. The purpose 

of this study was to investigate differences in peak linear and 
angular accelerations of a Hybrid III head impacted on a linear 

impactor and monorail across impact locations and velocities.  

METHODS 

A Hybrid III 50% male head and neck (Humanetics, Huron, 
OH; neck torque: 12 in-lbs) instrumented with an 6 DOF 

linear acceleration and angular rate sensor system (6DX Pro, 

DTS, Seal Beach, CA) was impacted four times at 7 locations 

(front, crown, left side, right side, left nape, and right nape; 

AR/PD 10-2 with Revision A) on a monorail and pneumatic 

linear impactor [2].  The ATD was impacted with an impactor 

specified by NOCSAE doc ND 081-18m18 at 3.0 and 4.3 m/s 

[3].  

The difference in ATD peak resultant linear (∆PLA) and 

angular accelerations (∆PAA) were calculated by subtracting 

the peak resultant accelerations obtained from impacts on the 

pneumatic linear impactor from those obtained on the 

monorail. Separate 2 x 7 (velocity x location) repeated 

measures ANOVAs for ∆PLA and ∆PAA were used to make 

comparisons within groups (SPSS v25, IBM Armonk, NY). 

Simple effects analyses were used to explain the interactions 

between impact velocity and location for ∆PLA and ∆PAA. 

An alpha level of 0.05 is considered significant. Data are 

reported as mean ± 1 standard deviation (SD). 

RESULTS AND DISCUSSION 

An interaction between impact velocity and location was 

found for ∆PLA (p < 0.001, η2 = 0.967). Significant 

differences in ∆PLA between 3.0 and 4.3 m/s impact 

velocities were found at the crown (p = 0.034), front (p = 

0.012), rear (p = 0.016), right side (p = 0.001), and left nape (p 

< 0.001) impact locations. 

An interaction between impact velocity and location was 

found for ∆PAA (p < 0.001, η2 = 0.730). Significant 

differences in ∆PAA between 3.0 and 4.3 m/s impact 

velocities were found at left side (p < 0.016) and right nape (p 

< 0.026) impact locations. 

Interestingly, differences in angular acceleration tended to be 

greater for the low velocity condition at impact locations that 

were not along the midsagittal plane. However, the differences 

in linear accelerations were more specific to the location-
velocity condition. These findings indicate that differences in 

accelerations magnitudes between linear impactor and 

monorail test methods may be highly specific and non-

generalizable across locations and velocities. 
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Figure 1: ∆PLA and ∆PAA across impact velocities and locations at 
each impact velocity. #, * Significant differences between velocities 
for ∆PLA and ∆PAA, respectively (p ≤ 0.05). 

CONCLUSION 

Differences in accelerations between the linear impactor and 

monorail drop tests varied across impact locations.  However, 

difference scores are highly specific to the location-velocity 

condition.   
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Summary 

Studies have shown that risk of noncontact injury largely 

depends on knee abduction (KA) at the time of injury, with 

Anterior Cruciate Ligament (ACL) injuries occurring at 

significantly larger KA than the KA at initial contact with the 

ground [2]. The goal of this study was to assess whether the 

Maximum Lyapunov Exponent (MLE) could be correlated to 

this known injury risk-related metric. This study collected the 

kinematics of repeated vertical jumps from thirteen uninjured 

female D1 soccer, D1 basketball, and club soccer athletes 

from Auburn University. KA was measured at MKF and 

compared to the MLE over the duration of the study. This 

study found a correlation between KA of both legs at MKF 

with the MLE of KA. This finding suggests that the MLE 

should be explored as a potential metric for assessing risk of 

ACL injury in future studies. 

Introduction 

Traditional ACL risk analysis techniques neglect the nuances 

in variation of a repeated motion over time. Instead, most 

focus on short time series analyses of kinematics during 

specific movements. Because biomechanical analyses using 

motion capture equipment have primarily focused on specific 

time points, there is limited literature analyzing the variability 

of movements over time. There are biomechanics studies 

which have used the Maximum Lyapunov Exponent (MLE) 

to analyze stability [1], utilizing Rosenstein's MLE to evaluate 

the chaotic nature of a variable (i.e., trunk angle) during a 

repetitive task [4]. To the authors’ knowledge, there are no 

studies directly focusing on the relationship between the MLE 

and ACL studies. 

Methods 

This study collected the biomechanics from thirteen female 

D1 soccer, D1 basketball, and club soccer teams from Auburn 

University (height = 171.2 ± 8.9cm, weight = 66.3 ± 8.6kg, 

age = 19.8 ± 1.9yr). Previous knee injury with surgical 

correction was an exclusion criterion to participate in this 

study. The subjects were fitted with 79 reflective markers 

using the point cluster technique [3], and the lower kinematic 

model was assigned three degrees of freedom for the hip, knee 

and ankle. Kinematic and kinetic data was captured with a 10-

camera motion capture system and two force plates. Data from 

the Vicon system and force plates was collected using Nexus 

software, which was then processed and analyzed using 

Visual 3D. The study excludes data points when the subject 

was airborne during the jump, which allows for the evaluation 

of knee kinematics during eccentric and concentric loading.  

The analysis in this paper follows Rosenstein’s method for 

calculating the MLE. The MLE evaluates a phase space 

reconstruction of a signal using a calculated time delay, after 

which point the divergence of the reconstruction is calculated. 

2nd through 6th order polynomials were used to fit the 

divergence from times .042s through .42s. A regression 

analysis was then used to determine which polynomial best fit 

the divergence. The MLE was calculated as the slope of the 

best fit polynomial to the divergence curves.  

Results and Discussion 

The KA MLE was shown to have a significant relationship 

with the KA at MKF on both the right leg and the left leg 

(Table 1). This suggests that the KA at MKF is closely 

associated with the MLE of KA throughout the concentric and 

eccentric loading periods of a jump. This is one of the most 

exciting discoveries in this preliminary study, as KA at MKF 

has been shown to positively identify risk of ACL injury. 

Thus, as the KA MLE correlates with the MLE, the MLE 

could provide beneficial information for identifying athletes 

at risk of ACL injury in the future. Further investigation of the 

KA MLE could provide more insight to an individual's risk 

factor for future ACL ruptures. 

Table 1: Left and right KA MLE compared to left and right KA at 

MKF 

  KA MLE 

  Knee † Left Right 

K
A

 a
t 

M
K

F 

Left 
r -0.607* -0.446 

P 0.028 0.127 

Right 
r 0.128 -0.571* 

P 0.677 0.042 
 

† Where r is the Pearson correlation coefficient and P is the 

significance 

* Significance less than 0.05 

 

Conclusions 

The results of this study show that the MLE of KA 

significantly correlates with a current injury risk assessment 

metric. Future studies will explore the MLE of the hip and 

ankle in addition to the knee during repetitive jumping tasks, 

and ultimately try to create a more effective injury 

prevention metric utilizing the MLE. 
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Summary 

The purpose of the study was to assess the accuracy of 

measuring knee kinematics using 3D fluoroscopy with 

statistical shape models (SSM) of the bones to minimize 

radiation.  The accuracy was determined by comparing results 

between SSM and CT bone models.  The results showed that 

3D knee kinematics using SSM bone models reached sub-

millimetre and sub-degree accuracy, suggesting that 3D 

fluoroscopy with SSM bone models can be used in further 

clinical applications with minimum radiation exposure. 

Introduction 

Model-based three-dimensional (3D) fluoroscopy technology 

with bi-plane fluoroscopic images is an accurate in vivo non-

invasive method to measure joint kinematics [1].  However, 

subject-specific bone models from computed tomography (CT) 

are required, and radiation exposures are of concern.  Bone 

models of the knee generated from SSM may help reduce 

radiation [2], but it remains unclear whether 3D fluoroscopy 

with SSM bone model can achieve high accuracy for clinical 

applications.  The purpose of the study was to assess the 

accuracy of measuring knee kinematics using 3D fluoroscopy 

with SSM bone models. 

Methods 

Ten healthy young adults (age: 23 ± 2.4 y/o; height: 174.6 ± 

4.3 cm; weight: 63.6 ± 9.9 kg) participated in the study with 

informed written consent.  The experimental protocol involved 

CT scan and fluoroscopic images while performing isolated 

knee flexion/extension of each subject (Fig. 1).  Six evenly 

distributed fluoroscopic images from orthogonal image planes 

around the isocenter from 0° to 150° were obtained and used 

to generate bone models of the knee using a previously 

developed SSM algorithm.  CT-based bone models of each 

tested knee were also generated.  Bone models generated by 

SSM and CT were used separately to calculate the knee 

kinematics during flexion/extension via 3D fluoroscopy 

technology [1].  Kinematics calculated using CT models 

served as the gold standard.  To evaluate the accuracy of the 

knee kinematics using SSM models, mean absolute 

differences (MAD) of all six components were calculated from 

differences in the kinematics results between SSM and gold 

standard.  Means and standard deviations of MAD across all 

subjects were taken as the bias and precisions of MAD 

respectively.  

 

Figure 1: Experimental protocol and analysis procedure of the study. 

Results and Discussion 

The bias and precision of rotations and translations of the knee 

using SSM models are summarized in Table 1.  The bias and 

precision of rotations and translations were all less than 1 

degree and 1 mm respectively.  Accuracy of the current study 

was higher than results proposed by Baka et al. [2].  This may 

be related to the fact that the 3D fluoroscopy method used in 

the current study was one based on volumetric models of the 

bones, which was more accurate than the surface model-based 

method used in Baka et al., and the X-ray images surrounding 

the knee were used to reconstruct the SSM models.   

Conclusions 

The 3D fluoroscopy method with the SSM bone models 

developed in the current study were shown to have sub-

millimetre and sub-degree accuracy, suggesting that the 

approach can be used in further clinical applications and 

biomechanical studies with minimum radiation exposure. 
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Table 1: Bias and precision of mean absolute differences of knee kinematics using models generated by statistical shape model (SSM) compared 
to those generated by computer tomography. 

 Flexion/Extension (°) Adduction/Abduction (°) 
Internal/External 
Rotation (°) 

Medial/Lateral 
Translation (mm) 

Anterior/Posterior 
Translation (mm) 

Proximal/Distal 
Translation (mm) 

Bias 0.59 ± 0.32 0.54 ± 0.30 0.85 ± 0.35 0.65 ± 0.35 0.59 ± 0.29 0.69 ± 0.31 

Precision 0.38 ± 0.19 0.38 ± 0.19 0.56 ± 0.17 0.37 ± 0.19 0.36 ± 0.17 0.38 ± 0.10 
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Summary 

The angle of the joint is important information to grasp the 

exact state of the joint in the human body. In this study, we 

measured the angular displacement using the optical signal 

change according to the joint angle change, unlike the 

conventional joint angle measurement method. 

Introduction 

In order to develop the control and measurement technology, 

researches on the accurate measurement and analysis of 

biological motion have been actively conducted in medical 

engineering. By analyzing the motion of the human body with 

the movement of the angle of the joint, it is utilized in various 

fields. It is necessary to develop a sensor that has no influence 

between the sensor and the human body motion when the 

sensor is attached to the human body in order to 

simultaneously perform the human motion and the motion 

analysis. PSD is a recently developed semiconductor device 

capable of detecting the position of incident light very 

precisely by an analog method, and its utilization for various 

applications has been studied [1,2]. In this study, the method 

of converting the difference of optical signal according to the 

distance between the infrared sensor and the reflector into the 

angular displacement is used. 

Methods 

The angle was calculated by comparing and analyzing the 
goniometer and the optical sensor based on a previously proven 
electronic goniometer (accuracy ± 0.1 °). The electronic 
goniometer used as the reference point and the rotary axis of 
the goniometer were fixed at the same time, and the infrared 
sensor was installed so that the output value could be obtained 
simultaneously according to the change of the angle. The 
analog data of the goniometer obtained by varying the 
reference goniometer from 0 ° to 180 ° in 5 ° increments was A 
/ D converted using DAQ Board (NI USB-6008, National 
Instrument) and collected by Labview 8.0 (National 
Instrument) . A flat white plate was attached to the front of the 
reference goniometer, and an infrared sensor was placed under 
the white plate to collect output signals according to the angle 
change while changing the angle from 0 ° to 180 ° 5 ° as in the 
goniometer. The data obtained by the experiment was analyzed 
and modeled by Matlab to find a wide range of resolution and 
high resolution. Finally, the data obtained from the goniometer 
and the infrared sensor were analyzed by Matlab for accuracy. 

Results and Discussion 

The coefficient of determination of the output signal according 

to the angle of the infrared sensor and the goniometer was 

calculated to be 1 for the goniometer and 0.9999 for the 

infrared sensor system. Figure 1 shows the result of real-time 

monitoring of the modeling results of the goniometer and 

infrared sensor with Labview, together with the actual angle. 

The angle between the goniometer and the infrared sensor 

output to Labview tended to be similar to the actual angle. 

Table 1 shows the maximum error and RMS error of the 

goniometer and infrared sensor. The Goniometer showed a 

maximum error of 1.43 ° at 180 ° and an RMS error of 0.01 °. 

The infrared sensor has a maximum error of 1.27 ° at 105 ° 

and an RMS error of 0.04 °. As shown in the results, it showed 

high significance with the actual angle, and accuracy and 

resolution were verified.  

Table 1: Maximum error of the goniometer and infrared sensor, 
RMS error 

Parameter Goniometer PSD Sensor 

RMS error 1.43 ° 1.27 ° 

Maximum error 0.01 ° 0.04 ° 

 

 

Figure 1: Comparison of measurement angle and actual angle of each 

system 

Conclusions 

It is necessary to consider a wider and more accurate angular 

displacement system by combining the number, position, and 

angle of sensors. 
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Summary 
Biomechanics simulators must be validated before use to ensure 
accuracy and confidence in all future studies. A novel 
biomechanics simulator was validated with the use of optical 
motion tracking. The application of pure moments and accurate 
displacement control was confirmed. 

Introduction 
The biomechanics of the cadaveric spine are often studied with 
programable mechanical testing machines in conjunction with 
optical motion capture systems. The Spine Biomechanics 
Simulator (SBS) in this experiment is a custom MTS 
servohydraulic test system capable of control in 6 degrees of 
freedom. The SBS must be tuned and programmed to apply 
torques in a single anatomical plane (pure moment). While the 
setup of the SBS is customized, all the components of the SBS 
are commercially available. The SBS is capable of recording its 
own positional data, but the error is of this custom setup is 
unknown. The Optotrak motion capture system (NDI)) is the 
gold standard in the field and has an accuracy of ±0.1mm or, 
under the conditions of this project, ±0.05°. Quantifying the 
error in the displacement measured by the SBS will allow the 
machine to be used independently of the optical motion capture 
system and with confidence when studying the biomechanics of 
the spine and the impact of surgical interventions [1].  

Methods 
Three synthetic L3-L4 functional spinal units (Sawbones, city, 
state) which imitate human cadaver specimens [2-4] were tested 
in this validation study. The motion-capture setup consisted of 
two rigid bodies, each with three non-collinear optoelectronic 
markers, fixed to the L3 and L4 potting (Figure 1). The SBS 
rotated the specimen at 1°/s to a maximum load of ±7.5Nm for 
three testing conditions under pure moments: axial rotation 
(AR), flexion/extension (FE), and lateral bending (LB) Each 
specimen was first conditioned with 1000 cycles in each FE, 
LB, and AR. After a minimum of 24 hours, the specimens were 
used for the validation study and underwent 5 cycles in each 
FE, LB, and AR with cycle 4 used for analysis. Data was 
collected at 100 Hz and analyzed using MATLAB (The 
MathWorks). The range of motion in the primary mode of 
bending (MOB) was be compared between the two collection 
systems with <0.5° RMS error considered acceptable. The 
displacement v. load curve (Figure 1A) was used to find the 
neutral and elastic zones of the specimens and their stiffness 
(load/displacement) calculated as inverse of the slope of the 
displacemnt v. load curve at 0Nm (neutral zone) and ±7.5Nm 
(elastic zone) of these zones compared between systems. The 
accuracy of the loading of the SBS was also be measured. Any 
load in excess of ±7.5Nm in the primary MOB and any loads in 
the off-axis MOBs are considered error. Loads in the off-axis 
MOBs <5% of maximum load (0.375Nm) will be considered 
pure moments. 

Figure 1: (A)Typical displacement v. load curve. MTS angle (blue). 
MTS zone stiffnesses (cyan). Optotrak angle (red). Optotrak zone 

stiffnesses (magenta). (B) SBS testing setup. 

Results and Discussion 
The ROM in each MOB showed little error. The mean (SD) 
maximum errors were: FE=0.15°(0.01), LB=0.24°(0.01), and 
AR=0.17° (0.02). The RMS errors were: FE=0.06°(0.01), 
LB=0.08°(0.01), and AR=0.07°(0.00). In each MOB, off-axis 
loads where calculated to be <4% in all MOB (Figure 2) 
Therefore, the SBS can be considered to apply pure moments 
under these conditions.  FE and LB exhibited minimal 
overshoot of the intended maximum load (<5%), but AR 
reached 6.4%.   

Figure 2: Mean and standard deviations of the loads in each mode of 
bending [FE (yellow), LB (red), & AR (green)], showing <4% 

loading in the 2° modes of bending indicating pure moment testing. 

Conclusions 
In cases where only global bending angle is of concern, the 
MTS system data is an acceptable approximation of the true 
ROM in each MOB. The SBS can apply pure moments and can 
be confidently used in displacement control.  
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Summary 
The purpose of this study was to develop and validate soft and 
rigid tissue mass prediction equations for the thigh, leg, and leg-
foot segments of living older adults. Comprehensive 
anthropometric measurements were used to develop the 
prediction equations using multiple linear regression. Actual 
lower extremity tissue masses were determined from Dual 
Energy X-ray Absorptiometry (DXA) scans and compared with 
prediction equation values. High adjusted R2 values were 
generally exhibited between the predicted and actual tissue 
masses, demonstrating the predictive strength of the equations.  
Introduction 
To facilitate the use of wobbling mass models in impact 
biomechanics research, accurate and reliable quantification of 
in-vivo soft and rigid tissue masses is required [1]. Although, 
DXA is widely accepted as an accurate method for estimating 
body tissue composition in living people, its use can be limited 
for research purposes due to accessibility and cost [2-4]. 
Holmes et al. developed and validated lower extremity tissue 
mass prediction equations for younger adults using segment 
anthropometric measures [5]. Given the lack of similar 
equations for older adults, the purpose of this study to develop 
similar equations and validate them using tissue masses 
obtained from manually segmented DXA scans.  
Methods 
Anthropometric measurements (6 lengths, 6 circumferences, 8 
breadths, and 4 skinfold thicknesses) were obtained bilaterally 
from 101 older (O) (50F, 51M; 36-65 years) participants. Full 
body DXA scans (GE Lunar Prodigy Advance, GE Healthcare) 
were then performed on each participant while supine. DXA 
scan images were manually segmented using standardized 
regions of interest to determine participants’ actual thigh, leg, 
and leg-foot segment lean mass (LM), fat mass (FM), wobbling 
mass (WB=LM+FM), and bone mineral content (BMC).  
Multiple linear stepwise regression (IBM SPSS Statistics, 
version 24.0) was used to generate twelve lower extremity 
tissue mass prediction equations (thigh, leg and leg-foot LM, 
FM, WB, and BMC) from a generation group (38F, 38M). The 
prediction equations were validated using data from a separate 
validation group (12F, 13M) and compared to actual tissue 
masses obtained from the segmented DXA scans.  
Results and Discussion 
In general, tissue masses derived from the developed prediction 
equations were highly correlated with those obtained from the 
segmented DXA scans (Figure 1); all tissue masses, with the 

exception of leg BMC (R2=0.666), had adjusted R2 values 
greater than 0.75 (range between 0.666-0.907). Mean absolute 
errors between the predicted and actual tissue masses ranged 
from -0.6g (leg-foot BMC) to -255.7g (thigh LM). Mean 
relative errors were generally low, with the least and most error 
occurring for leg-foot BMC (-0.6%) and leg FM (-21.9%), 
respectively.  

 
Figure 1: Sample scatterplot of predicted and actual thigh FM. 

The results of this study are consistent with previous work for 
the extremities of university aged adults [5]. The errors in 
predicted tissue values may be attributed to small errors in the 
anthropometric measurements used to generate the equations, 
and errors in the actual tissue masses obtained from the DXA 
scans. The fairly large range in participants’ body sizes might 
also have contributed to some of the variability seen in tissue 
mass estimates.  
Conclusions 
In can be concluded from this study that anthropometric 
measurements can be used to accurately predict lower extremity 
segment tissue masses for living older adults. Future work 
should expand on the diversity and number of participants 
collected in order to increase equation generalizability.   
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Summary 

Currently, diagnosis of osteoporosis and hip fracture risk is 

done by Bone Mineral Density (BMD) through DXA 

scanning. Unfortunately, this single measure is not very 

accurate, so the aim of this study was to include the proximal 

femur’s geometry and BMD distribution to enhance 

prediction of fracture risk. 

Fourteen (14) cadaveric proximal femurs were DXA scanned 

and loaded to failure simulating a sideways fall. To account 

for the geometry and BMD distribution of each femur, scans 

were analysed to find a set of modes to describe the femur by 

its variation from an average model made from a training set. 

After finding the modes, a linear function consisting of them 

was trained to predict the fracture load. 

The new technique was able to predict the fracture load more 

accurately than BMD alone (R²=0.51 vs R²=0.27), suggesting 

that this technique could improve identification of those at 

greatest risk of hip fractures. 

Introduction 

Hip fractures are socially and economically costly and can 

result in 8-36% excess mortality for the patients within one 

year after the fracture [1], therefore it’s crucial to prevent it by 

early diagnosis so that protective measurements can be 

implemented. The structural strength of the proximal femur is 

dependant on its BMD, geometry, and material distribution, 

whereas the clinician’s gold standard for predicting fracture 

risk is only based on the average BMD in certain regions, 

which causes high number of misdiagnoses.  

The aim of this study was to consider bone’s geometrical and 

material distribution factors for fracture risk prediction by 

applying image processing techniques to single DXA scans.  

Methods 

Fourteen (14) isolated cadaveric femurs (62±9 years old, 

seven male and seven female) were acquired and scanned with 

a Hologic DXA scanner. The specimens were then cut mid-

diaphysis and potted in a 3" cylindrical cup using dental 

cement. To perform the mechanical testing, specimens were 

first pre-loaded to 250N and then ramp loaded to fracture at 

1mm/min.   

A training set was built from the DXA images of eight femurs. 

Seventeen (17) landmarks were assigned to the distinguishing 

geometrical features, and by averaging the landmarks 

coordinates, a template shape of the average femur was built. 

Then each femur contour was warped to the template shape to 

capture the BMD distribution from the pixels’ intensities. At 

the end, all shape and intensity data were gathered into one 

matrix and principal component analysis was applied to 

calculate the main modes of variation in the training set.  

To predict the fracture load, a linear function of modes was 

trained for the training set, and then used to predict the 

femur’s strength for the remaining specimens from their 

modes. To find the modes and describe each new DXA 

image’s shape and BMD distribution, the template model was 

altered by the modes to minimize its difference with the shape 

of the input image.  

Results and Discussion 

The average fracture load from the experiments was 

3417±741N. To describe the shape and BMD distribution, 

seven modes of variation were identified to account for more 

than 99% of the variations in the training set. 

The results of this study showed that the fracture load was 

poorly correlated with the BMD (R²=0.27) for the six femurs 

in the test group (Figure 1). This correlation increased to 

R²=0.51 when the new technique was applied.  

 

  
Figure 1. The correlation between the predicted fracture loads 

(from the new technique using image processing) and the measured 

ones from the experimental tests (blue, left y-axis). Also, the 

relationship between the areal BMD and the measured fracture 

loads (orange, right y-axis). 

 

Conclusion 

Considering the geometry and BMD distribution in addition 

to the areal BMD measured from the DXA scans can enhance 

proximal femur fracture risk prediction. By implementing this 

technique in clinical practice, people at high risk of sustaining 

a hip fracture can be identified more accurately and protective 

measurements can be used in time to prevent the fracture. 
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Summary 

To quantify functional recovery of total hip replacement 

patients following surgery, vertical ground reaction forces 

(vGRF: “return to full weight bearing”) may be used. 

However, its association with hip contact forces remains 

unclear. In this work it is shown that the vGRF impulse is the 

most representative of hip contact forces. 

Introduction 

Vertical ground reaction forces (vGRF) have been evaluated in 

total hip replacement (THR) patients’ gait to quantify their 

functional recovery compared to physiological gait patterns 

[1]. It remains unclear if vGRF collected at the foot are 

associated with hip contact forces (HCF). The aim of this 

study was to investigate the association between HCF and 

vGRF at 3, 6, 12 and 50 months after THR in a very unique 

group of patients with telemetric hip implants [2]. 

Methods 

Eight THR patients (6 males, BMI 29.8±4.7 kg/m2 and age 

56.9±6.2 years at surgery date) walked at a self-selected speed. 

HCF were collected using an instrumented hip implant [2] and 

vGRF were collected using 2 force platforms. Mean HCF and 

vGRF curves during the stance phase were calculated using 

dynamic time warping [3]. First and second peak force 

magnitudes, impulse, loading rate and unloading rate were 

calculated for HCF and vGRF. Average loading rate was 

calculated as the first peak divided by the time for the first 

peak force [4]. Average unloading rate was calculated as the 

second peak divided by the time from second peak to the end 

of the stance phase. Linear correlation analysis was performed 

with HCF as the dependent variable and vGRF as the 

independent variable. 

Results and Discussion 

Significant associations between HCF and vGRF were 

observed for loading rate at 6 and 50 months following THR 

and for impulse at 12 and 50 months (Figure 1). Peak force 

magnitudes and unloading rate did not present significant 

associations for any of the time points analysed. The 

identification of parameters such as loading rate can become 

arbitrary in pathological populations and also at slower speeds. 

Mean (±SD) loading rate and impulse values for HCF and 

vGRF at 3, 6, 12 and 50 months are presented in Table 1. 

Figure 1: vGRF vs HCF for loading rate (up) and impulse (bottom) 

for 6, 12 and 50 months following THR. Linear fits illustrate 
correlations at 6, 12 and 50 months for loading rate and impulse. 

Conclusions 

This study support that vGRF are associated with HCF when 

analysing loading rate and impulse, but apparently not 

consistently. Eventually, loading rate computations may be 

challenging at slower speeds. Thus, we feel from this small 

cohort of exceptional patients, HCF as analysed by means of 

vGRF should employ impulse analyses over any other 

parameter as indicator for functional recovery. 
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Table 1: Mean (±SD) loading rate (%BW/s) and impulse (%BW*s) values for HCF and vGRF at 3, 6, 12 and 50 months following THR. 

Variable 3 months 6 months 12 months 50 months 

Loading rate (HCF) 872.5 (149.1) 851.7 (206.6) 1039.6 (182.3) 929.5 (216.1) 

Loading rate (vGRF) 446.7 (83.6) 454.7 (132.7) 582.9 (64.8) 561.1 (148.3) 

Impulse (HCF) 158.8 (16.3) 153.7 (17.5) 143.3 (15.1) 114.7 (15.8) 

Impulse (vGRF) 60.3 (4.9) 59.2 (5.4) 56.4 (5.2) 41.9 (5.1) 
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Summary 
The Rapid Office Strain Assessment has proven to successfully 
quantify and reduce the risk of musculoskeletal disorders in 
office workers. However, since its development, many changes 
to typical office workstations have occurred as technology has 
advanced. This study incorporated those changes into ROSA to 
improve the accuracy of its risk assessments.  Laptops, cell 
phones, dual monitors, and sit-stand desks were found to have 
consistent ROSA scores associated with them and were 
believed to integrate well into the tool. 

Introduction 

Musculoskeletal disorders (MSDs) are a significant issue in 
office settings. The Rapid Office Strain Assessment (ROSA) 
[1] has been successful in quantifying and reducing MSD risk, 
however, the typical office workstation has changed 
considerably since ROSA was developed, through 
advancements in technology and research. Changes that cannot 
be assessed by ROSA currently with great specificity are laptop, 
cell phone, dual monitor, and sit-stand desk usage. Each of 
these conditions are believed to have unique MSD-specific 
challenges associated with them. To integrate these modern 
technological advancements into ROSA, similar research 
methodology will need to be applied to the initial validation 
study [1].  

Methods 

Forty-four office workers from a healthcare organization were 
recruited. Inclusion criteria were: working for at least 4 hours a 
day on electronic communication platforms, and work 
containing at least one of the test conditions (i.e. use of laptops, 
double monitors, cell phones, and/or sit-stand desks). 
Participants completed a basic information questionnaire and 
the Cornell University Discomfort Questionnaire [2]. A trained 
ergonomics consultant then performed an assessment of their 
workstation using a modified version of ROSA. Repeated 
ROSA assessments were completed for various configurations 
of laptop offices and sit to stand desks. Participants were also 
questioned about the duration and/or usage style of cell phones, 
laptops, and dual monitors during their onsite assessment. 

Results and Discussion 
Consistent ROSA scores were found for the new 
technologies/layout conditions. For laptops, laptop monitor 
area scores, keyboard area scores when using the built-in 
keyboard, and mouse area scores when using the trackpad, had  

mean (SD) scores of 3.05 (0.22) (n=39), 3.03 (0.16) (n=39), and 
3.00 (0) (n=31), respectively. Based on these findings, 3.0 will 
be the new base score in ROSA for these conditions. 
One of the major changes found since the original ROSA study 
was the decreased usage of phones to make calls. The mean 
(SD) Phone score was 0.32 (0.60), with 72.7% of participants 
having a score of 0. The mean duration of phone use in a 
workday was 0.98 (1.19) hours. The low phone area scores are 
believed to be due to the increased number of hands-free 
options today, while the comparatively low duration of use is 
attributed to the number of alternative communication and 
messaging platforms available and utilized today. 
When comparing Area Discomfort scores from the original 
study [1] and this study (excluding participants who scored <20 
in Whole Body Discomfort), increases in right shoulder, upper 
back, lower back, right and left hands/wrists, hips/buttocks, and 
left thigh were found, with the biggest increases being to the 
right hand/wrist and upper and lower back (Table 1). The 
increased usage of cell phones as communicative devices is one 
of the more prominent changes to office work since the original 
study [1] and is believed to have an effect on these scores. For 
cell phone usage, a negative correlation was also found between 
right-handed participants who had forearm support and who 
experienced discomfort in their right hands/wrists [r(38)=-
0.324, p=0.047], suggesting that forearm support when texting 
could lead to a decrease in dominant hand discomfort. Due to 
the increase in cell phone and smart phone usage since the 
original ROSA was created, incorporating these scores into the 
overall Phone score is an appropriate method to adapt to the 
changing office landscape. This could be done by scoring cell 
phone usage for texting as a +1, with forearm support either 
being scored as a 0 or +1, depending if forearm support was 
present or not. 
Dual monitors integrated well without significant changes to 
the ROSA scoring model, with the biggest consideration for 
assessors being to check the amount of neck twisting that 
occurs. There were also no significant differences found for sit-
stand versus non-sit-stand desk users in lower body discomfort. 

Conclusions 
The new workstation conditions tested in this study were found 
to integrate well with the original ROSA tool. Implementing 
these new conditions into the existing ROSA tool will facilitate 
greater tool accuracy and specificity. 

References 
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Table 1: Discomfort Scores from original [1] & current study (2019), excluding those who scored <20/1620 in Whole Body Discomfort. 
Region of Discomfort: Shoulder (R) Hand/Wrist (R) Hand/Wrist (L) Back (U) Back (L) Hips/Buttocks 
Mean (SD) Discomfort [1] 10.74 (18.68) 7.85 (20.12) 4.26 (16.18) 8.42 (15.62) 11.70 (22.71) 8.83 (21.06) 
Mean (SD) Discomfort 2019 10.86 (17.84) 15.49 (24.89) 4.81 (12.80) 12.76 (21.09) 16.96 (23.12) 9.57 (20.29) 
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Summary 

A comparison of joint coordinate systems (JCS) of the wrist 

has been conducted to provide a more clinically applicable 

alternative to the International Society of Biomechanics 

recommendations. Changes in the hand coordinate frame 

affect measurements in the JCS more than the forearm 

frame. An alternative JCS to minimise these changes has 

been identified. 

Introduction 

Segment-based coordinates systems of the wrist have been 

inconsistently defined. The International Society of 

Biomechanics addressed this with a 2005 publication, in 

which recommendations for defining joint coordinate 

systems (JCS) were made [1]. These were created through 

cadaveric study, thus difficult to implement in an in vivo 

setting. Hilstrom built on these recommendations by using 

palpable landmarks on the hand and wrist [2]. The objectives 

of this study were to compare different definitions of 

coordinate frames and establish a recommendation 

applicable to clinical scenarios. 

Methods 

14 palpable landmarks (Figure 1) of the hand and forearm 

were twice digitized on 23 participants (13 female, 1.71 

±0.08m, 68.3 ±12.7kg) and used to build two sets of 24 hand 

and 18 forearm coordinate frames.  

 

Figure 1: The palpated landmarks – Lateral epicondyle (LE) 

medial epicondyle (ME), head of radius HoR), olecranon 

process (OP), radial styloid (RS), ulnar styloid (US) heads of the 

2nd – 5th metacarpals (MCP2-5H), scaphoid process (SP), 

pisiform (PF), bases of the 2nd & 3rd metacarpals (MCP2,3B). 

Each hand frame was combined with a forearm frame to 

produce over 400 JCSs. The participants then performed 

three motions: flexion-extension (FE), radial-ulnar deviation 

(RUD), pronation-supination (PS), and dart throwing motion 

(DTM). The motions were captured with a eight-camera 

optical motion tracking system (Qualisys, Gothenburg, 

Sweden) and kinematics were calculated. The repeatability 

of the landmark digitization and the magnitude of secondary 

rotations, e.g. RUD and PS during an FE trial, were 

calculated. The magnitudes of secondary rotation were 

defined as the integral of rotations over time. These were 

normalized by the primary rotation integral. 

Results and Discussion 

The errors in landmark palpation were found to be 

comparable to previous findings, where available [3]. Figure 

2 shows representative plots for means and standard 

deviations of the secondary rotations for two sets of JCSs. 

     

Figure 2: The secondary rotations during flexion-extension for 

a representative set of joint coordinate systems of the wrist one 

forearm frame with every hand frame and vice versa.  

Conclusions 

Secondary rotations in a wrist JCS are more sensitive to 

changes in the hand frame than the forearm frame. An 

alternative JCS for in vivo study of the wrist that minimises 

secondary rotations and optimises landmark digitisation 

repeatability has been identified.  
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Summary 

Kinetic data acquired from force plates embedded in moving 
platforms naturally contain artifacts called inertial components; 
however, their removal requires knowledge of the system’s 
inertial properties. Our objective was to: develop a method for 
estimating the inertial properties and force plate inertial 
components for any instrumented platform; estimate the inertial 
properties for one specific platform; and validate the estimates 
using novel data. Ramp-and-hold (estimation) and random 
(validation) perturbations were executed to obtain the force, 
moment, and motion of the platform. Inertial properties were 
estimated by minimizing the error between measured and 
computed forces and moments. Estimates were validated by 
calculating the coefficient of determination between the 
measured and computed forces or moments. We found 
excellent agreement between measured and computed force 
plate signals. Our method can be used for removing inertial 
components from force plate signals, yielding reliable estimates 
of ground reactions in dynamic biomechanical research. 

Introduction 

Kinetic data acquired from force plates embedded in moving 
platforms naturally contain artifacts due to platform 
acceleration, called force plate inertial components. While they 
can be estimated and removed from the measured signals [1], 
the system’s inertial properties need to be known. Our objective 
was to: (1) develop a method for estimating the inertial 
properties and force plate inertial components for any 
instrumented platform; (2) estimate the inertial properties 
specifically for the Computer-Assisted Rehabilitation 
Environment (CAREN); and (3) validate the estimates with 
new experimental data. 

Methods 

Unloaded (i.e., without a human user) ramp-and-hold 
perturbations and unloaded random perturbations [2] were 
executed to obtain force, moment, and motion data for the 
CAREN platform. Unloaded ramp-and-hold perturbations were 
used to estimate the inertial properties and force plate inertial 
components. Specifically, the estimation trials consisted of 
translations in the positive direction of each of the platform axes 
followed by a return to the starting position, as well as positive 
rotations about each of the platform axes followed by a return 
to the starting orientation. Unloaded random perturbations were 
used to validate the inertial properties and force plate inertial 
components. Inertial properties were estimated by minimizing 
the error between the measured and computed inertial forces 
and moments. Obtained estimates were validated by calculating 
the coefficient of determination (R2) between the measured and 
computed forces or moments when keeping the inertial 
properties fixed. 

Results and Discussion 

The estimates of the CAREN’s inertial properties exhibited low 
variability across trials. Representative time series of the linear 
displacement of the CAREN platform and the measured force 
Fx (black line), for a random medial-lateral (x) translation in a 
validation trial, are depicted in Figure 1A and B, respectively. 
The measured force Fx is compared to the computed force FIx 
(blue line) in Figure 1B. A visual inspection and an R2 value of 
0.94 for the translation suggest the ability of the developed 
method to estimate the inertial forces in CAREN force plate 
signals. Similar results were obtained for platform rotations 
when estimating the inertial moments in CAREN force plate 
signals. Overall, an R2 value of 0.90 ± 0.08 was obtained for all 
validation trials (forces and moments; all axes). 

 
Figure 1: Representative platform motion (A) and corresponding 

force plate time series (B; black) for a random translation in 
validation trials. The measured force is compared to the computed 

inertial force (B; blue). 

Conclusions 

The developed method can be used for removing inertial 
components from force plate signals, yielding reliable estimates 
of ground reactions in dynamic biomechanical research and 
clinical assessments. 
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Summary 

The paper presents an example of a successful use of 3D 

motion analysis for forensic purposes, and tries to show the 

cases in which this analysis is helpful and offers opportunities 

to law enforcement agents. In the present case of a shotgun 

hunter a fundamental question was asked - was there someone 

else or did it by himself? There were no witnesses, cameras, or 

other sources of information, and so thorough analysis could 

actually be the only guide for investigators. Above all, in 

conjunction with information from the autopsy protocol, it was 

possible to find the weapon in relation to the body at the 

moment of the shot by means of 3D analysis in the given field 

conditions. This meant that space for another person was 

determined and, with regard to its location and size, it was 

possible to decide on the possibility of its presence. 

Introduction 

Forensic biomechanics has been dramatically shaped over the 

past 10 years in a practically separate sector of the industry 

due to some of the specific needs of its research and the nature 

of its outputs. However, the basic starting point is the detailed 

kinematic and force analyses of the investigated events. Since 

it is a human destiny, it is important not to abandon a real 

experiment and not go into the simulations as the basis for 

formulating the conclusions. The only valid starting point is 

experimental data.  

The presented example deals with the case of a shot hunter 

who was found on the ground under a high seat with a body 

shot. The bullet entered the body with the chest bone and flew 

out in the shoulders. In the open door of the high seat, the 

weapon laid with the barrel out (Figure 1). 
 

 

 

Figure 1: Scene 

Methods 

The Qualisys system was used for kinematic analysis. The 

cameras capture the movement of the markers attached to the 

monitored objects in the infrared spectrum. Therefore, the 

system is not too sensitive to light conditions, and the 

kinematic parameters of the markers are determined to be 

disproportionately simpler and most accurately compared to 

conventional video recording. Because of demolition of the 

high seat during the investigation, based on the study of 

available photographs, dimensionally faithful mock-up was 

made on which all measurements were made (Figure 2). 

 

Figure 2: Experimental workplace 

The subject of the measurements was movement of the hunter 

on the stairs. The angular variance of the shot and the weapon 

was observed in the data processing. For the found minima, 

the space in which another person with a weapon could be was 

dimensionally determined. 

Results  

Detailed measurements and subsequent analysis have found 

several possible locations of spaces for a foreign person with 

dimensions from 0.1x0.3x1.0 to 0.5x0.5x1.0m. This size 

excludes the presence of another person. 

Also, there was found the only one configuration where the 

observed lines of the shot and weapon met with other 

forensically important information - the autopsy report and the 

ballistic analysis of clothing pollution with gunpowder. 

Conclusions 

Thorough forensic biomechanical anaysis can be very helpful 

in investigating a number of cases, it can reliably complement 

the significant lack of information and thus make the 

investigation more effective. 
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Summary 

In the preparatory measurements before launching the project 

in direct connection with the prepared European legislation in 

the field of tram safety from the point of view of pedestrians, 

an interesting fact was found. In Prague, it is still possible to 

meet trams with a front part designed in the 50s of last century 

with modern low-floor machines not older than 5 years. The 

main differences are the profile, the height of the windscreen 

edge above the road and the presence, resp. absence of 

coupling in old, resp. new type. 

Removal of the coupling clearly benefits the safety of 

pedestrians, but in other aspects, the old structure seems to be 

more favourable.   

Introduction 

When a tram pedestrian collides, the frontal part of the tram 

travels through a series of body contacts with the surface of 

the tram and then with the road. The danger of these 

pedestrian contacts is determined by a number of parameters. 

Generally speaking, the impulses of acting forces play a major 

role. In terms of injuries to internal organs, acceleration is also 

significant. 

In order to increase safety, therefore, design measures are 

taken to minimize these quantities. 

The subject of the article is a presentation of measurements 

showing the importance of the height of the windscreen edge 

and the effect of the front section profile on the safety of the 

pedestrian tram.  

Methods 

Measurements were made with trams used to transport people 

out of service due to scheduled maintenance. The organization 

of the measuring station is evident from Fig. 1. 

 

Figure 1: Workplace organization 

 

The impact velocity has been set in terms of available 

statistics set to 20 km / h. The collision was recorded by a 

speedometer with a frequency set at 10000 frames / s. Since 

this was the preparatory phase of the measurement, the 

figurine was not yet fitted with accelerometers. These data 

were obtained in this case by a detailed analysis of the 

recorded video. 

Of particular interest are the initial phase of the collision when 

the tram is in contact with the thigh, shoulder, head as shown 

in Figure 2. 

 

Figure 2: Primary impact phase 

The subject of the evaluation was the acceleration that the 

dummy's head was exposed to. 

Results  

Evaluations were found on the dummy's head. An important 

aspect is the fact that head injury occurs only after a period of 

primary impact to the thighs. At that time, the body is already 

moving through this primary impact and the relative impact 

velocity of the head is reduced. The head does not hold in the 

glass but into the deformable sheet metal part.  

Conclusions 

The article wants through presented results to point out that 

even in constructions unchecked by modern means can still be 

found a very helpful inspiration for the present work. 
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Summary 

Chest and abdominal wall movements have important 

implications for monitoring patient routines. In this regard, the 

use of wearable technologies combined with data analysis can 

be a low cost and effective option to achieve this end. Here we 

set out to determine the feasibility of using accelerometry and 

machine learning to detect chest-abdominal wall patterns 

during tidal breathing. Eleven healthy participants were 

included in the study. The participants adopted a seated 

position using an array of accelerometers placed over 

respiratory auscultation points during 10 min. Following 

signals pre-processing, principal component and clustering 

analysis were performed. The Euclidean distances respect 

centroids were compared between the clusters. Two clusters 

corresponding to anatomically costal-superior and costal-

abdominal patterns were identified. This result suggests the 

possibility of detecting regional differences of breathing by 

using accelerometry.  

Introduction 

The recognition of costal-superior and costal-abdominal 

patterns is important because in many cases it can be related to 

some dysfunction. For instance, the costal-superior and costal-

abdominal patterns are observed in bronchial obstruction 

syndrome and during tidal volume, respectively [1].  

The pattern identification of chest-abdominal wall movement 

is difficult using traditional methods like optoelectronic 

plethysmography and tridimensional photogrammetry outside 

of biomechanical labs [1]. Therefore, due the lack of 

evidences regarding the use of accelerometry signals from 

sensors placed at the auscultation sites and abdominal wall to 

permit the recognition of chest-abdominal wall patterns in a 

typical clinical posture of breathing exercises (sited position) 

[2], here we set out to determine the chest-abdominal wall 

pattern through accelerometry and machine learning 

techniques of tidal breathing during seated posture in healthy 

participants. The research-hypothesis was that two ventilatory 

patterns are recognizable using accelerometers in auscultation 

points during seated posture.  

Methods 

A cross-sectional observational analytic study was conducted. 

During the experiments, all participants were seated with hip, 

knee and ankle at 90º of flexion, trunk aligned to the gravity 

vector, and arms resting along the thigh, in a seated position as 

previously described by Price et al. [2]. Participants were 

connected to an ergoespirometer to obtain a visual feedback 

about their respiration. During the assessment, a total of 13 

wireless accelerometers sampling at 149.15 Hz were used 

(Delsys, Inc., Boston, USA). They were attached to the thorax 

and abdominal skin over 10 auscultations points and 3 non-

auscultation points in the anterior front plane of thorax. Eleven 

healthy participants (5 women and 6 men) were included.  

The data was pre-processed by computing the magnitud of the 

acceleration vector, followed by a moving average and a 

second-order zero-lag low-pass Butterworth filter with a cutt-

off frequency of 0.5 Hz. The, data were standardized by z-

scores before performing principal component analysis and 

non-supervised clustering over the three principal components  

using K-means. Then signals were reconstructed in time-

domain. The Euclidean distances respect centroids were 

compared between them. Data were reported as mean and 

standard deviation. The Shapiro-Wilk test was used to confirm 

the normality of data distribution. Homoscedasticity was 

confirmed using Levene’s test. To determine the membership 

of each sensor to a cluster a proportions comparison 

proportions between cluster one and two was performed. The 

null-hypothesis assessed was: p1-p2 = 0, where p was the 

proportions values. The numbers of cluster were determined 

using the major silhouette coefficient being assessed from 1 to 

10 clusters. 

Results and Discussion 

Result is showed in figure 1. The main finding of our study is 

that accelerometers placed at skin over abdominal wall and at 

anatomical points where auscultation is performed permit to 

identify two accelerometry patterns during tidal breathing in 

seated posture in healthy participants. Anatomically costal-

superior and costal-abdominal patterns. 

 

Figure 1: Clusters recognition in PCA domain. Each point represents 
the sensor of each subject recognized in two clusters. 

Conclusions 

Anatomically costal-superior and costal-abdominal patterns 

were recognized during seated posture using an array of 

accelerometers and basic machine learning techniques.  
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Summary 

A physical model simulating the right hip joint was placed in 
known combinations of 3D rotations. Euler/Cardan angles 
were used to calculate the 3D rotations from reflective marker 
data, and different rotation sequences were compared to the 
physical model. The ‘xyz’ (proximal segment as reference) 
and ‘zyx’ (distal segment as reference) sequences gave angles 
most similar to those of the physical model. Absolute 
deviation varied with the 3D rotation of the model and was 
large enough to affect interpretation of study results for some 
combinations of rotations.  

Introduction 

Euler/Cardan angles are commonly used to quantify 3D joint 
rotations. However, this method has several limitations, such 
as crosstalk, which is amplified when rotation about the 
second axis increases [1]. Consequently, joint rotations around 
each axis are not truly independent from each other. The 
Euler/Cardan method permits six rotation sequences; the 
sequence selection affects the rotation magnitude around each 
axis. Specific rotation sequences have been recommended to 
relate data to the human skeletal system, based primarily on 
the mathematical formulations involved in this method [2].   

An alternate approach that can be used to identify the most 
appropriate sequence is through a physical model, where an 
object is placed in known combinations of 3D rotations. A 
physical model would generate reference values to determine: 
1) which rotation sequence is most accurate and 2) the amount 
of error created by crosstalk for this rotation sequence. The 
purpose of this study was to evaluate Euler/Cardan rotation 
sequences and their error using a physical model. 

Methods 

A three degree-of-freedom physical model simulating the hip 
joint was instrumented with retroreflective markers defining 
endpoints of the proximal and distal segments. The markers 
were captured using 7 optoelectronic cameras (ProReflex 
MCU 240, Qualisys, Gothenburg, SWE) recording at 100 Hz. 

The model was recorded for approximately 2 seconds in each 
possible combination of 0°, 30°, 60°, 90°, and 120° of flexion 
(X-axis), 0° and -30° of adduction (Y-axis), and -30°, 0°, and 
30° of internal rotation (Z-axis), resulting in a total of 30 
configurations.  

All data were processed using MATLAB® (R2017b, 
MathWorks®, Natick, MA, USA). Marker coordinates were 
low pass filtered using a 4th-order zero-phase lag Butterworth 
filter with a cut-off frequency of 6 Hz, and subsequently 
averaged over a 100 ms window in the midrange of the static 
recording of each configuration. Euler/Cardan angles were 
computed using ‘xyz’, ‘xzy’, ‘yxz’, ‘yzx’, ‘zxy’, and ‘zyx’ 
rotation sequences with each segment as reference segment. 

The absolute deviation and root mean square error (RMSE) 
between the Euler/Cardan and known angles was calculated 
for each rotation sequence across model configurations. 

Results and Discussion 

With the proximal segment as the reference segment, the ‘xyz’ 
sequence was most similar to the physical model, with RMSE 
= 2.1°. The same was observed for the ‘zyx’ sequence when 
the distal segment was the reference segment. However, for 
model configurations with rotation about all three joint axes, 
the maximal absolute deviation between the model and angles 
calculated using these sequences was 6.9°. All other rotation 
sequences resulted in considerably larger errors (Figure 1). 

 
Figure 1: Root mean square error (RMSE) for each rotation sequence 
with the proximal (first index) and distal (second index) segment as 

reference segment. 

Although ‘xyz’ (proximal segment as reference) and ‘zyx’ 
(distal segment as reference) had smaller errors compared to 
other sequences, the absolute deviations were of a magnitude 
that could affect interpretation of biomechanical data. 
Moreover, the absolute deviations varied with the amount of 
rotation in each axis.  Therefore, error from crosstalk can be 
minimized but not to insignificant magnitude using these two 
sequences. 

Conclusions 

Either ‘xyz’ (proximal segment as reference) or ‘zyx’ (distal 
segment as reference) are most similar to known values from a 
physical model. However, as Euler/Cardan rotations are not 
independent, rotations about all axes should be presented 
simultaneously due to variation in error with actual 3D 
rotation combinations and magnitudes.  
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Summary 

Shear wave tensiometry is a non-invasive approach that enables 

the in vivo measurement of tendon stress based on wave 

propagation speed [1]. Here, both transient and standing wave 

analyses are used to measure wave speed in isolated tendons 

subjected to cyclic axial loading. Wave speeds increased 

monotonically with loading for both methods but were 

consistently greater using the transient analysis in comparison 

to those of the standing wave analysis. 

Introduction 

Measurements of induced tissue vibrations are increasingly 

used to characterize tissue properties. For example, transient 

shear wave elastography uses wave speed measures to assess 

the shear modulus of tissues [2]. Continuous shear wave 

elastography uses steady-state forced vibrations to evaluate 

viscoelastic properties [3]. We have shown that standing wave 

analysis can be used to estimate stress in ex vivo tendons [1]. 

This prior study computed wave speed from the natural 

frequency of standing waves, and found that wave speeds varied 

with loading in a manner consistent with a tensioned beam 

model. However, standing waves generally don’t emerge in 

tendons in vivo because waves dissipate in the in-series muscle. 

Thus, transient wave analysis may be a more broadly applicable 

approach for tracking wave speed, and hence loading, in 

tendons. The purpose was to determine whether standing wave 

and transient wave analyses for tracking wave speed in axially 

loaded tendons were different. 

Methods 

Three porcine digital flexor tendons were isolated and mounted 

in an electrodynamic testing system. After pre-conditioning, the 

specimens underwent 10 loading cycles from 30 to 300 N at 1 

Hz. Shear waves were excited using impulsive piezoelectric 

taps applied transversely to the structure at 25 Hz. The 

transverse tendon motion was measured using laser vibrometers 

(PDV 100, Polytec Inc.) at two points spaced 10 mm apart. 

Transient wave speeds were computed by determining the wave 

travel time between the two points within the initial 300 µs after 

the tap (Fig. 1). Standing wave frequency was determined by 

performing FFT analysis over a region where both vibrometer 

signals were in phase. Shear wave speed, 𝑐, was estimated from 

the vibration frequency, 𝑓, assuming a first mode of vibration 

(𝑐 = 2𝑓𝐿 where 𝐿 is the tendon length). Linear regression was 

used to determine whether the relationships between tendon 

stress and squared wave speed varied between transient and 

standing wave analyses. 

Results and Discussion 

Both transient and standing wave speed measurements 

increased monotonically with stress (Fig. 2). However, 

transient wave speeds were consistently higher than standing 

wave speeds, with differences ranging from 10 to 25 m/s. The 

slope of the squared wave speed-stress relationship was 19% 

higher for the transient wave analysis (p<0.001). 

 

Figure 2: Wave speed-stress relationship for porcine digital flexor 

tendons. Plotted are the mean (±1 s.d.) wave speeds in 1 MPa bins. 

There are several factors that could underlie the dependence of 

wave speed on analysis approach. First, the higher frequency 

components in the transient wave may propagate faster, as 

predicted by a viscoelastic model [3]. Secondly, standing waves 

may emerge earlier than assumed and, if present in the transient 

window analysis, would make the waves appear closer together. 

Thirdly, wave speeds obtained via standing waves likely reflect 

the average stress across a tendon, whereas transient waves may 

be more dependent on local stress at the measurement points. 

Finally, boundary conditions may differ from those assumed in 

the standing wave analysis. Further experimental and modeling 

work is needed to understand these factors.  

Conclusions 

We measured faster transient waves than seemed evident in the 

standing wave analysis in axially loaded tendons. Further study 

of the underlying factors is important for enabling the informed 

use of shear wave tensiometry for tracking tendon loads. 
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Figure 1: Representative vibration profiles. Ttransient wave 

speeds were computed using a cross-correlation [1]. Standing 

wave speeds were calculated using vibration frequency. 

Thursday, August 01 2019: Posters (1600-1800) 454

Miscellaneous 1



Thursday, August 01 2019: Posters (1600-1800) 455

5.17 Miscellaneous Posters 1
1. Hadi Rahmanpanah: Prediction Of Load In The Equine Third Metacarpal Forelimb Through Neural Network Prediction

Algorithm

2. Andrew Vigotsky: Modeling The Spatial Distribution Of Surface Electromyogram Amplitudes

3. Zhaoyan Zhang: Biaxial Tensile Testing And Constitutive Modeling Of Human Vocal Fold Lamina Propria

4. Kyehan Rhee: Effect Of Viscoelastic Property Of Atherosclerotic Fibrous Tissue On Arterial Diameter Variation

5. Mohammad Salem: Fracture Modeling Of Cancellous Bone Using 3D Xfem

6. Saeed Mouloodi: Accuracy Quantification Of Finite Element Stress Analysis In Long Bones

7. Saeed Mouloodi: Artificial Neural Network Algorithm For Prediction Of Displacement In Equine Third Metacarpal
Bone

8. Naoko Tamada: A Role Of Feedback Signals For The Behaviour Of A Neural Oscillator

9. Hyab Mehari Abraha: Effect Of Mandibular Fracture Bone Plate Repair On Mechanics Of The Mandible During
Chewing

10. Chia-Hsuan Li: Weighting Topology Optimization Method Development For Mandible Reconstruction Under Multi-
Occlusal Force Conditions

11. Atte Eskelinen: A Mechanobiological Model For Time-Dependent Biochemically And Biomechanically Driven Degra-
dation Of Injured Cartilage

12. Naeim Akbari Shahkhosravi: Identification Of Hoof’S Material Properties Based On Hyperelastic Ogden

13. Ho Seong Ji: Flow Structure Investigation On Multi-Vessel Model Through Cfd Method

14. Kuo-Chih Su: Investigating The Biomechanical Effect Of Interbody Fusion Cage On Lumbar Spine

15. Alexander Fuchs: Temporal And Spatial Wall Shear Stress Characterization At The Renal Artery Branching Site

16. David Sproule: Biomechanical Analysis Of A Low Speed Rear-End Collision Using A Subject-Specific Madymo Simu-
lation

17. Kira Tanghe: Don’T Overestimate The Power Of The Force

18. Baharan Pourahmadi: Assessing The Masticatory Function Using A Food Breakdown Model

19. Ilya Dashevskiy: Patient-Specific Biomechanical Analysis In Computer Planning Of Dental Implant Prosthetics

20. Paul Snyder: Importance Of Skull Morphology And Blunt Impact Location In Remote Fracture Initiation

21. Carlos Escobar Del Pozo: Secondary Arteries Influence On An Aneurysm Hemodynamic

22. Najeeb Khan: Towards Convolutional Neural Networks For Finite Element Modeling Of The Tongue

Miscellaneous Posters 1
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Summary 

Equine third metacarpal (MC3) bones experience a range of 

surface strains which are a measure of displacement induced 

by mechanical loading. It is, therefore, desirable to develop an 

efficient, yet accurate, model in which the mechanical loading 

of MC3 is obtained via the induced displacement and strains. 

In this study, the ability of ANN to predict the compressive 

loading of equine MC3 bones was investigated and discussed. 

Nine hydrated MC3 bones from thoroughbred horses were 

loaded in compression in an MTS machine. Recordings of 

experiments including six components of surface strains, total 

displacement of the bones, the rate of loading, as well as horse 

age and bone side (left or right limb) were used as input 

variables of the ANN.  It was demonstrated that the proposed 

method can provide a promising outcome for prediction of 

load (R2 ≥ 0.98). 

Introduction 

Bone is a highly nonlinear, inhomogeneous and anisotropic 

material, thus determining its responses is a daunting task [1]. 

Inverse finite element analysis has to be solved to predict load, 

which most FEA packages are incapable of doing. The neural 

network is a gold standard to be employed for prediction of 

load [3] in preference to relatively inaccurate, expensive and 

time-consuming tools such as FEA. In addition, examples of 

areas where such predictive capability is of great value are the 

design and post-operative analysis of orthopaedic implants [2]. 

Methods 

Nine hydrated third metacarpal bones (B1-B9) from 

thoroughbred horses were tested in ex vivo experiments. A set 

of strain gauges was attached to the lateral, dorsal, and palmar 

cortices of the bones. Compressive loads were applied to the 

bones using an MTS machine. Displacement of the machine 

ends, the values of strains, the applied load, and the rate of 

loading were recorded. The input sector had 10 variables, 

including time (t), side (left or right limb), age (y), and strains 

(ε). The output of the simulation was the prediction of load 

being applied to the bone samples (Figure 1). 

 

Figure 1. The output of experiments was imported into MATLAB to 

train the neural networks and develop the load prediction algorithm. 

 

Results and Discussion 

The ANN model was successfully trained using ex-vivo 

measurements from B1, B3, B4, and B5. Afterwards, the ANN 

model was employed to predict the responses of B7. Figure 2a 

presents the comparison of the ex-vivo experiments and the 

load prediction of the ANN. The trend of experimental results 

is consistent with the prediction of the ANN. A force-

displacement curve recorded experimentally and that obtained 

via the ANN model are demonstrated in Figure 2b. A 

histogram of errors between the ex-vivo load and the 

prediction of the ANN is presented in Figure 2c. The outcome 

of regression analysis between experimental results and the 

prediction of the ANN model is illustrated in Figure 2d.  

 
Figure 2. The ANN model was trained using data points from B1, 

B3, B4, and B5, and then it was employed to predict the loading of 

B7. a) Comparison of the experimental forces with the prediction of 

the ANN model. b) Comparison of second cycle of force-

displacement curve. c) Histogram of errors. d) The regression model. 

Conclusions 

Artificial neural networks (nonlinear mapping approach) were 

used to solve the forward problem for the estimation of 

applied load. The ability of ANN to predict load from 

measurements of displacement, rate of loading, age, side (left 

or right limb), and strains was discussed. ANN is an 

invaluable tool for quantifying responses of long bones under 

mechanical loading.  

References 

[1] F. A. Schulte et al. (2012). Bone. 48: 433-42. 

[2] F. Galbusera et al. (2006). Biomech model mechan. 5: 253-

6. 

[3] A. A. Zadpoor. (2013). J Mech Behav Biomed Mater. 27: 

249-61. 

 

 

Thursday, August 01 2019: Posters (1600-1800) 456

Miscellaneous Posters 1
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Summary 
Muscle excitations are distributed heterogeneously within the 
muscle, resulting in local differences in the amplitude of surface 
electromyograms. The functional significance of regionalized 
muscle excitation may be studied with high-density recordings, 
but these data are high-dimensional, making them difficult to 
analyze and interpret. Thus, we assessed the ability of two 
analytical approaches, Gaussian and sinusoidal functional 
forms, to represent uni- and bimodally (one or two peaks) 
distributed surface electromyography (sEMG) amplitudes. In 
the unimodal case, Gaussian functions fit the data well and had 
physically meaningful parameter estimates; sinusoidal fits were 
poor. In the bimodal case, neither Gaussian nor sinusoidal fits 
accurately represented the underlying amplitude distributions. 

Introduction  
Single bipolar electrodes are typically used to measure and 
represent the excitation of entire muscles, based on the 
assumption that muscles are homogeneously excited. However, 
sEMG amplitudes are non-uniformly spatially distributed [1], 
suggesting that more information about muscle excitation can 
be gleaned from sEMG recordings over a large areas of muscle 
as opposed to a single bipolar electrode.  

Grid electrodes have been increasingly used to study spatial 
distributions of sEMG amplitudes [1]; however, an analysis 
problem is introduced: how can high-dimensional data be 
analyzed so that empirical data are accurately represented and 
easily interpretable? One approach is to model sEMG 
amplitudes as function of space. For instance, Gaussian 
functions provide intuitive parameter estimates; mean, 
variance, and amplitude are interpretable [1]. However, pilot 
data suggest that the number of peaks may be task-dependent, 
to which sine waves fit well. While Gaussians may fit data with 
one peak [1], they may fail if data have more than one peak. 
Therefore, we sought to evaluate the ability of both Gaussian 
and sinusoidal functions to represent simulated sEMG 
amplitudes that have either one or two peaks.  

Methods 
The medial gastrocnemius was modeled as a volume containing 
fibers [1, 2]. Single-fiber action potentials (SFAP) were 
simulated to obtain raw sEMG signals across 70 monopolar 
electrodes (5 mm inter-electrode distance). The average 
rectified value (ARV) of the sEMG amplitude was computed 
for each electrode. Unimodal distributions for a range of mean 

locations, spreads, fiber densities, and signal-to-noise ratios 
were simulated. Bimodal distributions were obtained by 
summing raw sEMG amplitudes from the unimodal simulations 
with the smallest and greatest mean locations, resulting in peaks 
at either end of the sEMG array.  

Simulated data were fit to Gaussian (uni- and bimodal) and sine 
waves using nonlinear least squares (MATLAB). Regression 
related each curve’s parameters (Gaussian: μ, σ, and amplitude 
β; sinusoid: φ, ƒ, and amplitude β) with the parameters of the 
underlying excitation distribution (location, size, and degree of 
excitation). 

Results and Discussion 

In the unimodal condition, Gaussian fits outperformed 
sinusoidal fits for all parameters (Table 1) and representation of 
the underlying signal (R2 = 0.85 ± 0.06 vs. 0.6 ± 0.2). The 
superiority of the Gaussian can likely be attributed to bias 
arising from the inability of a sine wave to fit flat regions. 

In the bimodal condition, neither Gaussian nor sinusoidal fits 
accurately represented the underlying signals (Table 1; R2 = 0.5 
± 0.3 and 0.01 ± 0.01 for Gaussian and sinusoidal fits, 
respectively). This could be due to the sharp peaks in the data, 
which leads to bias in both the Gaussian and sinusoidal fits. 

These data provide insight into what Gaussian and sine fits can 
and cannot represent. These analytical approaches may perform 
differently in different muscles or with empirical data. 

Conclusions 
In agreement with previous work [1], Gaussian functions can 
be used to reduce the dimensionality of sEMG data that have 
one peak. Functional forms other than Gaussian and sine waves 
may be needed to reduce the dimensionality of sEMG 
distributions with more than one peak. 
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Table 1: Coefficients of determination (R2) of model parameter with the location, size, and degree of simulated regions of excitation. 

Parameter Gaussian μ1 Gaussian σ1 Gaussian β1 Gaussian μ2 Gaussian σ2 Gaussian β2 Sine φ Sine ƒ Sine β 
Unimodal R2 > 0.99 0.98 0.76    < 0.01 < 0.01 0.11 
Bimodal R2 0.5 < 0.01 0.06 0.5 0.01 < 0.01 < 0.01 < 0.01 0.11 
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Summary 

The vocal fold lamina propria plays an important role in 
human voice production and control.  The lamina propria is 
often divided into the superficial, intermediate, and deep 
layers, with each layer of distinct mechanical properties.  This 
layer-wise distinction in mechanical properties is generally 
considered essential in producing different voice types.  
However, due to the small size and irregular shape, and 
difficulty of access, mechanical characterization of each layer 
is almost impossible in humans.  Thus, it is desirable to 
develop a structural constitutive model that links underlying 
structural characteristics of the lamina propria to its 
mechanical properties so that the properties of each lamina 
propria layer can be predicted.  In this study, we developed a 
structural constitutive model based on previous imaging 
findings.  The model was shown to be able to explain recent 
biaxial tensile testing results of human lamina propria at 
different vocal fold elongation conditions.   

Introduction 

Human voice is produced by the vibration of the vocal folds.  
The vocal folds include a muscular inner layer and an outer 
lamina propria layer.  The lamina propria itself includes a 
superficial layer with limited and loose elastin and collagen 
fibers, an intermediate layer of dominantly elastin fibers, and a 
deep layer of mostly dense collagen fibers [1, 2].  While this 
layer-wise structural difference and the resulting difference in 
mechanical properties has long been considered important to 
human voice production and control [2], its specific functional 
role still remains unclear, partially due to the difficulty of 
dissecting each layer for direct mechanical testing.  The goal 
of this research was to develop a structural constitutive model 
that relates the structural characteristics of each lamina propria 
layer to its macro-mechanical properties.    

Methods 

Our previous imaging studies showed that both collagen and 
elastin fibers contribute to the stress-strain curve, with 
collagen recruitment responsible for the large nonlinear 
behaviour at relatively large strains whereas recruitment of 
elastin fibers contributing to slight nonlinearity of the stress-
strain curve at moderate strains.   Based on these findings, a 
structural constitutive model was developed based on 
formulations of Lanir [3] and Sacks [4].  The strain energy 
function included an isotropic term, representing contributions 
from the ground substances, and three anisotropic terms, 
representing contributions from the recruitment of the elastin 
and collagen fibers and fiber-matrix interaction, respectively.  
The recruitment of both collagen and elastin fibers was 
modelled by a Beta function, and the fiber orientation 
distribution was approximated by a Gaussian distribution. To 
investigate the applicable of this model to vocal fold lamina 

propria, biaxial tensile testing was performed on a specimen of 
human lamina propria, and the model was curve fitted to the 
biaxial data.   

Results and Discussion 

The biaxial tensile testing showed strong cross-axis 
interaction. Vocal fold elongation along the anterior-posterior 
direction, along which most fibers are aligned, can 
significantly increase stress along the transverse direction, 
along which dominant vocal fold vibration occurs.  In general, 
the model was able to curve fit the experimental data of 
multiple biaxial testing conditions reasonable well, an 
example of which is shown in Figure 1.  The curve fitted 
stiffnesses of the elastin and collagen fibers were generally of 
the same order of magnitude as reported in previous studies 
[5]. However, the performance of curve fitting decreased for 
biaxial data spanning a wide strain range (e.g., stretch range 
from 1 to 1.6). 

 
Figure 1: Example of the model (lines) curve fitted to biaxial tensile 

testing data (symbols).  In each test, the specimen was stretched 
along one axis and kept at constant strain along the other axis. 

Conclusions 

The structural constitutive model was able to reproduce 
observations from biaxial tensile testing, indicating its 
potential capability of predicting mechanical properties of 
individual lamina propria layers.  
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Summary 

Arterial wall motion was analysed in the atherosclerotic 

plaque models to study the effect of wall tissue viscoelasticity 

and lipid core stiffness on wall displacement waveforms. A 

typical slice of the patient’s IVUS data was modelled, and the 

anisotropic and viscoelastic behaviour of tissue was 

considered. Two-dimensional transient analysis was 

performed using a commercial structure analysis software. 

The maximum radial wall displacement (DRmax) and the time 

delay between the pressure and displacement waveforms (DT) 

were increased as the relative moduli of a Prony series 

increased. DT was larger while DRmax was smaller for the 

stiffer cores.  DT was suggested as an index to assess plaque 

wall stability, because it was decreased for the plaque with 

more viscous nature (higher smooth muscle cell content) and 

harder lipid core (lower lipid content). 

Introduction 

Morphological criteria of plaque rupture have been used to 

assess plaque vulnerability, but morphological examination 

studies showed that large portion of thin cap plaques with high 

luminal narrowing did not ruptured. Rupture of atherosclerotic 

plaque is related to mechanical stress, morphology and tissue 

composition of plaque wall. Because smooth muscle cells 

(SMCs), which confer stability to plaque rupture, influence the 

wall viscoelasticity, the effect of tissue viscoelastic properties 

on luminal wall displacement variation was studied using a 

computational method. 

Methods 

A typical slice of the patient’s IVUS data, which had an 

eccentric plaque with a blunt crescent shape lipid core was 

selected for analysis. The anisotropic material parameters used 

for fibrous plaque tissue, and viscoelastic behaviour of it was 

considered using a generalized Maxwell model. The plaque 

tissue with more viscous nature was modelled by increasing 

the relative moduli of a Prony series by 50% (1.5 P Model) 

while the plaque tissue with less viscous nature was modelled 

by decreasing them by 50% (0.5 P Model). Necrotic core was 

assumed to be isotropic and incompressible with Young’s 

modulus of 1kPa. Two-dimensional transient analysis was 

performed force using a commercial structure analysis 

software (Ansys Workbench, ANYSYS Inc. Canonsburg, PA) 

assuming plain strain. Luminal wall was loaded with a 

pulsatile pressure waveform and outer the wall was fixed in all 

directions. The radial wall displacement waveforms were 

analysed at the luminal wall of the fibrous cap.  

Results and Discussion 

 

 

Figure 1: The maximum radial wall displacement (upper panel) and 

the time delay between the pressure and displacement waveforms 

(lower panel) 

The maximum radial wall displacement (DRmax) and the time 

delay between the pressure and displacement waveforms 

(DT)were increased as the relative modulus increased at the 

luminal wall with the cap thickness of 0.42 mm (Fig. 1). 

Increase of the relative moduli of the viscoelastic model 

enhanced viscous nature while it decreased the stiffness of 

wall tissues. This corresponded with the effect of increased 

SMC content on tissue viscoelasticity. Young’s modulus of 

the lipid core was increased to 10 kPa to model hard lipid core. 

DT was larger while DRmax was smaller for the stiffer cores. 

Stiffer core implies decreased phospholipid concentration 

which promotes plaque stability. Increasing core stiffness also 

increased DT while it decreased DRmax.  

Conclusions 

Arterial wall motion was analysed in the atherosclerotic 

plaque models to study the effect of wall tissue viscoelasticity 

and lipid core stiffness on wall displacement and the time 

delay between the pressure and wall displacement waveforms. 

DT was suggested as an index to assess plaque wall stability, 

because it was decreased for the plaque with more viscous 

nature (higher SMC content) and harder lipid core (lower lipid 

content).  

Acknowledgments 

This work was supported by the Research Fund (NRF-

2017R1A2B4004439).

 

Thursday, August 01 2019: Posters (1600-1800) 459

Miscellaneous Posters 1



 

Fracture modeling of Cancellous Bone using 3D XFEM 

 

Mohammad Salem1, Lindsey Westover2, Samer Adeeb3, Kajsa Duke2 
1Department of Mechanical Engineering, University of Alberta, Edmonton, AB, Canada 

2Faculty of Mechanical Engineering, University of Alberta, Edmonton, AB, Canada 
3Faculty of Civil and Environmental Engineering, University of Alberta, Edmonton, AB, Canada 

Email: salem1@ualberta.ca  

 

Summary 

The objective of our study is to develop an XFEM model of 

cancellous bone specimen in 3D that is capable of accurately 

predicting the onset and propagation of cracks under 

mechanical loading.  

In order to do so, the micro-CT scan data of cancellous bone 

was converted into 3D geometry. Material properties of 

trabecular tissue and other XFEM parameters were assigned to 

the model to quantify the stiffness and strength along 

longitudinal direction.  

The results revealed there is no difference in stiffness between 

tension and compression. Also, the strength and failure strain 

are higher in compression than tension. The results were found 

to be in a good agreement with literature.  

XFEM model in 3D is capable of simulating the failure and 

fracture in cancellous bone. Also, this model can be a valuable 

tool to predict the mechanical characteristics of cancellous 

bones. 

Introduction 

XFEM analysis has become one of the widely used techniques 

in biomechanics for predicting and modelling fracture in 

different bones. In numerous studies e.g. [1] XFEM technique 

has been employed to model fracture mechanisms in cortical 

bones. However, there is no specific study that utilized XFEM 

to predict fracture in cancellous tissue. 

In our study a 3D XFEM model capable of predicting the 

fracture behavior of cancellous bone tissue was developed. 

The mechanical behaviors of cancellous bone contain stiffness 

and strength were extracted, analyzed and compared to the 

literature. 

Methods 

Micro-CT scan data of cancellous bone of human forearms 

was converted into 3D STL geometry by ImageJ software. 

Afterward, the 3D geometry was cropped to a cubic specimen 

with side lengths of 1.75mm in Geomagic software and 

imported to the ABAQUS software. 

The defined material properties and damage evolution 

parameters of cancellous bone are listed in table 1. One side of 

the specimen was fully constrained in the longitudinal 

direction and a displacement was applied on the other side of 

the specimen to the point where the load drops in load-

displacement graph. C3D4 (4-node linear tetrahedron) 

elements were selected in simulation.  

Results and Discussion 

The stress-strain curves in both tension and compression are 

shown in Figure 1. The tensile and compressive strength 

values are 21.31MPa and 25.74MPa respectively. The strength 

is higher in compression than tension which agreed with 

trends reported by [2]. According to Figure 1, there is no 

difference in stiffness between tension and compression. The 

stiffness determined to be 572MPa which is consistent with 

values reported from [3]. Additionally, the failure strain is 

higher in compression than tension which is consistent with 

[3]. 

 

Figure 1: Stress-strain curves in Z-direction for compression and 

tension  

Conclusions 

XFEM model in 3D can be a valuable tool to model the 

fracture mechanism in cancellous bone tissue. This model is 

capable of estimating the mechanical characteristics of 

cancellous tissue. 
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Table 1: Material properties of cancellous tissue used in 3D XFEM modeling 

Max principal 

strain 

Fracture 

Energy 

(mJ/mm2) 

Young’s 

Modulus 

(MPa) 

Poisson’s 

Ratio 

Yield Stress 

(MPa) 

Ultimate 

stress (MPa) 
Yield Strain 

Ultimate 

Plastic Strain 

0.38 0.01 4100 0.3 166.5 172.5 0.04 0.34 
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Summary 

A 6000% increase in the number of finite element papers 

published between 1980 and 2009 has been reported [1]. 

However, finite element convergence and error analysis have 

not been adequately addressed in the literature. In this study, 

fundamental relations of finite element convergence analysis 

were developed to achieve an error of no more than 1%. This 

model achieved an FEA error of 0.12% in the smallest number 

of iterations possible. The outcome of this study will assist 

investigators in generating reliable 3D models. 

Introduction 

Identifying the strains and stresses to which bones are exposed 

will assist in elucidating the reasons for fractures and locating 

their most likely sites. Finite element analysis (FEA) is a 

leading tool for this purpose. An essential part of an FEA 

should be dedicated to convergence and error analysis prior to 

publishing the results. However, this has been overlooked in 

most studies, which could result in misleading outcomes.  

Methods 

Ten equine third metacarpal (MC3) bones were taken for CT 

imaging and a 3D model of the bones was created using 3D 

slicer and ANSYS 19.0. 10-node quadratic tetrahedron and 

20-node quadratic hexahedron elements were assigned to the 

models. Boundary condition and compression force were 

applied to the FE model. The following formula needs to be 

satisfied for convergence analysis: 
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Where  indicates stress tensor, and i is node or element 

identification number. Additionally, a displacement-based 

error was employed to identify poorly shaped elements 

causing error or inaccuracy in the results. This starts with the 

total potential energy of the bone samples: 
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where Ub is the potential energy of the bones and W expresses 

the work done by external forces.  

The difference between the average nodal stress and the 

element nodal stress is the structural stress error at node n of 

element i: 
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n  is nodal stress at node n of element i, and N is the number 

of adjacent elements which are connected to node n. 
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Where
b

i
E  is the energy error for element i of the bulk and Nb 

is the number of solid bulk elements. 

Results and Discussion 

Design rules developed in this study could reduce the error of 

computed stress to the mean value of 0.68% (±s.d. 0.32%) 

(Figure 1). Even though the analysis for all the bone samples 

was commenced by assigning fine meshes on the models, a 

considerable error existed in the outcome of the first 

simulation (roughly 6%). Eventually, by employing the 

methods discussed in this study the error substantially 

decreased. In each solution iteration, the bone samples 

underwent a precise mesh refinement process and the solution 

completed when the desired accuracy (±1% error) was 

satisfied.  

 

Figure 1. FE error analysis ends up with 0.68% (±0.32%) error in 4th 

solution 

Conclusions 

The current study enhances biomechanical investigations in 

achieving and publishing reliable stress and strain results.  
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Summary 

An artificial neural network (ANN) has recently been used in 

conjunction with finite element analysis (FEA) to study 

different aspects of bone tissue adaptation. Data is limited in 

the literature to predict displacement in long bones from the 

measurements of strains and load using ANN. An ANN which 

was trained using ex-vivo measurements of two long bones 

could successfully predict the displacement field of other 

bones (R2 > 0.997). 

Introduction 

ANNs have several advantages compared to other nonlinear 

techniques. For example, they are very general and can be 

employed in several disciplines. They are also useful in cases 

where employing forward finite element analysis (FEA) is 

time-consuming [1]. Quantification of displacement from the 

measurement of strains in complex structures such as long 

bones using ANN is innovative. ANN is a valuable alternative 

over relatively inaccurate and expensive tools such as FEA.  

Methods 

Three hydrated equine third metacarpal bones (B1, B2, and 

B3) from thoroughbred racehorses were used in the in vitro 

experiments. A set of strain gauges was attached to the lateral, 

dorsal, and palmar cortices of the bones. Compressive loads 

were applied to the bones using an MTS machine. 

Displacement of the machine ends, the values of strains, the 

applied load, and the rate of loading were recorded. The input 

matrix is comprised of column vector of time (t), loads (l), and 

strains (ε), while the output is a column vector of displacement 

(d) of the samples. The ANN model was trained using 3250 

noisy samples data points from B1 and B2 (λ=100), and then it 

was employed to predict the cyclic displacement of B3.  

 
Figure 1. The output of experiments for training ANN and predicting 

displacement in long bones. 

Results and Discussion 

The regression model (Figure 2b) showed a significant 

correlation between the ANN prediction algorithm and the 

displacement recorded experimentally. The trend of ANN in 

predicting cyclic displacement was consistent with that of the 

experimental one. When the size of the training dataset 

(sample data points) was large enough, there was no 

noticeable difference between the B3 experimental data and 

the ANN in the estimation of displacement. However, with 

decreasing data points the accuracy of the predictions 

decreased. Fundamentally an ANN that is trained with 

samples from merely one bone has limited ability to predict 

the deformation of other bones. Therefore, it is worthwhile to 

train the ANN with more samples using enough data points.  

 

Figure 2. a) The trained ANN using measurements of B1 and B2 

successfully predicted cyclic loading of B3. b) The regression model. 

Conclusions 

The ability of ANN in predicting displacement from 

measurements of load, rate of loading, and strains was 

discussed. ANN is an invaluable tool for quantifying 

responses of long bones under mechanical loading.  
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Summary 
The neural oscillator proposed by Matsuoka can generate 
complicated and periodic signals by some of the variable 
parameters and feedback signals. In this study, the relationship 
among the output signals, the variable parameters and 
feedback signals was analyzed numerically. In the analysis, a 
feedback signal was regarded as a sine wave. As the result of 
the analysis, when the feedback signal was smaller than a 
constant term, the neural oscillator showed the same period as 
the feedback. When the feedback was large enough, the neural 
oscillator allowed us to make stable signals in the many 
combination among the parameters, while many of the output 
signals showed a different period from the feedback signal. 
Thus, the feedback signals should be notably important to 
decide the behaviour of the neural oscillator. 

Introduction 
The neural oscillator model by Matsuoka behaves 
complicatedly and periodically by some of the variable 
parameters [1]. However, the relationship between the variable 
parameters and the output signal as the behavior of the neural 
oscillator has not necessarily been elucidated, especially when 
the neural oscillator has feedbacks from a control subject. Liu 
et al. used a mass-spring-damper system to reproduce a 
feedback signal, but the control subject was the specific 
system and the parameters were analyzed in a small range [2]. 
In this study, a feedback was generalized as a sine wave, and 
then the relationship between variable parameters and the 
behaviors of a neural oscillator was numerically analyzed. 

Methods 
The neural oscillator model [1] is expressed by the following 
equation (1) ~ (3). In this study, a feedback of the control 
subject was modeled by a sine wave as shown in eq. (1). 

               (1) 

               (2) 

               (3) 
Here, xi is an activity of the neuron i, zi is an adaptation effect 
by fatigue, yi is an output of the neuron i. The variable 
parameters are aij, b, Ta, Tr, ui and fb. These parameters decide 
yi as behavior of the neural oscillator. Also, T is period of the 
sine wave and t [s] is time. In this study, the effect of aij (=0.2 
to 4.0), fb (=3, 100), T (=0.1, 0.5, 2.0) and Ta/ Tr (=1/2 to 1/100, 
Ta=3.31) for the output signals were analyzed numerically, 
while ui = 10 is regarded as a constant. When the transient 
response finished within three seconds and kept periodically 
stable in 30 seconds except for the transient duration. The 
neural oscillator was recognized to adapt quickly to the 
feedback signals, and to generate a periodic signal. Then, the 

period TN of the output signal was mapped as to the variable 
parameters. 

Results and Discussion 
Figure 1 shows the distribution of the period TN as to aij and 
Ta/Tr. When the feedback coefficient fb is small (Figure 1: top 
row), the output signals show the TN = T in the many 
combinations between aij and Ta /Tr. On the other hand, when 
fb is much larger than ui (Figure 1: bottom row), the 
relationship between aij and Ta /Tr decreases unstable regions 
in the maps except for T = 0.1[s], and increases the regions 
with a different period from T. As the results, when fb < ui, a 
feedback doesn’t affect enough the neural oscillator and then 
the neural oscillator should behave just like a pair of neurons 
without feedbacks. Also, this condition could allow a neural 
oscillator to make easily the output signal with the same 
period T as the feedback. On the other hand, when fb > ui, the 
feedback affects the output signal more than ui, and the neural 
oscillator could adapt easily to a control subject. Thus, this 
study could be useful to elucidate the relationship between aij 
and Ta/Tr, and an important role of fb compared to ui. 

Conclusions 
The neural oscillator model proposed by Matsuoka was 
analysed numerically. As a result, when a feedback was small, 
the output signal of the neural oscillator generated easily the 
output signal with the similar period to the feedback signal. 
On the other hand, when the feedback was larger than constant 
term, the neural oscillator tended to make a stable signal while 
the period was different from the feedback. 

References 
[1] Matsuoka K. (1985). Biol Cybern, 52: 367-376. 
[2] Liu CJ et al. (2012). IEEE 3rd Global Cong on Intel Sys: 

342-347. 

1

Tr
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Figure 1: Distribution of period TN of neural oscillator signals for aij 
(vertical) and Ta/Tr (horizontal). Note: Dark blue (TN = T), Light blue 
(Tn � T), and White (unstable: not periodicity or quick adaptation). 
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Summary 
This study uses a previously validated computer simulation 
(finite element model - FEM) of a healthy rhesus macaque to 
test the effect of fracture repair implants (plates and screws) 
on bending and deformation (stress/strain) in the mandible 
(lower jaw) during chewing. The results of our FEM provide 
important preliminary data for future in vivo studies that will 
aid in the design of mandibular implants optimized for bone 
healing while minimizing post-operative complications. 
Introduction 
Mandible fractures account for approximately 30-40% of 
skull trauma [1]. Treatment aimed at restoring mandibular 
function and aesthetics by immobilizing the fracture with 
fixation mini-plates and screws is not free of morbidity [2].  
Approximately 10–30% of mandibular fracture patients 
experience postoperative complication, which can require 
costly secondary surgery [2]. Previous research has proposed 
that post-surgical complications are, in part, due to bone 
strain patterns in the fracture/implant zone that are not 
conducive to healing [3]. To optimize mandibular fracture 
repair, it is important to determine how implantation affects 
the strain environment of the mandible during dynamic 
activities like chewing. However, major limitations of 
existing in vitro, and finite element analysis (FEA) on 
human (cadaveric), sheep and pig mandibles are that they a) 
make assumptions/simplifications regarding how the jaw is 
loaded during chewing, and b) lack adequate in vivo 
validation [3]. Our study is the first to determine the effect of 
mandibular angle plates and screws on bone strain in the 
mandible during chewing using a validated FEM [4]. We 
hypothesize that by increasing the rigidity of the mandibular 
angle to maintain fracture stability, the plates and screws 
affect torsion of the mandibular corpora and increase strains 
in the bone-implant interface. 
 
Methods 
Our study used model geometry from an existing validated 
FEM of a healthy female rhesus macaque mandible (Macaca 
mulatta) [4, 5]. We created an artificial osteotomy (surgical 
cut) in the left (chewing side) mandibular angle of this 
mandible and repaired it (in silico) with 2.0 mm two-
miniplate monoplanar fixation. Muscle forces, constraints 
and material properties were assigned based on subject-
specific in vivo and ex vivo data, collected as part of previous 
publications [4, 5]. To determine the effect of fracture repair 
plates/screws compared bending and deformation (stress and 
strain) regimes between healthy and fractured FEMs. 
 
 
 

Results and Discussion 
Preliminary results show that mini-plates and screws 
increase principal strain magnitudes at the bone implant 
interface by approximately 10 orders of magnitude (Figure 
1). Monoplanar fixation also affects torsion of the left 
(chewing) and right (non-chewing) mandibular corpora. 
 
 
 
 

 
 

 
 
Figure 1: Left side view of maximum (ε1) and minimum (ε2) 
principal strains in healthy (A) and fracture fixation/plated (B) 
FEMs of rhesus macaque mandible under simulated chewing. 
Conclusions and Future Directions 
Preliminary findings demonstrate that two-miniplate 
monoplanar fixation affects the deformation, stress and 
strain regimes in the mandible during chewing. However, 
one important limitation is that all FEMs are assigned 
muscle forces based on data recorded from one time point 
during the power stroke, and in a healthy animal. Therefore, 
this study will form the foundation for future in vivo work 
assessing the effects of mandible fracture fixation on muscle 
activation patterns and jaw kinematics during a complete 
chewing cycle. 
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Summary 

The implant failure for large defects is usually induced by 

unfavorable stress distribution due to unsuitable structural 

design in mandible reconstruction. Topology optimization is 

usually applied to solve structural optimization under one 

loading condition and cannot be applied to a specific 

mandible region with multi-occlusal forces. In the developed 

weighting topology optimization method combined with 

finite element analysis for large defect mandible 

reconstruction, unnecessary material can be removed to 

avoid implant failure resulting from excessive weight and 

the mandibular implant can be strengthened enough to 

withstand the complex occlusal loads. 

Introduction 

The implant failure for a large defect is usually induced by 

unfavorable stress distribution due to unsuitable structural 

design in mandible reconstruction. Topology optimization is 

usually combined with finite element (FE) analysis to 

calculate the structural optimization for artificial implant [1]. 

However, the optimal structure is obtained only under a 

single loading condition and is unsuitable for application to a 

specific mandible region with complex occlusal behavior.  

This study develops a novel mandible reconstruction method 

by combining topology optimization and FE analysis to 

explore a patient-specific mandibular implant with 

consideration of various occlusal loading conditions. 

Methods 

A defect mandible and designed implant from premolar to 

molar with four crowns restricted by the bone contour and 

occlusal function was constructed to perform FE simulations. 

Two structural optimizations (TopoA and TopoO) can be 

obtained through combing FE analysis and topology 

optimization under the axial and oblique occlusal loading 

conditions, respectively. The optimal defect-specific 

mandibular implant structure (Weighted) can then be 

obtained using the pseudo-density of elements as the 

calculation index according to the weighting consideration 

based on previous TopoA and TopoO models.  

Results and Discussion 

The simulated results showed that the volume reduction ratio 

of the models by optimization under axial loading, oblique 

loading and weighting integration were 72.4%, 69.5% and 

71.8%, respectively, when compared to the original solid 

model (Figure1).  

Comparison of all models with the maximum equivalent 

stress, the topologically optimized models, i.e. TopoA and 

TopoO had better mechanical abilities than both the original 

solid and void models (Figure2). However, the TopoA 

model was found to have increasing stress value under the 

oblique load. After calculation for weighting consideration, 

the weighted structure can further reduce the equivalent 

stress that becomes greater to afford different occlusal loads 

with the goal of volume reduction and structural 

optimization. 

 

Figure 1: The developed mandible reconstruction workflow shows 

the result structural models through topology optimization and FE 
analysis.  

 

Figure 2: The mechanical FE analysis results from the original and 

optimized models. The equivalent stress distribution results are 
shown under the oblique load. 

Conclusions 

This new developed method based on topology optimization 

and weighting integration can be applied to patient-specific 

defect regions and dental implant positions providing 

optimal structures with reduced weight under certain 

strength demands for mandible reconstruction.  
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Summary 

Healthcare lacks effective tools to identify patients in danger of 
post-traumatic osteoarthritis progression. Knee joint 
inflammation and excessive shear strains due to mechanical 
loading post-injury have been suggested to promote the disease 
progression. We developed a mechanobiological algorithm to 
capture cartilage degeneration in a time-dependent manner via 
these two mechanisms. This computational approach holds 
promise to predict disease progression in time and to provide 
help in planning of clinical interventions.  

Introduction 

A joint trauma may induce chondral lesions and undermine 
functioning of cartilage, ultimately leading to post-traumatic 
osteoarthritis (PTOA). Knee joint tissues react to trauma by 
secreting messenger proteins, such as pro-inflammatory 
cytokine interleukin-1 (IL-1), which launch acute inflammation 
signalling cascades that promote tissue degradation [1]. Besides 
diffusion of IL-1 into tissue, elevated levels of shear strain due 
to loading have been suggested to affect cartilage degeneration 
[2,3]. Here, we present a finite element (FE) model including 
both mechanisms to predict the progression of early PTOA via 
loss of fixed charge density (FCD) of proteoglycans. 

Methods 

A 2D fibril-reinforced porohyperelastic FE model in the cross-
sectional plane with a lesion geometry obtained from [4] was 
created. The FCD reduced in the biochemical model based on 
diffusion of IL-1 [1,5], while it reduced based on the excessive 
maximum shear strain in the biomechanical model (Fig. 1) [3].  

 

Figure 1: (A) Diffusion of cytokine interleukin-1 into cartilage was 
assumed to cause loss of fixed charge density (FCD) [1]. This matrix 

loss has been observed experimentally [5]. (B) Increased levels of 
shear strain were assumed to lead to localized FCD loss near defects 

[2,3]. Similar FCD loss has been observed experimentally [4]. 

The biochemical model included time-dependent diffusion of 
IL-1 and subsequent FCD loss, based on differential equations 
presented earlier [1]. In the biomechanical model, the time-
dependent tissue degradation was achieved via an exponential 

degeneration rate. This rate captured well experimentally 
shown early loading-associated matrix loss [6] and matched the 
experimentally observed localized FCD loss in injured and 
dynamically loaded samples at days 7 and 12 [4]. The 
biomechanical degeneration threshold was 50% of the 
maximum shear strain, which was found to match model 
predictions and experimental findings [4]. The combined model 
multiplied the biochemical and biomechanical degeneration 
rates to predict the simultaneous effect of both mechanisms. 

Results and Discussion 

The biochemical model predicted progressive FCD loss in time 
near the free surfaces, consistent with experimental findings 
(Fig. 2A). The biomechanical model showed decreased FCD 
content only near the defect (Fig. 2B). The combined model 
showed progressive FCD loss near the free surfaces and 
especially near the defect (Fig. 2C). Next, we aim to conduct 
new in vitro studies including these degradation mechanisms at 
several time points, and calibrate and validate the algorithm.  

 
Figure 2: Fixed charge density (FCD) adaptations to biochemical and 
biomechanical cues. Initial and simulated FCD concentrations when 

(A) biochemical, (B) biomechanical, and (C) both degradation 
mechanisms were implemented. 

Conclusions 

The developed mechanobiological algorithm was capable to 
predict FCD loss via biochemical and biomechanical 
mechanisms and has potential to identify lesions in danger of 
promoting PTOA progression. 
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Summary 

Finite element models have been used to study the mechanical 

responses of the equine hoof. The hoof is made up different 

tissues, including the sole, flexor and extensor tendons, frog, 

navicular bone, middle phalanx, hoof wall, distal phalanx, 

laminar junction, and digital cushion [1]. These tissues exhibit 

different material properties. In previous studies, to simplify 

the problem, these tissues have been considered to be linear 

elastic materials, although they show hyperelastic behavior 

[2]. In this study a sample hoof was taken for CT imaging and 

then modelled in CAD. Data available in the literature was 

used to achieve the parameter values of the hyperelastic 

Ogden model. This study is an important step to make hoof 

biomechanical models more accurate. 

Introduction 

Identifying mechanical properties is an essential part for FEA 

and the accuracy of results depends on it. Soft tissues show 

large deformations under loads, so a common linear elastic 

material model based on small deformation theory is not 

suitable for their modelling because it assumes a linear elastic 

behaviour [2]. These tissues have hyperelastic behaviour and 

there are different material models to characterise hyperelastic 

materials. Among them the hyperelastic Ogden model has 

been receiving considerable attention, but this model has not 

yet been fully incorporated into hoof models. 

Methods 

An apparently normal equine hoof was taken for CT imaging 

and a 3D model of the different components created using 

commercial software 3D slicer and ANSYS. Strain-stress 

curves in the previous literature were found and parameter 

values of the hyperelastic Ogden models were identified from 

them using MATLAB coding. According to hyperelastic 

Ogden models an energy function W exists in the hyperelastic 

material model which represents the mechanical 

characteristics and is a function of elongation ratios of the 

principal axes λ. 

1 2 3
( , , )W W   =

 
(1) 

 Ogden models are expressed as follows: 

Ogden models are expressed as per equation (2): 
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where αn and µn are constants and are determined by fitting 

equation (2) to the experimental data. 

Results and Discussion 

The hyperelastic Ogden model formula with a third-order term 

(N = 3) was used in this study. Table 1 shows a list of αn and 

µn for the laminar junction. The related strain-stress curve was 

obtained from the literature [1]. For hard tissues, a linear 

elastic behaviour was considered and related data is based on 

previous investigations [1]. At the end a 3D model of the hoof 

including different components was produced including more 

accurate material properties of each part. This model is ready 

to be imported into simulation software. Figure 1 shows a 3D 

model of the hoof. 

 

Figure 1: 3D model of the hoof. 

Conclusions 

In this study by using MATLAB coding, 6 parameter values of 

an Ogden hyperelastic model were obtained from previous 

data of stress-strain curves of different parts of the hoof. This 

is a first step for accurate modelling of hoof biomechanics. 
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Table 1: list of αn and µn for the laminar junction. 

Laminar 

junction α1 α2 α3 µ1 µ2 µ3 
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Summary 

To provide the detailed 3-deimensional flow structures on 
simplified multi-vessel model based on angiogram through 
Commercial CFD (CFD-ACE R12) Analysis. The mesh was 
combined with structured and unstructured grid. Sinusoidal 
pulsatile flow condition was employed as the inlet condition of 
the flow media. 

Introduction 

Because of modern dietary life, cardiovascular disorder 
including stenotic lesion on coronary artery rapidly increase in 
Western countries and Developing countries. According to the 
WHO statistics, circulatory disorders including ischemic heart 
disease and stroke are the most important cause of sudden death. 
From this sense, the hemorheologic and hemodynamic 
characteristics of human blood passing through circulation 
networks have recently been receiving great attention in various 
interdisciprinaly research fields.  

From the clinical point of view, detailed flow feature through 
multi-vessel stenotic lesion placed on coronary artery may 
provide a great interesting to the internal clinician related with 
interventional procedure.  

We would like to provide the detailed 3-deimensional flow 
structures on simplified multi-vessel model based on angiogram 
through Commercial CFD Analysis.  

Methods 

To investigate the detailed flow structure on simplified multi-
vessel model based on angiogram, commercial CFD analysis 
(CFD-ACE R12) was employed in this study. Sinusoidal 
pulsatile flow condition was employed as the inlet condition of 
the flow media. 

By using simplified multi-vessel model based on clinical 
angiogram, geometrical model was constructed and grid was 
generated as Table. 1. 

Results and Discussion 

Figure 1 shows the grid generation on simplified multi-vessel 
model. 

 
Figure 1: Grid Generation on multi-vessel model. 

The mesh was combined with structured and unstructured grid. 

Future Works 

CFD analysis will be carried out with respect to the Reynolds 
Number variances and to compare the numerical methods and 
experimental methods, PIV experiments will be also carried out.  
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Table 1: Grid Information 

Mesh Mesh Quality Aspect Ratio Skewness Orthogonal Quality 

No. of Nodes: 1,240,000 
Min 1.16 9.54e-05 0.26 

Max 18.49 0.81 0.99 

No of Elements: 3,170,000 
Avg. 3.05 0.17 0.90 

Quality “Good” “Good” “Good” 
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Summary
Spinal fusion surgery combined with interbody fusion cage is 
an important treatment for lumbar disc herniation, lumbar 
degenerative joint disease combined with radiculopathy, 
spondylolisthesis combined radiculopathy, and spinal 
instability. This study focused on investigating whether 
pedicle screw treatment has the effect of implanting a 
interbody fusion cage. The results show that spinal fusion 
surgery can cause high stress in the lumbar vertebrae adjacent 
to the vertebral body.

Introduction
Pedicle screw fixation is commonly used for the treatment of 
spinal instability. Implantation of the interbody cage expands 
the space of intervertebral disc, and induces the space growth 
of the bone in the cage to achieve the purpose of spinal fusion. 
But could be affected by external forces, and resulted in 
postoperative failures. This study aims to using finite element 
analysis to investigate the biomechanical behaviour of 
adjacent segment after spinal fusion using pedicles screw 
trajectory with cage or not.

Methods
Establishing a 3D lumbar spine model using CT images of 
sawbone of the lumbar spine, the structure of the lumbar spine 
model includes cortical bone, cancellous bone, endplate, 
posterior elements, nucleus pulposus, annulus fibrosis, annulus 
ground substance, anterior longitudinal ligament, posterior 
longitudinal ligament, ligamentum flavum, interspinous 
ligament, supraspinous ligament, intertransverse ligament, 
facet capsulary ligament, pedicle screw (Figure 1(a)). The 
material properties (Figure 1(b)) set up were obtained from 
previous study [1].

Figure 1: (a) Lumbar spine model. (b) Material properties. (c)
Pedicle screw fixation without cage. (d) Pedicle screw fixation 
with cage.

Using the CAD software to implant the pedicle screw into the 
lumbar model (Figure 1(c)). In addition, the interbody fusion 
cage was implanted in the intervertebral disc (Figure 1(d)).
Give four external forces ((flexion (10 Nm), extension (10 
Nm), lateral bending (5 Nm), and axial rotation (10 Nm))) at 
top surface of L1 of lumbar spine model and observe the stress 
distribution.

Results and Discussion
Figure 2 shows the stress distribution of the lumbar spine 
subjected to external forces. Spinal fusion surgery causes high 
stress on adjacent vertebral bodies, whether or not combined 
with an interbody fusion cage. Because of the stress shielding 
effect, the stress value is low near the pedicle screw, but the
lumbar spine is subjected to the external force of flexion and 
axial rotation, which will cause the lumbar vertebra to be 
subjected to higher stress near the pedicle screw.

Figure 2: The stress distribution of the lumbar model.

Conclusions
Finite element analysis is a good tool for studying lumbar 
biomechanics. The results show that spinal fusion surgery can 
cause high stress in the lumbar vertebrae adjacent to the 
vertebral body. Implantation of the interbody fusion cage may 
have little effect on overall lumbar spine stability, but may
improve the situation bone fusion.
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Summary 

The time-dependent flow in the vicinity of an arterial branch is 
considered. The geometries are derived from patients with 
renal artery stenosis. The details of the flow from the 
abdominal aorta into the renal artery are considered by well 
resolved numerical simulations. The flow was compared 
between arteries with stenosis and the same arteries after the 
stenosis was removed. In the presence of a stenosis close to 
the branching site, the flow in the aorta downstream the 
branching artery, is reversed and generated time-dependent 
vertical structures near the wall. These structures lead to a 
strong time- and space-varying wall shear stress with peak 
values at the opening of the artery. The flow into the 
branching renal artery exhibited also a swirling motion which 
in turns results in spiraling flow in the renal artery. 

Introduction 

Renal artery stenosis (RAS) is a silent disease that is often 
found during the investigation of high blood pressure. When 
detected, most patients with RAS show general atherosclerosis 
and renal dysfunction. Thus, by understanding the fluid 
mechanical aspect of RAS and the reason for its formation at 
particular location, one may gain a more general 
understanding of the fluid mechanical foundation for the 
formation of atherosclerosis.  

Methods 

The incompressible Navier-Stoles equations were solved 
numerically on geometries generated from CTA-data. 
Additionally, the geometries were modified by eliminating the 
stenosis and smoothing the surfaces of the aorta and the renal 
arteries. The grid that was used in the computation had about 
6-8 million cells. The accuracy was estimated by comparing 
velocity profiles as computed on several grids. No explicit 
turbulence models were used. The blood viscosity was 
considered to obey the Quemada model, depending on the 
local shear stress and hematocrit. The time-dependent flow 
rate at the inlet to the abdominal aorta was taken from a flow 
simulation of a complete aorta.  The numerical methodology is 
described in some more detail in Berg et. al. [1].  

Results and Discussion 

The time-dependent flow was analysed in terms of flow 
structures, their time-dependent shape and location. 
Quantitative study of the temporal- and spatial-variation of the 
wall shear stress (WSS) was studied and used to determine the 
behaviour of shear-stress indicators (e.g. TAWSS, OSI, RRT) 
for different patient geometries, heart rate and cardiac output. 
The figure below depicts two sections of the aorta at the 
branching of a renal artery. During systole the flow generates 
a stronger axial and swirling flow into the renal artery. The 

swirling motion is maintained also during diastole. As the 
flow decelerates stronger, near wall structures are generated. 
Such structures include stagnation points (depicted in Figure 
1a) or swirling eddies (Figure 1b). During systole one can 
observe a relatively strong backflow (denoted by “B” in the 
Figures 1a and 1b).    

   

      a    b 

Figure 1: The wall shear-stress component parallel to the aortic wall. 
The opening of the branching renal artery is seen as a hole. The 
circles mark the presence of stagnation region (left frame) and a 

vertical structure (right frame). The letter B marks back flow near the 
downstream part of the aorta into the branching renal artery. 

The different cases show that the flow details depend on the 
geometrical conditions (branching point, angle and diameter) 
as well as flow conditions, systole and diastole, heart-rate and 
cardiac output. The WSS data was used to assess the 
behaviour of the common WSS-based indicators (TAWSS, 
OSI, RRT) for prognostic purposes. 

Conclusions 

The detailed flow data gives some indication to the effect of 
temporal and spatial WSS variations on the risk of developing 
renal artery stenosis. 
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Summary 

A methodology is outlined for conducting a subject-specific 
analysis for a low speed rear-end collision. To demonstrate, a 
MADYMO model was built from 3D laser scan data of the 
subject driver and vehicle interior, then given motion 
consistent with imaging of the subject vehicle’s Event Data 
Recorder. The subject-specific MADYMO simulation was 
able to accurately predict the results of collision. Specifically, 
the results from the simulation were consistent with previous 
rear-end crash data, indicating that the occupant and vehicle 
geometry did not have a significant effect on the evaluated 
metrics.  

Introduction 

Biomechanical analyses of low speed rear-end collisions can 
be made more robust through the consideration of the 
occupant anthropometry, interior vehicle geometry, and 
occupant position. The MAthematical DYnamic MOdeling 
(MADYMO) software suite provides the capability of 
executing such a subject-specific analysis.  

To demonstrate these methods, the potential for 
biomechanically causing an intervertebral disc herniation was 
evaluated for a belted, female driver involved in a rear-end 
collision. Specifically, previous studies have demonstrated 
that axial compression is imperative to the causation of, or 
significant contribution to, a traumatic disc herniation [1,2].  It 
was predicted that the results would be consistent with prior 
low speed rear-end crash test data. 

Methods 

The Event Data Recorder (EDR) was imaged from the subject 
vehicle, one event was recovered and determined to be 
consistent with the subject collision. The EDR reported a 
maximum longitudinal change in velocity (Delta-V) of 9.0 kph 
(5.6 mph) with a peak acceleration of 3.5 g over a pulse 
duration of approximately 120 ms.  

The subject driver was imaged using a Faro Focus 3D laser 
scanner while demonstrating her body position in the driver 
seat of the subject vehicle. The MADYMO seat model was 
created using a series of ellipsoids connected by joints to 
geometrically match the laser scan data. Using scaling 
algorithms from anthropomorphic databases, a Hybrid III 5th 
percentile dummy model was scaled to the specific height and 
weight of the subject driver, and positioned to match the scan 
data (Figure 1). 

The collision pulse from the EDR was applied to the vehicle 
system in MADYMO. Linear head acceleration, upper 
cervical spine compression, and lower lumbar spine 
compression were recorded in the simulation. For comparison, 
a linear interpolation was conducted using previously 

published low speed rear-end crash data for the variables of 
interest [3].  

 
Figure 1: (A) 3D scan data of subject driver and seat, (B) model built 

matching scan data, and (C) final MADYMO model 

Results and Discussion 

The occupant kinematics for the subject simulation were 
consistent with kinematics previously demonstrated in 
volunteer, cadaver, and dummy tests. The peak linear head 
acceleration was 8.4 g, the peak cervical spine compression 
was 71.2 N, and the peak lumbar spine compression was 457.9 
N. The linear interpolations had strong correlations between 
the variables of interest and Delta-V of the crash tests. Based 
on these interpolations, a rear end collision of the subject 
Delta-V would give a linear acceleration of 8.4 g, a cervical 
spine compression of 69.0 N, and a lumbar spine compression 
of 547.3 N.  

The results from the simulation were consistent with the 
previously conducted crash tests, indicating that MADYMO 
can be utilized to effectively evaluate collisions with a subject-
specific analysis. Furthermore, the effects of the specific 
occupant and vehicle geometry did not have a significant 
effect on the metrics evaluated. 

Conclusions 

These data indicate that the use of a subject-specific analysis 
utilizing MADYMO can accurately predict the results of a low 
speed rear-end collision. 
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Summary   
Muscular power depends on force-velocity, activation, and 
deactivation characteristics, all of which adapt to training. 
Resistance training programs intended to improve power have 
produced mixed results. We used previously reported data 
from heavy and explosive training programs [1,2] to modify 
muscle-tendon model parameters and evaluated power during 
cyclic contractions. Heavy training greatly increased force but 
also increased activation and deactivation time. Explosive 
training produced smaller improvements in strength and 
reduced activation and deactivation time. Both programs led to 
similar increases in maximum power but with different power-
frequency relationships. Heavy training produced power at 
lower frequencies typical of swimming and speedskating, 
whereas explosive training produced power at higher 
frequencies typical of sprint running and cycling, and balance 
recover. These modeling results demonstrate the importance of 
activation and deactivation during cyclical contractions, 
particularly at higher frequencies.  

Introduction 
Muscular power is known to have important applications 
ranging from elite sports to activities of daily living [3,4]. 
Resistance training and explosive training are both often 
performed to improve muscular power, with mixed data for 
heavy resistance training and more consistent for that 
explosive training. These differences may be due to changes in 
muscle activation and deactivation. Our purpose was to 
determine the effects of previously reported heavy and 
explosive training programs [1,2] on maximal power during 
cyclical contractions using a mathematical muscle-tendon 
model.  

Methods 

Maximum force production and time constants for muscle 
activation and deactivation following heavy and explosive 
training programs were determined using previously reported 
data. The muscle-tendon model was subjected to a sinusoidal 
length change and activation and deactivation were set to 
maximize power for a range of cycle frequencies (0.5-3.5Hz). 
Power for a complete shortening/lengthening cycle was 
modeled for each training program. 

Results and Discussion 

The heavy training program increased strength by 26.8%, and 
increased time required for activation (20%) and deactivation 
(48%). The explosive training program increased strength by 
10.8%, and decreased time required for activation (20%) and 
deactivation (10%). Increases in maximum power were similar 
following heavy and explosive training (13.5% and 14% 
respectively), but with different power-frequency relationships 
(maximum power occurred at 1.6Hz for heavy and 2Hz for 
explosive, Figure 1).  

 
Figure 1: Maximum power-frequency relationships.  

Greater deactivation time (heavy) compromised power by 
requiring earlier stimulation offset leading to reduced positive 
power production as well as the prolonged deactivation led to 
increased negative power during lengthening (Figure 2). 

Figure 2: Optimized power production for one shortening-
lengthening cycle at 2 Hz for each scenario. 

Conclusions 

Modelling allowed us to extend upon previous findings to 
predict muscular power in response to two training programs. 
The large increases in strength elicited by the heavy program 
produced high power at frequencies characteristic of 
swimming and speedskating. The modest increases in strength 
from the explosive training program were augmented by 
improved activation and deactivation making explosive 
training advantageous for sprint running and cycling. These 
results underscore the importance of both strength and 
deactivation for power during cyclic contractions.  
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Summary 

In order to assess the mastication functionality, oral food 

breakdown procedure was modelled as a simplified fracture 

mechanics problem and was solved using an enriched smooth 

particle hydrodynamics method. Maximal occlusal forces 

computed using this model were in accordance with previous 

experiments on the human dentition.  

Introduction 

Reconstruction of mandibular defects following a tumor 

excision remains a challenging task for the maxillofacial 

surgeon. The quality of mandibular reconstruction surgery 

depends on the fulfillment of cosmetic objectives as well as 

the restoration of mandibular functions: phonation, 

swallowing, and mastication. However, the unknown state of 

force distribution on the mandible during mastication leads to 

suboptimal surgical outcomes, preventing patients to retrieve 

their natural masticatory performance. In order to assess the 

chewing functionality, we aim to build a food breakdown 

model which can predict the two main objective 

measurements of mastication quality: masticatory performance 

and the occlusal force pattern on the jaw. Previous works on 

food breakdown modeling are mainly focused on the 

mechanical behavior of chewed food and bolus, the perception 

of flavor and other food engineering applications [1]. This 

approach may not satisfy all the features needed for a virtual 

surgical platform. A new modeling approach is implemented 

to overcome these issues.  

  

Methods 

Food breakdown can be represented using a fracture 

mechanics model. The mechanical principles and material 

properties have been assigned to a two dimensional 10mm in 

10mm square.  

Conventional computational methods such as finite elements 

do not work efficiently for this case due to the need to update 

the mesh on the geometry to constantly match the 

discontinuities. Extended finite element method (XFEM) and 

smooth particle hydrodynamics (SPH) seem to be the most 

reliable candidates. As the first step, in order to investigate the 

efficiency of these two methods in capturing the desired 

features, i.e. particle size distribution and force distribution 

pattern, several benchmark tests were carried out. These 

provided quantitative insights on their ability and led us to 

make an adjustment on the current available approach to make 

an adapted numerical model. This includes enriching the crack 

tip formulation used in SPH method. The final adjusted 

numerical method was applied to evaluate the chewing 

functionality following a single bite.  

Results and Discussion 

Figure 1 (blue line) shows the maximal occlusal force for 

different brittle materials that was calculated using our model 

as well as the range of experimentally expected values (brown 

and red lines).  

 

 

Figure 1 : blue line: force calculated using our computational model, 

brown line: highest, and red line: lowest experimentally values for 

maximal occlusal force . 

Maximal occlusal force was calculated as 91.2N, 111N, and 

198.5N for roast beef, peanut, and almond respectively.  

Conclusions 

In spite of all the modelling simplifications, the maximal 

occlusal force was calculated within the experimental range. 

This suggests that a computational food breakdown model can 

be utilized as a reliable tool to assess the chewing ability. On 

top of that, it can be seen that the occlusal force value varies 

as we chew foods with different material properties. Further 

investigation is needed to discover the correlation.  
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INTRODUCTION 

Rehabilitation of edentulous patients is one of the most 
difficult, relevant and still not completely solved problems 

in dental implantology. In 1988, the "All-on-Four" concept 

[1] was proposed, where a prosthesis is mounted on 4 

implants placed in the anterior section of the jaw. To 

increase the placement base, lateral implants are tilted at an 

angle of 30° or 45°. The advantages of this approach include 

the possibility of fixing a full prosthesis of the jaw even with 

a small amount of bone tissue in the chewing portion and 
some others. However, with this, some implants may have a 

larger load compared to the classical prosthetic scheme. The 

aim of the study is to develop an individual biomechanical 

model of the lower jaw (LJ) with implants and a prosthesis 

and to assess the stress-strain state (SSS) of the model for 

two different implant placement options (including All-on-

Four) and different loading conditions. 

METHODS 

The study was based on the LJ cone-beam computed 

tomography (CBCT) images. The conversion of CBCT 

images into a 3D solid-state model of the LJ was carried out 

using Mimics 17.0 and 3-matic 6.1 software suites. Two 
placement schemes with 4 implants were simulated: 1) all 

implants vertical; 2) lateral implants placed at an angle of 

45°. The material of the jaw and implants was taken 

isotropic linearly elastic, the jaw elastic modulus being 

determined from CBCT images discretely for each mesh 

element by means of the Mimics package. Next, the model 

was exported to the ANSYS finite element complex, where 

it was supplemented with a beam model of a denture. When 
simulating biting, a vertical force F = 200 N [2] was applied 

to the nodes of the central part of the beam, while chewing - 

to the nodes located on the edge of the cantilever part of the 

beam. As boundary conditions, fixing all degrees of freedom 

was taken in the nodes belonging to the LJ heads and 

coronoids. 

 

RESULTS AND DISCUSSION 

An assessment was made of the SSS of both the jawbone 

tissue in the implant sites and the implants themselves. The 

results of the determination of equivalent stresses with the 

example of chewing are shown in Figure 1. In all cases, the 

maximum stress occurred in the area of the first thread of 

the implants. Comparison of two implant placement 
schemes showed that when biting, the choice of the scheme 

does not matter, while chewing, the parallel placement of 

the implants is preferable from the point of view of the 

stressed state of the bone tissue, but the maximum stresses 

in some areas of the implants are significantly higher than 

for the All-on-Four, being comparable with the yield 

strength of titanium. The values of stresses obtained in the 

LJ, do not exceed the limits of bone tissue strength. 
However, the maximum values of equivalent strains in the 

bone tissue under loading of the console part of the beam 

significantly exceeded the threshold of its damageability, 

which according to the H.M. Frost mechanostat theory is 

about 4×10-3 [3]. 

 

Figure 1: The von Mises stresses in the LJ and implants when 
chewing. On histograms - the maximum stress values: blue bars - 
scheme 1, brown - scheme 2; the percentage indicates the 
difference between the schemes. 

CONCLUSIONS 

The presented technology makes it possible to take into 

account the individual geometrical and mechanical 

characteristics of the bone structures and tissues of a 

particular patient when digitally planning and comparing 

different implantation options in the edentulous jaw. The 

issue of accuracy, reliability, conditions of applicability, and 
the possibilities of unifying a wide variety of formulas of an 

empirical nature for converting X-ray density into physical 

and further into mechanical characteristics remains studied 

purely. The automation of the technology considered is also 

hampered by the need to involve manual processing for 

sufficiently accurate segmentation of CT by type of tissue 

and optimization of the quality of mesh models. 
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Summary 

The initiation and propagation of cranial fracture following 
blunt impact remain poorly understood. To evaluate the 
significance of intrinsic skull properties on remote fracture 
initiation, computational models of representative specimens 
were tested under a variety of extrinsic impact conditions and 
compared to experimental results. Skull morphology and 
impact location tended to determine the regions of peak tensile 
stress that corresponded to common locations of remote 
fracture initiation observed experimentally. 

Introduction 

Forensic evaluations of fracture patterns arising from blunt 
force trauma to the human head have traditionally relied upon 
case studies rather than controlled experimental data. Existing 
research typically focuses on the mechanical response of skull 
and brain tissue to blunt impact, while patterns of fracture 
arising from trauma have yet to be investigated in depth [1-3]. 

The objective of the current study was to investigate the 
comparative contribution of intrinsic skull properties, such as 
skull morphology, and extrinsic impact properties, such as 
impact location, to the prediction of remote fracture initiation. 
It was hypothesized that areas of peak remote tensile stress 
would correspond to locations of remote fracture initiation 
observed experimentally, and that different impact locations 
would exploit different regions of geometric inconsistency. 

Methods 

Thirty-three unembalmed, adult male human crania were 
impacted with one of five impactor geometries in one of two 
impacting directions. Impacts were administered either 
laterally towards the temporoparietal region of the skull or 
superiorolaterally towards the center of the parietal bone. 
Fracture initiation and propagation throughout each test were 
captured using a high-speed 10,000 fps camera. 

Computational models were constructed using linear elastic 
tetrahedral cortical bone elements from pre-impact CT scans 
of three specimens with representative skull thicknesses (thin, 
average, and thick). Each representative specimen underwent a 
total of six simulated impacts; both lateral and superiorolateral 
impacts from three different impactor geometries for a total of 
18 simulations. Contours of peak signed von Mises stresses at 
maximum impactor engagement were generated and compared 
to the corresponding experimental results.  

Results and Discussion 

For clarity, only results from the 2.5-inch diameter curved 
implement on the specimen with average skull thickness were 

shown (Figure 1). Regions shaded red were under tensile 
stress, while regions shaded blue were under compressive 
stress. Skull morphology, such as local reduced thickness, 
transitions from increased thickness to reduced thickness, 
transitions from concavities to convexities, creases or ridges, 
and holes tended to dictate locations of peak tensile stress. 
Peak remote tensile stress concentrations tended to occur in 
the same regions of the respective specimens receiving the 
same direction of impact, independent of impactor geometry. 
The change of impact direction, however, tended to load 
different regions of geometric significance. For example, 
superiorolateral impacts generated remote peak tensile stresses 
on the interior of the skull in a region of reduced thickness in 
the middle cranial fossa, while lateral impacts generated peak 
remote tensile stresses near the petrous ridge. In general, peak 
remote tensile stresses on the exterior of the skull occurred in 
regions near the sphenoid and corresponded to the locations of 
remote fracture initiation observed experimentally. 

 
Figure 1: (A) Impact direction, (B) Peak signed von Mises stress 

distribution in computational simulation. 

Conclusions 

The hypotheses that skull morphology contributes to remote 
peak tensile stress concentrations in regions commonly 
experiencing remote fracture initiation, and that changes in 
impact direction affects which geometric inconsistencies will 
be exploited, were confirmed. While impactor geometry has 
been shown to affect local fracture patterns, the computational 
results suggest that skull morphology and impact location may 
primarily influence the location of remote fracture initiation. 
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Summary 

In recent years many efforts have been done to describe the 
hemodynamic in intracranial aneurysms, and how it is related 
to the origin and growth of this cerebrovascular disorder. 
Numerical simulation has become a widely used tool for the 
study of hemodynamic; employing idealized and realistic 
geometries, as well as different boundary conditions. 
However, it is still under discussion the effects of secondary 
arteries on the flow characteristics in the aneurysms. In the 
present work, an analysis to determine the influence that 
secondary arteries have on the flow characteristics in an 
aneurysm is carried out, as well as the importance of digitally 
cutting the small arteries to perform numerical simulations of 
hemodynamics. 

Introduction 

The origin of aneurysms is still unknown, and the 
hemodynamic factors that promote its growth are under 
debate. Numerical simulation has become a useful tool to 
understand the fluid dynamic characteristics in the arterial 
geometries with the presence of an aneurysm. However, a 
great variety of geometries were used in the numerical 
simulations with no define criteria to slice small or secondary 
arteries. 

Grinberg et al., [1] simulated the blood flow in an arterial tree 
of a healthy subject and a patient with hydrocephalus, 
mentioning the numerical challenge to do such a task. A 
sensitivity analysis was done by Dennis et al., [2] showing an 
optimal timestep. Finally, a study of the location truncation 
influence on flow characteristics for ophthalmic aneurysm 
models was made (Hodis et al., 2015). However, the influence 
of secondary or small vessels needs to be determined. 

 Methods 

To analyse the influence of secondary arteries on the 
hemodynamics in an aneurysm, three geometries are used 
(Figure 1). Geometry of the arterial tree was reconstructed 
from high-resolution computed tomography. Three geometries 
area proposed: Case 1) Internal carotid artery, aneurysm, 
ophthalmic artery, posterior communicating artery, and middle 
cerebral artery. Case 2) Internal carotid artery, aneurysm, 
posterior communicating artery, and middle cerebral artery. 
Case 3) Internal carotid artery, aneurysm, and middle cerebral 
artery. 

Numerical simulations were made using ANSYS CFX, 
considering that blood is a Newtonian fluid with constant 
properties, and using no-slip boundary conditions at arterial 
walls and a pulsatile flow given by [4]. 

  

 
Figure 1: Studied geometries. A) Reconstructed cerebrovascular tree 
with aneurysm. B) Case 1. C) Case 2. D) Case 3. 

Results and Discussion 

Velocity contour and wall shear stress are obtained, as is 
shown in (Figure 2).  

 
Figure 2: Expected abstracts for ISB 2019 in January 2019. 

Conclusions 

The present work is under development; although, the 
preliminary results show variations between the studied cases 
which indicates the importance of cutting secondary arteries 
on hemodynamic of an aneurysm. 
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Summary 

Muscular hydrostats such as the tongue are modeled using the          
finite-element (FE) method, which is computationally      
expensive. To reduce the computational cost, approximate       
techniques based on dimensionality reduction (DR) and deep        
neural networks (DNN) have been proposed. While linear DR         
techniques are not expressive enough to capture large        
deformations, fully-connected DNNs tend to be highly       
over-parameterized. The large number of parameters require a        
large number of training samples that are expensive to obtain.          
Therefore, DNNs are impractical for modeling complex       
systems such as a high-resolution FE tongue. Given the         
lumped-mass assumption and local connectivity of the nodes,        
we propose convolutional neural networks (CNN) for FE        
model approximation. We applied the proposed CNN       
architecture to a muscle actuated beam and FE tongue model.          
The CNN architecture resulted in better fidelity to the FE          
models compared to DNNs with an order of magnitude fewer          
parameters. 

Introduction 

Modeling of muscular hydrostats such as the human tongue         
has many important applications for clinical and language        
investigations as they complement experimental data and       
provide insights when experimental data is not available. The         
finite-element (FE) method is a computational technique used        
to model the continuum mechanics of muscular hydrostats.        
Detailed FE models based on the anatomy of the tongue and           
utilizing muscles for force generation have been developed. 

Analytic techniques have been developed to obtain forward        
and inverse dynamics of the model [1]. Such analytic         
techniques utilize the kinematic data along with an expensive         
optimization procedure to predict the muscle activations con,        
consuming on the order of 500 ms per sample in the state            
trajectory. The high computational cost and selection of the         
optimization criteria a priori severely hinder the use of such          
models in higher order functions such as swallowing, speech         
and facial expression simulations among others. 

To speed up FE simulations, DNNs have been reported to          
perform better than DR techniques [2]. Fully connected        
DNNs, however, do not exploit the spatial structure of the FE           
models and result in a large number of parameters to be           
estimated. We propose three-dimensional (3D) CNNs [3] to        
approximate the forward dynamics of FE models relating        
muscle activations to deformation states. 

Proposed Method 

The proposed architecture is shown in (Figure 1). The input to           
the model is the 3D FE mesh. The FE mesh node           
displacements from the resting state are convolved with        
several 3D filters to create activation maps. The activation         
maps are pooled to obtain low-dimensional features. The        
low-dimensional features are upsampled and convolved with       
the transposed 3D filters to obtain a reconstructed state. After          
training this network, the network is split in half: the first half            
being the encoder and the second the decoder. Using the          
features from the encoder and the corresponding muscle        
activations a mapping from muscle activations to the        
low-dimensional features is obtained. The muscle to feature        
mapping along with the decoder is used to predict         
deformations for arbitrary muscle activations.  

The dataset for training the encoder-decoder network consists        
of deformation states brought about by random muscle        
activations. Backpropagation along with stochastic gradient      
descent is used to train the networks.  

Results 

Application of the proposed architecture to a simple FE beam          
and a high-resolution tongue reveals better mean squared        
reconstruction error, lower number of training samples and        
training time compared to DNNs. A detailed numerical        
analysis will be reported at the meeting. 
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Figure 1: Proposed CNN architecture for approximating forward dynamics of muscle-actuated FE models. 
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Summary 

Musculoskeletal models of the hand rarely include contact 
mechanics, thereby limiting our ability to model hand-object 
interactions. Here, two common contact models are used to 
examine finger-tip contact forces. The contact force is sensitive 
to finger pad size, when using the elastic foundation model. 

Introduction 

Every day we use our hands to grasp and manipulate objects. A 
key component of grasp is the finger pad. As we interact with 
objects by modulating our finger-tip forces and/or joint posture, 
the contact area of the finger pad changes, thereby altering the 
frictional properties between our skin and the object [1]. 
Accurately modelling the finger pad could improve our ability 
to use musculoskeletal simulations to study how the hand 
dexterously manipulates objects. 

Contact mechanics have been widely incorporated into 
musculoskeletal models of the lower limb to simulate foot-floor 
contact and internal joint loads. However, to our knowledge, 
there are limited studies incorporating contact mechanics into 
musculoskeletal models of the hand [2]. In this study, we 
examine how two common contact models (Hunt-Crossley and 
elastic foundation) can be used to represent the finger pad. We 
specifically evaluate how changes in simulated contact area 
influences estimation of finger-tip force. 

Methods 

A musculoskeletal model of the index finger [3, 4] was adapted 
to develop dynamic simulations of finger-tip contact. The 
simulations specifically examined contact between the finger 
pad, represented as a sphere, and a flat, planar surface (Fig. 1). 
Two contact models (Hunt-Crossley and elastic foundation) and 
three finger pad sizes (sphere radii of 1.0, 1.5, and 2.0 cm) were 
examined. Sphere sizes represent the full range of 
experimentally reported index finger pad sizes [1].  

For each combination of contact model and finger pad size, 
forward dynamic simulations were run in OpenSim v. 3.3 [5]. 
The input muscle activations were equivalent across all 
simulations and correspond to the muscle activity required to 
maintain a static finger joint posture while generating a linearly-
increasing force (0-20 N). This force magnitude is within the 
typical operating range of the index finger, as it corresponds to 
that required to pull a plug from an outlet [6].  Forces estimated 
by each simulation were compared. For brevity, only forces 
normal to the plane are reported. 

 
Figure 1: Index finger posture and simulated contact geometries. 

Results and Discussion 

When using the Hunt-Crossley model, the estimated contact 
force did not vary with finger pad size (Fig. 2A, peak force is 
16.8 N for all simulations). This reflects the fact that this model 
assumes the surfaces are non-conforming, meaning that the 
force between a sphere and a plane occurs at a single point 
regardless of sphere size. In contrast, when using the elastic 
foundation models, the estimated contact force varied 
substantially with finger pad size (Fig. 2B, peak force increases 
from 11.4 to 17.8 to 23.8 N with increasing finger pad size). 
This reflects the fact that this model incorporates variable 
contact area, meaning the force is distributed over a larger area 
as the size of the sphere increases. 

Interestingly, when using the elastic foundation model, as the 
finger pad size increased the simulation time required to reach 
the peak contact force also increased (Fig. 2B). Additionally, 
these simulations did not maintain the peak force for the 
duration of the simulation due to inconsistent interactions 
between the sphere and plane geometries as the simulations 
progressed. These findings highlight the computational costs 
and computational sensitivity of the elastic foundation model.  

 
Figure 2: Contact force versus time for the (A) Hunt-Crossley and 
(B) elastic foundation models across three finger pad sizes. 

Conclusions 

This study illustrates that simulation results are sensitive to the 
selected contact model. Thus, contact models should be 
carefully selected based on the research question. In the near 
future, we will extend this work to incorporate changes in 
friction parameters with increasing finger pad size, thereby 
enabling more accurate simulations of hand function. 
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Summary 
This study aimed to examine whether fixing the ankle in 
dorsiflexion vs in plantarflexion affects knee flexion torque 
and hamstrings activity during ramp isometric contractions. 
Ten pairs of fine wires were inserted into the four heads of the 
hamstrings and 15-channel high-density electromyography 
(EMG) arrays were attached over the biceps femoris long head 
(BFLH) and semitendinosus (ST) muscles of the right leg of 
12 young males. Results suggest that higher hamstrings EMG 
activity is reached in BFLH, ST and BF short head when the 
ankle is plantar flexed vs dorsiflexed at 20° knee flexion (but 
not at 90° knee flexion). This suggests that plantar flexion 
should be applied when prescribing hamstring exercises 
requiring a near-extended knee. 

Introduction 
Hamstrings are highly vulnerable to strain injury. The 
hamstrings function as primary knee flexors. The fact that the 
gastrocnemius also contributes to knee flexion is often 
overlooked when prescribing hamstring exercises. 
Manipulating the length of the gastrocnemius may impact 
knee flexion torque and hamstrings activity, potentially 
influencing the efficacy of exercises targeting hamstring 
muscles. Therefore, in this study we examined the impact of 
distinct ankle angles on knee flexion torque and hamstrings 
fine-wire (wEMG) and high-density surface electromyography 
(HD-EMG) activity. 

Methods 
So far, 12 young physically active males have participated in 
this ongoing study. Ramp isometric contractions of knee 
flexors (0-100% torque, 15 seconds pace) were performed at 
different knee and ankle angles, in a random order: A) knee 
20° flexion and ankle 20° dorsiflexion, B) knee 90° and ankle 
20° dorsiflexion, C) knee 20° and ankle 20° plantar flexion, D) 
knee 90° and ankle 20° plantar flexion. Contractions were 
performed lying prone in a dynamometer with trunk and hips 
fixed in a neutral position. HD-EMG activity was recorded 
with 15-channel arrays from the biceps femoris long head 
(BFLH) and semitendinosus (ST) muscles, and wEMG was 
recorded from the proximal, middle, and distal portions of the 
BFLH, ST, and semimembranosus (SM), as well as from the 
distal portion of the biceps femoris short head (BFSH, Figure 
1). This setup aimed to capture intramuscular differences in 
knee flexion exercise [1]. Bipolar surface EMG and fascicle 
behaviour were recorded from the gastrocnemius medialis. 
Average EMG activities were calculated for intensity levels 0-
25%, 25-50%, 50-75% and 75-100% relative to task-specific 

maximum torques. Data collection is still ongoing, therefore 
statistical analysis has not yet been performed.  

 
Figure 1: Hamstrings fine-wire and high-density EMG setup. 

Results and Discussion 

Higher torque was reached in knee flexion with dorsiflexion 
vs with plantar flexion at 75-100% torque. This difference was 
small at 20° flexed knee (103±10 vs 97±13 Nm), and more 
pronounced at 90° flexed knee (56±10 vs 46±9 Nm). 

               

Figure 2: Individual and average (thick line) hamstrings HD-EMG 
amplitudes when performing knee flexion with plantar flexion and 

with dorsiflexion at 75-100% relative torque (20° flexed knee). 

Ankle angle mostly influenced EMG activity at 75-100% 
torque level. Differences in HD-EMG were more clear at 20° 
knee angle (higher in plantar flexion, Figure 2) than at 90° 
knee angle. BFSH showed similar trend unlike SM. 

Conclusions 
To increase hamstrings activity, ankle plantar flexion should 
be applied when performing knee flexion exercises at near-
extended knee, e.g. in the terminal phase of the Nordic 
hamstring exercise. 
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Summary 

In this study, we combined Electrical Impedance Myography 
(EIM) with ultrasonography and applied in tibialis anterior 
muscle of sub-acute stroke patients to assess muscle inherent 
structural properties. We found significant regular ultrasound 
and EIM parameters alternation along with ankle joint 
planter-flexion.  In the further study, we hope to find 
significant correlation between these two techniques and 
clinical assessments 

Introduction 

Electrical impedance myography (EIM), which is a non-
invasive bioimpedance-based technique, was considered as a 
sensitive technique to detect muscle inherent properties by 
sending high-frequency, low-intensity current into a discrete 
region of muscle tissue and measuring the consequent 
voltage. EIM only provide numerical data and mainly focus 
muscle electrical properties. Therefore, the aim of this study 
is to combine EIM with ultrasonography which could 
provide quantitative data and visualized information about 
muscle structural characteristics among different ankle joint 
planter-flexion angles to investigate the mechanism of 
muscle morphological properties alternation after sub-acute 
stroke. 

Methods 

We recruited 15 sub-acute stroke subjects (3 females and 12 
males) for EIM and ultrasound assessment. During 
assessment, the ankle joint was fixed on the pedal of 
isokinetic dynamometer which could bring joint to a precise 
angle. EIM and ultrasound was implemented respectively at 
dorsiflexion 10° (-10°), 0 planter-flexion 10°, 20° and 30° on 
the muscle belly of bilateral tibialis anterior. Parameters of 
EIM contained resistance(R), reactance(X) and phase 
angle(θ), and parameters of ultrasound included fascicle 
length (FL), pennation angle (PA) and muscle thickness 
(MT). Two-way (angle and side factor) repeated Analysis of 
variance with post-hoc test was used to compare the R, X, θ, 
PA, MT and FL value within bilateral TA at different angle 
points (i.e., -10°, 0°, 10°, 20°, 30°). However, if there was 
significant interaction between angle factor and side factor in 
the two-way ANOVA, alternatively we manipulated paired t-
test was operated to compare the difference of the values 
between affected and unaffected side. 

Results and Discussion 

A Two-way ANOVA revealed that significant main effect of 
angle factor was found in θ (P = 0.003), R(P < 0.001), X(P < 
0.001), PA(P<0.001), and FL(P <0.001), and main effect of 
side factor was found in θ (P = 0.044), X(P = 0.021).With 
ankle joint planter-flexion angle increasing, θ and PA value 
decreased, R, X and FL value increased. For the paired t-test 

comparison between affected and unaffected side, there were 
significant lower θ value in affected TA at the angle point of 
0°(P= 0.023), 10°(P = 0.015), 20°(P = 0.011) and 30°(P = 
0.005), in addition, significant lower X value in affected TA 
were found at 0°(P = 0.027), 10°(P = 0.016), 20°(P = 0.015) 
and 30°(P= 0.006).(Fig.1) Probable reason might be 
followed, ultrasonography outcome was in line with 
previous studies that with TA passive stretching, muscle 
fibres lengthened and attenuated, pennation angle and 
muscle thickness decreased,[1] which would bring  possible 
changes of  impedance values, because impedance values 
were affected by the muscle intrinsic properties such as 
muscle extracellular and intracellular fluids, the integrity of 
cell membranes, and tissue interfaces.[2].  

 
Fig1. Significant difference of R and PA value between any two of 
five angle points. And there would be significant variation trend 
with ankle joint planter-flexion. 

Conclusions 

This study found that both EIM and ultrasonography can be 
sensitive techniques in assessing muscle architectural and 
component alternation in sub-acute stage of stroke survivors 
and there are considerable changes in tibialis anterior 
fascicle impedance and structure, which probably lead TA 
muscle function diminishes.  
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Summary 
Children and adults with cerebral palsy develop impairments 
termed contractures that dramatically reduce their function, 
making activity and participation in society difficult. An 
improved understanding of the muscle specific causes for 
contracture development are needed to develop targeted 
therapeutic interventions. We have shown here that loss of 
muscle stem cells in a mouse model may be responsible for 
development of contractures and thus may represent a 
promising therapeutic target in humans. 

Introduction 

Children with cerebral palsy (CP) routinely develop muscle 
contractures.  Unfortunately, the biological basis of 
contractures is poorly understood. Skeletal muscles are 
composed of myofibers, arranged in parallel and series and 
made up of basic contractile units termed sarcomeres. Serial 
sarcomere number can increase or decrease under conditions 
of stretch or slack, respectively. During childhood 
development, longitudinal growth occurs by sarcomere 
addition in series. Children with CP have decreased serial 
sarcomere number and over-stretched sarcomeres [1, 2], 
implying reduced ability to add sarcomeres needed for growth. 

Muscle stem cells, i.e., satellite cells, are indispensable for 
postnatal development, repair and regeneration of skeletal 
muscles but are reduced by ~70% in contractures [3]. It is thus 
possible that reduced muscle stem cell number may lead to 
muscular contractures. 

Methods 
Pax7CreER/+; Rosa26DTA/+ (Pax7-DTA) mice, were used for 
experiments (n=10) such that tamoxifen treatment would 
induce a reduction of satellite cell number by Diphtheria toxin 
via Cre-Lox recombination but not with a vehicle control. The 
right hindlimb was casted in plantarflexion for 2 weeks so the 
soleus would lose serial sarcomeres, then treated with 
tamoxifen or vehicle and allowed to recover for a month after 
cast removal (Fig. 1A). After a month, maximal dorsiflexion 
range permissible on the casted side was measured from 
images and mice were sacrificed and muscles were harvested 
and used fresh, fixed or frozen, depending on the assay. 
Serial sarcomere number, myofiber length and sarcomere 
length were measured in fixed soleus muscles. Collagen 
content, myofiber areas and muscle area fraction were 
calculated from previously frozen soleus muscles. 

Results and Discussion 
As a positive control, tamoxifen-treated Pax7-DTA mice had a 
significant reduction (~80%) in satellite cell number compared 
to the vehicle control group (data not shown; p<0.05), 
fortuitously similar to that seen in children with CP.  

Soleus serial sarcomere number was significantly lower on the 
tamoxifen-casted side, compared to the contralateral side (p 
<0.05) while the vehicle control casted and contralateral sides 
were similar (Fig. 1B). Since soleus sarcomere length was 
similar in both groups between casted and uncasted sides, this 
demonstrates that soleus fiber length was significantly shorter 
on the tamoxifen casted side compared to contralateral side. 
Ankle angle was similar immediately post-cast, i.e., all mice 
were in a maximal plantarflexion position. However, at the 
end of the recovery phase, the tamoxifen-treated casted group 
remained in plantarflexion while the vehicle-treated casted 
group recovered their ability to dorsiflex (p<0.05). 
Importantly, maximal dorsiflexion angle in the tamoxifen-
group, i.e., extent of recovery from contracture, was strongly 
associated with soleus serial sarcomere number (p<0.05, 
r2=0.75) 

 
Figure 1: A) Experimental protocol showing casting to reduce soleus 
serial sarcomere number (SN), then treatment with either tamoxifen 
or vehicle-control, cage remobilized for a month and, finally muscle 
harvesting. (B) Soleus serial sarcomere number was compared 
between the groups and sides after the recovery period. (*-p<0.05) 

Conclusions 

These experiments using a transgenic mouse model, show that 
recovery from contracture requires satellite cell-mediated 
sarcomere addition and that contracture severity is related to 
serial sarcomere number/fiber length rather than changes in 
collagen content or in muscle area fraction. These results in a 
model system test the idea that children with cerebral palsy 
develop contractures due to impaired longitudinal muscle 
growth because of reduced satellite cell number. 
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Summary 
This study demonstrates that the striated muscle protein, 
myopalladin, is involved in regulation of muscle growth 
resulting in altered isometric and isotonic properties.  A mouse 
knockout model was generated, and muscle structural and 
functional properties measured. Muscle fiber diameter was 
smaller and isometric force and dynamic power were scaled to 
this fiber size decrease. 

Introduction 

Myopalladin (MYPN) is a 145 kDa sarcomeric protein 
expressed in cardiac and skeletal muscle that is structurally 
similar to the ubiquitously expressed actin-associated protein 
palladin, after which it is named [1]. MYPN is present in the 
nucleus and the I-band, where it binds to the stress-inducible 
protein cardiac ankyrin repeat protein (CARP/Ankrd1), which 
is associated with the titin N2A region in the I-band and shuttles 
to the nucleus, where it functions as a transcriptional cofactor, 
negatively regulating muscle gene expression. MYPN is also 
present in the Z-line where it binds to nebulin, a-actin and PDZ-
LIM proteins [1]. To provide insights into the functional role of 
MYPN, we generated and studied MYPN knockout (MKO) 
mice and measured their isometric, isotonic and stress-bearing 
biomechanical properties.  

Methods 
Constitutive MYPN knockout (MKO) mice were generated by 
disrupting the Mypn gene (n=5-15 animals/experiment). 
Biomechanical experiments were performed on muscles and 
glycerinated skinned fiber segments from EDL and soleus 
muscles. Mechanical properties of the half-sarcomere were 
measured using a solution exchange system allowing rapid 
activation of fiber segments and recording of length changes of 
a selected population of sarcomeres (500-1200) by a striation 
follower [2]. 

The effect of repetitive eccentric contractions (EC) of EDL 
muscle was measured from the fifth toe EDL muscle which was 
microdissected and secured in a muscle-testing chamber after 
which muscle length was adjusted by laser diffraction to a 
sarcomere length of ~3.0 µm [3]. Each muscle underwent a 

series of 10 eccentric contractions in which muscle was first 
maximally activated isometrically until tension stabilized and 
then fiber length (Lf) stretched by 15% at 2 Lf/s. Isometric force 
was measured before and after the EC protocol. Fiber type 
distribution in TA, EDL and soleus muscle and single fibers 
was measured from myosin heavy chain isoform levels. 

Results and Discussion 
MKO mice were fertile, born at Mendelian ratios, had normal 
life spans and no change in fiber type proportions (not shown). 
Analysis of laminin-stained muscle sections revealed reduced 
myofiber cross-sectional areas (CSA) in both fast (TA, EDL), 
and slow (soleus) muscle (Fig. 1A) that was independent of 
fiber type (not shown). As expected, decreased fiber diameter 
led to decreased absolute muscle force (Fig. 1C), with no 
change in maximum velocity but this difference was eliminated 
when normalized to the decreased isometric force (Fig. 1C, 
inset). The number of attached myosin motors and the force per 
motor were not affected by the absence of MYPN (not shown). 
In response to EC, both genotypes decreased isometric force 
stress production by about 25% indicating a similar intrinsic 
vulnerability to high stress muscle contractions (Fig. 1D). 

Conclusions 
MYPN in an intrasarcomeric protein whose loss results in 
decreased muscle fiber growth and proportional loss in muscle 
power (F•V) and isometric force. No intrinsic biomechanical 
changes in muscle properties were noted, suggesting that the 
loss of muscle growth was via a physiological pathway rather 
than a structural disruption. 
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Figure 1: (A) Muscle fiber CSA of 
wildtype (filled bars) and MKO 
(open bars) muscles. (B) Muscle 
force (upper) and length (lower) 
isotonic protocol. (C) Absolute and 
relative (inset) force-velocity 
relations. (D) Isometric stress of 
EDL muscles from wildtype (filled 
bars) and MKO (open bars) muscles 
before (Pre) and after (Post) EC.   
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Summary 

A skin autofluorescence is useful index to estimate the 

accumulation of advanced glycation end products (AGEs) as a 

non-invasive assessment. The purpose of this study was to 

estimate the relationship between the skin autofluorescence 

(AF) and the muscle activities of the lower limb in the elderly 

persons. We measured the skin AF of five places on the lower 

limb, and the surface EMGs from the eleven muscles on that, 

simultaneously. The waveforms of surface EMG were 

analyzed by Daubechies-4 wavelet transformation. The skin 

AF was increased in the proximal part of the lower limb 

compared with the distal part of that. The principal component 

of frequency band of the surface EMG was lower in the 

proximal part compare with the distal part. There was a weak 

correlation between the skin AF and the frequency of surface 

EMG on the lower limb in elderly persons.           

Introduction 

The accumulation of AGEs on tissue proteins has been 

implicated in the ageing of proteins and the progression of 

chronic, age-related diseases. AGEs accumulation results from 

a combination of hyperglycemia, oxidative/carbonyl stress, 

and/or decreased renal clearance of AGE precursors. A skin 

AF is useful index to estimate the accumulation of AGEs as a 

non-invasive assessment [1]. Although, in recent years there 

has been interest in the relationship between the skin AF and 

the reduced muscle function [2], little is known about that. 

The purpose of this study was to estimate the relationship 

between the AGEs and the muscle function of lower limb 

during the pedaling movement in elderly persons. The skin AF 

and the mean frequency of surface EMG on lower limb were 

compared with the elderly group and the young group. 

Methods 

The study was carried out on twenty healthy elderly subjects 

(age: 71.2±2.5 years) and eighteen healthy young subjects 

(age: 21.3±4.2 years) as a control. Skin AF of lower limb were 

measured at five positions by using of the AGE Reader
TM

 

(DiagnOptics Technologies, the Netherlands). After measuring 

of  skin AF, all subjects engaged in the pedaling movement to 

estimate the functions of lower limb muscles. The surface 

EMGs were recorded from the eleven muscles on that. The 

waveforms of surface EMGs was subjected to Daubechies-4 

wavelet transformation, and mean wavelet coefficients were 

compared with the elderly group and young group in each 

wavelet level. Relationship among the skin AF and the mean 

wavelet coefficients as a power of muscle activity during 

pedaling movement were determined using the Pearson’s 

correlation coefficient. Statistical significance was defined as 

a P-value <0.05.   

Results and Discussion 

The skin AF was increased in the proximal side of lower limb 

compared with the distal side of that in both subject groups 

(Figure 1). The mean frequency of surface EMG during 

pedalling movement in elderly persons was lower than that in 

young persons. The principal component of frequency band 

was lower in the proximal side of lower limb compare with the 

distal side of that. These data showed a weak association 

between the skin AF and the frequency of surface EMG.  

In the previous study, the subjects with higher skin AF had 

lower muscle strength and power [2, 3]. Our results suggested 

that the relationship between the skin AF and the muscle 

coordination on lower limb from the view point of wavelet 

analysis of surface EMG.  

 

Figure 1: Mean (±SD) skin autofluorescence (AF) from six recording 

positions were compared between the young group and the elderly 
group. The mark * indicate a significantly different level of 1 %. 

Conclusions 

The increase of skin AF might be a useful index for estimation 

of muscle hypofunction and/or cooperative activity of lower 

limb muscle for elderly persons.  
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Summary 

To study muscle adaptation mechanisms, e.g. during growth, 

ageing or disease, reliable measurements of muscle 

architecture are required. Diffusion tensor imaging (DTI), 

combined with DTI tractography, can provide three-

dimensional reconstructions of the architecture of whole 

human muscles. Here, we tested the inter-session reliability 

of a DTI method that uses anatomical constraints to ensure 

that fascicle reconstructions, like real muscle fascicles, have 

endpoints on aponeuroses. The intraclass correlation 

coefficient, averaged over four lower limb muscles, was 0.81 

for measurements of fascicle length and 0.73 for pennation 

angle. We also showed that the use of anatomical constraints 

results in measurements which, unlike measurements from 

conventional DTI techniques, are quite robust to variations 

in arbitrarily selected stopping criteria for DTI tractography. 

Introduction 

Diffusion tensor imaging (DTI), combined with DTI 

tractography, provides three-dimensional measurements of 

the architecture of whole human muscles [e.g. 1]. These 

measurements are potentially better than two-dimensional 

measurements obtained with ultrasound imaging. However, 

conventional DTI techniques often provide anatomically 

implausible measurements of muscle architecture because 

the reconstructed fascicles do not terminate on aponeuroses, 

as real muscle fascicles do. Also, the DTI measurements are 

sensitive to variations in arbitrarily selected stopping criteria, 

especially the maximum turning angle between tract 

segments [2]. In this study, we determined the reliability of 

an anatomically constrained DTI-based method to measure 

the three-dimensional architecture of lower limb muscles, 

and the robustness of fascicle length measurements to 

variations in maximum turning angle. 

Methods 

Anatomical magnetic resonance and DTI images were 

obtained from the left legs of eight healthy participants on 

two occasions one week apart. Using methods previously 

described in detail [1], fascicle lengths and pennation angles 

were measured in the medial and lateral gastrocnemius, 

soleus (all four compartments [3]), and tibialis anterior 

muscles. Fibre tracts were generated by seeding from a 

3×3×3 mm grid in the muscle belly. Fascicles were 

reconstructed by applying anatomical constraints to the fibre 

tracts, i.e. by fitting 3
rd

 order polynomial curves to the tracts 

and then extrapolating these curves to the boundaries 

(aponeuroses) of the muscle. The architecture of a muscle 

was defined as the median value of all fascicles in that 

muscle. Inter-session reliability of muscle architecture 

measurements was calculated as the absolute-agreement 

intraclass correlation coefficient [ICC (2,1)] and standard 

error of the mean (SEM). Robustness was determined by 

estimating the muscle architecture measurements with 

maximum turning angles of 5°, 15° and 20°, and then 

calculating the difference between these measurements and 

those obtained with the default angle of 10°. 

Results and Discussion 

On average, 1,382 ± 803 (between-muscle mean ± standard 

deviation) fascicles were reconstructed per muscle. The 

average ICC across muscles was 0.81 for fascicle length and 

0.73 for pennation angle (Table 1). The mean SEM was 4.0 

mm for fascicle length and 1.6° for pennation angle. 

With a maximum turning angle of 5°, fascicles were shorter 

than the default fascicles by 3 mm (6% of mean fascicle 

length). With angles of 15° and 20° they were longer by 2 

(4%) and 4 mm (8%), respectively. 

Table 1: Inter-session reliability of fascicle length and pennation 

angle measurements from DTI with anatomical constraints in lower 

limb muscles. MG=medial gastrocnemius; LG=lateral 

gastrocnemius; SMP=soleus medial-posterior; SMA=soleus 

medial-anterior; SLP=soleus lateral-posterior; SLA=soleus lateral-
anterior; TA=tibialis anterior.; CI=confidence interval. 

 Fascicle length Pennation angle 

 
ICC (95% CI) 

SEM 

(mm) 
ICC (95% CI) 

SEM 

(°) 

MG 0.92 (0.67 to 0.98) 4.1 0.95 (0.80 to 0.99) 1.1 

LG 0.84 (0.32 to 0.97) 3.5 0.89 (0.49 to 0.98) 0.6 

SMP 0.82 (0.34 to 0.96) 3.0 0.91 (0.58 to 0.98) 1.2 

SMA 0.82 (0.38 to 0.96) 5.9 0.14 (-0.53 to 0.73) 4.0 

SLP 0.91 (0.60 to 0.98) 3.4 0.93 (0.73 to 0.99) 1.2 

SLA 0.80 (0.33 to 0.95) 3.3 0.60 (-0.05 to 0.90) 2.0 

TA 0.58 (-0.05 to 0.89) 4.8 0.52 (-0.10 to 0.88) 1.3 

Conclusions 

Anatomically constrained DTI tractography can provide 

reliable and moderately robust measurements of the 

architecture of lower limb muscles. 
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Summary 

This study analyzed the electromyography (EMG) activity of 

masseter and anterior temporalis muscles during chewing in 2 

different posture conditions: natural head posture (NHP) and 

deliberate forward head posture (FHP) in healthy individuals; 

and to compare EMG activity between subjects based on their 

NHP during chewing. Fifteen subjects participated. Presence 

of FHP or upright head posture (UP) was assessed using a 

plumb line. To analyze differences between the 2 conditions, a 

paired t-test was used. Independent t-test was used to calculate 

difference between subjects with UP and FHP. A significant 

increase in activity was found for masseter muscle in the FHP 

condition. No differences were found in NHP by posture 

classification. A trend of increased activity was observed for 

masseter and temporalis muscles during chewing in deliberate 

FHP and in natural FHP. FHP was found to influence 

masticatory muscle activity during chewing. 

Introduction 

Forward head posture (FHP) can alter the resting position of 

the mandible and may affect dental occlusal contact and 

masticatory muscle activity. Activity of the masticatory 

muscles may be altered with FHP due to changes in muscle-

length tension relationship [1]. When the temporomandibular 

joint (TMJ) condyle is positioned posteriorly in FHP, an 

additional force might be added to a posterior region of the 

TMJ during chewing [2]. Further studies are needed to 

investigate the influence of FHP on muscle activity of the 

masticatory muscles during chewing. Most studies evaluate 

the effect of head flexion and extension on resting mandibular 

position or during maximum clenching.  

The objectives of this study were 1) to analyze the surface 

EMG activity of superficial masseter and anterior temporalis 

muscles during chewing in 2 different posture conditions: in a 

natural head posture (NHP) and in a deliberate FHP in healthy 

individuals; and 2) to compare the EMG activity between 

subjects based on their natural head position (upright-UP 

versus FHP classifications) during chewing. 

Methods 

Fifteen adults (7 males, 8 females; 26± 2.9 years), with no 

history of neck or TMJ pain, temporomandibular disorders, 

head and/or neck trauma, or under orthodontic treatment 

participated. Natural head posture (NHP) was evaluated in a 

standardized sitting position using a plumb line. Surface 

electromyography (sEMG) from Motion Lab Systems 

MA300-XII was used to capture muscle activity of superficial 

masseter and anterior temporalis bilaterally. To standardize the 

EMG potentials of the muscles analyzed, two strips of 

Parafilm were positioned on the first and second mandibular 

molars bilaterally. Subjects were asked to chew in NHP and in 

a comfortable maximum FHP in sitting position. EMG data 

were normalized using maximum voluntary contraction. An 

independent t-test was used to calculate differences between 

right and left sides. If no differences were found, both sides 

were analyzed together. In order to analyze differences 

between the 2 conditions (NHP and deliberate FHP), a paired 

t-test was used. Independent t-test was used to calculate 

difference between subjects with upright posture (UP) and 

with natural FHP based on the postural analysis. 

Results and Discussion 

No significant differences in muscle activity between right and 

left sides were found (p ≥ 0.101). Therefore, both sides were 

analyzed together. A significant difference (p=0.02) was found 

for masseter muscle activity between NHP and deliberate FHP 

conditions during chewing (Figure 1A). No difference was 

found for temporalis muscle (p= 0.09). Eleven subjects were 

classified as having UP and 4 subjects were classified with 

FHP. No differences were found (p>0.09) in muscle activity 

during chewing in natural head position by posture 

classification (Figure 1B). 

 

Figure 1: EMG percentage (mean and SD) for masseter and 

temporalis muscles during natural head posture (NHP) and deliberate 

forward head posture (FHP) conditions (A), and based on posture 
classification – Upright (UP) vs. FHP (B). * = significant difference. 

A trend of increased activity was observed for masseter and 

temporalis muscles during chewing in deliberate FHP and in 

natural FHP compared to NHP and UP respectively.  

Conclusions 

Head and neck posture was found to influence masticatory 

muscle activity during chewing. Clinicians will better 

understand the association between head and neck posture and 

masticatory muscles related conditions. Future studies should 

include more subjects with and without FHP, and consider a 

habitual chewing task to evaluate masticatory muscles activity.  
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Summary 
While collagen is believed to be a major passive load bearing 
structure in muscle, previous work reports a very weak 
correlation between muscle collagen content and passive 
stiffness [1,2]. This may result from a lack of appreciation of 
intramuscular anatomical variations among muscle fibers and 
connective tissue structures. This study demonstrates that 
collagen content varies significantly between and within 
muscles and that these variations are driven by the 
intramuscular connective tissue. This information is needed for 
prediction of whole muscle passive mechanical properties. 

Introduction 
Collagen is thought to be the main load bearing structure within 
muscle tissue [3]. However, previous studies have 
demonstrated a weak or non-existent correlation between 
collagen content and passive stiffness for both human and 
rodent muscles [1,2]. This may result from variability in 
intramuscular anatomy (arrangement of internal tendons, 
fascial sheets, and muscle fibers) such that a single collagen 
content value does not adequately represent the connective 
tissue load bearing of a muscle or sample.  The purpose of this 
study was to quantify the relationship between collagen content 
and muscle anatomical variability in whole muscles. 

Methods 
Four mouse muscles, with varying actions and anatomy were 
dissected from 12-week old C57Bl6 mouse hindlimbs (4 male, 
4 female). Muscles included for study were the rectus femoris 
(RF), semimembranosus (SM), tibialis anterior (TA), and 
lateral gastrocnemius (LG). External tendons were removed 
and ~10 mg samples were blocked from proximal, middle, and 
distal regions of each muscle. In addition, samples of pure 
muscle (no visible tendons or fascial sheets) were carefully 
isolated to estimate “pure” muscle collagen content. Collagen 
content was measured by colorimetric hydroxyproline assay 
[4]. Pilot studies demonstrated that optimal hydrolyzation time 
was achieved at 24 hours using 6N HCl at 110°C. 

Results and Discussion 

Collagen content varied widely from less than 4 µg/mg wet 
tissue weight to over 14 µg/mg depending on muscle and region 
(Figure 1). Two-way ANOVA revealed a significant effect of 
muscle (p <0.001) and region (p <0.001) with a highly 
significant muscle x region interaction (p <0.001). Within each 
muscle one-way ANOVA revealed a significant effect of 
position for the TA (p <0.05) and LG (p <0.001). Post-hoc 
pairwise comparisons demonstrated that collagen content in the 
middle region was significantly lower than the distal and/or the 
proximal regions for the RF, TA, and LG (brackets in Figure 1).  
In contrast to the high variability across muscles, one-way 
ANOVA did not reveal a significant difference in collagen 
content of pure muscle (grey bar in Figure 1) across muscles (p 

=0.098, power =0.497). Thus, intramuscular anatomical 
variations likely drive differences in collagen content across the 
muscles. The greatest variability in collagen content occurred 
in pennate muscles with internal tendons such as RF, LG and 
TA. In these muscles the highest content was associated with 
internal tendons, visualized histologically (not shown).  
 

Figure 1: Mean±standard error of muscle collagen content by 
region(n=6/bar graphed as mean±SEM). Shaded grey line represents 
the mean±standard error of “pure” muscle collagen content (n=16). 

 (* <0.05, ** p<0.001) 

Conclusions 
This study demonstrates that collagen content varies 
substantially between and within muscles and we suggest that 
these variations are driven by the intramuscular anatomy of the 
muscle. The variations in collagen content indicate that a single 
collagen value may not adequately represent a muscle’s 
connective tissue load bearing capacity. Future studies will 
quantify how collagen content variations and intramuscular 
anatomy can be used to predict the passive mechanical stiffness 
of whole muscles. 
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Summary 
Skeletal muscles are typically assumed to behave as single 
fibres scaled to larger sizes without considering the 
mechanical effects of greater tissue mass. While previous 
work has shown that larger muscle size and mass decreases 
the work and power output of contracting muscle, the 
metabolic consequences of these factors are still unknown. In 
this study we show that muscle efficiency decreases with 
increases in muscle size, and this effect is more pronounced 
for slower muscle fibre-types and at lower muscle activations.  

Introduction 
Much of what we know about muscle function comes from 
measures of single fibres that are extrapolated to larger sizes 
while ignoring the mechanical consequences of muscle mass. 
However, recent work has shown that the inertial forces due to 
muscle tissue mass act to slow the rate of force development 
[1], the maximum contraction velocity [2], and the work and 
power per contraction cycle [3] of larger muscles. There 
should be a metabolic consequence to accelerating this 
internal mass, but this has not been previously described. The 
purpose of this study was to examine the effects of muscle size 
and mass on muscle efficiency during cyclic contractions.  

Methods 
To examine the effects of muscle size on contraction 
efficiency, we simulated cyclic muscle contractions using a 
Hill-type muscle model that accounts for inertial resistance 
due to tissue mass by distributing the muscle’s mass between 
in-series contractile and parallel elastic elements (Figure 1) 
[2]. We tested a wide range of cyclic contraction regimes that 
varied in their cycle frequency, muscle activation, muscle 
fibre-type properties, elastic tissue properties. Muscle sizes 
ranged from a fibre bundle (0.67 mg) to a whole human calf 
muscle (670 g).  

 
Figure 1: A Hill-type muscle model that accounts for the effects of 

tissue mass by incorporating 16 point-masses (m) between contractile 
(CE) and parallel elastic elements (PEE) connected in series (A), and 
a typical Hill-type muscle model that does not account for the effects 
of tissue mass (B). Fe denotes the external force acting on the muscle. 

We calculated the efficiency of the contraction cycles as the 
mechanical work divided by the metabolic work done. The 
metabolic work was estimated as the sum of the mechanical 
work and the heat produced over the cycle. To determine the 

heat produced by the muscle, we used an energetic model that 
estimates the rate of muscle heat production as a function of 
the muscle’s activation, contraction velocity, relative force, 
and time relative to the onset of activation at the start of each 
cycle [4].  

Results and Discussion 
Greater muscle size resulted in lower muscle efficiency for 
these cyclic contractions, primarily due to lower mechanical 
work per cycle. This is in contrast to a typical Hill-type 
muscle model formulation that does not account for the effects 
of tissue mass, where the efficiency would be constant across 
muscle sizes (Figure 2). Reductions in efficiency became 
important at the largest sizes and were more pronounced for 
slower fibre-types, and at lower levels of activation. These 
reductions in efficiency can exceed 10%.  

 
Figure 1: Cyclic muscle efficiency of a Hill-type muscle model that 

accounts for tissue mass and a typical massless Hill-type muscle 
model, maximally contracting against damped harmonic oscillator at 
1 Hz frequency [5]. Efficiency is expressed as a percentage relative to 

the results of the massless Hill-type model at the same muscle size. 

Conclusions 
Our results show that muscle efficiency is lower for larger 
muscles due to their greater size and mass. These properties 
should therefore be considered for a more complete 
understanding of the cost of muscle contractions.  
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Summary 

We assessed the accuracy of non-rigid image registration 

algorithms to quantify the three-dimensional deformation of 

the human medial gastrocnemius muscle from MRI scans of 

the muscle at rest and during isometric contractions at 10% and 

20% of maximum voluntary isometric plantarflexion torque. 

Demons and b-spline registration were used to predict the 

displacements of anatomical landmarks within muscles of four 

participants. The mean registration errors (distance between 

predicted and true locations as identified manually by three 

raters) ranged across algorithms from 0.4 to 0.9 mm for 10% 

contractions and from 1.0 to 1.9 mm for 20% contractions. 

Even the best-performing algorithm predicted only half of the 

non-rigid component of the muscle deformation. The limited 

accuracy of non-rigid registration algorithms to predict the 

deformation of human muscles in vivo should be considered 

when designing new studies and interpreting previous studies 

using these methods. 

Introduction 

Measurements of shape changes of contracting muscles can 

provide insights into the interaction between active force-

generating and passive load-bearing structures in muscles, and 

will support the development and validation of realistic 

computational models of muscles. Whole-muscle deformation 

and tissue strains have been quantified using non-rigid image 

registration algorithms [1], which estimate local tissue 

displacements by matching features from MRI images obtained 

at rest and during contraction. We tested the accuracy of non-

rigid registration algorithms for estimating three-dimensional 

deformations of human muscles in vivo. 

Methods 

mDixon MRI scans (resolution 0.9×0.9×1 mm) were obtained 

of the lower legs of four healthy participants (age 29±5 yrs; 

mean±SD) when their muscles were relaxed and during 

plantarflexion contractions at 10% (twice) and 20% of their 

maximum voluntary isometric torque. Visual feedback was 

given to maintain constant torque during the 2.5 minute scans.  

Using a tool designed for quantitative validation of registration 

algorithms [2], sets of anatomical landmarks were identified in 

the medial gastrocnemius muscles at rest. The locations of 

these landmarks in the contracting muscles were then identified 

automatically by two non-rigid registration algorithms – b-

spline and demons registration – and manually by three raters 

who visually compared image pairs to select corresponding 

locations. The registration error of landmarks was calculated as 

the Euclidean distance between registration-predicted and 

manually selected locations. The registration error of a muscle 

was defined as the median registration error of the landmarks 

in that muscle, corrected for voxel-level resolution of the 

manual selection procedures. We calculated errors for a range 

of grid sizes (b-spline) and smoothing parameters (demons) 

that might be used to regularise the predicted deformation field 

for this type of data. 

Results and Discussion 

On average, the absolute displacement of anatomical 

landmarks was 2.9 mm during 10% contractions and 5.7 mm 

during 20% contractions. The registration errors (mean across 

muscles) after rigid registration were 1.1 and 2.0 mm 

respectively, indicating that rigid-body movement of the whole 

muscle caused more than half of the landmark displacement. 

The mean errors after application of the different non-rigid 

registration algorithms ranged from 0.4 to 1.9 mm for 10% 

contractions and from 1.0 to 1.9 mm for 20% contractions (Fig. 

1), with little to no systematic difference in performance 

between algorithms and regularisation parameters.  

 

Figure 1: Box plots of registration errors for all landmarks in all four 

particpants during the 20% contraction condition (n=144). The boxes 

show the distribution of the error before registration (i.e. displacement 

of landmarks; 1st column), after rigid registration (2nd column) and 
after each of the non-rigid registration algorithms that we tested. 

Conclusions 

Non-rigid image registration algorithms predict about half of 

the non-rigid deformation of the medial gastrocnemius muscle 

during isometric plantarflexion contractions at 10-20% of 

maximum voluntary isometric torque. 
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Summary 

A transient period of accelerated relaxation occurs when 

mammalian muscle is repeatedly stimulated. We aimed to 

determine if a similar effect occurs during repetitive 

stimulation of frog plantaris muscle. The existence of this 

effect would provide insight into the mechanisms controlling 

the rate of muscle relaxation. Repeated contractions were 

evoked at 200 Hz for 25 ms at 1-second intervals for 11 s. We 

found that relaxation became slower with each successive 

contraction, and that all contractile parameters had fully 

recovered after an 8-minute rest period. We conclude that frog 

and mammalian muscle exhibit differences in history-

dependent properties of relaxation, but future study is needed 

to determine a causative explanation.  

Introduction 

The rate of muscle relaxation is history-dependent. During 

repetitive activation of mammalian skeletal muscle, the rate of 

relaxation initially increases and then decreases with 

continued stimulation. The explanation for the transient 

increase in relaxation rates is thought to be a contraction-

induced increase in inorganic phosphate, a by-product of ATP 

hydrolysis which accelerates the rate of crossbridge cycling 

[1,2]. Conversely, inorganic phosphate may slow relaxation 

and cross-bridge cycling in frog skeletal muscle [3], though 

these data are not definitive. If a transient increase in 

relaxation rates were to occur during repeated activation of 

frog muscle, it would suggest that inorganic phosphate has 

similar effects on cross-bridge cycling in frog and mammalian 

muscle. Conversely, the lack of an increase in relaxation rates 

would be inconclusive, as contraction-induced slowing of 

cytosolic calcium removal [4] would have a confounding 

influence. In this study, we evoked a series of contractions in 

the plantaris muscle of Rana pipiens to determine if a transient 

period of accelerated relaxation would occur.  

Methods 

Plantaris muscles of anesthetized Rana pipiens (n=7; held at 

ambient temperature) were exposed and mechanically isolated 

with blood and nerve supplies intact. The distal 

musculotendinous junction was clamped to an Omega 100 N 

load cell mounted on a Parker linear motor. The femur was 

pinned within a stereotaxic frame in order to secure the distal 

end of the muscle. A Grass S8800 stimulator delivered stimuli 

to the muscle via a cuff surrounding the tibial nerve. Force 

data were collected at 2 kHz using Windaq. Stimulation 

voltage was set to 3 times the threshold of alpha motor unit 

activation. The muscle length giving maximum force (70 Hz 

stimulation for 450 ms) was found. Next, a series of 

contractions were evoked at 200 Hz for 25 ms. Two control 

contractions were evoked at 2-minute intervals, followed by 

11 contractions delivered at 1-second intervals (hereafter 

referred to as Contractions 1-11), and then four recovery 

contractions at 2-minute intervals. 

Results and Discussion 

Summary data are shown in Table 1. Control contractions 

were not different from Contraction 1 on any measure (not 

shown). There were no changes in active force or time to peak 

tension between Contractions 1 and 2, but each of these 

parameters were lower in Contraction 11 than in Contractions 

1 and 2. All relaxation parameters indicated that relaxation 

was significantly slower in Contractions 2 and 11 than in 

Contraction 1. The contractions evoked 8-minutes into 

recovery were not statistically different from Contraction 1 by 

any measure.  

Conclusions 

As no transient period of accelerated relaxation was observed, 

we conclude that the history dependence of relaxation 

properties differs between frog and mammalian muscles. It 

remains unclear if the effects of inorganic phosphate on cross-

bridge cycling are species-dependent, as a contraction-induced 

slowing of cytosolic calcium removal [4] could be a 

confounding factor in our study. Direct study of the effects of 

phosphate on relaxation rates in amphibian muscle is required. 
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Table 1: Contraction-induced changes to contractile parameters. Values are means ± SEM. * - P<0.05 vs Contraction 1, and 8-Minute 

recovery. † - P<0.05 vs Contraction 2 

Parameter 
Contraction 2 

(Relative to Contraction 1) 

Contraction 11 

(Relative to Contraction 1) 

8-Minute Recovery  

(Relative to Contraction 1) 

Active Force 1.01 ± 0.02 0.92 ± 0.03*† 0.97 ± 0.02 

Time to Peak Tension 0.99 ± 0.02 0.92 ± 0.02*† 1.00 ± 0.01 

Peak Rate of Force Production 1.00 ± 0.02 0.93 ± 0.02*† 1.00 ± 0.02 

Duration of Linear Relaxation Phase 1.23 ± 0.06* 1.84 ± 0.16*† 1.01 ± 0.05 

Slope of Linear Relaxation Phase 0.89 ± 0.03* 0.75 ± 0.06*† 0.99 ± 0.02 

Half Relaxation Time 1.11 ± 0.04* 1.35 ± 0.08*† 1.03 ± 0.03 

Peak Rate of Relaxation 0.93 ± 0.04* 0.75 ± 0.06*† 1.00 ± 0.04 
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Summary 
A biomechanical evaluation was completed to assess and help 
better understand the human-factor outcomes of sitting in an 
active office chair. 

Introduction 

The average Canadian office worker spends over two-thirds of 
their workday in a prolonged, seated position [1]. Prolonged 
sitting is a sedentary behaviour that has concerning effects on 
both the biomechanical and physiological systems. The 
objective of this study was to determine if the use of active 
office seat(s) promotes neuromuscular activity.   

Methods 

The study compared three design iterations of Lifeform’s 
Ultimate Executive chair: 1- without CoreFlex seating 
(Control); 2- with Core-Flex original design (Seat Design 1); 
and 3- with CoreFlex’s Prototype (Seat Design 2). Thirty 
healthy volunteers visited the Occupational Biomechanics 
Laboratory (OPL) for a single experimental session. During 
each visit, participants worked at a computer workstation, 
which had been ergonomically configured to their specific 
body anthropometrics, for a three-hour period (one-hour per 
chair). The participants did a series of computer related tasks 
while seated and the seats used were randomized.  

 

 

 

 

Figure 1: Illustration of the office seat that were evaluated: (A) Seat 
Design 1, (B) Control Seat, (C) Seat Design 2 

Muscle Activation: Electromyography (EMG) was used to 
monitor muscle activation. EMG electrodes were placed 
bilaterally on the splenius capitis, erector spinae at the thoracic 
(T9) and lumbar (L3) level as well on the external obliques. 

The myoelectric signal was collected at 1024 Hz and the raw 
signal was rectified (RMS converted) and Butterworth band 
pass filtered. Peak activity was found for each muscle during 
the MVC trials and used to normalize all subsequent EMG 
data. The EMG data was compiled into 1-minute intervals to 
determine the level of muscle activity percentage change from 
MVC during the computer tasks. 
 
 

Results and Discussion 

It was found that the participants had significantly higher 
thoracic erector spinae neuromuscular activity and external 
obliques using Seat Design 1. The increase of muscle activity 
in the thorax could be the body’s effort to stabilize the trunk 
by keeping it upright while “peddling”.  
Greater neuromuscular activity was found for the lumbar 
erector spinae muscle when using the Control seat. This 
increase of muscle activity found in the erector spinae in the 
lumbar region could be predominantly due to the length of the 
seat pan. The Control seat was the only seat where each of the 
participants could comfortably reach and make proper contact 
with the backrest. The increase of muscle activity would be a 
means to maintain lumbar lordosis while maintaining contact 
with the backrest. Maintaining lumbar lordosis is extremely 
important to help prevent the onset of low back pain 
development. 

Figure 2: Bilateral neuromuscular activity of the neck muscles (SC: 
splenius capitis), thoracic erector spinae (TES), lumbar erector spinae 
(LES) and abdominal muscles (EO: external obliques) for the Seat 
Design 1, Control seat, and the Seat Design 2; at the end of 60 
minutes. 

Conclusions 
Seat Design 1, showed the greatest change in the upper back 
erector spinae and abdominal muscles activation. Both Seat 
Design 1 and 2, required the participants to peddle while 
seated, however greater gross motor movement pattern was 
found using Design 1. The use of an active seat has significant 
potential, however design changes are needed, such as 
shortening the seat pan, before further investigation can 
determine whether the increased muscular activity can lead to 
reduced sedentary behaviour while sitting.  
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Summary 

The purpose of this study was to determine the detrimental 
effects of a high-fat/high-sucrose (HFS) diet on muscle 
integrity and the contractile properties of single myofibers, 
and whether prebiotic fibre supplementation (PFS) and 
moderate aerobic exercise can mitigate these detrimental 
effects. HFS diet led to degenerative changes in muscle 
structure and impeded its capacity to produce force. PFS and 
moderate aerobic exercise prevented degenerative changes to 
muscle structure, but did not prevent muscle fat accumulation, 
suggesting that fat alone is not a good indicator of the 
musculoskeletal degenerations observed in this diet-induced 
obesity model. 

Introduction 

Using a Sprague-Dawley rat model, it has been shown that a 
high-fat/high-sucrose (HFS) diet-induced obesity leads to 
infiltration of fat, collagen, and macrophages into skeletal 
muscles within 12-weeks [1]. Prebiotic fibre supplementation 
(PFS) and aerobic exercise are thought to prevent changes 
normally observed with obesity. However, it is not known 
whether obesity, and associated morphological changes in 
skeletal muscles, affect the contractile properties of muscles at 
the level of the myofiber, and if PFS and aerobic exercise can 
mitigate these morphological changes and prevent contractile 
impairment. Therefore, the purpose of this study was to 
determine the effects of a HFS diet on muscle integrity and the 
contractile properties of single myofibers, and whether PFS 
and aerobic exercise can mitigate the deleterious effects 
typically observed with obesity in this pre-clinical model. 

Methods 

Twelve-week-old male Sprague-Dawley rats fed a HFS diet 
(40% fat, 45% sucrose) were randomized into a sedentary 
group (n=12), or a HFS diet combined with PFS (10% 
oligofructose; n=12), or a moderate aerobic exercise group 
(progressive treadmill running for 30 min five days per week; 
n=12). Eight chow-fed, age-matched animals, were included 
as lean controls. Following the 12 week intervention period, 
vastus lateralis (VL) muscles were harvested. Single skinned 
VL myofibers were isolated and tested for maximal active 
isometric stress, unloaded shortening velocity (V0) and 
calcium sensitivity at a mean sarcomere length of 2.4µm. A 
colorimetric assay was performed to quantify triglyceride 
content in VL, and histological sections were stained with 
Picrosirius Red for quantifying intramuscular collagen 
content. Immunostaining for CD68+ cells was performed for 
quantifying macrophage density. Kruskal-Wallis testing was 
performed using Mann-Whitney post hoc testing to determine 
differences in outcome variables between groups (α ≤ 0.05). 

Results and Discussion 

HFS group rats showed an increase in intramuscular 
triglycerides, collagen, and CD68+ cells, a reduction in single 
myofiber maximal active isometric force, and no changes in 
V0 and calcium sensitivity compared to chow group rats. PFS 
and aerobic exercise prevented the increase in collagen 
deposition and CD68+ cells seen in HFS rats but did not 
prevent increases in intramuscular triglycerides in VL. PFS, 
but not moderate aerobic exercise, prevented the loss in 
myofiber force. (Figure. 1). 

Diet-induced obesity leads to degenerative changes in muscle 
structure and impedes force production. The reduction in force 
in HFS myofibers cannot be explained by fat accumulation in 
the myofibers since PFS effectively prevented force reduction 
without affecting the fat content in VL.  PFS and moderate 
aerobic exercise were effective in preventing muscle fibrosis 
and inflammation, factors known to have a detrimental effect 
on muscle [2]. Muscles have a high capacity to store and 
utilize fat, and fat accumulation in muscles might point to 
important adaptations to dietary lipid/carbohydrate overload. 

 
Figure 1: Mean (± 1SEM) VL triglyceride, collagen and macrophage 

content, and single myofiber maximal active stress. * indicates 
difference from chow group. § indicates difference from HFS group. 

Conclusions 

HFS diet led to degenerative changes in muscle structure and 
reduced muscle force capacity. PFS and moderate aerobic 
exercise prevented collagen and macrophage infiltration, but 
did not prevent fat accumulation in VL, suggesting that 
increases in muscular fat may be an adaptive response to the 
HFS diet.  
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Summary 

Young healthy adults performed rapid isometric force pulses 

with individual fingers in two directions (force generation and 

relaxation), and from three initial force levels. Force-rate 

enslaving was computed to quantify finger interdependence. 

The ring finger is the most enslaved, force-rate enslaving 

increases with initial force level and is independent of direction.  

Introduction 

Quantifying structural coupling is key to understanding finger 

coordination and manual function. Force enslaving (amount of 

force produced involuntarily by a finger while another finger 

produces a maximal isometric fingertip flexion force), 

measures one facet of this coupling [1,2]. However, most 

activities of daily living are accomplished with sub-maximal 

forces, and the ability to manipulate objects may well depend 

on the ability to produce rapid changes in force. Therefore, the 

purpose of this study is to characterize finger force-rate 

enslaving during a ballistic increase (up-pulse, akin to grasping 

an object) and decrease (down-pulse, akin to release of a grasp) 

in isometric finger force. Furthermore, we vary the initial force 

and quantify force-rate enslaving at different levels of muscular 

pre-tension. We expect force-rate enslaving to resemble force 

enslaving characteristics for the up-pulses [2]. However, the 

rapid force release and manipulations with pre-tension are 

novel, so we will simply report our findings. 

Methods 

Nine healthy, right-handed adults (5 male; 25.7 ± 4.4 yrs) 

placed their fingertips on force sensors and performed 

maximum voluntary contractions (MVC) with each instructed 

master finger: index, middle, ring, and little. For the up-pulse 

trials, subjects exerted a constant initial force with a master 

finger (10%, 25%, or 40% of that finger’s MVC) by matching 

a force target via visual feedback, and then generated a rapid 

force pulse with the master finger by pressing as hard and as 

fast as possible after the verbal cue “go”, and then relaxed. The 

down-pulse trials started with an initial force, and after the 

verbal cue “relax”, they reduced the force to zero as quickly as 

possible. All fingers were required to stay in contact with the 

sensors, and force data was collected from all fingers. Any trial 

where the contact was lost was repeated.  

We identified the peak of the absolute force-rate for the master 

finger, and the force-rates of the other three enslaved fingers at 

this instant. The force-rate enslaving for a finger is the ratio of 

the force-rate produced by the finger when it is an enslaved 

finger, to the maximum force-rate that it produces when it is the 

master finger, expressed as a percentage. We averaged three 

enslaving values, obtained when each of the other fingers is a 

master finger, to obtain a measure of the force-rate enslaving 

for each individual finger and for the up and down pulses. A 

three-way, repeated measures ANOVA was performed with 

factors Finger (4 levels), Pulse Direction (2 levels), and Initial 

Force (3 levels). Pairwise comparisons were conducted with 

Tukey’s corrections. 

Results and Discussion 

There was a main effect for Finger [F(3,23)=18.06, p<0.001]. 

The ring finger was more enslaved than the other three fingers. 

There was also a main effect of Initial Force [F(2,16)=7.96; 

p=0.004]. Enslaving for the 10% initial force condition is 

significantly less than the 25% and 40% conditions (Figure 1). 

There is no effect of Pulse Direction (p=0.26), or any 

interactions.  

Force-rate enslaving is the largest for the ring finger. The ring 

finger is the most enslaved regardless of task (up/down pulse) 

or computation (force/force-rate) [2]. Force-rate enslaving 

increases with initial force. This pattern is strong for the down-

pulses, perhaps because of the strong accuracy constraint 

(fingers cannot lift). The constraint limits the amplitude of force 

change. This results in smaller peak force-rates in the master 

finger (p < 0.05; data not presented) for smaller initial force, 

suggesting that force-rate enslaving is related to the peak force-

rate of the master finger. This pattern is weaker for the up-

pulses, consistent with a weaker accuracy constraint. The 

dependence of isometric force-rate on force amplitude (and 

hence on accuracy) has been reported [3], but the dependence 

of enslaving on the accuracy imposed by the task is novel.  

 

Figure 1: Mean and standard error of force-rate enslaving during 

down (shaded region) and up force pulses from 3 initial force levels. 

Conclusions 

Finger force-rate enslaving is similar during rapid increase and 

decrease in force, but is influenced by the accuracy constraints 

of the task. Therefore, it may be more functionally relevant 

compared to force enslaving quantified using MVC tasks [2].  
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Summary 

The complex anatomy of the neck creates uncertainty 

regarding how the central nervous system (CNS) activates 

individual muscles to stabilize the neck in 3-D. The CNS can 

tune both the activation and mechanics of muscle to preferred 

directions where the muscle maximally contributes to stability. 

In this experiment, we examined the stabilizing contributions 

of the sternocleidomastoid muscle (SCM) to 3-D isometric 

neck torque generation using electromyography (EMG) and 

ultrasound shear wave elastography (SWE). The preferred 

directions were consistent among individuals and EMG/SWE 

collections, and were not affected by the magnitude of 

volitional contraction. 

Introduction 

The neck is a complex musculoskeletal system made up of 

over 20 pairs of layered muscles [1]. The CNS stabilizes the 

neck in flexion, lateral bending, or axial rotation by altering 

the activation or mechanics of neck muscles. Measurements of 

muscle activity or muscle elasticity across a range of force 

directions allow the neuromuscular control of the neck to be 

quantified. EMG recordings indicate the preferred activation 

direction for the SCM is consistent among individuals during 

2-D and 3-D isometric tasks [2]. However, there are small but 

significant differences in the preferred direction of the SCM 

when comparing EMG to SWE-measures of muscle elasticity 

during 2-D isometrics tasks [3]. Because the SCM provides 3-

D neck stability, the purpose of this study was to investigate if 

the preferred directions of EMG and SWE for the SCM differ 

during 3-D isometric tasks. It is hypothesized that the 

preferred direction of the SCM will not be affected by the data 

type (EMG, SWE) or the magnitude of volitional contraction. 

Methods 

Ten healthy individuals (5M, 5F; mean (SD): age: 26.5 (3.2) 

years, height: 1.71 (0.1) m, weight: 68 (14) kg) participated in 

the study. The participants were seated in an instrumental halo 

equipped with a 6-DOF load cell (ATI). Maximal voluntary 

contractions (MVC) in flexion/extension, right/left lateral 

bending, and right/left axial rotation were collected at the 

beginning of the experiment. The torque magnitude for 

subsequent trials were scaled to each participant’s axial 

rotation MVC. Twenty-six 3-D torque targets distributed 

evenly about a sphere were performed. These 26 targets were 

repeated four times, twice at 40% MVC and twice at 80% 

MVC. Trial order were randomized by torque magnitude, then 

by target. Surface EMG (Bagnoli, Delsys) were obtained from 

the right SCM, and SWE images were obtained from the left 

SCM during each torque task. Preferred directions were 

calculated using normalized EMG and SWE resultant vectors. 

EMG data of the right SCM was mirrored for comparison to 

the left SCM SWE data. The preferred direction (azimuth and 

elevation) of the SCM was investigated using a multivariate 

ANOVA where data type (EMG, SWV) and the magnitude of 

volitional contraction (40% or 80% MVC) were fixed factors. 

Results and Discussion 
When calculated using SWE data, the left SCM had a mean 

preferred direction with an azimuth of -20.7° (95% CI: -50.7°, 

10.7°) and elevation of 52.0° (95% CI: 58.1°, 45.9°). When 

calculated using EMG data, the left SCM had a mean 

preferred direction azimuth of -29.9° (95% CI: -36.8°, -23.1°) 

and elevation of 53.3° (95% CI: 44.7°, 61.9°). The preferred 

directions, as assessed by the azimuth and elevation angles, 

were not statistically different between data type (F = 0.350, p 

= 0.558; F = 0.064, p = 0.801, respectively) or magnitude of 

volitional contraction (F = 1.260, p = 0.269; F = 2.862, p = 

0.099, respectively). Representative intensity plots of SWE 

and EMG activity depict the left SCM preferred direction in a 

combination of flexion, left lateral bending, and right axial 

rotation (Figure 1). Focus, which measures the data dispersion 

about the preferred direction, was not significantly different 

between data type or magnitude of volitional contraction (F = 

0.352, p = 0.557; F = 0.952, p = 0.336, respectively). These 

results suggest that tissue material properties and neural 

control of the SCM are consistent among individuals during 3-

D isometric tasks. This differs from previous findings that 

these preferred directions are not the same during 2-D 

isometric tasks. Future research will expand these methods to 

better identify neuromuscular pathologies to neck 

musculature. Understanding these changes will assist in identi-

fying individuals that may benefit from physical rehabilitation. 

 
Figure 1: Intensity plot of SWE (1a) and EMG (1b) data from one 

participant. Higher intensities represent higher values of the 

respective data type. Black lines represent the preferred direction for 

each participant and condition. Azimuth angles are 0°= flexion (FL), 

90°= right lateral bending (RLB), 180°= extension (EX), 270°=-45°= 

left lateral bending (LLB). Positive and negative elevation angles 

indicate right and left axial rotation (RAR, LAR) respectively. 

Conclusions 

In 3D isometric tasks, the SCM exhibits a preferred direction 

combining flexion, left lateral bending, and right axial 

rotation. Preferred direction was consistent between EMG and 

SWE collections and different volitional contraction levels.  
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Summary 

We used shear wave elastography (SWE) to examine changes 
in hamstrings muscle shear elastic modulus with contraction 
type and intensity. Also, we examined the relationships 
between hamstrings muscle size/architecture and shear 
modulus. Shear modulus increased curvilinearly with 
increasing contraction intensity in all muscles and contraction 
types, although it plateaued at a lower intensity in biceps 
femoris long head (BFlh) and semimembranosus (SM) 
compared to semitendinosus (ST). ST anatomical cross-
sectional area (ACSA) and BFlh pennation angle (PA) 
explained >50% of the inter-individual differences in their 
respective peak isometric shear modulus. The greater change 
in ST shear modulus with contraction intensity compared to 
BFlh and SM, indicate an increased load borne by ST during 
knee flexion. Influence of muscle anatomy on shear modulus 
is muscle- and contraction-type specific. 

Introduction 

Muscle shear elastic modulus, assessed with SWE, is a 
measure of local stiffness that closely follows muscle’s 
electromechanical response upon activation [1] and has been 
used to determine the load distribution among synergist 
muscles [2]. Hamstrings’ constituent muscles exhibit a diverse 
anatomy that is expected to influence the load distribution 
among them with recent findings suggesting an increased load 
bearing by BFlh relative to ST with increasing intensity during 
isometric knee flexion [3]. However, the load distribution 
among all three biarticular hamstring muscles remains unclear 
and it is unknown whether it is specific to contraction type. 
Additionally, the influence of hamstrings muscle anatomy on 
shear elastic modulus remains unknown. Therefore, the aim of 
this study was to examine: 1) the effect of contraction type and 
intensity on hamstrings shear elastic modulus and 2) the 
relationship between hamstrings anatomy (muscle size and 
architecture) and shear modulus. 

Methods 

Ten young recreationally active males with no history of 
hamstring injuries performed 5-s submaximal knee flexions 
(20-70%MVC, 10% increment, random order) in a prone 
position (30° hip angle, 0° full extension) on an isokinetic 
dynamometer (Con-Trex) in three randomized conditions: 
isometric, concentric and eccentric. Dynamic contractions 
were performed at 8° s-1 (ROM: 0-40°) and isometrics at 30° 
knee flexion. SWE (Aixplorer, SuperSonic Imagine) was used 
to measure BFlh, ST and SM shear modulus. Hamstrings 
ACSA was measured with MRI while PA and fascicle length 
(FL) (in BFlh and SM only) with B-mode ultrasonography. 
All measurements were performed at 50% thigh length. For 
each contraction, shear modulus values within 10% of the 

peak were averaged to obtain a representative value. 
Differences in shear modulus were examined with a three-way 
(condition x muscle x intensity) repeated measures ANOVA. 
Relationships were examined with Pearson’s correlation 
coefficient and the level of significance was set at p< 0.05. 

Results and Discussion 
Shear modulus increased curvilinearly with contraction 
intensity (quadratic fit R2: 0.976-0.998 across all muscles and 
conditions) (Figure 1) but plateaued at a lower intensity in 
BFlh and SM than ST irrespective of contraction type. Peak 
isometric shear modulus was inversely related to ST ACSA 
(r= -0.74, p= 0.048) and BFlh PA (r= -0.75, p= 0.0013), but no 
significant correlations were found between muscle 
architecture and shear modulus in the dynamic conditions. 

 
Figure 1: Isometric shear elastic modulus for BFlh (green), ST 
(orange) and SM (red) at different intensities. *ST different from BF; 
§ST different from SM. numbers denote difference from the 
respective intensity level in each muscle, p< 0.05.  

Conclusions 

Within the biarticular hamstrings, shear modulus increases 
curvilinearly with contraction intensity irrespective of 
contraction type. However, the relative changes between 
muscles indicate a greater load borne by ST. Muscle anatomy 
is an important determinant of peak isometric shear modulus 
in BFlh and ST. 
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Summary 

Following active muscle lengthening there is less activation 

(i.e., Electromyography; EMG) required to match a given 

torque target as compared with a purely isometric 

contraction.  This activation reduction (AR) is typically 

investigated during torque matching tasks. It is less clear 

whether following active lengthening there is AR for a 

position matching task. There was no difference in relative 

%AR for both the torque and position matching task. 

However, more activation was required for both the position 

task isometric and isometric steady-state following active 

lengthening. 

Introduction 

Residual torque enhancement (rTE) is the increase in torque 

during an isometric steady-state contraction following active 

muscle lengthening when compared to an isometric 

contraction at the same muscle length and level of activation 

[1]. When torque is matched, owing to a greater contribution 

of passive force to total force [2], there is an activation 

reduction (AR) for EMG activity in the rTE state. Current 

investigations of rTE are performed using isokinetic 

contractions, controlling velocity and amount of active 

lengthening using a dynamometer to match torque. Position 

tasks better parallel the demands of everyday life and 

employ different activation strategies of the motorneuron 

pool [3], and are associated with increased ratings of 

perceived exertion, and decreased muscle endurance [4]. 

Currently, it is unclear whether position matching tasks will 

evoke similar AR following active lengthening, as compared 

with torque matching tasks. The purpose of the present study 

was to determine differences in AR during a position-

matching rFE protocol when compared to a torque-matching 

rFE protocol.  

Methods  

Six healthy males and females (age: 22 ± 2 years, height: 

176 ± 8.5cm, mass: 70.6 ± 14 kg) performed ankle 

dorsiflexion through 40° of active lengthening on a HUMAC 

NORM dynamometer (CMSi Medical Solutions, Stoughton, 

MA).  EMG was recorded from the tibialis anterior. 

Maximum voluntary contractions (MVC) were performed at 

130° dorsiflexion. The position matching task involved 

externally loading the footplate of the dynamometer at 

approximately 60% MVC. Contractions were initiated at a 

neutral ankle angle (90° position), the participant was 

instructed to take the weight, lower the foot plate over 3 

seconds to 130°, and hold the isometric steady-state 

contraction for 6 seconds. For the torque matching task, the 

participant was instructed to match 60% MVC at 90°, the 

ankle was rotated at 13°/s and torque was held at 130° for 6 

seconds after active lengthening. Both tasks were compared 

to corresponding 10 second isometric position or torque 

matching contractions at the same joint angle and torque 

level. EMG RMS values were taken from 8-8.5s and 

analysed using the following equation for AR:  

 

AR= (iso- rTE)/iso × 100  

A paired t-test was used to determine significant differences 

between AR in position and torque matching tasks. 

Significance was set at α=0.05.  

Results and Discussion 

Activation was reduced by ~21% in the position matching 

task (p <0.05) and ~23% in the torque matching task (p 

<0.05).  Differences in AR between the two tasks were not 

significant. However, when comparing AR from the 

isometric torque matching task to the rTE position matching 

task, AR was not observed, possibly owing to a greater 

activation demand of the position matching task.  

 

Figure 1:  Activation reduction (%) for position and torque 

matching tasks. Bars represent mean and standard error, and red 

circles indicate individual activation reduction from participants.  

Conclusions 

There were no differences in relative %AR for both the 

torque and position matching task, but more activation was 

required for both the position task isometric and isometric 

steady-state following active lengthening when comparing 

position and torque tasks. These data indicate that rTE is a 

present following voluntarily performed, position matching 

dynamic contractions.  
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Summary 

The present study investigated whether a squat training 

increase knee and hip flexion and extension strength. Twenty-

four healthy young men were randomly assigned to a training 

group (n = 12) or a control group (n = 12). The training group 
performed a squat training program with 40% of 1-repetition 

maximum 3 days per week for 8 weeks. Before and after the 

intervention, isometric peak torques of knee and hip flexion 

and extension during maximal voluntary contractions were 

measured. The training-induced improvements of knee and hip 

flexion and extension strength were significant, suggesting 

that the low-intensity squat training is useful to simultaneously 

increase knee and hip flexion and extension strength. 

Introduction 

Knee and hip flexion and extension strength play an important 

role in sports and daily activity [1]. Therefore, resistance 

training program which can improve these muscle strength 
simultaneously is very useful. Given that squat exercise 

includes flexion and extension of knee- and hip-joints, the 

resistance training program based on squat exercise is 

expected to be effective. In a previous study [2], muscle 

activity during squat was higher in mono-articular than in bi-

articular muscles. Since the knee and hip extensors include 

mono-articular muscle in contrast to the knee and hip flexors, 

it can be hypothesized that the squat training-induced 
improvements of knee and hip extension strength are more 

prominent. The present study investigated whether the squat 

training increase knee and hip flexion and extension strength. 

To clarify an effect of the squat training on knee extension 

strength in more detail, neural adaptations were also examined. 

Methods 

Twenty-four healthy young men were randomly assigned 

equally to a training group or a control group. The participants 

of the training group performed a parallel squat with 40% of 

1-repetition maximum intensity 3 days per week for 8 weeks. 

The training consisted of 3 sets of 8 repetitions. The 

participants of the control group were asked to refrain from 
any resistance training during the study period.  

Before and after the intervention, isometric peak torques of 

knee and hip flexion and extension during maximal voluntary 

contractions (MVCKE, MVCKF, MVCHE and MVCHF, 

respectively) were measured. Root mean square value of 

surface electromyography signal recorded from each of the 

rectus femoris (RF), vastus lateralis (VL) and vastus medials 
(VM) muscles during MVCKE was calculated and normalized 

to maximal M-wave amplitude evoked by electrical 

stimulation of the femoral nerve (RMSEMG/Mmax). 

A three-way analysis of variance (ANOVA) with time (before, 

after) × torque (MVCKE, MVCKF, MVCHE, MVCHF) × group 

(training, control) was used for MVC torques. When several 

torques increased significantly, the difference in the increase 

rates of MVC torque between the muscle groups was 

examined using one-way ANOVA. A two-way ANOVA with 

time (before, after) ×group (training, control) was used for 

RMSEMG/Mmax. A significance level was set to P < 0.05.  

Results and Discussion 

Three-way ANOVA revealed a significant time × group first-

order interaction for MVC torques. The simple main effect of 

time was significant in the training group, indicating the 
significant increases in MVC torques of the training group 

(Table 1). The difference in the increase rates of MVC torques 

was not found. For RMSEMG/Mmax, there were no significant 

time × group interaction. A significant simple main effect of 

time was found in RF, but not in VL and VM. 

In the present study, MVC torques were increased following 

an 8-weeks squat training, without a difference in the increase 
rate between the muscle groups. Thus, the hypothesis was not 

supported. Generally, 8-weeks resistance training period 

occurs both neural adaptations and muscle hypertrophy [3]. In 

the present study, however, neural adaptations in MVCKE was 

not found. Considering no significant difference in the 

increase rate of MVC torque between the muscle groups, it is 

assumed that neural adaptations were not occurred not only in 

the knee extensors but also in the other muscle groups. 
Correspondingly, the improvements of each MVC torque 

induced by the squat training are suggested to be due to 

muscle hypertrophy.  

Table 1: Isometric peak torques during maximal voluntary 
contractions of knee and hip flexion and extension. 

Before After * Before After

 MVCKE（Nm） 183.8 ± 59.4 212.0 ± 52.8  177.4 ± 29.7 187.2 ± 28.1  

 MVCKF（Nm）  76.5 ± 25.8  86.2 ± 22.9   76.4 ± 16.7  83.3 ± 11.9  

 MVCHE（Nm） 236.7 ± 95.9 259.4 ± 83.3  264.0 ± 38.9 259.1 ± 51.4  

 MVCHF（Nm） 156.3 ± 41.9 163.2 ± 38.6  143.0 ± 20.8 146.9 ± 27.3  

Training group Control group

 

Means ± SDs. *The significant simple main effect of time (P < 0.001). 

Acknowledgments 

This work was supported by JSPS KAKENHI (JP17KK0174). 

References 

[1] Guskiewicz et al. (1993). Isokinet Exerc Sci, 3: 111-116. 

[2] Ema et al. (2017). Eur J Appl Physiol, 117: 2109-2118. 

[3] American college of sports medicine position stand. 

(2009). Med Sci Sports Exerc, 41: 687-708. 

 

Thursday, August 01 2019: Posters (1600-1800) 499

Muscle General 1



 

 

Thoracolumbar co-contraction: a predisposing mechanism for back pain associated with large chest size?  

 

Heather A. Johnston,1, Janessa D.M. Drake,1 
 1School of Kinesiology and Health Science, York University, Toronto, ON, Canada 

Email: haj18@yorku.ca  

 

Summary 

This study investigated trunk co-contraction during prolonged 

standing in women with small and large chest sizes. Higher 

levels of trunk co-contraction were found for the large chest size 

group. Global flexor-extensors, latissimus dorsi, and the erector 

spinae (T4, T9, L1 levels) displayed higher co-contraction 

indices throughout the entire stand for the large group. The 

thoracolumbar patterns of co-contraction found suggest that 

chest size warrants further investigation in the development of 

back pain, particularly in prolonged standing.    

Introduction 

Previous work has established the influence of muscle activity, 

specifically muscle co-contraction and its association with the 

development of low back pain after prolonged standing in 

asymptomatic individuals [1]. It has also been determined that 

chest size, in women, alters spinal posture and muscular 

activation [2].  The purpose of this study was to investigate  

prolonged standing induced back pain with the factor of chest 

size to determine if additional or different trunk muscular co-

contraction patterns exist between women with small and large 

chest sizes.  

Methods 

Twenty young adult females completed the study. The sample 

was divided into two groups: small (n=10, ~B/C cup) and large 

(n=10, ~D/E cup) chest size based on the measures of chest 

circumference over widest portion of the breast (OBCC), and 

under the breast at the mammary fold (UBCC) [3]. 

Electromyography was recorded bilaterally (R, L) for rectus 

abdominis (RA), internal and external obliques (IO & EO), 

erector spinae (T4, T9, L1), latissimus dorsi (LAT), and gluteus 

medius (GLT).  

Participants completed a 2-hr prolonged standing protocol, 

during which they completed small tasks such as card shuffling, 

object assembly, and reading from a laptop [1]. The 2-hr stand 

was composed of 15-minute epochs, in which back pain ratings 

(upper, mid, and low back) were collected using a 100mm 

visual analog scale. An increase in VAS greater than 10mm was 

classified as pain development. Using the normalized, linear 

envelope of the EMG data, a co-contraction index (CCI: Eq’n 

1) was calculated for each possible pairing of muscles (n=120) 

at each 15-minute epoch [1,4]. General linear models were 

completed for all muscle pairings with main effects and 

interactions of chest size, pain development, and time. 

Eq’n 1:  

Results and Discussion 

All 10 women in the large chest group and 5 of the small chest 

group were classified as pain developers (VAS>10mm), and 

also exhibited coactivation of gluteus medius [1]. Global 

flexor/extensor activity was significantly higher for the large 

chest group, and the pain developers in the small chest group. 

The large chest group had higher co-contraction levels for 48 of 

the 120 possible CCI pairings. All bilateral CCIs were 

significantly different between chest sizes (p<0.038) (Figure 1). 

The small group did not have any differences CCI between 

bilateral pairings. For the large chest group the mean CCIs for 

bilateral LATs, and erector spinae (T4, T9, L1) (CCI(%MVC) = 

1997±176) were approximately 2 times greater,  than all other 

pairings (CCI(%MVC) = 1150 ± 149) (F(7,575)=10.0, p<0.001). 

  

Figure 1: Bilateral pairings for the 8 muscles collected; all 

significantly different between chest size groups p<0.038.  

*Large chest group only CCILAT, T4, T9, L1 > CCIRA, IO, EO, GLT   

Conclusions 

The thoracolumbar region is affected by the anterior load of 

larger chest sizes [2,3]. Demands of the posterior active and 

passive structures have been highlighted by kinematic and 

muscular activation differences between chest sizes [2]. The 

women in the large group started the stand with higher levels of 

co-contraction for T4, T9 and L1 erector spinae and LATs and 

sustained higher levels throughout the stand. These high co-

contractions may be a potential pattern, in addition to the known 

mechanism of gluteus medius, contributing to the increased 

pain development for larger chested women in prolonged 

standing [1]. Further investigation is required to determine if 

the observed mechanisms are a neuromuscular adaptation or 

predisposing factor to back pain development in prolonged 

standing.  
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Summary 
The present study investigated whether performing 10 knee 
flexor maximal voluntary isometric contractions (MVICs) 
would attenuate muscle damage induced by maximal eccentric 
contractions of the same leg. Twenty-four young men 
performed 100 knee extensor eccentric contractions using the 
right leg, and 12 of them performed 10 knee flexor MVICs by 
the right leg at 1 day prior to the eccentric exercise (KF group), 
but other 12 participants did not perform the 10 knee flexor 
MVICs (non-KF group). No significant group differences were 
found for changes in knee extensor MVIC torque and muscle 
soreness for 3 days after the eccentric exercise. However, 
evoked doublet torque recovery was faster for the non-KF than 
KF group. These results suggest that performing 10 knee 
flexor MVICs did not attenuate eccentric exercise-induced 
muscle damage of the ipsilateral knee extensors. 

Introduction 
Eccentric exercise often results in muscle damage represented 
by prolonged strength loss and muscle soreness [1]. It has been 
reported that the magnitude of muscle damage of the elbow 
flexors is attenuated by performing elbow flexor 2 MVICs 
prior to 30 maximal elbow flexor eccentric contractions with 
the opposite arm [2]. However, it remains unclear whether the 
protective effect is conferred by MVICs of the antagonist 
muscle in the same or contralateral limb. The present study 
investigated the protective effect of 10 knee flexor MVICs 
performed at 1 day prior to the ipsilateral knee extension 
eccentric contractions on the knee extensor muscle damage. 

Methods 
Twenty-four untrained young men were randomly assigned to 
KF group or non-KF group (n = 12/group). All participants 
performed a bout of eccentric exercise consisting of 100 
eccentric contractions of the right knee extensors. The 
participants in the KF group performed 10, 3 s knee flexor 
MVICs by the right leg at 1 day before the eccentric exercise, 
and those in the non-KF group did not. Muscle soreness of the 
vastus lateralis, vastus medialis and rectus femoris (average of 
the three muscles) was evaluated using a visual analogue scale 
(VAS). The knee extensor MVIC and evoked doublet torques, 
and VAS were measured immediately before and 24, 48, and 
72 h after the eccentric exercise, and the changes were 
compared between groups by a two-way repeated measures 
ANOVA. Knee flexor MVIC torque was also measured on the 
day of 10 MVICs and immediately before the eccentric 
exercise, and a paired t-test was used to compare these torques. 
The significance level was set at P<0.05. 

Results 
A significant main effect of time (P<0.001) without a 
significant main effect of group nor interaction (time × group) 
was found for changes in MVIC torque and VAS after the 
eccentric exercise. Knee extensor MVC torque decreased after 
the eccentric exercise from the baseline (both groups: 195 ± 40 
Nm) for 3 days and was the lowest at 24 h (both groups: -
32.0%) and 48 h (both groups: -29.0%) post-exercise. Muscle 
soreness peaked at 48 h post-exercise (both groups: 41.5 ± 1.8 
mm). A significant time × group interaction was evident for 
the knee extensor doublet torque (P=0.031). The doublet 
torque decreased from the baseline (KF group: 78 ± 13 Nm; 
non-KF group: 75 ± 17 Nm) at 24 h (-35.2%), 48 h (-22.8%) 
and 72 h (-16.7%) after the eccentric exercise for the KF group, 
and at 24 h (-22.8%) and 48 h (-17.2%) post-exercise for the 
non-KF group, but no significant group difference was 
observed at any time by a post-hoc test. The knee flexor MVIC 
torque decreased from the baseline (96 ± 16 Nm) immediately 
before the eccentric exercise (81 ± 13 Nm; P=0.010). 

Discussion 
These results demonstrated that the time-course changes in 
MVIC torque and muscle soreness of the knee extensors were 
not significantly different between the groups. The changes in 
knee extensor doublet torque were slightly different between 
the groups, indicating that the non-KF group showed faster 
recovery than the KF group. This suggests that no protective 
effect was conferred by 10 MVICs of the knee flexor. A 
previous study reported that 2 MVICs of the elbow flexors 
attenuated the magnitude of eccentric contraction-induced 
muscle damage of the contralateral elbow flexors [2]. It is not 
known whether 10 MVICs could attenuate muscle damage of 
the contralateral KF, but it seems likely that contralateral 
protective effect is limited to homologous muscle. The present 
study clarified that the muscle damage protective effect was 
not conferred by maximal isometric contractions of the agonist 
muscle in the ipsilateral limb. It is concluded that performing 
10 knee flexor MVICs did not attenuate muscle damage of the 
ipsilateral knee extensors. 
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Summary 

This study aimed to identify site- and direction-dependent 

differences in mechanical properties of the triceps surae 

aponeuroses in vivo during graded isometric submaximal 

plantar flexion using shear wave elastography. The stiffness of 

triceps surae aponeuroses was higher at proximal site in the 

longitudinal direction during submaximal muscle contractions 

irrespective of contraction levels. 

Introduction 

The human triceps surae are comprised of bi-articular (two 

gastrocnemii) and mono-articular (soleus) muscles. Adjoining 

aponeuroses exist between gastrocnemii and soleus which 

insert into the calcaneus by sharing the common Achilles 

tendon. These aponeuroses can transmit muscle forces not 

only to tendon but also to neighbouring muscles [1]. Studies 

on the mechanical properties of aponeurosis have been limited 

to biomechanical testing of isolated cadaver tissue specimens 

[2,3]. The current study aimed to identify the site- and 

direction- dependent differences of the triceps surae 

aponeuroses mechanical properties in vivo, during graded 

isometric submaximal plantar flexion. 

Methods 

A total of 12 healthy male subjects (age: 27 ± 4 years, height: 

171.8 ± 6.3 cm, body mass: 65.9 ± 11.9 kg, mean ± SD) 

participated. All subjects were required to stay at rest (0% of 

MVC) and perform isometric submaximal plantar flexions 

(20%, 40%, 60%MVC) on a dynamometer. The shear wave 

velocities (SWVs) of the adjoining aponeuroses between 

gastrocnemii and soleus at proximal (medial side: MPA, 

lateral side: LPA) and distal sites (medial side: MDA, lateral 

side: LDA) were obtained in the longitudinal direction (along 

muscle’s line of action) at rest and during submaximal plantar 

flexions using shear wave elastography (SWE, Aixplorer 

version 6.4, Supersonic Imagine, France). Additionally, the 

SWVs of adjoining aponeuroses in the transverse direction at 

distal sites (MDA-t and LDA-t) were also measured. 

Results and Discussion 

For the SWVs of adjoining aponeuroses, the values of distal 

site (5.2–7.8 m/s) were significantly lower than those of the 

proximal site (6.7–9.7 m/s, p< 0.05) during submaximal 

contractions. In the lateral side, significant differences in the 

SWVs of aponeuroses were observed between longitudinal 

and transverse directions at rest and during contractions (p< 

0.05). However, in the medial side, there was no significant 

difference between the longitudinal and transverse directions 

at 40% and 60% of MVC levels (Fig. 1). 

 

Figure 1: Shear wave velocities (mean ± SD) of the triceps surae 

aponeuroses at four sites and in different directions, plotted as a 

function of relative isometric contraction levels (% MVC torque). a, 

vs. at rest; b, vs. 20%; #, vs. distal site; *, vs. medial side; †, vs. 

longitudinal direction 

The higher stiffness of the triceps surae aponeuroses at the 

proximal site found in the present study may be related to the 

higher activation of the proximal part of these muscles during 

submaximal plantar flexions [4]. In addition, stiffness in the 

longitudinal direction was higher than in the transverse 

direction at rest and during submaximal contractions, 

especially for the aponeuroses between LG and soleus. This 

might be related with the greater stretch in the transverse than 

the longitudinal direction that aponeuroses experience during 

active force production [3]. Nevertheless, such anisotropic 

aponeuroses behavior might be different between the medial 

and lateral sides.  

Conclusions 

The triceps surae aponeuroses showed inhomogeneous and 

anisotropic mechanical properties during submaximal muscle 

contraction. 
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Summary 

Using a Hill-type neuromuscular model we simulate squat 

jumps with different additional masses under the influence 

of different gravitational accelerations. Applying sensitivity 

analysis and the idea that training will improve the 

performance along the gradient of a performance function, 

we show the difference between inertia- and weight-type 

training on the muscle properties. 

Introduction 

Although the force-velocity relation in the muscle is 

hyperbolic, measurements of squat jumps and similar 

pushing movements show that the force output F and the 

velocity output V depend linearly [1,2]. Additional masses 

influence the movement with their inertia as well as their 

weight. The effects of inertia and weight type training on the 

F-V relation was empirically investigated in [3]. By 

modelling a squat jump, we look at this F-V relation of the 

movement as well as at the dependence of the jump 

performance on Hill’s muscle properties. 

Methods 

For investigating squat jumps with different additional 

masses, we use a Hill-type knee extensor model [4,5,6]. We 

simulate the effect of rubber bands pulling the subjects up or 

tearing them down by adjusting the gravitational 

acceleration. For the F-V output relation we take the mean 

force and the mean velocity. We simulate the performance of 

the squat jump, i.e., the maximum velocity of the COM, for 

different values of the isometric force fmax and the maximum 

shortening velocity vmax of the knee extensors while keeping 

all other muscle parameters in the model equation constant. 

For visualizing the results, we use surface plots [6]. All 

calculations are done with Matlab®. 

Results and Discussion 

Linear regressions over the simulated F-V-values for 

different loads (m = 70, 80, 95, 110, 120 kg) yield F = -

1223.4 V + 2005.5, R² = 0.9949, F = -2008.6 V + 2861.9, R² 

= 0.9972, and F = -2503.7 V + 3279.7, R² = 0.9982 for 

gravitational accelerations g = 2, 9.81, and 16 m/s2, resp. 

(see Fig. 1).  

The performance of the squat jump increases for low 

gravitation, i.e., for jumps against mainly inertia, by an 

increase of the maximum shortening velocity in the extensor 

muscles (see Fig 2a). For normal gravitation, the load 

consists of both weight and inertia parts, and an increase in 

force as well as in velocity (and thus also in power) leads to 

a better performance (Fig.2b). At high gravitation, the 

weight dominates the load and the performance gets better 

by increasing the muscle force (Fig. 2c). As training will 

change muscle parameters mainly in the direction of the 

gradient of the surface in Fig. 2 [6], this simulation result 

confirms empirical results by [3].  
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Figure 1: Simulated force-velocity relations in squat jumps at 

different gravitational acceleration (g = 2, 9.81, and 16 m/s2). 

The data in Fig. 2 were calculated using one parameter set 

for the neuromuscular properties, i.e., the same person was 

simulated. If we use parameters of different subjects found 

by the methods described in [5], further individual 

differences can be investigated. 

 

Figure 2: Surface plots of the maximum velocity of the COM in a 

squat jump in dependence of Hill’s muscle properties fmax 

(isometric force) and vmax (maximum shortening velocity) for a) g = 

2 m/s2, b) g = 9.81 m/s2, and c) g = 16 m/s2.  

Conclusions  

A simple Hill-type knee extensor model can explain the 

different effects of inertia and weight type training on the 

force and velocity of the muscle as well as on the F-V 

relation of the output.  
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Summary 

The periodic trajectory taken by a muscle on a force-length plot, 
i.e. a work loop, is an important measure of its function that 
arises from its active force generation and resistance to motion. 
Several types of work loops are routinely observed across 
different muscle types and across species: a large clockwise 
loop if work is done on the muscle and dissipated as heat, a large 
counter-clockwise loop if the muscle does work on its 
environment, or a figure-8 loop if no work is done and the 
muscle acts as a mechanical stabilizer. We present here a 
general construction of work loops, using ellipses formed from 
storage and loss moduli as an illustrative example, that allows 
for a qualitative classification of muscle work loops based on 
its shape into different mechanical behaviours.  
Introduction 
A muscle may serve multiple mechanical functions under 
different frequencies, phasic stimulations, or motions [1,2]. The 
force response to a periodic length input under activation may 
take any periodic shape in general but simplified here by 
considering a constant activation to yield a phase-shifted and 
scaled version of the length input. We later show how to apply 
this formulation when the activation varies. Specifically, a time-
varying sinusoidal length of arbitrary amplitude 𝐿𝐿(𝑡𝑡) =
𝐿𝐿0 sin𝜔𝜔𝑡𝑡 outputs (empirically) a phase-shifted force as  

𝐹𝐹(𝑡𝑡) = 𝐹𝐹0 + 𝐿𝐿0 ⋅ (𝐸𝐸′ sin𝜔𝜔𝑡𝑡 + 𝐸𝐸′′ cos𝜔𝜔𝑡𝑡) 

where 𝐹𝐹0 is a constant background value and 𝐸𝐸′ and 𝐸𝐸′′ the 
storage and loss moduli, respectively. All three parameters vary 
with oscillation frequency, length amplitude, and neural 
activation. Therefore, characterizing and classifying how the 
shapes of work loops depend on these parameters is necessary 
to understand how the same muscle may behave under different 
operating conditions. 
Work loops with phasic stimulation 

A muscle work loop with phasic stimulation is constructed from 
piecewise constant neural activations. At each activation, the 
work loop traces the sum of a sloped line (the spring-like 
response) and a horizontal ellipse (the dashpot-like response) 
that is shifted upwards (the background force) to yield a rotated 
ellipse (see Fig 1a). Piecewise constant activation equates to 
alternating between two ellipses: an activated A-ellipse with 
analogous parameters 𝐹𝐹𝐴𝐴, 𝐸𝐸𝐴𝐴′ , and 𝐸𝐸𝐴𝐴′′and a deactivated D-ellipse 
with parameters 𝐹𝐹𝐷𝐷, 𝐸𝐸𝐷𝐷′ , and 𝐸𝐸𝐷𝐷′′. The numbered states of the 
work loop shown in Fig. 1b illustrate this geometric 
construction. Starting at state 1, the muscle is deactivated and 
traces along the D-ellipse in a clockwise fashion until it is 
activated at length 𝐿𝐿𝐴𝐴. A force increase upon activation is 
captured by the jump from state 2 to 3, and contributed to by 
differences in background forces and in loss moduli. The 
storage moduli do not contribute to this increase, i.e. the spring-

like forces of the activated state is initialized only upon 
activation and thus zero at 𝐿𝐿𝐴𝐴. The muscle continues to trace 
clockwise along the A-ellipse through state 4 and then 5 where 
it is deactivated at length 𝐿𝐿𝐷𝐷. The force decrease is such that the 
muscle simply falls back to the D-ellipse. The muscle finally 
passes through state 6 to return to state 1 and restart the loop.  
Modifying the two ellipses by varying the active forces and 
moduli results in different work loop shapes (examples shown 
in Fig. 1c). Conversely, work loops measured from experiments 
can be qualitatively classified by their shape into behaviours 
dominated by active forces, elastic spring-like forces, viscous 
dashpot-like forces, or some viscoelastic in-between.  

 
Figure 1: (a) The force response of a muscle under constant activation 
to a sinusoidal length input traces a clockwise ellipse. (b) A work loop 
with phasic stimulation is constructed by tracing along an activated A-
ellipse and a deactivated D-ellipse. (c) The two ellipses can be varied 
to construct different work loop shapes. 

Conclusions 

The construction of muscle work loops is geometric in nature 
with few assumptions made and allows for a qualitative 
classification of work loop shapes into different mechanical 
behaviours.  
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Summary 

Surface EMGs were recorded from two muscles of the 

dominant lower leg during vibratory stimulation at different 

frequencies, while participants kept two postures on a 

vibrating platform. Ten vibratory sessions, combining 

various frequencies and postures were administered in a 

randomised order. RMS values analysis revealed a marked 

increase of muscles activation at higher frequencies and 

specific posture. This study confirms the muscle tuning 

hypothesis during muscle oscillation and suggests that their 

muscular activation can be linked to the mechanical 

resonance of the involved soft tissues. The results may have 

important implications for studies investigating strategies to 

improve postural control, tuning calf muscle activation via a 

combination of frequency and posture. Further studies are 

ongoing including the analysis of accelerations of the soft 

tissue in the vicinity of EMG electrodes to identify the most 

efficient whole body vibration stimulation to target specific 

muscles. 

Introduction 

The inclusion of whole body vibration (WBV) in training 

and rehabilitation programs has become increasingly popular 

over the past decades. Nevertheless, the augmented muscle 

activation documented during WBV sessions has not been 

clearly correlated yet to the various stimulation variables. 

This preliminary study aims at evaluating the effect of some 

combinations of vibration frequency and subject posture on 

the surface electromyographic (sEMG) activity of lower leg 

muscles. 

Methods 

Five healthy volunteers (3 males and 2 females; age 25-43; 

height 170-185 cm; weight 60-76 kg) took part in the study. 

A side-alternating Galileo® Med platform was used to 

deliver the WBVs with a 2 mm amplitude. Five frequencies 

(10, 15, 20, 25, 30 Hz) were tested in two distinct postures: 

hack squat (HS) and forefoot stance (FF). Ten combinations 

and the two baseline recordings (HS and FF at 0 Hz) were 

randomised. Trials of 30 seconds were administered with a 

one-minute break between consecutive trials. The sEMG was 

recorded during the twelve trials from the soleus (SOL) and 

the gastrocnemius lateralis (GL) of the dominant leg. The 

sEMG root mean square (sEMGrms) values were computed 

on the central 20 s of each recording, after notch filters 

removed the relevant motion artefacts [1]. These sEMGrms 

values were then used to evaluate the effect of the different 

vibrations/postures on the mentioned muscles. 

Results and Discussion 

The highest increase of the median sEMGrms value with 

respect to the baseline was recorded for both muscles during 

30 Hz stimulations in HS (>500% and 200% for GL and 

SOL, respectively). A smaller increase was also noticed at 

the same frequency during FF WBV (45% and 180% for GL 

and SOL, respectively). Despite the smaller increment, the 

highest muscle activation was always observed when a 

forefoot posture was kept during the different vibratory 

stimulus (Table 1). 

These results suggest higher frequencies to be the most 

effective in stimulating lower leg muscles, due to their 

proximity to their mechanical resonance frequency [2]. 

Precisely, calf muscles response can be maximised by 

selecting a specific combination of frequency (30 Hz) and 

posture (FF) on a vibrating side-alternating platform. 

Conclusions 

Despite the small number of subjects analysed, the outcomes 

of this study confirm that frequency and posture during 

WBV determine not only how vibrations propagate along the 

kinematic chain, but also how muscle respond to a 

mechanical resonance-like stimulation, via a muscle tuning 

like mechanism [3]. In light of the obtained results, sEMG 

and soft tissue accelerations will be jointly recorded and 

analysed on a larger population to better characterise the 

augmented neuromuscular activity. Future studies will 

therefore focus on both the physiological and mechanical 

outcomes testing a new approach for tuning WBV 

parameters, in particular frequency and posture.  
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Table 1: Median and interquartile range of the sEMGrms [mV] computed for GL and SOL for different frequencies and postures. 

 0 Hz 10 Hz 15 Hz 20 Hz 25 Hz 30 Hz 

 HS FF HS FF HS FF HS FF HS FF HS FF 

GL 
0.043 

(0.036) 

0.771 

(0.277) 

0.063 

(0.030) 

0.688 

(0.447) 

0.081 

(0.031) 

0.811 

(0.447) 

0.069 

(0.045) 

0.759 

(0.332) 

0.143 

(0.105) 

0.746 

(0.334) 

0.259 

(0.193) 
1.118 

(0.581) 

SOL 
0.106 

(0.064) 

0.323 

(0.257) 

0.091 

(0.062) 

0.533 

(0.188) 

0.163 

(0.063) 

0.629 

(0.209) 

0.159 

(0.103) 

0.604 

(0.182) 

0.280 

(0.106) 

0.751 

(0.285) 

0.318 

(0.194) 

0.923 

(0.157) 
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Summary 
Knee flexion and extension muscular force plays an important 
role in athletic performance as well as joint stability. 
Generally, women exhibit weaker peak force than men even 
after the force is normalized to their body weight. However, it 
is inconclusive whether there are sex differences in force 
steadiness (ability to hold submaximal muscular force over a 
period of time). Twenty-five healthy young subjects 
completed the maximal voluntary isometric contractions 
(MVIC) for knee flexion and extension; then, they were asked 
to hold 10%, 25%, 35%, and 50% MVIC values (visible in 
monitor) for 10 seconds. Average force and standard deviation 
in the middle 8 seconds was used to calculate coefficient of 
variation (CoV). Fifteen subjects returned for the second aim: 
test-retest reliability. Results revealed no sex differences in 
force steadiness (P > 0.05). Testing procedures had moderate 
test-retest reliability (Intraclass Correlation Coefficient: ICC = 
0.447 – 0.741).  

Introduction 
Force steadiness has been used to study motor unit 
performance [1]. Force steadiness declines with age in healthy 
individuals and diminishes further with injury/pathology. 
However, sex differences in force steadiness were not clear 
[2]. In addition, few studies are available in both knee flexion 
and extension force steadiness with associated sex differences. 
It is also critical to establish long-term test-retest reliability so 
that we can confidently conduct longitudinal investigations to 
evaluate effects of surgeries, rehabilitation, training, or aging 
on force steadiness.  

Methods 
14 healthy females (age: 18.8 ± 3.3 years, height: 169.3 ± 7.3 
cm, and weight: 62.3 ± 10.2 kg) and 11 healthy males (age: 
18.8 ± 3.1 years, height: 179.9 ± 6.0 cm, weight: 74.3 ± 14.4 
kg) participated in the study. Subjects sat on a dynamometry 
chair (Humac, CSMI, Stoughton, MA) with their knees 
comfortably flexed near 90° for knee extensors. Force was 
recorded with an MLP-300 load cell (Transducer Techniques, 
Temecula, CA) and custom software at sampling frequency of 
20,000 Hertz. First, three MVIC trials were conducted, and the 
peak force was used to establish their 10, 25, 35, and 50% 
force. Then, in random order, subjects were asked to hold 
reference force as steady as they could for 10 seconds. 
Reference force was visible on a monitor in front of subjects. 
Subjects completed the same procedures two times and the 
average was used for statistical analyses. For knee flexion 
force steadiness, subjects were lying prone on a chair with 
their knee fixed at 30° of knee flexion angle. The same 
procedures were repeated to acquire the MVIC and 10-50% 

force. Secondarily, 15 subjects did again 6 months to establish 
reliability.  

Coefficient of variation (CoV) was used as force steadiness [1] 
and was calculated by taking the standard deviations of the 
middle 8 seconds and divided by the average force. 
Independent t-tests or Mann-Whitney U tests were used to 
determine sex differences on force steadiness. Reliability, 
precision, and clinical reference were examined using ICC, 
standard error of measurements (SEM), and minimally 
detectable change at 95% confidence interval (MDC95).  

Results and Discussion 
There were no sex differences in CoV values (Table 1). 
Reliability values were moderate (Table 2).  

Table 1: Sex Differences in CoV Values. 

 
Table 2: Test-Retest Reliability, Precision, and Reference Values. 

 
Conclusions 
When healthy young subjects hold steady at their submaximal 
force, it was found that women and men exhibited similar 
variability. The current methodology produced moderate long-
term test-rest reliability that enables us to conduct longitudinal 
investigations with confidence. 
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Summary 
Quadriceps muscular strength weakness is commonly 
observed in individuals following ACL injury (ACLI). 
However, it is inconclusive whether force steadiness is worse 
in ACLI individuals. Twenty-four subjects with ACLI (54.9 
days prior to testing) and 25 control subjects (CONTROL) 
completed the maximal voluntary isometric contractions 
(MVIC) for knee flexion and extension; then, they were asked 
to hold 10%, 25%, 35%, and 50% MVIC values (visible in 
monitor) as steady as they could for 10s. Average force and 
standard deviation in the middle 8s was used to calculate 
coefficient of variation (CoV). Few CoV differences were 
found. CoV at Hamstrings 25% (Ham25) and Quadriceps 35% 
(Quad35) were larger in the ACLI group than the CONTROL 
group.   

Introduction 
ACL injury disturbs the sensory feedback loop and causes 
arthrogenic muscle inhibition of the quadriceps. In addition to 
the muscular weakness, noticeable and uncontrollable shakes 
of contracting muscles during MVIC have been clinically 
observed. An earlier pilot study attempted to quantify force 
steadiness with CoV differences at various knee flexion 
angles; however, did not find significance [1]. Force 
steadiness depends based on the amplitude (%MVIC) of target 
force; therefore, the current investigation aimed to compare 
CoV at different target forces between the ACLI group and the 
CONTROL group.  

Methods 
25 CONTROL individuals (sex: 14F/11M, age: 18.8±3.1years, 
height: 173.9±8.5cm, and weight: 67.6±13.4kg, dominant Leg: 
24R/1L) and 24 ACLI individuals (sex: 12F/12M, age: 
18.8±3.1years, height: 173.6±9.4cm, weight: 75.8±14.3kg, 
involved leg: 15R/9L, time from injury: 54.9±66.1days) 
participated in the study. Subjects sat on a dynamometry chair 
(Humac, CSMI, Stoughton, MA) with their knee flexed 
comfortably near 90°. Force was recorded with an MLP-300 
load cell (Transducer Techniques, Temecula, CA) and custom 
software at sampling frequency of 20,000 Hertz. First, three 
MVIC trials were conducted, and the peak force was used to 
establish their 10, 25, 35, and 50% force. Then, in random 
order, subjects were asked to hold reference force as steady as 
they could for 10 seconds. Reference force was visible in a 
monitor in front of subjects. Subjects completed each 
percentage two times and the average was used for statistical 
analyses. For knee flexion force steadiness, subjects were 
lying prone on a chair with their knee fixed at 30° of knee 
flexion angle. The same procedures were repeated to acquire 
the MVIC and 10-50% force. Moderate to good test-retest 
reliability (ICC = 0.447-0.741) was previously established. 

CoV was used as a force steadiness measure [2] and was 
calculated by taking the standard deviations of the middle 8 
seconds and divided by the average force. Paired t-tests or 
Wilcoxon signed-rank tests were used to compare between 
injured (INJ) and contralateral non-injured (NON-INJ) limbs 
between the ACLI group and the dominant (DOM) and non-
dominant (NON-DOM) limbs of the CONTROL group.  

Results and Discussion 
There were no limb differences in CoV values in the ACLI 
group (Figure 1). CoV at Ham25 in the NON-INJ limb and 
Quad35 in the INJ limb in the ACLI group were significantly 
greater than the CONTROL group. Overall, controls had high 
CoV at 10%MVIC and low at 25, 35, and 50% while the INJ 
limb exhibited high CoV in 35% and 50% in the quadriceps. 

 
Figure 1: CoV at Target Forces in ACLI and CONTROL Groups 

Conclusions 
A lack of side-to-side limb differences in the ACLI group (yet, 
elevated CoV than the CONTROL group) likely reflects the 
central neuromuscular changes in motor unit recruitment and 
output patterns following ACL injury. Future investigations 
should explore effects of reconstruction surgeries on CoV. 
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Summary 

Abnormal coordination is associated with greater post-stroke 

impairment. However, it is unclear whether these coordination 

patterns emerge as a compensation to kinematic constraints 

such as increased muscle tone. In this work, we characterized 

the muscle coordination patterns in 14 healthy individuals 

following restricted knee kinematics imitating the knee joint of 

those with post-stroke gait. We used non-negative matrix 

factorization to estimate the number of motor modules active 

during the gait cycle. Preliminary analysis shows a reduction 

in number of muscle modules with a reduction in walking 

speed and with knee restriction. These results would suggest 

that changes in coordination patters following stroke can 

emerge from altered mechanics. 

Introduction 

Abnormal coordination in post-stroke gait is associated with 

reduced gait function [1]. However, it is challenging to 

distinguish compensations emerging due to limited joint 

mobility from neural impairment such as abnormal 

coordination in post-stroke gait.  

We recently compared gait kinematics in healthy individuals 

with constrained knee and ankle motion imitating post-stroke 

gait kinematics [2]. Our results indicated that observed hip 

abduction is not a compensation for reduced knee flexion, 

suggesting that post-stroke gait is a mixture of abnormal 

coordination patterns and compensatory motions. Our next 

step is to examine how muscle coordination patterns change 

with kinematic constraints in order to eventually compare with 

those with those with neuromuscular impairment who have 

both kinematically constrained motion and abnormal 

coordination. In this experiment, we imitated both the knee 

motion and gait speed of people after stroke in healthy 

individuals. We determined muscle coordination using non-

negative matrix factorization of EMG activity [1]. We 

expected to find that the level of coordination, quantified as 

motor modules, would decrease with lower walking speed and 

knee restriction. This effort will help delineate the factors that 

contribute to altered muscle coordination post-stroke and 

ultimately characterize impairment.  

Methods 

We recruited 14 healthy participants (10 M, 4 F, aged 46±11) 

with no history of neural or muscular impairment according to 

the Institutional Review Board of the University of Texas at 

Austin. 

We applied kinematic restriction using a commercial knee 

brace to the left leg, allowing approximately 20 degrees of 

knee flexion [2]. Joint angles, spatiotemporal measures and 

muscle activity measures were obtained using inertial motion 

capture (Xsens, Eschende, The Netherlands), an instrumented 

split-belt treadmill (Bertec, Columbus, OH) and surface 

electrodes (Bortec, Calgary, AB), respectively. We measured 

muscle activity from the tibialis anterior, soleus, medial 

gastrocnemius, vastus medialis, rectus femoris, medial 

hamstring, lateral hamstring and gluteus medius. 

The subjects walked at slow (0.5 m/s) and normal (1 m/s) 

walking speeds with and without knee restriction for two 

minutes. Motor modules were determined using non-negative 

matrix factorization of EMG signals according to [1]. 

Results 

We conducted a Friedman’s rank test to examine differences 

between conditions. We did not find a significant main effect 

of gait speed (p>0.05), but we did observe a significant main 

effect of knee restriction (p = 0.04).  There was no interactive 

effect between the factors (p>0.05). The number of muscle 

modules for each condition are illustrated (Figure 1).  

 

Figure 1: Average number of modules and standard error for each 

condition 

Discussion and Conclusions 

Our goal was to determine whether kinematic constraints at 

the knee result in changes in motor coordination patterns 

during gait. Preliminary results suggest that knee restriction 

may induce reduced coordination. Future work will delve into 

module composition and compare to post-stroke motor 

coordination. The results of this comparison will help separate 

the role of abnormal coordination from other impairments in 

post-stroke gait function, facilitating targeted clinical 

treatment regimens.  
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Summary 

The mechanisms governing the attraction of biological 
molecules remain an open question in biophysics and 
chemistry, particularly in the case of actin and myosin. These 
molecules have characteristic lengths on the order of 10 nm, 
suggesting that they are subject to thermal agitation, Hamaker, 
and electrostatic forces over small enough length scales. 
However, as intracellular fluid contains significant 
concentrations of free ions, these proteins also gather ion 
clouds creating an electric double layer on and near their 
boundaries. This causes electrostatic shielding - a 
characteristic that limits the strength of electrical attraction 
between binding sites on complementary molecules. However, 
that energy is stored in a concentration gradient of opposing 
counterions in the molecules' respective ion clouds. Here, we 
explore how the concentration gradients of the ions in solution 
in addition to the forces already listed may affect the dynamics 
of nanoparticles. 

Introduction 

The contraction of skeletal muscle is an intricate and 
enigmatic physiological behavior often taken for granted. The 
molecular behaviour of muscle (the interaction between the 
molecular motor myosin-II and its complementary filament f-
actin) has drawn significant attention in recent years [1] in part 
from the advent of quickly-advancing microscopic techniques 
that can pull back the curtain on the structure of the molecules 
themselves. With a clearer picture of this environment, we 
may model the physics driving acto-myosin interaction. 

Yin et al. proposed a wonderful 2D model of the myosin-II to 
f-actin interaction including elasticity, damping, thermal 
fluctuation, van der Waal forces, and electrostatic forces. 
However, the effects of electrostatic shielding from 
counterions in the intracellular environment are not thoroughly 
explored, and the influence of local counterion clouds (already 
known to affect the diffusion of macro-ions [2]) may be 
significant in myosin steering. Here, we begin the theoretical 
investigation by building the multi-physics equations 
necessary to include those influences, whose results will be 
compared to an experiment where a charged particle may be 
tethered to an AFM tip and studied in the vicinity of an 
oppositely-charged surface [3]. 

Analysis 

It can be shown that a charged nano-particle at the end of a 
linearly elastic tether in a 2D environment including a fixed, 
oppositely-charged particle will behave according to the 
nondimensional first order system to the right, where sk is the 
tether extension, and  is the tether angle, 0 is the angle of the 
vector from the hinge to the fixed particle, and  is the relative 

strength of the electrostatic 
attraction. If elasticity, damping, 
and electrostatics are the only 
forces involved, Figure 1 shows 
how the path of the tethered particle changes for one set of 
initial conditions and various electrostatic strengths. 

 

Figure 1: Tethered Particle Phase Portrait 

How would these change if the environment had a given 
concentration of counterions in solution? The particles 
themselves would be coated, creating clouds of high density 
for one counterion and low density for the other, shown in 
Figure 2. 

 

Figure 2: Counterion Clouds 

Here, we determine the length scale over which the diffusion 
forces of these counterion clouds may affect the dynamics of 
the macro-ions, and how significant these forces may be 
relative to those explored in the literature. 
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Summary 

Skeletal muscle passive elastic modulus is an important 
material property which affects muscle and joint mechanics; 
yet, it is still poorly understood. Both intrafibrillar (primarily 
titin) and extrafibrillar (basement membrane) structures are 
suggested to bear passive tension. Here, we applied the rule of 
mixtures for a composite material—taking advantage of the 
fact that intrafibrillar and extrafibrillar area fractions would 
vary with fibre diameter—and determined that the basement 
membrane modulus is ~3000 times greater than the 
intrafibrillar modulus for human skeletal muscle fibres.  

Introduction 

Material properties of muscle in a passive or inactivated state 
affect joint ranges of motion, joint stability, and economy of 
motion by influencing the storage of strain energy. Passive 
muscle properties are also sensitive to tissue remodelling in 
response to injuries and disease. While many aspects of 
passive muscle mechanics are poorly understood, passive 
stress at the level of the single muscle fibre is believed to 
develop within both intrafibrillar—namely titin [1]—and 
extrafibrillar structures including the basement membrane [2]. 
The contributions of each structure are unknown; however, the 
rule of mixtures for a composite material states that the total 
fibre modulus is the sum of each individual component’s 
moduli weighted by its area fraction. As the relative area of 
the basement membrane and intrafibrillar components are 
expected to vary with fibre diameter, we propose using the 
rule of mixtures to estimate the contributions of each structure 
to the passive elastic modulus of human single muscle fibres.  

Methods 

Vastus lateralis muscle biopsies were obtained from 10 
healthy young men (age: 25 ± 2.6 years; mean ± SD) using the 
suction-modified Bergstrom technique. Biopsies were 
immersed in storage solution (4°C for 24 hours then -20°C for 
at least one week) to permeabilize the sarcolemma. Single 
muscle fibres were dissected and secured at each end to a 
force-transducer and a motor and then stretched to the point of 
bearing tensile load (slack length). Slack sarcomere length and 
diameter (average of three locations) were recorded with laser 
diffraction and a micromanipulator, respectively. To correct 
for changes in diameter due to differences in slack sarcomere 
length, cross-sectional areas (CSA) at a sarcomere length of 
2.2 µm were calculated assuming isovolumetric fibres. Passive 
muscle stresses (force/CSA) were recorded after stretching 7-
10 times in 0.25 µm/sarcomere increments and allowing 120 s 
for stress-relaxation between each successive stretch. Passive 
elastic modulus was calculated as the slope of the linear 
portion of the experimental stress-sarcomere length data.  

The contribution of various structures to the passive elastic 
modulus (EM) was estimated with the rule of mixtures for a 
composite material such that EM = EF*ƒ + EB*(1-ƒ), where EF 

and EB are the intrafibrillar and basement membrane moduli, 
respectively, and ƒ is the intrafibrillar area fraction of the fibre 
assuming a load-bearing basement membrane thickness of 
100 nm [3]. A non-linear least squares fit was used to 
determine the best estimates for EF and EB in MATLAB.  

Results and Discussion 

The rule of mixtures model accounted for 28% of the variance 
between fibre diameter and passive modulus. The best-fit 
estimates (±95% CI) for the passive moduli of EF and EB were 
3.0 ± 13 kPa and 9.2 ± 3.0 MPa, respectively. Importantly, 
while titin is believed to be the primary intrafibrillar structure 
for bearing passive load, the intrafibrillar modulus is not the 
modulus of titin because the area fraction of titin within a 
muscle fibre is unknown. The substantially larger basement 
membrane modulus is consistent with previous findings in 
frog muscle [4]. The passive elastic modulus was noticeably 
greater for small diameter fibres—even after accounting for 
CSA—due to a greater area fraction of basement membrane.  

 
Figure 1: Experimental data (n = 96) and modelled (black line) 

passive elastic modulus (± 95% CI) as a function of fibre diameter.  

Conclusions 

The results highlight that the basement membrane is 
responsible for the majority of the muscle passive elastic 
modulus in human single muscle fibres. 
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Summary 

This study seeks to investigate the effect of verbal instruction 

(VI) on muscle activity, with and without muscular pre-

exhaustion (PE) on the temporal domain of the surface 

electromyographic activity (sEMG). Given that PE and VI 
seem to modify the muscle sEMG, twenty men performed four 

randomized-sets of seated-row with and without PE, with and 

without VI, at 70%1RM. sEMG was recorded from the 

latissimus dorsi, teres major, biceps brachii and posterior 

deltoid, The results indicate that PE does not influence the 

muscles sEMG at/in any moment, although VI increased the 

latissimus dorsi sEMG at initial repetitions (p=0,049). Finally, 

PE has shown a lower number of repetitions during the seated 
row (p<0,001). Our findings do not support that PE increases 

sEMG in the involved muscles. Furthermore, PE may have a 

disadvantageous effect on performance. Finally, VI has 

effectiveness to increase sEMG in initial moments of the 

exercise. 

Introduction 

PE is a way pre-fatigue agonist muscles using a monoarticular 

exercise before a multiarticular [1]. It is believed that PE 

would increase the main agonist muscles sEMG. However, the 

literature shows contradictory results regarding this method. 

Another factor that changes sEMG is the VI, which is 

composed of short sentences provided to those who are 

training, aiming to direct them to pay attention to something 
more important during the exercise. Regarding IV, the 

literature tends to a paradigm, showing its effectiveness to 

increase sEMG at intensities up to 60% 1RM, however with 

80% 1RM to IV does not increase agonist muscle activity [2]. 

The effect of IV and PE on the intensity of 70% 1RM, which 

is commonly used in strength training is still unknown, and the 

effect of these conditions together is also unknown. Also, 

studies about IV and PE do not show results regarding 
different times throughout the repetitions. Therefore, the 

objective of this study was to analyze the effect of PE and IV 

sEMG along the seated-row exercise set at the intensity of 

70% 1 RM. 

Methods 

After approved by the local Ethics Research Committee, 20 
young males (19.8±1.5 years, 71.9±9.3 kg, 177.2±7.1 cm), 

without strength training experience, performed four sets of 

maximal repetitions on the seated-row exercise machine, on 

two different days separated by an interval of 2-7 days. On the 

first day, two sets were performed in randomized order, one 

with, another without PE. In the conditions with PE, the 

volunteers have done on set of maximal repetitions of the 

Pullover exercise right before the seated-row exercise to create 

pre-fatigue. Between the two seated-row sets, there was a 

passive interval of 5 minutes. On the second day, the same 

procedures were repeated, adding the IV "Concentrate on 

extending the shoulder, pull with the back" said at the 

beginning of the sets and every three repetitions. Surface 

electrodes were placed over the latissimus dorsi, teres major, 
biceps brachii and posterior deltoid muscles. The sEMG data 

were collected at the sampling frequency of 2000Hz using the 

Delsys Trigno™ electromyography. The RMS value of each 

moment (2 initial repetitions, two intermediate repetitions, and 

two final repetitions) were normalized by the maximum 

voluntary isometric contraction of each muscle. For 

comparison between the variables, MANOVAs were used 

with a significance level of 0.05. 

Results and Discussion 

MANOVA pointed out that IV influenced the myoelectric 

activity only at the beginning of the sets. Univariate analysis 

showed that the latissimus dorsi myoelectric activity rose with 

IV (without IV=65.1%, with IV=0.3%, p=0.049). Also, there 

was an interaction between IV and PE in the teres major 
muscle (p=0.02). Post hoc tests indicated that in the PE 

condition, the larger teres major increased myoelectric activity 

with IV (without IV=64.8%, with IV=84.7%, p=0.049). The 

fact that IV has caused an increase in myoelectric activity only 

in the initial repetitions may have occurred because as the 

muscular fatigue approaches (intermediate and final 

repetitions) the excitation of the motoneurons and the firing 

rates of the motor units are close to the maximum, so that the 
IV does not allow them to increase even more. Also, the 

results showed that PE did not increase myoelectric activity, 

corroborating previous studies [1]. 

Conclusions 

The present study revealed that the IV was effective to 
increase the activity of the latissimus dorsi muscle during the 

execution of the seated-row exercise at the intensity of 70% 

1RM, only over the first two repetitions. Furthermore, it was 

shown that PE was not able to increase myoelectric activity in 

the main agonist muscle as proposed by the method. 
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Summary 

Mechanomyography (MMG), a low frequency sound signal, 

can be used to record muscle internal mechanical movements. 

In this study, we use MMG to measure muscle vibrations of 

human medial gastrocnemius (MG) during isometric 

plantarflexion at different contraction forces and at different 

ankle joint positions. The results linked median frequency of 

MMG signals (fmed) to plantarflexion torque at different 

muscle lengths. 

Introduction 

It is now known that skeletal muscle behaves much like a 

vibrating beam [1]. Accordingly, MMG can be affected by 

muscle stiffness, and is dependent on muscle length. It has 

also been suggested that mean frequency of MMG power 

spectrum can be impacted by the average firing rate of 

recruited motor units [2]. This study aims to determine effects 

of different muscle forces on muscle mechanical vibrations in 

order to understand muscle mechanical properties during 

isometric voluntary contraction. 

Methods 

Two healthy female individuals (163 ± 1.4 cm; 51.2 ± 1.13 kg) 

participated in this study. Subjects were asked to sit upright in 

a Biodex chair with the knee joint angle kept at full extension. 

The right foot was fixed on a dynamometer. Surface EMG 

electrodes were placed at the mid-belly of the lateral 

gastrocnemius, soleus and tibialis anterior, and the distal-belly 

of MG muscle. MMG signals were recorded from the distal 

MG muscle using a 3-axis accelerometer (ADXL 335, Analog 

Devices, USA, sensitivity: 300 mV/g) with z direction 

perpendicular to the MG muscle skin. 

Experiments were performed at three different ankle joint 

angles (dorsiflexion of 3°: P1; plantarflexion of 10°: P2; 

plantarflexion of 26°: P3). In each position, three isometric 

plantarflexions were performed at five different intensities: 

10%, 30%, 50%, 70% and 90% of maximal voluntary 

contraction (MVC) and 30s break was given between two 

consecutive trails to minimize muscle fatigue. During the test, 

EMG, MMG and torque signals were recorded simultaneously 

at a sampling frequency of 2 kHz. 

fmed was estimated by Welch method [3]. Torque of MG 

muscle was estimated by referring to physiological cross-

sectional area of each muscle considering loading sharing with 

other plantar flexors [4]. Then, the relation between fmed and 

MG torque in each position was estimated by an exponential 

curve fitting in MATLAB. 

Results and Discussion 

fmed in P1 and P2 decreased significantly with increasing 

muscle contraction intensity (p <0.001), while time constant 

in P1 was smaller than P2 (Table 1). However, there was 

nearly no change in fmed against MG torque in P3 (p>0.05; 

Figure 1). 

This study showed altered relations between fmed and 

plantarflexion torque at different muscle lengths. Considering 

the muscle-force relationship and motor unit recruitment 

during muscle contraction, changes of fmed found in this study 

could be related to force-generating strategies and altered 

muscle mechanical properties at different muscle lengths. 

Table 1 Coefficients of exponential curve fitting model* 

 Y-intercept (a) Time constant (1/b) 

Ankle angles P1 P2 P3 P1 P2 P3 

Subject 1 18.77 11.16 - 0.61 1.32 - 

Subject 2 11.05 9.83 - 0.63 3.13 - 

* y = ae-bx + c (c was 13 for Subject 1 and 16 for Subject 2.) 

 

Figure 1: Relationships between fmed and Torque at different muscle 

lengths in Subject 1 (A) and Subject 2 (B) 

Conclusions 

This study supported the idea that muscle mechanical 

vibrations can be affected by muscle force-generating 

mechanisms. More data is needed to develop a model to 

understand the relationship between muscle mechanical 

properties and force generation during contraction. 
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Summary 

Forward positioned head mounted technologies are becoming 

increasingly prevalent. This study assessed the effect of added 

forward positioned mass on upper neck extensor (UNE) and 

sternocleidomastoid (SCM) activity during reciprocal scanning. 

Results showed that UNE activity significantly increased with 

forward positioned head mass, such that sustained UNE 

activation was required throughout the motion. SCM activity 

did not increase. When generalized to a prolonged use scenario, 

increased and sustained UNE activity as required to stabilize 

and balance the forward positioned load may lead to injury via 

the Cinderella hypothesis [3].  

Introduction 

Forward positioned head supported technologies, such as night 

vision or virtual reality goggles, continue to emerge to enhance 

and augment human capability. In case of armed forces rotary 

wing pilots, the addition of night vision goggles (NVGs) is 

widely accepted as a key contributor to neck trouble [1]. In fact, 

nearly 80% of rotary wing pilots in Canada report neck pain [2]. 

However, speculation remains about the pathway by which 

added mass, in the form of NVGs, may link to underlying injury 

pathways. For example, added forward mass increases the 

moment of inertia of the helmet system, which could increase 

muscular demand to start and stop the head.  Alternatively, the 

forward centered mass increases the extensor moment demand 

on the neck muscles as required to balance the moment. Thus, 

the objective of this study was to test the hypothesis that added 

forward positioned mass amplifies muscle activation in the 

neck extensors, but does not affect activation in neck muscles 

responsible for starting and stopping during a horizontal 

reciprocal scanning task. 

Methods 

Nine healthy male participants (22.8 ±1.9 yrs) completed this 

study. Participants were instrumented with bilateral 

electromyography (EMG) on their SCM and UNE. Maximum 

voluntary contractions were performed for each muscle group. 

A custom built visual target acquisition system was used to 

facilitate rapid, reciprocal head movements in the horizontal 

(yaw) plane. Participants were asked to rapidly and repeatedly 

acquire targets in two conditions (baseline & operational). The 

baseline condition consisted of a head strap with lightweight 

mock NVG tubes (0.16kg), the operational condition required 

participants to don a HGU-56P helmet with replica NVGs 

(2.47kg).  

Normalized EMG data were clipped into right and left head 

movements. Data were averaged within subjects by condition 

and direction. Data was ensemble averaged across participants 

(Figure 1). Integrated EMG was calculated to represent the 

difference in total muscle activation between baseline and 

operational conditions. A within-subjects, 2-way repeated 

measures ANOVA tested for significant difference (p<0.05) in 

integrated EMG by direction (left and right) and condition. 

Results and Discussion 

Condition had a significant effect on integrated muscle activity 

in the UNE L (f1,8=47.00, p<0.001) and UNE R (f1,8=81.07, 

p<0.001). However, there was no significant effect on the SCM 

activity. 

 
Figure 1: Left and right ensemble averaged UNE activity for left and 

right directions for baseline (solid line) and operational (dashed line) 

UNE activity increased in the operational condition, supporting 

the hypothesis that added forward positioned mass amplifies the 

demand on the neck extensor muscles. Absence of a 

concomitant increase in SCM activity suggests that the 

additional of operationally relevant forward positioned mass 

does not influence activity required to stop and start the head. 

Although the difference in UNE activation between conditions 

was modest, it may be important. UNE activation was near zero 

(rest) through the midpoint of the motion cycle in the baseline 
condition, but was increased in the operational condition such 

that sustained activation was required (Figure 1). Low, but 

sustained muscle activity is linked to the development of pain 

via the Cinderella hypothesis [3].  We speculate that the 

sustained low level UNE activity required to support the 

forward positioned mass contributes to explaining the strong 

link between neck trouble and NVG use in the military [1].  

Conclusions 

These data suggest that the sustained increased activity required 

to balance the forward positioned mass (static) may be more 

important to consider than the increased moment of inertia 

effect (dynamic) of the forward positioned mass and may link 

to injury via the Cinderella hypothesis.  
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Summary 

The practice of kinesiology taping has grown in popularity 

despite the lack of biomechanical evidence of efficacy. This 

study aimed to evaluate electromyographic activity of the low 

back during a simple bridge exercise with the hypothesis that 

there would not be a significant difference in muscle activity in 

the presence of correctly applied kinesiology tape.  

Introduction 

The increase in use of kinesiology tape stems curiosity as to the 

effectiveness of this tape which is able to be stretched up to 1.4 

times its original length [1]. While there are several tape 

manufacturers ranging in price and tape aesthetics, each 

markets their products with broad and mostly unsupported 

claims [2, 3]. The proposed benefits of kinesiology tape include 
improved circulation, pain reduction, realignment of joints, 

reduced muscle tension, and alteration of muscle fiber 

recruitment patterns [1,4,5]. This study specifically analysed 

the muscle activity of subjects in order to address the validity 

of muscle tension reduction claim.  

Methods 

50 subjects, 21 females/29 males (age 29 ± 13) were recruited 

following IRB approval (ISU-IRBNET#:1234746-3). Surface 

electrodes were placed on the latissimus dorsi and paraspinal 

muscles by palpation and visual inspection. Each subject 

performed a 15 second static muscle contraction three times for 

determining the maximum voluntary contraction (MVC). They 

then held the hip bridge pose for 30 seconds during which data 

was recorded at 1 kHz. Subjects were randomly assigned to 

receive either correct (15-20% stretch) or incorrect (0-9% 

stretch) taping conformation groups (23 correct/26 incorrect 

taping, due to the exclusion of one subject unable to complete 
the exercise). The protocol for correct taping followed 

therapist/manufacturer guidelines. The subject then completed 

the bridge activity at a minimum of 30 minutes following the 

application of the tape (as per manufacturer recommendations).  

A 60 Hz notch filter was applied to raw sEMG data, then data 

was normalized by the maximum MVC and RMS values were 

calculated. RMS values were averaged over the middle 10s of 

data collected to obtain a muscle activity value for each subject 

pre- and post-tape. Wilcoxon-signed rank tests were completed 
on the nonparametric data.  A paired statistical analysis was 

completed, comparing each subject’s muscle activity to their 

pre- and post- muscle activity.  

Results and Discussion 

No significant differences (p > 0.05) were observed in the 

sEMG activity for subjects performing a bridge exercise with 
and without taping, regardless of the correctness of the tape 

application (Figures 1 and 2).   

 

Figure 1: sEMG activity of the average Bridge muscle activity before 
and after taping (for both tape conditions, n = 49)   

 

Figure 2: sEMG activity of the average Bridge muscle activity before 
and after taping (for correct taping condition, n = 23)  

This randomized study found that kinesiology tape, whether 

applied correctly or incorrectly, did not cause a statistically 

significant difference in muscle activity of subjects (p = 0.340 

overall, p = 0.338 correct taping). 

Conclusions 

This research provides evidence that kinesiology tape has no 

effect on the muscle activity of subjects when performing 

simple exercises targeting the muscles of the low back and thus 

may not be as beneficial as the marketing suggests. This study 

was limited to muscle activity; other suggested benefits, such 

as increased blood flow, were not tested. Future research could 

include more exercises and/or evaluate other proposed benefits.   
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Summary 

Using serial elastic elements as an interface between human 

and isokinetic machine can positively influence the muscular 

work during contraction. The approach of the study was to 

evaluate effects of additional serial elasticity on the efficiency 

during force transmission. First results are promising. 

Introduction 

It is a well-known fact, that the force-generating capacity 

strictly underlies the force-length (F-L) and the force-velocity 

(F-V) relationship [1]. The efficiency of muscle contractions 

seems to benefit from serial elastic elements (Figure 1a) like 

hyper-elastic tendons in frogs [2]. Our approach for human 

movements includes a new developed adapter for an isokinetic 

machine (Figure 1b) and the idea of rearranging the operating 

point in the F-L and the F-V curve [3]. Thus, the present study 

has been done to observe parameters that could influence the 

response of an elastic force transmission on the mechanical 

output and the efficiency of the muscular performance. 

 

Figure 1: a) Biomechanics of frog jumping, (b) Experimental setup 

using the elastic spring adapter on an isokinetic machine. 

Methods 

Fifteen subjects (age: 31.2 ± 7.1 y, height: 179.2 ± 6.3 cm, 

body mass: 76.8 ± 13.3 kg) performed knee extensions on an 

isokinetic machine (HUMAC NORM, CSMi) using the new 

adapter with an integrated spring. Each participant performed 

MVCs for direct (rigid, spring fixed) and elastic force transfer 

condition (3 diff. spring rates) at 45 deg/s within a predefined 

ROM of 90 to 100 deg. Knee torque, neuromuscular activation 

of vastus lat., rectus femoris and vastus med. (Trigno™ 

Wireless, Delsys) and selected kinematics (VICON-MX13/40, 

Vicon Motion Systems) were recorded simultaneously. The 

mechanical parameters peak torque Mmax, mechanical work 

Wtotal and mean power Pmean as well as the angular kinematics 

of the new adapter and the arm of the isokinetic machine were 

calculated. The amount of neuromuscular activation wEMG has 

been defined using a weighted function comprising PCSA and 

volume of each of the recorded muscles [4] and was further 

used to calculate the relation of Wtotal/wEMG (definition of the 

muscular efficiency). For the statistics, a t-test (p-value 0.05) 

was used to compare elastic to reference trials (rigid). 

Results and Discussion 

Significant differences between the two test conditions have 

been found using the spring (Table 1). In addition, the 

Pearson’s coefficient was calculated to verify a potential 

correlation between timing of the new adapter (tcomp, time [%] 

of max. spring compression) and the observed effects. 

Table 1: Results of the “elastic” experiments. All values are 

normalized based on the results of the rigid test condition reference 

Mmax Wtotal Pmean wEMG efficiency tcomp 

0.980 0.953* 0.950* 0.910*** 1.067* 41.13* 

 

Although the majority of the participants was could increase 

their efficiency, only 3 persons exceeded the reference level of 

the mechanical output (Wtotal). Preceding isometric tests 

revealed evident distinctions regarding the joint angle of the 

maximum torque which implies also individual shapes of the 

respective F-L curves. In combination with the test protocol 

(same start position and ROM for all subjects), it is reasonable 

that the timing of the compression phase (spring) was not ideal 

for each participant. If the energy return occurs after the 

operating point has already passed the plateau region (F-L 

curve), muscles might not benefit anymore from the elasticity. 

Conclusions 

The new developed spring adapter (adjustable) was used for 

evaluating influences on the muscular performance during 

maximum isokinetic knee extensions. Improvements regarding 

the efficiency of the movement (ratio Wtotal/wEMG) compared 

to a direct coupled force transmission (rigid) could be 

observed. Moreover, a suitable timing of the spring motion for 

each participant seems to be important in order to achieve 

positive effects. For the upcoming experiments some 

important improvements regarding elements of the isokinetic 

machine (e.g. subject fixation on the seat) need to be done to 

avoid unnecessary inconsistencies in the results. 
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Summary 
We examined effects of two murine models of altered loading 
on postnatal muscle development in the glenohumeral joint. 
Forearm amputation via elbow disarticulation resulted in 
decreased muscle mass and optimal length, consistent with 
previous altered hindlimb loading models.  

Introduction  
During rapid postnatal growth, mechanical loading is critical 
for regulating healthy muscle and bone development [1,2]. 
Neuromuscular pathologies, such as brachial plexus birth 
injury [3] and cerebral palsy [4], alter the mechanical loading 
environment of the glenohumeral joint during development 
through both altered neuromuscular function and reduced limb 
use. Altered mechanical loading paradigms in murine models 
have traditionally focused on hindlimbs [5], without 
considering independent contributions of altered forelimb 
loading to these pathologies. We implemented two novel 
models of altered loading - forelimb suspension and forearm 
amputation - to assess effects on glenohumeral development. 
The objective of this study was to examine changes in 
growing muscle composition and structure in these models.  

Methods 
Sprague-Dawley rats experienced altered loading via forelimb 
suspension (n=6) or forearm amputation (n=8). Forelimb 
suspension rats remained in a custom suspension system for 6 
weeks of unloading (3-9 wks old). Forearm amputation rats 
received elbow disarticulation 3-6 days after birth, followed 
by 8 weeks of altered loading. Results from these two groups 
were compared to a sham control group (n=8).  
After sacrifice, four muscles (biceps long and short head, 
upper and lower subscapularis) were harvested bilaterally, 
snap frozen, cryosectioned, stained with Masson’s trichrome, 
and imaged (n=3 per group). Composition was assessed with 
collagen/muscle tissue ratios, indicative of fibrosis [6], 
calculated using a custom MATLAB® image processing 
protocol. Ten muscles of interest in the upper forelimb and 
shoulder of the remaining rats were dissected bilaterally, 
weighed, and fixed. Sarcomere lengths were measured using a 
laser diffraction method and subsequently used to calculate 
optimal muscle length [7]. Side-to-side comparisons were 
made with paired t-tests, and group comparisons were made 
using one-way ANOVA with Tukey’s posthoc (α=0.05, R).   

Results and Discussion 
Collagen/muscle tissue ratios in the affected biceps long head, 
biceps short head, and upper and lower subscapularis muscles 
were not significantly different between groups (Figure 1). 

This finding concurs with results in rat soleus muscles, where 
collagen levels were unaffected by hindlimb unloading [8].  

 
Figure 1: Fibrosis amount was similar for forelimb suspension (A), 
forearm amputation (B), and sham (C) muscles. Biceps long head 

shown. Blue=collagen. Red=muscle. 

Side-to-side differences in muscle structure were most notable 
after forearm amputation; muscle mass and optimal fiber 
length were significantly lower in the affected vs. unaffected 
limb for anterior deltoid (p=0.015, p=0.010) and biceps long 
head (p=0.014, p=0.0002). Group differences were significant 
in the anterior deltoid, biceps long head, biceps short head, 
subscapularis, supraspinatus, and triceps long head muscles. In 
these muscles, muscle mass and optimal muscle length were 
significantly lower for the forearm amputation group than for 
the other groups. Collectively, these results suggest muscle 
function surrounding the affected glenohumeral joint was 
reduced after forearm amputation. No significant differences 
in any metrics were found between forelimb suspension and 
sham groups, which may indicate a failure of the suspension 
system to achieve sufficient forelimb unloading stimulus, 
because it can only be implemented post-weaning.  

Conclusions 
The murine model of altered loading via forearm amputation 
shows substantial changes in muscle mass and optimal muscle 
length during growth, consistent with those seen in murine 
soleus muscles after hindlimb unloading [5,9]. Therefore, our 
forearm amputation model seems effective for simulating 
altered forelimb loading, which can be used to assess loading 
contributions to neuromuscular pathologies of the developing 
glenohumeral joint. 
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Summary 

Muscle fibres consume metabolic energy to deliver force and 

do mechanical work. Less well characterized is a separate 

metabolic cost for cyclic force production, that is not included 

in current models for metabolic cost. We therefore 

characterized the metabolic cost for cyclic muscle force, 
hypothesized to increase with the frequency of force 

production. Six healthy participants exerted isometric knee 

torque of fixed sinusoidal amplitude at frequencies from 0.5 to 

2.5 Hz, while seated in a knee dynamometer chair. Metabolic 

power, obtained from respirometry, increased with 0.25 W∙kg-

1∙Hz-1 (95% CI: 0.17 – 0.33 W∙kg-1∙Hz-1). This increase was not 

explained by force-time integral, nor by muscle fibre 

mechanical work done. The increase in metabolic cost was 

explained by the time-derivative of force (i.e. “force rate"), 

which is thought to demand calcium pumping in muscle. A 

force rate dependent metabolic cost may contribute 
substantially to tasks that entail cyclic force production, for 

example locomotion. 

Introduction 

The metabolic cost of movement is understood to depend on 
both the mechanical work done[1] and on the force delivered by 

muscle cross-bridges[2]. However, neither explains an increase 

in metabolic cost with force rate, associated with calcium 

pumping rather than cross-bridges[4]. Such a cost has been 

observed during maximal force isometric contractions[3] and leg 

swinging[4], but it has not been specifically isolated from the 

cross-bridge-related costs during submaximal force production. 

We hypothesized that the metabolic cost of cyclic force 

increases with frequency of force production and is associated 

with force rate, even when accounting for (1) the mechanical 

work done by muscle fibres and (2) the force-time integral.  

Methods 

We tested this hypothesis by estimating metabolic power, 

muscle fibre mechanical power and muscle force during a 

cyclic knee torque production task. Six healthy adults provided 
their informed consent and were asked to match exerted knee 

joint torque to a visually displayed target, while knee angle was 

fixed to 20 degrees from full extension. Targets were sinusoidal 

waveforms of fixed amplitude and variable frequency (0 – 2.5 

Hz). We estimated metabolic power via respirometry during 

steady-state conditions. Torque measurements were converted 

to force using a muscle moment arm estimate and were 

differentiated to yield force rate. Ultrasonography was recorded 

to estimate muscle fascicle length changes due to elastic tendon 

(despite isometric joint action) using a custom-made automatic 

tracking algorithm.  

Results and Discussion 

As intended, positive and negative peak force rate increased 

with waveform frequency (1.5±0.1 kN∙Hz-1 and 1.5±0.2 kN∙Hz-

1 respectively). Average positive muscle fibre mechanical 

power and average metabolic power increased with 0.03 W∙kg-

1∙Hz-1 and 0.25 W∙kg-1∙Hz-1 (95% CI: 0.17 – 0.33 W∙kg-1∙Hz-1) 

respectively (see Figure 1). Assuming 25% mechanical 

efficiency, average positive muscle fibre mechanical power 
could only account for 12% of the increase in metabolic power. 

The force-time integral was nearly constant across conditions 

(0.4±21.7 N∙Hz-1) and could therefore not explain the increase 

in metabolic power. After accounting for positive muscle fibre 

mechanical power, a substantial part of the increase in 

metabolic power was explained by negative peak force rate (R2 

= 0.68, p = 7.4∙10-5). We also found the observed increase in 

metabolic cost not to be explained by a contemporary metabolic 

cost model used for OpenSim musculoskeletal simulations[5]. 

 

Figure 1: Net metabolic power increased with torque waveform 

frequency (R2 = 0.77, p = 2.5∙10-6). This was not explained by the 

mechanical work done, nor by the force-time integral (fti). 

Conclusions 

We observed an increase in metabolic power with the rate of 
muscle force production, which was not explained by muscle 

fibre mechanical power, nor by the force-time integral. A force 

rate dependent cost is currently not included in metabolic 

muscle models, yet may be substantial in cyclic movements. 
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Summary 

Recurrent eccentric exercise (EE) has been shown to increase 

skeletal muscle performance, specifically force production, 

and decrease susceptibility to subsequent re-injury via 

protective mechanisms, known as the repeated bout effect 

(RBE) [1,2]. Eccentric contraction during EE actively stretch 

muscle and may induce injury if sarcomeres are disrupted or 

ruptured. Prior studies suggest that EE triggers a cascade of 

reparative and fortifying mechanisms which remain poorly 

studied experimentally [3]. We sought to isolate the initial 

bout of exercise in RBE to determine if contractile and elastic 

properties in muscles with distinct fiber types are enhanced 

exclusively through training (RBE) or if episodic exercise 

eliciting a single bout effect (SBE) can be beneficial. 

Introduction 

The self-repairing capability of skeletal muscle is a 

remarkable, but complex, trait that if better understood could 

allow for significant medical and bio-engineering advances. 

Muscle injury may result from aging, disease, and sport-

related accidents, but is also commonly associated with EE. 

Following an initial EE, processes to re-assemble and repair 

disrupted sarcomeres are initiated and studies suggest that 

subsequent EE may restore or even increase muscle function 

and protect muscle from future damage [1,2]. Contributing 

mechanisms remain unidentified but those responsible for 

neural, cellular, or mechanical adaptations have been proposed 

[1]. This study aims to determine if muscles with distinct fiber 

types are equally susceptible to increased performance 

following a single eccentric exercise compared to consecutive 

exposure to eccentric exercise. 

Methods 

Experiments were performed on Tibialis anterior (TA) (n=23) 

and Soleus (SOL) (n=25) muscles in wild type mice of both 

sexes. Mice were randomly assigned to the control or testing 

group.  Mice in the testing group were anesthetized and one 

hindlimb was attached to a servomotor-controlled footplate. 

Muscles were stimulated supramaximally via needle 

electrodes while subjected to ramp lengthening (IGOR Pro 7). 

We considered stretch injury achieved when tetanic force for 

the muscle/compartment had decreased by 40% relative to 

force pre-injury. TA and SOL were surgically isolated and 

subjected to ergometer testing in situ (TA) or in vitro (SOL). 

Stretched mice were tested 10-12 days post-stretch. Muscle 

specific length-tension relationships were determined and 

muscle mass as well as resting length were measured for 

stretched and contralateral limbs. Data were analysed using 

IGOR Pro 7 and Systat12.    

Results and Discussion 

There was a statistically significant difference between female 

control and stretch mice in muscle mass-specific force 

production (Figure 1). However, no statistical difference was 

found between control and stretched males. This finding 

supports our hypothesis of stretch injury increasing muscle 

performance with respect to force production. 

 

Figure 1: Box plot comparison of muscle mass-specific force (N) 

between SOL (blue) and TA (red) and female (left) and male (right). 

The x-axis represents control “N” and stretched “Y” muscles. 

Stretched muscle showed an increase in mass compared to its 

antimere by 20% for TA and 11% for SOL. This finding 

supports our hypothesis with regards to SBE causing muscle 

hypertrophy. A rise in passive force at lower strains in 

stretched TA muscles compared to controls suggest an 

increase in muscle stiffness resulting from SBE.  

Conclusions 

A single bout of eccentric muscle contraction was found to 

increase performance, specifically with increased force 

production (female TA and SOL), stiffness (TA), and 

hypertrophy of stretched muscle. Ongoing work seeks to 

identify changes in gene expression using RNA sequencing. 

Upregulation of specific proteins will help identify 

mechanisms responsible for recovery and repair processes. 
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Summary 

This study aimed to evaluate the activation of the three regions 

within the infraspinatus muscle during isometric external 

rotation (ER) exertions while the arm was positioned in 

different elevation postures. Superior and middle region of the 

infraspinatus showed similar activations irrespective of the arm 

posture, while the inferior region had significantly higher 

activation when ER was performed at 90° of arm elevation in 

the flexion and scaption planes. 

Introduction 

Anatomical studies suggested that there are three neuro-

anatomically distinct regions within the infraspinatus (INF) 

(superior, middle, inferior) muscle[1]. However, most EMG 

studies have considered the infraspinatus muscle as a single 

unit, despite evidence of potential regional differences in 

activation. The purpose of this study was to quantify the 

activation of different INF regions during resisted external 

rotation efforts performed in different movement planes and 

elevation angles.  

Methods 

Twenty-eight right-handed individuals completed 6 maximal 

isometric ER exertions at 30° and 90° of elevation in the 

abduction, scaption and flexion planes against a 6 DOF force 

cube attached to a robotic device that provided stationary 

resistance. EMG signals from the superior INF, middle INF and 

inferior INF regions were detected using three indwelling fine 

wire electrodes [2] and sampled at 3000Hz. Force data during 

the exertions were used to identify the 0.5s window in which 

the force exhibited the least variability. The EMG data full 

wave rectified, linear enveloped (2nd order butterworth filter, fc 

= 2Hz), normalized as a percentage of maximal voluntary 

efforts (%MVE) and averaged. 

Three separate repeated measures ANOVAs, one for each 

muscle, with the within-variables of elevation angle and plane, 

were used to assess the influence of posture on regional INF 

activation during maximal, isometric, ER exertions. Tukey’s 

HSD were used to interpret significant effects (p<0.05). 

Results and Discussion 

Activation of the INF superior and middle region (Figure 1) 

during maximal ER exertions was not significantly different 

across elevation angles or planes. However, INF inferior 

activation was significantly greater at 90° as compared to 30° 

in the scaption (13.1%MVC higher) and flexion (14.1% MVC 

higher) planes.  

Figure 1: Activation of Infra Middle and Inferior regions in 

three different planes at two different angles of elevation.  

Shoulder ER is required for performing many of daily and work 

related activities and sports. The infraspinatus muscle has a 

large external rotator moment generating capacity [3] and 

therefore, ER tests are commonly used for evaluation or 

rehabilitation of this muscle. However, it is of upmost interest 

to understand how each individual muscle region can be 

distinctly recruited.  The current study showed that although all 

three regions of the infraspinatus muscle had higher activation 

during ER  at 90° arm elevation compared to 30°, only the 

activation of the inferior region was statistically significantly. 

The significant differences observed during flexion and 

scaption but not abduction suggest that the inferior region 

contributes more to stabilizing the glenohumeral joint at higher 

arm elevation angles in the sagittal or scapular plane.  

Conclusions 

ER exercises highly activate the superior and middle regions of 

infraspinatus muscle irrespective of arm posture, however, to 

further challenge the inferior region of infraspinatus, ER 

exertions at 90°of arm flexion or scaption are recommended. 
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Summary 

In animal movement, latches enhance the peak power (Pmax) a 
muscle-tendon (MT) unit transfers to a body mass by 1) 
providing a resistive force a muscle can shorten against and 
store energy in the elastic tissues and then 2) acting as a switch 
that releases the stored elastic energy at a great rate. We asked, 
can an antagonist muscle function as a latch? We investigated 

this question with a novel in vitro platform where two muscles 
interact across a virtual joint to drive an emulated body mass. 
We observed peak power enhancement when the agonist 
muscle was pre-stretched and had an effective mechanical 
advantage (EMA) of 0.10 (in-lever/out-lever). This new 
methodology allows us to identify feasibility of novel 

locomotor strategies and offers insights for designing wearable 
devices for rapid acceleration. 

Introduction 

Series elasticity improves locomotion. This is especially true 
when we consider animals, like frogs, who can use their 
muscles to store and release elastic energy for a quick escape 

[1]. In order to store elastic energy, many animals use 
anatomical latches whose force capacity and release rate 
mediate the power transferred to a load [2]. However, 
anatomical latches often act as switches and therefore the 
energy release phase is all-or-nothing. With simple models, we 
demonstrated that a latch with release rates similar to muscle 

relaxation could amplify or attenuate power transferred to the 
load [3]. Therefore, perhaps antagonist muscles have the 
adequate force capacity to allow for an agonist muscle to store 
energy but can also provide a variable release rate that allows 
for controllable power enhancement. We hypothesized that 
antagonist muscles could shut off fast enough to act as latches 

and enhance peak power? 

Methods 

We extended an in vitro platform [4] with two muscle-tendon 
(MT) units that interact with a body mass across a virtual hinge 
joint. Two plantaris longus muscles from Lithobates 
catesbeiana were characterized to obtain optimal fascicle 

length (L0) and maximal isotonic power output (Pmax).  

  Figure 1: Antagonist muscle latch experimental set-up. 

To simulate a jump, first we activated both muscles (storage 
phase) and then we deactivated the antagonist muscle only 
while the agonist continued its contraction (release phase).  In 
the virtual environment we applied various EMAs and body 
masses such that the effective load was in the range of the frog’s 

normal body mass (≤5.0N). 

Results and Discussion 

By merging the best of both in vitro MT physiology and in silico 
modelling, we sought to examine if it was possible for an 
antagonist muscle to act as a latch. Using a living tissue rather 
than a modelled Hill-type MT, we have confidence that the 

dynamics of force production in the antagonist muscle that was 
relaxing while lengthening were realistic. These eccentric 
behaviours are classically difficult to model [4]. Meanwhile, the 
virtual inertial environment provides us a wide parametric space 
to better understand how components of morphology (i.e, EMA 
load, pre-stretch) transfer power to a load. In a biological 

system, these morphological components are difficult to vary 
independently. 

Figure 2: With tuned pre-stretch (1.2L0) and EMA (0.10) the load 

(blue line) received higher power than the muscle limit (pink bar). 

Our initial results lend support to our hypothesis that an 
antagonist muscle can act as a latch to enhance power 

transferred to a load by ~5% (Fig 2). Thus, these data indicate 
that an antagonist muscle latch is a feasible strategy that could 
allow controllable MT power transfer. 

Conclusions 

Future directions will explore how morphology of the 
antagonist and features like dynamically changing EMA across 

a joint may expand the scope of antagonist muscles as effective 
latches.  
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Summary  
A major challenge in neuromechanics, particularly relevant to 
human health, is linking muscle-tendon (MT) morphology to 
proprioception. In anesthetized rats, we recorded intra-axonal 
sensory signals from active MT contractions. To modify the 
functional morphology, we physically added in-series springs. 
We demonstrated that as compliance increases, the gain of a 
muscle spindle declines. Therefore, conditions that alter MT 
compliance, like exercise, pregnancy, disease or aging, may 
modulate movements informed by sensory feedback. 
Introduction 
Muscle-tendon (MT) compliance can be altered by pregnancy, 
exercise, aging or disease, but, we know little about how series 
compliance affects sensory signals. This is because the field of 
sensory physiology has focused on conditions where MT length 
and fascicle length are coupled (passive stretches) and has often 
ignored the influence of elastic tissues (tendons, aponeuroses) 
on muscle dynamics. During a contraction, the presence of 
series elastic elements allows active muscle fascicles to shorten 
against net MT length that is isometric or stretched [1]. 
Generally, we characterize sensory sensitivity as a function of 
firing rate (FR) plotted against muscle length where the slope is 
called gain (ΔFR/ΔLMT). With added compliance, we expect 
that the gain of length-related sensors (classically muscle 
spindles) will decrease and the threshold (LMT *) will increase 
in response to active MT stretching. Here, we only examine the 
gain component of sensitivity. 

Methods 
To create a mechanistic understanding of how MT morphology 
affects the sensory system, we combined in situ MT 
preparations with simultaneous intra-axonal recordings (female 
Wistar rats, IACUC #: A18042).  

 
Figure 1: Medial gastrocnemius (MG) activated by stimulation of 
ventral root and instrumented with sonomicrometry crystals to 
measure muscle fascicle length. Firing rate of proprioceptors measured 
with intra-axonal microelectrode in the dorsal root and physiologically 
characterized as a muscle spindle or golgi tendon organ [2]. 

We changed fixed end compliance (FEC, muscle fascicle strain 
in response to isometric MT contraction) by suturing surgical 
tubing to the MT.   

Results and Discussion 

In this repeated measures study, we found that acute changes in 
MT compliance decrease the muscle spindle gain. These data 
suggest changes in morphology can affect sensory feedback. 

 

 
Figure 2A: We added compliance to change functional morphology 
of the MT. From top panel to bottom: MT Force (N), MT Length 

(mm), Muscle Fascicle Length (mm), Muscle Spindle Action 
Potential (V), Instantaneous Firing Rate (Hz). 2B: During active 
stretch, muscle spindle gain decreased with added compliance. 

Conclusions 
Despite the importance of musculoskeletal morphology, we 
know little about how it relates to sensory physiology. We 
demonstrated that as MT compliance increases, the sensitivity 
of this muscle spindle feedback declines. This indicates that, 
without compensatory changes in motor coordination, 
conditions where MT compliance tends to increase (ex. aging, 
pregnancy), attenuated spindle feedback may impair response 
to locomotor perturbations. We expect to apply this paradigm 
to directly compare young and old MTs and gather insight into 
how assistive technologies could modify morphology to 
mitigate sensory deficits due to increased compliance [3].  
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Summary 
Muscles have transient and history-dependent properties that 
may be important in dynamic and unpredictable interactions 
with the environment, such as running on uneven terrain. Hill-
type muscle models do not model a variety of phenomena 
emergent from acto-myosin interactions, such as short-range 
stiffness that transiently increases the resistance of the muscle 
to externally imposed stretch. We developed a Matlab-based 
2-state model of cross-bridge kinetics within a half-sarcomere. 
As a first step, we verified that the steady state properties (i.e. 
force-length and force-velocity relationships) generated by the 
model are similar to those measured experimentally. Our 
simulated half-sarcomere can be integrated into existing 
musculoskeletal simulations, using the same inputs as the 
contractile element of a Hill model. Simulating cross-bridge 
dynamics within muscle-tendon units may be critical to 
understanding the role of intrinsic muscle properties in highly 
dynamic and robust movements. 

Introduction 
Hill-type muscle models have historically been poor at 
modeling the forces generated in-vivo during locomotion as 
they do not simulate transient and history dependent properties 
of muscle [1]. Transient forces that emerge from acto-myosin 
interactions could significantly influence energy storage and 
transfer within muscle-tendon units, particularly when 
locomoting over complex and uneven terrains. 
Our objective was to generate a half-sarcomere model of 
cross-bridge kinematics appropriate for musculoskeletal 
simulations for movement. We performed in silico simulations 
of the half-sarcomere to replicate classic constant length and 
constant velocity experiments. We characterized the force-
length and force-velocity properties emergent from the model. 

Methods 
Our contractile element model consists of a single half-
sarcomere with 6.9 x 1016 cycling cross-bridges. The 
simulation takes as inputs the fraction of activated actin 
binding sites and the length change of the half-sarcomere. The 
active force is calculated by summing the forces of all the 
attached myosin heads at each point in time. The total force is 
the sum of the active and passive components [2]. 
Simulations to generate the force-length relationship were 
conducted by fixing the muscle model at lengths between 500 
and 2000 nm and applying an activation level of 100% to the 
actin binding sites. The active force was taken at the end of 
each 10-second simulation after the simulation reached steady 
state. Simulations to generate the force-velocity relationship 
were conducted by contracting and stretching the muscle at 
constant velocities from -0.02 µm/s to 0.04 µm/s for a 4-

second duration.  Initial lengths were specified such that all 
simulations reached optimal fiber length at the midpoint of the 
stretch period, where the active force was evaluated.   

Results and Discussion   

A B  
Figure 1: (A) Normalized cross-bridge forces plotted against muscle 
length as a fraction of the optimal length; (B) Normalized cross-
bridge plotted against stretch velocity.  

Our simulations produced characteristic force-length and 
force-velocity curves (Figure 1). Maximum isometric force 
occurs at the half-sarcomere’s optimal length (Figure 1a).  
Due to the 80nm bare zone on the thick filament, where there 
are no myosin heads, optimal length occurs when actin-
myosin overlap reaches 100% between 1120 nm and 1200 nm.  
The ascending limb of the active force-length curve is 47% 
steeper than the descending limb.  Maximum muscle force 
during imposed velocities occurred during lengthening and 
active force exhibited a characteristic sharp decline as the 
shortening velocity increased (Figure 1b).  The cross-bridges 
produce negative forces at high shortening velocities [3]. 

Conclusions 
We validated that characteristic force-length and force-
velocity relationships in muscle were emergent from the cross-
bridge kinetics in our half-sarcomere model.  The model can 
be used in existing simulations of movement in order to 
compare the performance afforded by Hill-type versus acto-
myosin based muscle models. Our goal is to simulate hopping 
on uneven terrain to understand the effects of transient and 
history dependent muscle properties on stability of unsteady 
locomotion [4]. 

Acknowledgements 
This work was supported by an Undergraduate Beckman 
Scholars Award to Ashley H. Oldshue and NIH grant R01 
HD090642 to Lena H. Ting. 

References 
[1] Dick et al. (2017). J Exp Biol, 220(9): 1643-1653. 
[2] Blum et al. (2018). SfN Abstract, 771.05. 
[3] Edman. (2014). Acta Physiol, 211(4): 609-616. 
[4] Punith et al. (2017). ASB Abstract. 

Thursday, August 01 2019: Posters (1600-1800) 522

Muscle General 1



 

 

Skin acts as a medium of epimuscular myofascial force transmission in human 
 

Hironori Watanabe1, Keigo Taniguchi2, Masaki Katayose2, Sohei Washino1, Hiroaki Kanehisa1, Yasuhide Yoshitake3 
1National Institute of Fitness and Sports in Kanoya, Kanoya, Kagoshima, Japan 

2Sapporo Medical University, Sapporo, Hokkaido, Japan 
3Shinshu University, Ueda, Nagano, Japan 

Email: alc.hwatanabe@gmail.com 
   

Summary  

To confirm the existence of epimuscular myofascial force 
transmission in humans and function of skin as the medium of 
it, this study examined if manipulation of the length of the 
distal extensor digitorum longus muscle (EDL) can alter the 
distal and proximal tendon forces of the adjacent peroneus 
longus muscle (PL) using human cadavers embalmed by 
Thiel’s methods under three different conditions, i.e., intact 
(INT), removal of skin (SKIN), and subsequent removal of 
deep fascia and epimysium of both muscles (FAS).  When the 
distal tendon of EDL was manually pulled, the degree of 
decrease in distal PL tendon force was significantly smaller in 
SKIN condition compared with INT condition.  The result 
suggests that skin plays a role to transmit force laterally 
between the adjacent muscles.   

Introduction 

The force produced by individual muscle fibers is transmitted 
not only serially, but also laterally to other muscles by 
intermuscular mechanical interactions, so called epimuscular 
myofascial force transmission (EMFT) [1,2].  Direct evidence 
of EMFT has been illustrated by studying the changes in 
proximo-distal tendon forces of the adjacent muscle when the 
synergist or antagonist muscle are either passively (artificially) 
lengthened or actively contracting in response to electrical 
stimulation [2].  Such interaction is supposed to be the result 
of linkages between epimysia of adjacent muscles, 
neurovascular tracts, or compartmental boundaries in animal 
model while experiments were mostly conducted under skin-
removal conditions.  In human model, a noninvasive approach, 
in particular, imaging technique has been adapted to 
demonstrate EMFT when a limb is passively rotated to stretch 
a muscle that crosses the joint [3,4].  Although these studies 
support the existence of EMFT in human, it has not yet been 
elucidated what is the medium to transmit force laterally. 
Since skin surrounds all superficial skeletal muscles, skin is 
supposed to act as a medium to transmit force laterally.   

The purpose of this study was to test if the skin plays a role to 
laterally transmit force between adjacent muscles.  To achieve 
this goal, we adopted the human cadavers embalmed by 
Thiel’s methods, which enable to keep the compliance of the 
structures similar to that of living human [5].  

Methods 

This study used eight legs from five human cadavers that were 
embalmed by Thiel’s methods.  Tendon forces were measured 
at the distal extensor digitorum longus (EDL) and at proximal 
and distal peroneus longus muscles (PL).  Each tendon force 
was measured during manually pulling the distal EDL tendon 
0, 5, 10 mm under three conditions; intact (INT), removal of 

skin (SKIN), and subsequent removal of fascia (deep fascia 
and epimysium) of both muscles (FAS).  The degree of force 
transmission was evaluated by the difference in PL tendon 
forces from that at original position (pulling 0 mm).  

Results and Discussion 

In INT, proximal PL force increased with lengthening of 
adjacent EDL (Fig. 1C) and vice versa in distal PL force (Fig. 
1D), indicating that EMFT was occurred in lower limb of 
human cadavers.  Degree of change in distal PL tendon force 
by lengthening distal EDL was significantly less (P < 0.05) in 
SKIN compared with that in INT whereas there was no 
difference between SKIN and FAS (Fig. 1D).  The degree of 
change in proximal PL force was less in FAS compared with 
INT and SKIN in proximal PL (Fig. 1C).  These results 
suggest that not only epimysia but also skin play a role to 
transmit force laterally at least between PL and EDL.   
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Figure 1: (A) Experimental setup.  Difference in tendon force from 
the initial tendon force (at pulling distal EDL length 0 mm) under 
each condition measured at (B) distal EDL, (C) proximal PL, and (D) 
distal PL.  Data are mean ± SE.  * P < 0.05, vs. INT; † P < 0.05, vs. 
SKIN. 

Conclusions 

The results suggest that skin may play a role to transmit force 
laterally but the degree of it depends on region of a muscle.  

References 

[1] Huijing PA (1999). J Biomech 32: 329-345.  
[2] Yucesoy CA (2010). Exerc Sport Sci Rev 38: 128-134. 
[3] Bojsen-Moller J et al. (2010). J Appl Physiol 109: 1608-

1618. 
[4] Yoshitake Y et al. (2018). J Biomech 74: 150-155. 
[5] Thiel W (1992). Ann Anat 174: 185-195. 

Thursday, August 01 2019: Posters (1600-1800) 523

Muscle General 1



 

 

Combining Feedforward Control and Series Elasticity Enables Muscle-Tendon Units to Rapidly and Safely Reject 

Perturbations 

 

Laksh Kumar Punith1, Emily M. Abbott1,2, Gregory S. Sawicki1,2 
1George W. Woodruff School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, GA, USA 

2School of Biological Sciences, Georgia Institute of Technology, Atlanta, GA, USA  

Email: lpunith@gatech.edu 

 

Summary 

Animals easily navigate complex terrain and can rapidly and 

safely reject unexpected perturbations. However, the 

underlying mechanism at the muscle-tendon level of this 

behaviour is unclear. To study this, we attach a real muscle-

tendon unit to a novel bio-robotic interface that emulates 

interaction with a mass in gravity to generate stable hopping. 

We then suddenly perturb the height of the ground. We find that 

the drop in the height of the ground causes an automatic shift in 

the phase of muscle activation with respect to time of ground 

contact. This causes the muscle to shorten, while the tendon 

stretches and rapidly absorbs the energy of the fall. The muscle 

subsequently slowly re-lengthens and safely dissipates the 

excess energy from the drop at shorter lengths and lower 

mechanical power outputs. These results demonstrate in the 

presence of series elasticity, feedforward control strategies can 

impart robustness during dynamic locomotion tasks. 

Introduction 

The fields of legged robotics and locomotion neuromechanics 

typically assume robust motion requires closed loop feedback 

control. However, as animals get larger, their reflex signals 

need to travel farther distances causing delays of up to 50% of 

stance phase [1]. These delays limit the effectiveness of closed 

loop feedback control, especially during dynamic locomotion. 

Previous studies have shown that animals can navigate complex 

and uneven terrain using purely feedforward (i.e., clock-based 

muscle activation) strategies [2]. However, the underlying 

muscle-tendon level mechanisms that generate this behaviour 

are unclear. Thus, we use a novel bio-robotic interface [3] to 

study hopping in a simple single joint context and we pose the 

question: How do muscle contractile dynamics in the context of 

series elasticity enable robust feedforward perturbation 

rejection to a change in ground height?  We hypothesize that 

the drop in ground height causes an automatic phase shift that 

puts the muscle-tendon unit in a suitable context to rapidly and 

safely reject perturbations.  

Methods 

We attached the plantaris longus muscle-tendon unit from a 

single American Bullfrog (Lithobates catesbeianus) to a novel 

biorobotic interface that emulates interaction with a virtual 

mass in gravity (Fig. 1A). We cyclically stimulated the muscle 

to generate hopping [3]. Once the hopping settled to a stable 

cycle, we suddenly dropped the height of the ground by one of 

three heights (0.01m, 0.05m and 0.1m). We used an 

instrumented ergometer to measure the force and length 

changes of the muscle-tendon unit, and sonomicrometry to 

track the length of muscle fascicles. 

Results and Discussion 

The drop in ground advances the phase of activation with 

respect to ground contact by 33% of a hop cycle (Fig. 1A). 

Thus, the muscle contracts while the mass is still in the air, and 

the tendon initially lengthens rapidly absorbing the energy 

injected by the fall despite concurrent muscle shortening. Then, 

the muscle slowly re-lengthens safely dissipating the excess 

energy of the drop over at shorter lengths and lower mechanical 

powers (Fig. 1B). Thus, in support of our hypothesis, the 

automatic phase shift that results from the change in ground 

height puts the muscle-tendon unit in a suitable context to 

rapidly and safely reject perturbations. 

Conclusions 

Future studies using this framework will aim to examine the 

relative importance morphology in shaping the relative 

importance of feedforward vs. feedback control mechanisms 

under unsteady conditions. 
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 Figure 1: (A) Biorobotic interface setup. The muscle-tendon unit is cyclically stimulated with a feedforward signal to generate hopping and we 

suddenly dropped the height of the ground. The phase of activation with respect to ground contact was advanced by 33% of stance time (B) the muscle 

contracts while the mass is still in the air, and the tendon initially lengthens rapidly absorbing the energy injected by the fall despite concurrent muscle 

shortening. Then, the muscle slowly re-lengthens safely dissipating the excess energy of the drop over at shorter lengths and lower mechanical powers. 
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Summary 

Traumatic knee injuries often involve cartilage lesions and may 
lead to post-traumatic osteoarthritis (PTOA). One of the signs of 
PTOA is the loss of fixed charge density (FCD) of proteoglycans 
in cartilage. Mechanisms to understand local adaptive processes 
remain unclear. A numerical model was developed to predict local 
degeneration of FCD in injured cartilage using maximum shear 
strain and fluid flow-controlled algorithms. The predictions were 
compared against T1ρ and T2 maps of magnetic resonance imaging 
at 1- and 3-years after anterior cruciate ligament reconstruction. 
The results showed that the FCD content decreased near the lesion 
for both mechanisms. Likewise, T1ρ and T2 relaxation times 
increased in similar regions. The novel mechanobiological model 
provides a novel platform for predicting local FCD loss and 
PTOA in injured knee joint cartilage. 

Introduction 

Knee injuries, such as anterior cruciate ligament (ACL) rupture, 
often involve cartilage damage which might contribute to the 
development of post-traumatic osteoarthritis (PTOA). This 
disease is characterized e.g. by the loss of fixed charge density 
(FCD) of proteoglycans in cartilage [1]. Consequently, the ability 
of the tissue to withstand loads is reduced. However, mechanisms 
to explain the local adaptive processes in cartilage remain unclear. 
These mechanisms can be studied by a mechanobiological model. 
Here, we investigated local tissue degeneration by developing a 
numerical PTOA progression model with 1) maximum shear 
strain and 2) fluid velocity-controlled algorithms. Our aim was to 
predict longitudinal changes in FCD content and compare the 
results against T1ρ and T2 maps of magnetic resonance imaging 
(MRI) at 1- and 3-years after ACL reconstruction (ACLR).  

Methods 

MRI protocol: A patient with ACLR was imaged using an MRI 
scanner at 1- and 3-years after surgery [2]. The study was carried 
out in accordance with regulations of the Committee for Human 
Research at the University of California. The MRI data was used 
for segmenting the knee geometries, including a lesion in the 
lateral tibial cartilage. Then, the geometries were imported into 
Abaqus where a finite element (FE) model was developed. T1ρ and 
T2 maps: Simultaneous acquisition was performed to quantify the 
T1ρ and T2 relaxation times on the knee at 1- and 3-years [2]. For 
T1ρ maps, the spin-lock times (TSL) of 0, 10, 40 and 80 ms were 
selected. For T2 maps, the echo times (TE) were 0, 13.7, 37.3 and 
53.7 ms. Gait analysis and musculoskeletal modeling: The 
patient’s gait was obtained using a motion capture system 
(Vicon). The ground reaction forces were obtained using two 
force plates (AMTI, 1000 Hz sampling rate). The lower extremity 
muscles contributions were obtained using a musculoskeletal 
model in OpenSim. Then, the flexion-extension angle, moments, 
and contact forces were extracted and implemented in the FE 

model. Mechanobiological knee model: Cartilages and menisci 
were modelled using a fibril-reinforced poroviscoelastic swelling 
material. The depth-dependent collagen fibril architecture and 
FCD distribution were implemented [3]. Following a free-
swelling step, the stance phase of the patient’s gait was simulated. 
Shear strain and fluid velocity were passed through the 
degeneration algorithm which assumed the degeneration to occur 
either if the maximum shear strain exceeds a threshold of 40% or 
fluid flow velocity is greater than 0.03 mm/s. Following each 
simulation, a new FCD content was implemented into the FE 
model and a new iteration was started [4]. 

Results and Discussion 

Numerical predictions showed that the FCD content decreased 
only near the lesion edges when the model was driven by 
excessive fluid flow velocity. However, FCD loss was observed 
in a larger area further away from the lesion when the shear strain 
algorithm was utilized. Our numerical predictions corresponded 
well with the findings of the T1ρ and T2 relaxation times; they both 
increased during the follow-up around the lesion where the model 
predicted FCD loss. In the future, more patients are needed to 
further validate the model and study the sensitivity of the model 
parameters to the predictions. 

Figure 1: Knee geometry and its motion during gait were implemented 
into the FE model. FCD loss predictions obtained by the maximum shear 
strain and fluid flow-controlled mechanisms were compared with T1ρ and 
T2 maps at 1- and 3-year follow-up times after ACLR.  

Conclusions 

The novel mechanobiological model driven by excessive strain 
and fluid flow provides a novel platform for predicting local FCD 
loss in injured cartilage and for diagnosing subject-specific PTOA 
progression in a clinically relevant context. 
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Summary 
The pathogenesis of osteoarthritis (OA) involves both 
metabolic and biomechanical factors. However, the 
mechanistic implications of contributing factors – obesity, 
adiposity, and metabolic syndrome – have been difficult to 
determine due to the complexities of their interactions (1). To 
gain further mechanistic insight, we examined a fat-free mouse 
model that completely lacks adipose tissue depots (2).  We 
observed that in the absence of body fat, animals have improved 
cartilage knee joint integrity compared to controls, suggesting a 
direct relationship between adipose tissue depots and the onset 
and progression of OA, independent of biomechanical and 
metabolic contributors. 
Introduction 
To separate contributions to OA from factors such as body fat 
and low-level systemic inflammation, we assessed a fat-free 
mouse model, developed by crossing adiponectin-Cre mice 
with homozygous lox-stop-lox-ROSA-diphtheria toxin A mice 
(2). These offspring, termed Deadfat (DF) mice, constitutively 
express diphtheria toxin in adiponectin-positive cells, resulting 
in a lack adipose tissue depots and leptin expression. DF mice 
demonstrate many characteristics previously associated with 
OA onset and progression (i.e., metabolic disturbance, muscle 
damage, abnormal bone remodelling). As such, we 
hypothesized that DF mice would develop spontaneous OA 
when compared to age-matched wildtype (WT) littermate 
controls.  
Methods 
DF (n=13, 7F and 6M) and WT (n=14, 7F and 7M) mice were 
fed a 10% kcal fat diet through 7-8 months of age. Body mass, 
body fat (DXA), behavioural outcomes (grip strength, knee pain 
sensitivity [SMALGO®] and mechanical pain sensitivity at the 
paw [Electronic Von Frey]) were measured at 15 and 28-weeks 
of age. Right knee joints were scored by blinded graders using 
the Modified Mankin Criteria. Left knee joints were 
cryosectioned to determine the presence of infrapatellar fat 
pads. Serum was profiled using a mouse 44-plex assay. 
Outcomes were assessed between strains and by sex, using 1- 
or 2- way ANOVA or Mann-Whitney U-Test (α=0.05).  
Results and Discussion 

DF animals demonstrated improved Modified Mankin Scores 
(Figure 1a, p=0.0043) as compared to WT controls. This 
finding identifies adipose tissue as a critical effector of cartilage 
pathology. The difference in OA score between WT and DF 
was most prominent in female mice (Fig 1b, p<0.001), while no 
difference was observed between male WT and DF animals. 
This sexual dimorphism is under study. Of note, DF and WT 
animals had similar body mass at sacrifice (p>0.05). 
Cryohistology confirmed the absence of an infrapatellar fat pad 

in the knees of all DF animals, which may have important 
biomechanical as well as paracrine signaling implications. DF 
animals exhibited significantly elevated levels of several serum 
inflammatory mediators (IL-1β, IL-6, MCP-1, MCP-5, p<0.05), 
a trend toward increased serum levels of IL-1α (p=0.06) and 
TNF-α (p=0.055) coupled with increases in levels of anti-
inflammatory mediators (IL-10, TIMP-1, p<0.05) when 
compared to WT. DF animals also exhibited reduced forelimb 
grip strength (DF 1.8±0.1N, WT 2.0±0.1N, p=0.001), 
contradicting previous studies suggesting that muscle weakness 
is associated with increased OA risk. While similar pain 
thresholds were observed between groups at 15-weeks of age, 
prior to sacrifice, a trend toward increased mechanical pain 
thresholds, or resistance to the onset of pain at the paw, (27±2g, 
24±2g, p=0.15) was observed in DF animals. 

Figure 1: WT demonstrated increased knee joint damage compared 
to DF animals (a), driven by differences between female WT and DF 
(b).   Medial frontal plane histology images from female WT (L) and 
female DT (R, c). Imaged at 20x, frontal plane 5 µm; scale bar = 
100µm, DF = Deadfat; WT = wildtype. * indicates p<0.05. 

Conclusions 
Female DF animals have improved cartilage knee joint integrity 
when compared to WT control animals, despite metabolic 
disturbance and poor muscle strength. Ongoing studies aim to 
determine whether DF animals continue to be protected from 
OA risk when challenged with a high-fat diet, joint injury or the 
combination of both challenges. 
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Summary 

Finite element modeling can be used to evaluate the effects of 

altered loading conditions on the knee joint stresses, and thus 

to predict possible failure locations. The aim was to generate 

finite element models of ACL reconstructed patients (n = 5) 

with relatively simple soft tissue materials to identify areas 

susceptible to post-traumatic knee osteoarthritis based on 

excessive stresses of cartilage. The models predicted the areas 

susceptible to osteoarthritis to be located primarily on the 

lateral joint compartment. This was consistent with 

preliminary follow-up information of the same patients. The 

presented methodology would be particularly useful in 

assesing the effect of surgical intervention. 

Introduction 

Signs of knee osteoarthritis (OA) have been observed after 

anterior cruciate ligament injury and reconstruction (ACLR). 

Altered knee mechanics after ACLR may explain excessive 

stresses in articular cartilage leading to OA [1]. Finite element 

(FE) modelling can assess the potential biomechanical risks 

for OA onset and progression [2]. A limitation of most FE 

studies is the number of patients. The aim of the study was to 

develop a methodology for evaluating global joint mechanics 

of several ACLR patients, and to identify areas susceptible to 

OA based on excessive maximum principal stresses in 

articular cartilage.  

Methods 

FE models of five different patients with ACLR were created. 

The knee geometry was based on clinical MR imaging (Figure 

1A,C) and the knee joint loading was obtained from motion 

capture (Figure 1B). Articular cartilages were modelled as 

transversely isotropic poroelastic materials and menisci as 

transversely isotropic elastic materials. Cruciate and collateral 

ligaments were modelled as bi-linear springs. Boundary 

conditions and material properties were based on a previous 

study [3]. To identify areas susceptible to collagen network 

damage, maximum principal stress distributions were 

generated by evaluating the peak values for each element in 

tibial cartilage during gait. Based on both experimental [4] and 

computational [2] studies, maximum principal stresses over 7 

MPa were assumed to lead to collagen degeneration.  

Results and Discussion 

Maximum principal stresses exceeded the collagen 

degeneration threshold in the posterior side of the lateral tibial 

cartilage in three patients (Figure 1D -Patient 1, Patient 2 and 

Patient 4). For Patient 3 and Patient 5, maximum principal 

stresses exceeded the degeneration threshold in both medial 

and lateral compartments of the tibial cartilage (Figure 1D). 

Preliminary analysis indicate that the longitudinal follow-up 

MRI information of the same patients matches with the FE 

model results. Further, these patients are from a cohort, in 

which significant cartilage thinning was seen particularly in 

the posterior regions of lateral tibia [5].  

Conclusions 

Our results suggest that FE models with relatively simple 

material models could be used to identify areas susceptible to 

OA. This methodology could provide a pathway towards 

clinical implementation and would be particularly useful in 

assessing the effect of surgical interventions.  
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Figure 1: Study workflow. LTC – Lateral tibial cartilage, MTC - medial tibial cartilage.  

Thursday, August 01 2019: Posters (1600-1800) 529

Orthopedic Cartilage 1



Influence of knee geometry matched PU-spacers on pressure distribution in 3D-printed knee models  

1Igor Komnik, 1Korbinian Glatzeder, 1Wolfgang Potthast 
1German Sport University Cologne – Institute of Biomechanics and Orthopaedics 

Email: i.komnik@dshs-koeln.de 

Summary 

This study investigated the effect of polycarbonate-urethane 

(PU) interpositional knee spacers on load distribution in 3D 

printed knee models under the consideration of a potential 

treatment for knee osteoarthrosis (KOA).  

Introduction 

KOA accounts for 83% of the total OA burden associated 

with tremendous physical and mental limitations in patients’ 

lives, but also with an enormous impact on health care 

systems worldwide [1]. An interpositional mimicked knee 

spacer could serve as an additional treatment in patients with 

medial KOA and postpone more invasive treatment options. 

To date, existing spacers failing to reveal satisfactory results, 

primarily due to dislocation and methodological issues [2, 3]. 

This study aimed to examine whether and to what extent a set 

of differently shaped PU-spacers can reduce stress in the 

medial knee compartment.    

Methods 

A knee simulator was utilized to investigate the knee joint 

loading with and without the insertion of four different spacer 

types into the medial compartment of six 3D printed knee 

models (material: PLA). The knee models corresponded to six 

cadaveric right limbs, which were segmented from CT-scans 

to create CAD models using a reverse engineering approach 

(Figure 1). 

Figure 1: Depiction of the performed work sections.  

The loading conditions were performed by applying 

simulated muscle forces (quadriceps: 700 N, hamstrings: 250) 

induced by pneumatic actuators. Joint contact stress and stress 

distribution were determined using Tekscan Pressure 

Mapping Sensors 4000 (50 Hz, Tekscan Inc., South Boston, 

USA). Thirty cycles of flexion-extension motion were 

recorded between 180-90° with each spacer-type in the each 

printed knee model. 

Results and Discussion 

All spacer types showed reduced mean stress values by 71-

75% compared to the no-spacer test condition (Figure 2a, b). 

This result was associated with a redistribution of the acting 

force to a larger area (+145-295%) induced by the 

corresponding spacer-type. 

 
Figure 2: a) Time series representing the mean stress curve 

progressions for all test conditions (± confidence interval of 

the no-spacer condition calculated by means of Statistical 

non-Parametric Mapping (SnPM)) b) Exemplary peak stress 

distribution map for no-spacer and spacer M1f125 condition.   

The mentioned relationship exhibits the major functional 

principal of the mimicked knee spacer, namely to reduce knee 

joint loads, hence providing pain relief in the osteoarthrotic 

knee. In contrast to the authors’ expectations, stress was also 

slightly diminished by 0-32% in the lateral knee 

compartments during the test conditions with medially 

inserted spacers.    

Conclusions 

The results of the current study demonstrate that a knee spacer 

could theoretically complement the common treatment 

options for KOA. However, several major aspects must be 

considered in future studies including, e.g. spacer geometry, 

testing in cadaveric knees, higher acting forces and limb 

kinematics. 
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Summary
Articular cartilage (AC) is a fibre-reinforced connective tissue
that covers the ends of articulating bones, providing joint lubri-
cation, and thus allowing for smooth movement. Since AC is
avascular, nutrients and proteins primarily transport via molecu-
lar diffusion. Thus, AC behaviour has been extensively studied
(e.g., [1, 2]). For a mature animal, diffusion of large molecules in
the superficial zone, where fibres are aligned along the surface,
is anisotropic [2]. Here, we report on the diffusion behaviour in
young porcine AC. Our preliminary results show that the molec-
ular diffusion in a young animal is isotropic, in contrast with the
case of adult AC, suggesting that skeletal maturation of the tis-
sue may play a key role in the diffusion behaviour and biological
responses of AC.

Introduction
Articular cartilage has unique mechanical properties, allowing
for smooth joint movement. It consists of a porous proteoglycan
matrix reinforced by collagen fibres, and saturated by an intersti-
tial fluid [3]. AC properties vary along the tissue’s depth (inho-
mogeneity), and exhibit direction dependence (anisotropy) as a
result of the alignment of the fibres. However, in mature AC, the
diffusivity of uncharged molecules (dextrans) has been observed
to be anisotropic only in one case: for large dextran molecules,
in the superficial zone, where the diffusivity was found to be
higher in the direction of the fibres, which are aligned along the
surface [2]. Although the deep zone has distinct fibre alignment
along the depth direction, anisotropy has not been detected. The
purpose of this study is to examine the diffusional anisotropy in
young porcine AC, where skeletal maturation is not reached.

Methods
Technique. To obtain local measurements of diffusivity, we
used the FRAP technique (fluorescence recovery after photo-
bleaching): a specimen is stained with fluorescently labelled
molecules, and then a region of interest (ROI) is subjected to
high power laser beam. The diffusivity is then obtained from the
fluorescence recovery profile.

Preparation. Cartilage-bone explants were extracted from
young pig knee joints (3-6 month-old) obtained from a local
abattoir, and were kept in two concentrated stains

1. FITC-conjugated 3kDa dextran: exhibits isotropy in a ma-
ture animal (control group) [2];

2. FITC-conjugated 500kDa dextran: exhibits anisotropy in
a mature animal [2].

Testing. A Zeiss 710 inverted confocal microscope, with 40×,
/1.1 objective was used for both imaging and bleaching. Circu-
lar bleaching regions of diameter ∼50-75µm were used.

Analysis of Anisotropy. The tensor of inertia J of the fluores-
cence f is an indicator of anisotropy. In component form,

Jij =

∫
R2

f(r) [(rk rk)δij − rirj ] dA, (1)

where r is the position vector emanating from the centre of the
bleached ROI, f is the fluorescence intensity function and R2 is
the plane. The square root of the ratio of the eigenvalues pro-
vides the anisotropy ratio

α =
√
λmax/λmin. (2)

Results

The anisotropy ratio α in the superficial zone was not signifi-
cantly different from unity for both stains, suggesting that there
is no direction-dependence for both groups, 3kDa and 500kDa.

Figure 1: Fluorescence recovery of 500kDa dextran.

Conclusions

To the best of our knowledge, anisotropic diffusion has only been
reported in mature animals. Our preliminary results show that
diffusion is isotropic in young pig AC. This may be justified by
the tissue’s maturation as well as the substantial increase in the
fibre volume fraction with skeletal maturation [3] and, therefore,
the diffusional anisotropy is influenced by age.
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Summary 

Primary cilia length was measured ex vivo in 3D after wild 

type and itgα1-null chondrocytes were exposed to iso- or 

hypo-osmotic stress. We show that integrin α1β1 is necessary 

for primary cilia lengthening following hypo-osmotic stress.  

Introduction 

Most chondrocytes possess a single immotile primary cilium 

covered in matrix receptors and signalling molecules, 

including integrins α2β1 and α3β1, and the dominant 

chondrocyte osmosensor transient receptor vanilloid 4 

(TRPV4) [1,2]. Though immotile, chondrocyte primary cilia 

change in length in response to a variety of stimuli, including 

osmotic stress [3]. Deciliated chondrocytes are insensitive to 

hypo-osmotic stress and the presence of a TRPV4 agonist as 

measured by [Ca2+]i transients [2]. Interestingly, itgα1-null 

chondrocytes are also insensitive to these stimuli, despite the 

presence of TRPV4 across the chondrocyte membrane [4]. It 

is unknown however if the cilia of itgα1-null chondrocytes 

change in length following an osmotic challenge. The purpose 

of this study therefore was to measure chondrocyte cilia 

length following hypo-osmotic stress in both wild type and 

itgα1-null chondrocytes ex vivo. We hypothesized that 

integrin α1β1 would be required for the cilium to change in 

length following hypo-osmotic stress. 

Methods 

All animal procedures were approved by the University of 

Guelph Animal Care Committee. Intact femora of skeletally 

mature female wild type (n=5) and itgα1-null (n=5) mice were 

isolated and incubated with 5M SiR-tubulin and 4M 

calcein AM to stain microtubules and live cells respectively. 

Femora were secured in a heated perfusion chamber (371C) 

and immersed in iso-osmotic (300 mOsm) media. Z stack 

images (step size 130nm) were taken of 20 live cells in the 

centre of one condyle using a 63x/0.9 N.A. water immersion 

lens on a Leica DM 6000B/TCS SP5 system (Figure 1). Iso-

osmotic media was then withdrawn and hypo-osmotic (200 

mOsm) media was infused and the second condyle imaged. 

Cilia length was calculated using the Pythagorean theorem 

and the X,Y,Z coordinate of each cilium in the first and last Z 

plane where it appeared (FIJI). A multivariate ANOVA with 

genotype and condyle as factors and cilia length as dependent 

variable was conducted. 

Results and Discussion 

The majority of chondrocytes (98%) had a single cilium, and 

mother and daughter centrioles could be distinguished 

(Figure 1). On average, cilia from wild type chondrocytes 

were 2.57±0.22μm long, and there was no difference in cilia 

length between condyles (p=0.33, data not shown). Genotype 

did not influence cilia length under iso-osmotic conditions 

(p=0.35), however cilia lengthening following hypo-osmotic 

stress occurred in wild type, but not itgα1-null chondrocytes 

(Figure 1). The cilia on wild type chondrocytes lengthened by 

0.45m following hypo-osmotic challenge (p<0.0001). 

  

Figure 1: (A-D) Confocal images of four live chondrocytes ex vivo 

in the X-Y plane stained with calcein AM (A) or SiR tubulin 

(B,C,D). An image stack at three different Z positions (B,C,D) 

through four chondrocytes. Scale bar = 5m. (E) Cilia length as a 

function of final osmolarity (mOsm) and genotype. Points are means 

(n=20 cells), error bars 95% CI. * indicates statistically different 

from all groups p<0.0001. 

Here for the first time we measured chondrocyte primary cilia 

lengthening following hypo-osmotic challenge ex vivo in 3D. 

Further, we show that integrin 1β1 is necessary for this 

lengthening, though not necessary for the expression of cilia 

by chondrocytes. These data provide further support for the 

importance of cilial length change, and not merely cilial 

presence, in the response of chondrocytes to osmotic stress. 

Further investigation is necessary to determine if integrin 

1β1 affects cilia length change and subsequently TRPV4 

function, or if integrin 1β1 affects TRPV4 function and 

subsequently cilia length. Intriguingly, itgα1-null 

chondrocytes are also insensitive to interleukin-1, which has 

been shown to lengthen chondrocyte primary cilia [5,6]. 

Conclusions 

Integrin 11 is necessary for the lengthening of cilia in 

response to hypo-osmotic stress. These data support the 

cilium as a robust signalling antennae of the chondrocyte, and 

suggest integrin 11 is critical to its function. 
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Summary

Previous models of articular cartilage permeability were suc-
cessful in demonstrating the effect of the collagen fibres on the
anisotropy of the permeability, but could not reproduce some
experimental results under large deformations. The proposed
model, which accounts not only for fibre reorientation with de-
formation, but also for the accompanying structural distortions,
gives results in accordance with the experiments.

Introduction

Articular cartilage (AC) consists of a proteoglycan (PG) porous
matrix saturated with water and reinforced by collagen fibres.
The effect of the fibres on AC permeability has been postulated
from experiments [1] and confirmed theoretically [2]. Models
describing the change in permeability under large deformations
have been proposed (e.g., [3]), but are unable to reproduce some
experimental results [4]. Inspired by a PG-fluid permeability
model (no fibres) [5], we propose an AC permeability model
under large deformations accounting not only for fibre reorien-
tation but also for distortion of the fibre-matrix composite.

Methods

An undeformed cylindrical representative element of volume
(REV) of circular cross-section consists of a small segment of
fibre, aligned in direction M , surrounded by fluid-saturated PG
matrix (Fig. 1, left), and is subjected to the macroscopic defor-
mation F , considered homogeneous. The axial part Fa (a rank-
one tensor) of F is characterised by the stretch λM = ‖FM‖
in the fibre direction. The planar part Fp (a rank-two tensor)
of F is obtained as F − Fa, has principal planar stretches ξ1
and ξ2 and distorts the REV cross-section into an ellipse (Fig. 1,
centre). However, if the fibre is assumed to be incompressible
and to undergo only axial stretch λM and rotation, it must pre-
serve the circularity of its cross-section. To account for this, the
macroscopic F must be corrected, at the REV level, by a suit-
able non-homogeneous deformation F̃ (Fig. 1, right) that adjusts
the fibre deformation while leaving the lateral boundary of the
F -deformed REV unchanged.

M
FM

‖FM‖ = m m

Rf

R

F̃F

rfr

Figure 1: REV distortion and correction F̃ at the REV level.

The components of the REV permeability κ in principal planar
directions depend on ξ1 and ξ2, i.e., κ11 = κ̂11(ξ2R−λ−1/2

M Rf )

and κ22 = κ̂22(ξ1R− λ−1/2
M Rf ), whereas the axial component

κ33 depends solely on the volumetric deformation, as in [3]. The
effect of distortion is governed by a material parameter n and is
swicthed off for n = 0, so that κ reduces to that in [3]. The over-
all permeability tensor k is found by averaging the REV perme-
ability κ over all possible directions [2].

Results

The behaviour of the ratio k11/k33 under confined compression
in the 3-direction, for a random distribution of fibres (mimicking
AC middle zone), is shown in Fig. 2.

��� ��� ��� ��� ��� ���
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���
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���
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k11/k33

compressive strain ε

n = 0 [3]
n = 1
n = 4
n = 8

Figure 2: Ratio of the overall permeabilities k11/k33 as a function of
the (confined) compression ε and with a model parameter n. The curve
for n = 0 coincides with the predictions of [3], with no REV distortion.

Discussion and Conclusions

The results in Fig. 2 show that, in order to reproduce the be-
haviour of the ratio k11/k33 as observed experimentally [4], ac-
counting for REV distortion is fundamental. In the middle zone,
the initially isotropic permeability tensor becomes anisotropic
as a result of the reorganisation of the fibre network and of the
fact that the ratio of the principal planar stretches is not unity
(ξ1/ξ2 6= 1), as the initially circular REV cross-section attains
an elliptical shape. While the proposed model correctly predicts
an increase of k11/k33 with compressive strain, a previous large
deformation permeability model [3], which does not account for
REV distortion, incorrectly predicts the opposite behaviour.
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Summary 
A complete understanding of the specific sequence of 
mechanical and biochemical events, especially in a dynamic 
environment, is lacking. The goal of this study is to measure 
chondrocytes deformation in situ when dynamic mechanical 
loads of physiological relevance are applied. The 
measurement system used includes a custom-built cartilage 
loading device with a state-of-the-art multi-photon excitation 
microscope allowing for real-time measurements during cyclic 
loading. Initial results suggest cartilage cells do not 
continuously lose and gain volume within each 
loading/unloading cycle. Rather, cells seem to deform in the 
first loading cycle, lose significant volume, and then remain at 
a similar deformation state for the remaining loading cycles. 

Introduction 
Chondrocytes, the only type of cells found in cartilage tissue, 
are responsible for regulating and modifying the extracellular 
matrix in response to changes in joint loading. Previous 
studies have shown the deformation of chondrocytes under 
dynamic loading conditions does not correspond to its steady-
state configuration following dynamic loading [1]. 
Chondrocyte deformations under a sequence of mechanical 
events requires more investigation. Tissue explants have been 
a reliable model used to determine how different 
characteristics of the cellular mechanical environment may 
affect the metabolic activity of chondrocytes. The goal of this 
study is real-time quantification of chondrocyte deformations 
in situ when dynamic mechanical loads of physiological 
relevance are applied.  

Methods 
Cylindrical cartilage-subchondral bone samples with an 
average thickness of 1.2mm and a diameter of 6mm were 
harvested from the femur of pig knee joints. Samples were cut 
into halves and stained with Calcein AM to identify live cells. 
The semi-cylindrical samples were fixed into the sample 
holder of a cartilage loading device [2] and placed on the stage 
of a multi photon excitation microscope (Fig. 1). A custom-
written software controlled the actuator to apply a defined 
loading protocol comprised of an initial ramp of 5% strain 
followed by a cyclic load of 10% strain at a frequency of 
0.25Hz for 20 full cycles. There was a 5s rest period between 
cycles to allow for entire cells to be scanned. One cell was 
tracked at a time during the loading protocol and the acquired 
image stacks were processed using Fiji image processing 
software. Analysis of cell strains was done using 
pyCellAnalyst. 

 

Figure 1: Cartilage loading device mounted on microscope stage 

Results and Discussion 

Initial results show cell volume strains after each load as seen 
in Fig. 2. Images were taken at 0% nominal strain. Cartilage 
cells do not continuously lose and gain volume within each 
loading/unloading cycle. Rather, cells seem to deform in the 
first loading cycle, lose significant volume, and then remain at 
a similar deformation state for the remaining loading cycles. 
Cell volume recovery remained incomplete for the eight-
minute unloaded recovery period.  

 
Figure 2: Cell volumetric strain for middle zone chondrocytes after 
20 cycles. Recovery time after loading; R01= 2 min, R02= 4 min, 
R03= 6 min, R04 = 8 min. 

Conclusions 
We developed a system to measure chondrocyte volumetric 
strain changes during dynamic loading. Studying cell 
deformations within loading cycles may constitute a first step 
at gaining insight into the complex mechano-transduction 
signal pathway patterns in articular cartilage chondrocytes. 
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Summary 

Understanding the cartilage micro-environment has significant 

implications for evaluation of mechanobiological function of 

diarthrodial joints. The goal of this study was to measure the 

2D strains through the cartilage thickness when dynamic 

mechanical loads of physiological relevance are applied. A 

custom-designed compression device was used to apply 

controlled cyclic loads, and a multi-photon excitation 

microscope was used for real-time imaging of cartilage strains. 

We found the novel result that increasing strain rates have a 

significant effect on strain variations through the cartilage 

thickness.   

Introduction 

Non-invasive imaging techniques, such as confocal laser 

scanning microscopy, have been used in analysing depth-wise 

cartilage deformations. In such studies, chondrocyte nuclei 

have typically been used as fiducial markers when quantifying 

local cartilage matrix deformations [1]. In these cases, the 

resolution of measurement is limited by the cell density, which 

is as low as 2-5% in human knee cartilage. The accuracy of 

measurements is also affected in these studies because of the 

relative movements of chondrocytes with respect to the 

cartilage matrix. Real-time investigation of cartilage strain 

distribution requires a robust and reliable non-invasive 

imaging technique with high spatial and temporal resolution. 

The aim of this study was to measure two-dimensional (2D) 

strain distributions across the entire cartilage depth when 

cyclic compressive loads of physiological relevance were 

applied.  

Methods 

Osteochondral, cylindrical cores (n=8; 6 mm diameter, 

average thickness of 0.8 mm) were harvested from the tibial 

plateau of skeletally immature pig knee joints. Cartilage 

samples were stained using 5-DTAF in a phosphate buffered 

saline solution for 30 min and cut into semi-cylinders. In the 

reference configuration, 2D grid lines were photo-bleached 30 

µm below the surface of the cartilage (Fig.1). The semi-

cylindrical samples were then fixed into the sample holder of a 

cartilage loading device. A sinusoidal displacement-controlled 

load with ultimate strain of 15% was applied at three strain 

rates of 1%, 10%, and 50% s-1. The grid lines were imaged 

using a resonance microscopy technique with a frame rate of 

20 per second and a pixel size of 0.994 µm. Images were taken 

at the ultimate strain of 15% for cycles 1, 5 and 20 in the 

dynamic condition, and at 5 and 15 minutes after removing the 

compression. There was a 30 minutes of rest period between 

each mechanical test. The corners of the squares made by the 

grid lines were manually identified in Fiji image processing 

software to obtain the coordinates in the reference and 

deformed configurations to calculate strains. 

 

Figure 1: Photo-bleached grid lines in (a) the reference state, and (b) 
the deformed state (15% compression).  

Results and Discussion 

The local axial strain variations across the cartilage depth 

became more uniform with increasing loading rates (Fig.2). 

This result agrees with previous 1D strain distributions [2]. No 

change was observed in the strain distributions for cycle 1 and 

20. In recovery, tissue strains in the middle zone recovered in 

5 min, while tissue deformations in the superficial zone only 

recovered fully after 15 minutes.  

 

Figure 2: Axial strain distribution of cartilage matrix measured from 

grid lines. Normalized depth z/Z= depth/(cartilage thickness) with 

z/Z=0 representing the cartilage surface. The solid and mesh surfaces 
represent results for strain rates of 10%/s and 1%/s, respectively. 

Conclusions 

Photo-bleached grid lines were tracked prior to and during 

tissue loading for instantaneous strain analyses. Resonant 

microscopy allowed imaging cartilage samples subjected to 

dynamic loads in the physiological range. Further 

investigation is required to fully understand the strain 

properties across the cartilage for different strain rates, and to 

ultimately gain insight into dynamic and physiologically 

relevant cell strains and cell response to mechanical loading. 
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Summary 

There is a well-established relationship between anterior 

cruciate ligament reconstruction (ACLR) and the premature 

development of osteoarthritis (OA) [1]. Transverse relaxation 

(T2) time, a quantitative magnetic resonance imaging (qMRI) 

parameter, is capable of quantifying the degradation of the 

cartilage’s collagen matrix, an early sign of OA development. 

As part of a longitudinal study, we examined T2 values in the 

knee cartilage of involved and uninvolved limbs 24 months 

post ACLR. In all regions the involved limb had elevated T2 

values (more indicative of collagen matrix degradation) when 

compared to the uninvolved limb.  

Introduction 

Those who undergo ACLR are at an increased risk of 

developing OA [2]. One study found the involved limb had a 

higher risk of developing moderate to severe OA (20.3%) than 

the uninvolved limb (4.9%) 10 years after surgery [3]. The 

early identification of the onset of OA could be critical in 

understanding the mechanisms that spur the progression of the 

disease. One of the earliest signs of OA development is the 

breakdown of the cartilage’s collagen matrix. Quantification 

of T2 using MRI, provides a non-invasive means to 

quantifying these changes in cartilage. As part of a 

longitudinal study assessing cartilage health early after ACLR, 

we compared involved and uninvolved knee cartilage T2 

values at 24 months post-surgery.  

Methods 

16 subjects (7 female, age: 23.6 ± 8.7 years) were examined 

24 months after a unilateral ACLR. Each subject underwent 

supine bilateral knee MRI (3T, Siemens) using a sagittal T2 

mapping sequence (TR = 3090 ms, TE = 10-70 ms, slice 

thickness = 3 mm). T2 values were calculated on a pixel-by-

pixel basis. Three slices corresponding to the center of medial 

compartment and three slices corresponding to the center of 

the lateral compartment were used for analysis. Each slice was 

segmented into 6 regions of interest (ROIs) which correspond 

to the primary load bearing regions during gait. ROIs include 

the: anterior, central, and posterior regions (bounded by the 

edges of the meniscus) on the tibia and femur. Final values for 

each ROI were found by averaging over the three slices. The 

T2 values for the involved limb were compared to the 

uninvolved limb for each ROI using student’s t-test (α = 0.05).  

Results and Discussion 

High T2 values are indicative of breakdown in the collagen 

matrix [4]. For all regions, the involved limb had a higher T2 

value than the uninvolved limb in both the medial (Figure 1) 

and lateral (not shown) compartments. In the medial 

compartment, the tibial central and the posterior ROIs had 

statistically significant differences when comparing the 

involved limb to the uninvolved limb (central: p = 0.047 and 

posterior: p = 0.040), while the anterior region of the femur 

approached significance (p = 0.63, Figure 1). The lateral 

compartment, not shown, showed significant difference in the 

central region of the femur (p = 0.012) and approached 

significance in the central region of the tibia (p = 0.082). 

Femoral cartilage exhibited higher T2 values compared to 

tibial cartilage, regardless of compartment and region.  
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Figure 1: Medial Compartment T2 values 24 months post ACLR       

( ** = significant, * = approaching significance, standard deviation 

error bars). Note that higher T2 values indicate collagen degradation. 

Conclusions 

Higher involved limb T2 values at 24 months, when compared 

to uninvolved limb T2 values, may indicate that the early 

onset of OA is occurring within this cohort. Future work 

should examine a larger sample size and different time points 

following ACLR. In addition, radiographs taken at this time 

point should be assessed for the presence of radiographic OA, 

so that an accurate diagnosis of OA can be made.  

Acknowledgments 

NIH: R01-HD087459 

References 

[1] Riordan E et al. (2013). Rheum. Dis. Clin. North Am, 39: 

107 -122. 

[2] Ajuied A et al. (2014). Am J Sports Med,42: 2242- 2252. 

[3] Lohmander L et al. (2007). Am. J Sports Med, 35:1756-

69. 

[4] Ross K et al. (2012). Cartilage, 4:111-120. 

Thursday, August 01 2019: Posters (1600-1800) 536

Orthopedic Cartilage 1



 

 

Medial Compartment Underloading 3 Months After Anterior Cruciate Ligament Reconstruction is Associated with Lower 

Tibiofemoral Cartilage Glycosaminoglycan Content 24-Months After Surgery  

 

Jack R. Williams1, Kelsey Neal1, Jacob J. Capin2,3, Ashutosh Khandha2,4, Lynn Snyder-Mackler2,3,4, Thomas S. Buchanan1,2,4 

1Mechanical Engineering, University of Delaware, Newark, DE, U.S.A 
2Biomechanics and Movement Science, University of Delaware, Newark, DE, U.S.A 

3Physical Therapy, University of Delaware, Newark, DE, U.S.A, 4Biomedical Engineering, University of Delaware, U.S.A 

Email: jackrw@udel.edu  

 

Summary 

Osteoarthritis (OA) development after anterior cruciate 

ligament reconstruction (ACLR) is a well-documented 

phenomenon. Loading alterations early after surgery have 

been linked to the development of OA. Early OA is 

characterized by the loss of glycosaminoglycans (GAG) 

within cartilage. This study examined the relationship between 

medial compartment knee joint loading 3 months after ACLR 

with GAG content 24 months after ACLR. A significant 

positive correlation between loading at 3 months and 

cartilage’s 24-month GAG content was found within select 

regions of the involved limb.  

Introduction 

40% of people who undergo ACLR develop knee OA within 8 

years [1]. Early onset OA is characterized by a loss of GAG. 

Quantitative magnetic resonance imaging (qMRI) techniques 

have the capability to indirectly assess cartilage health. One 

such technique is called GAG chemical exchange saturation 

transfer (GagCEST). This technique provides an indirect 

measurement of the GAG content within cartilage; a lower 

GagCEST value indicates less GAG. Those who develop OA 

after ACLR underload the medial tibiofemoral compartment 

during gait in the early months post-surgery [2]. The purpose 

of this study was to examine the relationship between medial 

compartment loading early after ACLR and GAG content 24 

months after ACLR.  

Methods 

12 subjects (4 women, 8 men, 24.4 ± 9.6 years) were tested 

during overground walking 3 months after unilateral ACLR. 

Peak medial compartment force (pMCF) in the involved and 

uninvolved limbs was determined using a validated 

electromyography-informed musculoskeletal model [3]. These 

subjects returned for qMRI testing 24 months after ACLR. 

During this testing, participants completed a sagittal bilateral 

knee MRI (3T, voxel size: 0.6 x 0.6 x 3 mm3, TR: 7.1 ms, TE: 

2.73 ms). For GagCEST analysis, we examined 3 slices 

corresponding to the center of the medial compartment (load-

bearing region). Each slice was segmented into 6 regions of 

interest (ROI): anterior, central, and posterior regions of 

femoral and tibial cartilage (based around meniscal 

boundaries). The GagCEST value for each ROI in a slice was 

determined and each was averaged across all three slices to 

provide an average GagCEST value for that ROI. Inter-limb 

differences (ILD, involved – uninvolved) were calculated for 

both the medial compartment load and GagCEST values. 

Pearson’s correlations (α = 0.05) were used to compare pMCF 

and GagCEST and their inter-limb differences.  

Results and Discussion 
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Figure 1: Femoral central cartilage: a) involved limb 24-month 

GagCEST value vs 3-month pMCF; b) 24-month GagCEST ILD vs 

3-month pMCF ILD [ILD = inter-limb difference = involved value – 

uninvolved value, lower GagCEST value = loss of GAG, 95% 
confidence band] 

3-month pMCF predicted 24-month GAG content in the 

involved limb within the femoral central region (Figure 1a) 

and tibial central region (not shown, r = +0.78, p = 0.0028) of 

cartilage. Those who demonstrated lower pMCF at 3 months 

had lower GAG content within their involved limb medial 

compartment when compared to those who demonstrated 

higher loads. These correlations were positive and significant. 

In addition, the inter-limb difference of 24-month GagCEST 

was compared to the inter-limb difference of 3-month pMCF 

in the femoral central region (Figure 1b) and tibial central 

region (not shown, r = +0.47, p = 0.123). Those who 

underloaded the involved limb, compared to the uninvolved 

limb, at 3 months demonstrated lower GAG content within 

that region 24 months after ACLR. The correlation between 

these inter-limb differences within the femoral central region 

was positive and significant. These results, while preliminary, 

suggest that involved limb underloading early after ACLR 

may be linked to later signs of early OA development.  

Conclusions 

Involved limb underloading after ACLR may be related to 

early signs of OA. Future studies should examine a larger 

cohort to determine if this relationship remains true. In 

addition, radiographs taken at the 24-month time point should 

be assessed for the presence of radiographic OA.  
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Summary  

The purpose of this study was to determine the effect of varied 
pelvis perturbations on walking balance and over-ground 
walking speed in people with incomplete spinal cord injury 
(iSCI).  Eleven subjects with iSCI were recruited.  Spatial and 
temporal gait parameters and muscle activities were assessed. 
Participants increased their muscle activities of the hip 
abductor, but reduced their margin of stability and step length 
with the application of the pelvis perturbations. After the 
treadmill training, participants reduced their double leg support 
time, and improved their over-ground speed with increased 
cadence. Applying varied lateral pelvis perturbations during 
treadmill walking may increase walking balance and over-
ground walking speed in people with iSCI.  

Introduction 

Patients with incomplete spinal cord injury (iSCI) usually show 
impairments in walking balance.  As a consequence, they walk 
with wider steps, longer stance time, and slower walking speed 
than healthy people. A dynamic balance training that is 
incorporated into walking practice is needed to improve 
walking balance in people with iSCI. A previous study 
suggested that error variability may facilitate motor learning 
[1]. Thus, the goal of this study was to determine whether 
applying varied pelvis perturbations during treadmill walking 
could improve walking balance in people with iSCI. We 
hypothesized that applying varied pelvis perturbations would 
increase muscle activation of hip abductors, which may 
improve pelvis stabilization.  Further, we hypothesized that 
improved balance may lead to improvements in over-ground 
walking in people with iSCI.   

Methods 

Eleven individuals with iSCI participated in the study. A cable-
driven system was used to apply a medial-lateral force to the 
pelvis bilaterally starting from heel strike to mid-stance [2].  
The magnitude of force was varied between 30% and 100% of 
the pre-determined force, which was set at 8-12% of body 
weight.  Each participant walked on a treadmill with no force 
for 1 min (baseline), with force for 10 minutes (adaptation), and 
no force for additional 1 min (post-adaptation) at their self-
selected speed. After a 5-minute break, participants walked on 
the treadmill with force for another 10 minutes.  Over-ground 
walking speeds were tested before, immediately after treadmill 
walking, and 10 minutes after treadmill walking.  

The minimal value of margin of stability (MoS) and double leg 
support time (DLT) were used to quantify the walking balance.  
Step length (StepL) was also recorded.  Muscle activities from 
a weak side were collected. Data from the last 10 strides at the 
baseline, the first 10 strides at the adaptation, the first 10 strides 
at the post-adaptation periods were averaged.  Over-ground 
walking performance including velocity, StepL, cadence, and 
DLT was measured using the GAITRite system.  

Results and Discussion 

Applying varied pelvis perturbations resulted in a significant 
increase in abductor muscle activity (p=.034), and significant 
decreases in MoS (p=.046) and StepL (p=.001), Table 1 during 
the early adaptation period.  Participants retained the reduction 
in MoS (p=.017) during the post-adaptation period. Participants 
showed no significant change in over-ground walking 
immediately after treadmill walking, but showed significant 
increase in walking speed (p=.001), cadence (p=.003), and a 
significant decrease in DLT (p=.026) at 10 minutes after 
treadmill walking. 

Applying varied pelvis perturbations may force people with 
iSCI to increase muscle activation of hip abductors to stabilize 
their pelvis, which is consistent with previous finding on 
impedance control when people facing an unpredictable force 
field in reaching [3]. Treadmill training with the application of 
varied pelvis perturbations resulted in a decrease in DLT, 
suggesting an improvement in walking balance.  The improved 
balance may lead to improvements in walking speed after 
treadmill training in people with iSCI.  

Conclusions 

Applying varied lateral pelvis perturbations during treadmill 
walking may increase walking balance.  The improved walking 
balance may result in improvements in over-ground walking 
speed in people with SCI.  
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Table 1: Kinematic outcomes measured on the treadmill and over-ground walking over time (mean± standard error, N=11). 

Treadmill    Over-ground     

 MoS [m] StepL [m] DLT [s]  Velocity [m/s] StepL [m] Cadence [step/min] DLT [s] 

Pre Training .15±.02 .37±.02 .93±.11 Pre Training .57±.06 .44±.03 77.6±6.0 .73±.01 

Training .13±.02* .33±.02* .93±.11 Post Training .59±.06 .45±.03 78.0±5.5 .73±.11 

Post Training .13±.02* .36±.02 .90±.11 Follow up .64±.06* .46±.03 82.4±5.3* .64±.09* 
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Summary 
After an incomplete spinal cord injury (iSCI), gait deficits of 
different severities are present and depending on affected tracts, 
compensatory strategies are often applied. The purpose of this 
study was to quantify gait impairments and effects of 
compensatory strategies in individuals with iSCI using state-of-
the-art 3D kinematic gait analysis and challenging locomotor 
conditions (restricted vision, dual task). Twenty-three 
individuals with iSCI and 80 control subjects were included. 
Individuals with iSCI showed major deficits in inter- and 
intralimb coordination and symmetry during normal walking 
and additionally in gait variability during the challenging 
conditions. Furthermore, subject-specific analysis revealed 
individual deficits and consequences of compensatory 
strategies, which might be caused by differences in lesions. 
Comprehensive gait analysis including challenging conditions 
assists the identification of sensitive locomotor outcomes for 
clinical evaluations and might be used for the development of 
tailored therapies. 

Introduction 
An incomplete spinal cord injury (iSCI) frequently leads to 
ambulatory dysfunction [1]. Intensive training programmes aim 
to restore physiological walking patterns in affected 
individuals, however, deficits frequently persist even following 
rehabilitation and compensatory strategies might be developed 
to cope with dysfunctions [2,3]. The aim of this study was to 
precisely characterize gait deficits and investigate effects of 
locomotor compensatory strategies in individuals with iSCI 
using state-of-the art 3D kinematic gait analysis. 

Methods 
Twenty-three ambulatory individuals with iSCI and 80 control 
subjects were included in this study. Individuals with iSCI 
walked without assistance at 50% of their maximum walking 
speed on a treadmill. Walking kinematics were recorded using 
a motion capture system (Vicon, Oxford). To study effects of 
compensatory strategies, locomotion was recorded during dual 
tasking (Stroop test) and restricted vision at the same speed. 
Control subjects were divided into 4 control groups according 
to age (20-49 years and 50-80 years) and gender. Controls 
walked at absolute speeds matched to the iSCI speeds and 
performed the locomotor conditions at their 50% speed. Thirty-
eight key kinematic outcome measures of individuals with iSCI 
were compared to the speed-matched reference values of the 
appropriate control group and the deviation was calculated 
using z-scores. For the challenging locomotor conditions, z-
scores were calculated from the same reference values but 
corrected for the healthy condition effect. 

 

Results and Discussion 
Deficits of the overall iSCI cohort were highest and most 
frequent in measures for inter- (z-score deviation (mean ± SD): 
1.67 ± 1.11) and intralimb coordination (2.65 ± 2.85) and 
symmetry (1.61 ± 2.44). Single-subject analysis revealed 
additional individual gait deficits, which are probably caused 
by different lesions. Individual deficits might be leveraged to 
unveil key iSCI gait subgroups using a clustering approach in 
larger cohorts. 
During the challenging locomotor conditions, individuals with 
iSCI showed highest additional deviations in gait variability. 
Subject-specific analysis again revealed individual 
accumulation and increases of deficits, which highlights that 
vision and attention are used for compensation, but that 
strategies vary between different impairment levels and lesions. 
Vision but not attention has been found to be used to 
compensate specifically for sensory deficits (Fig. 1). 

 
Figure 1: Spearman correlation between difference in mean z-score 

deviation for all parameters between normal and challenging walking 
and the clinical sensory score for lower limb vibration (max. 64). 

Restricted vision might eliminate compensation for proprioceptive 
deficits and leads to increased gait deviations. a.u., arbitrary unit. 

Conclusions 
Comprehensive gait analysis in individuals with iSCI including 
challenging locomotor conditions allows the precise 
characterization of gait deficits and identification of 
compensatory strategies depending on the lesioned tracts. This 
assists the development of tailored locomotor therapies and 
could be used to complement clinical evaluation and for the 
identification of sensitive locomotor outcome measures. 
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Summary 

Two ambulatory individuals with incomplete spinal cord injury 
(iSCI) received two months of gait training performed in a 
movement amplification environment. Specifically, during 
treadmill walking a cable robot applied a continuous lateral 
force to the pelvis proportional in magnitude and in the same 
direction as real-time lateral velocity. The movement 
amplification environment substantially increased the challenge 
to control lateral motion. Following training, participants 
improved walking speed as well as functional gait and balance 
scores. Participants also made changes in their preferred 
walking patterns. Participants decreased step width, increased 
step length, and had stronger correlations between lateral foot 
placement and center of mass (COM) dynamics during 
unassisted treadmill walking. Our findings suggest movement 
amplification gait training may enhance locomotor stability and 
facilitate positive changes in the underlying mechanisms 
individuals with iSCI utilize to maintain gait stability.  

Introduction 

Improving gait stability is difficult in individuals with iSCI. 
Following neurologic injury, practicing movement in an 
environment that amplifies motion may aid in learning to 
control motion by encouraging exploration and increasing 
feedback related to their own motion [1]. Based on an earlier 
pilot study we anticipate that individuals with iSCI will improve 
functional gait following walking practice preformed in a 
movement amplification environment that challenges lateral 
stability. Here we investigate if individuals change how lateral 
foot placement is controlled following training. Modulation of 
foot placement is a primary mechanism used to control frontal-
plane motion during walking. In non-impaired individuals there 
is a strong correlation between lateral foot placement and COM 
dynamics (e.g. a fall towards the right results in a wider step to 
the right) [2, 3]. A significant linear relationship between COM 
dynamics and foot placement can suggest active feedback 
control or passive dynamics and feed-forward control, while a 
lack of significance suggests foot placement does not depend 
on COM dynamics [2]. Individuals post-stroke classified as 
fallers do not modulate their step-by-step lateral foot placement 
[3] in response to changes in COM dynamics during walking. 
Thus, we hypothesized that following gait training targeting 
lateral stability, the correlation between lateral foot placement 
and COM dynamics would become stronger. 

Methods 

Two ambulatory individuals with chronic iSCI participated. 
Participants received 16 to 18 gait training sessions. All walking 
was practiced in a movement amplification environment. The 

challenge to control lateral motion was progressively increased 
by gradually increasing the movement amplification gain, 
treadmill walking speed, and supplementing training with 
balance-challenging tasks (lateral maneuvers, head turns, etc.). 
We quantified kinematic changes in unassisted preferred-speed 
treadmill walking patterns pre- and post-training. Preferred-
speed was greater after post-training. We calculated the 
predicted lateral foot placement per step based on COM 
dynamics (lateral position and velocity) at the previous 
midstance [2]. We performed regressions for the left and right 
limb separately due to significant gait asymmetries.  

Results and Discussion 

Following training participants increased their fastest 
overground walking speed (16% and 27%), decreased step 
width (12% and 13%), and increased step length (42% and 
52%). In support of our hypothesis, correlations between lateral 
foot placement and COM dynamics were significant and 
stronger after training (Table 1). Our findings suggest 
individuals changed the strategy used to control lateral motion. 
After training, individuals selected a narrower base of support 
and increased step-by-step modulation of lateral foot placement 
in response to COM dynamics. It is possible that individuals 
improved their ability to actively modulate their foot placement. 
Alternatively, as walking patterns improved, changes in passive 
dynamics may have resulted in a stronger relationship between 
COM state and foot placement. In either case, improvements in 
step-by-step foot placement modulation occurring in response 
to changes in COM dynamics will likely benefit gait stability. 

 

Table 1: Correlation 
and significance 
between lateral foot 
placement and COM 
Dynamics. 
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Summary 
Incomplete spinal cord injury (iSCI) often impairs walking 
ability, which increase fall risk and limit community 
ambulation. To develop effective interventions for improving 
such ability, behaviors that contribute to walking stability and 
how those behaviors can be modified must be identified. This 
work focuses on the lateral movements (“maneuvers”) that are 
required to navigate typical walking environments (e.g.  
stepping around obstacle). Individuals with and without iSCI 
demonstrated an ability to modify their stepping strategies in 
response to a walking maneuver performed in different lateral 
force fields. Significant differences in lateral margin of 
stability (MOS) were found between fields and populations, 
providing insight on how each population adapted their 
control to the differing kinetic environments. 

Introduction 
Study of individuals with and without iSCI explored how 
humans adapt their stepping strategies (e.g. step width, MOS) 
to stabilizing and destabilizing lateral force fields, providing 
insight on the energetic and stability considerations related to 
those strategies [1]. With the same considerations, study of 
lateral maneuvers (Fig. 1) revealed trade-offs between stability 
and maneuverability [2-3]. This study, therefore, combined the 
lateral force field paradigm with a walking maneuver task to 
investigate how stepping strategies are modified between field 
types in the context of walking stability. We hypothesized that 
the minimum lateral MOS on steps preparing to maneuver 
(‘c’) would be reduced in a stabilizing field to facilitate 
initiation of the maneuver. Conversely, we hypothesized that 
MOS would be increased on the arresting step (‘e’) in the 
destabilizing field to prevent overshoot of the maneuver target, 
especially in individuals with iSCI.   

Methods 
Eleven ambulatory individuals with motor iSCI and 10 non-
impaired, age and gender-matched controls (47±16 years, 4 
female) walked on an oversize treadmill (1.39m wide) with a 
“lane” (approximately 0.25m wide) projected on either the left 
or right half of the treadmill belt. A line representing the 
lateral position of the participant’s center of mass (CoM) was 
also projected on the treadmill belt. Participants walked at 
their preferred speed (iSCI 0.60±0.2, control 1.0±0.2m/s) and 
were instructed keep their CoM within the lane. Eight 
maneuvers were completed in each of a stabilizing (S, 40Ns/m 
gain), destabilizing (D, −40Ns/m gain) and null (N) lateral 
force field. During maneuvers, the target lane unexpectedly 
changed sides 3-8 steps after successfully completing the 
previous maneuver. The target lane movement was triggered 
at mid-stance of the outside foot. Lateral forces were applied 
using two robotically controlled cables attached to a pelvis  

 
harness. Forces were proportional in magnitude to real-time 
lateral CoM velocity. Stabilizing\Destabilizing fields were in 
the opposite\same direction as lateral CoM velocity.   
Two steps before and 4 after the target change were analyzed 
for each maneuver. Metrics were meaned across maneuvers 
within subjects and compared using repeated measures 
ANOVA between fields. A t-test compared minimum MOS on 
steps between populations in each field. 

 
Figure 1: Schematic of maneuver task showing lane target change 

with a typical stepping and CoM trace response. 

Results and Discussion 
In iSCI but not controls, MOS on preparatory step ‘c’ was 
smaller in the null than destabilizing field (p=0.0001), 
suggesting use of a cautious gait in the destabilizing field 
following iSCI. Contrary to the hypothesis, both populations 
had a smaller MOS on step ‘c’ in the null field compared to 
the stabilizing field (iSCI p=4E−8, control p=0.0001). MOS 
on step ‘c’ was larger in iSCI than controls in all three fields, 
suggesting overall more cautious gait in iSCI (S:p=0.0004, 
D:p=3E−5, N:p=0.02). In iSCI only, maneuver-arresting step 
‘e’ MOS was smaller in the destabilizing than stabilizing field 
(p=8E−5) perhaps due to reduced ability to buffer the 
destabilization. The destabilizing field MOS in iSCI was 
similar to controls, as MOS on step ‘e’ was larger in iSCI only 
in the stabilizing (p=4E−5) and null fields (p=0.002). 

Conclusions 
Maneuvering in force fields revealed differences in stepping 
strategies between fields and populations and may serve as a 
means of provoking practice for individuals with iSCI at less 
cautious MOS conditions.  

Acknowledgments 
Supported by Merit Review Award #I01RX001979 from the 
US Department of Veterans Affairs and National Institutes of 
Health T32 Award #4T32HD007418-25. 

References 
[1] Wu M, et al. (2017). Gait & posture 55: 191-198. 
[2] Acasio J, et al. (2017). Gait & posture 52: 171-177. 
[3] Wu, M, et al. (2015). PLoS One 10: 7. 

Thursday, August 01 2019: Posters (1600-1800) 542

Partial Spinal Cord 1



Thursday, August 01 2019: Posters (1600-1800) 543

5.22 Running Footwear 1
1. Shariman Ismadi Ismail: A Preliminary Study On The Influence Of Footwear Outsole Coefficient Of Friction And

Forefoot Bending Stiffness In Futsal Functional Test

2. Liang Jiang: Effects Of Shoe Heel-Toe Drop On Joint Angles And Loading When Walking Uphill

3. Zuoliang Liu: A Novel Shoe With Forefoot Sliding Element Interacted With Running Biomechanics And Performance

4. Chenhao Yang: Footwear Changes Patellofemoral Contact Loadings During Heel-Toe Running

5. Daniel Koska: Investigation Of Time-Dependent Adaptation Processes To Different Running Shoe Comfort Conditions

6. Junqing Wang: Running Shoe Effects On Ground Reaction Force And Joint Mechanics During 12-Week Gait Retraining

7. Xianyi Zhang: Effect Of Foot Orthoses On Forefoot Kinematics During Running In Individuals With A Pronated Foot
Posture

8. Kat Daniels: The Ability Of A 3D Spring Mass Model To Predict Stance Phase Dynamics Of A Cutting Manoeuvre In
Humans

9. Mark Ricard: The Effect Of Midsole Cushioning On 50 Ms Knee Compression Impulse In Midfoot And Rearfoot
Runners

10. Brian Prejean: Midsole Cushioning Affects Joint Coupling Patterns In Running

11. Justin Ter Har: Maximal Running Shoes Affect Lower Extremity Stiffness Before And After A Six Week Acclimation
Period

Running Footwear 1



 

A PRELIMINARY STUDY ON THE INFLUENCE OF FOOTWEAR OUTSOLE COEFFICIENT OF FRICTION 
AND FOREFOOT BENDING STIFFNESS IN FUTSAL FUNCTIONAL TEST 

 
1,4Shariman Ismadi Ismail, 2Hiroyuki Nunome, 1Shusei Sugi, 3Tadahiko Kato, 3Hidetsugu Nishizono   

1Graduate School of Sports and Health Science, Fukuoka University, Fukuoka, Japan 
2Faculty of Sports and Health Science, Fukuoka University, Fukuoka, Japan 

3Faculty of Human Sciences, Department of Sport and Health Sciences, Kyushu Sangyo University, Fukuoka, Japan 
4Faculty of Sports Science and Recreation, Universiti Teknologi MARA, Shah Alam, Selangor, Malaysia 

 

corresponding author email: shariman_ismadi@salam.uitm.edu.my 
 

INTRODUCTION  

In futsal, the footwear–playing surface interaction is one of 
the most important aspect to ensure the execution of 
directional changes by futsal players. The shoe outsole 
capability in generating optimum traction during changing 
direction movement has been known to be crucial. On a 
different note, optimum shoe stiffness is also known to 
benefits athletes in running mechanics. This claim is based 
on findings that stiffer shoe outsole helps in reducing the 
ground reaction force during push-off phase in running. 
However, there have been limited number of studies 
focusing on the relationship between both; the traction and 
forefoot bending stiffness of the futsal shoe with respect to 
its functionality. 

In this study, we aimed to clarify futsal shoe outsoles 
mechanical properties (dynamic coefficient of friction and 
forefoot bending stiffness) and demonstrate its effect on 
resultant performances of a v-cut manoeuvre functional test.  

METHODS 

The dynamic coefficient of friction of three pairs of futsal 
shoes (size 27.0 cm) with different outsole thread design and 
features were measured using a whole shoe tester (JIS T 
8101: 2006). Each shoe was tested for eight times and the 
average dynamic coefficient of friction was calculated. 

Each shoe’s forefoot bending stiffness was measured using a 
similarl method described in the study of Worobets & 
Wannop (2015). All data obtained from these trials were 
plotted on a bending force–angle graph, and a regression 
line was fit to the six data points. Each shoe’s bending 
stiffness was measured 3 times and the mean values were 
computed. 

A functional test was performed by one male participant 
(age: 25, height: 1.74m, weight: 72kg, playing experience: 
>10 years). The participant performed multiple trials using 
all three shoes. The two best trials from each shoe were 
selected for analysis (n = 6; 2 trials per shoe). The 
participant was asked to complete a cutting drill consisting 
of two 135° and one 45° v-cut manoeuvre of a pylon course 
[2] within a 4.4m x 4.4m area with maximal effort. A timing 
gate system (Brower Timing TC-System) was used to record 
the execution time for each trial. All trials were performed 
on non-abrasive hard synthetic surface flooring.  

The Pearson product-moment correlation coefficient at 0.05 
significance level is used to understand the relationship 
between the outsole mechanical properties and the 
functional test results. 

 

RESULTS AND DISCUSSION 

The shoes with higher forefoot bending stiffness and higher 
dynamic coefficient of friction were found to produce better 
results in the functional test with multiple v-cut manoeuvres 
(6-7% faster). The results found in this study can be partially 
associated with the study carried out by Tinoco et al. (2010), 
where they reported that the shoe with stiffer outsole 
performed better in cutting movement tasks. Similar finding 
was also reported by Worobets & Wannop (2015) where, 
the shoe with higher traction properties and higher forefoot 
bending stiffness performed better in a basketball functional 
test. 
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Figure 1: Correlation between the functional test results and the 
outsole mechanical properties (*p<0.05). 

It was also shown that there are significantly strong positive 
correlations between higher traction (r =0.86) and higher 
bending stiffness properties (r =0.89) with faster time 
recorded in the functional test results. 

CONCLUSIONS 

Based on these findings, it can be concluded that futsal 
shoes with higher outsole traction properties and stiffer 
forefoot bending design could potentially improve the 
resultant performance of players, especially for the 
movement task that consists multiple changes of direction. 
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Summary 

This study examined the effect of heel-toe drop (HTD) on 

lower extremity kinematic and kinetics change when walking 

uphill. Ten healthy males walked uphill in identical shoes with 

varying HTD (0-mm, 15-mm and 30-mm). The present results 

revealed that participants with 30-mm HTD displayed 

significant smaller sagittal RoM during walking uphill 

compared with smaller HTD. Compared to 0-mm HTD, 30-

mm HTD generated larger peak knee extension/valgus 

moments, but smaller ankle plantarflexion/valgus moments 

when walking uphill. 

Introduction 

People often experience uphill and downhill slopes during a 

walk/run and thus biomechanical adaptation is essential to 

control the body efficiently and safely [1]. The inclined 

walkway requires one’s body to adjust their lower extremity 

and trunk to allow moving forward and maintain balance 

efficiently [1, 2, 3]. Changes in HTD in shoes is suggested to 

be associated with foot position and movement coordination 

during gait. This study aimed to compare the effects of HTD 

on joint RoM and moments in uphill walking. 

Methods 

Ten healthy males (age 23.9 yr; height 1.8m; weight 67.6 kg) 

walked at individual preferred speed in identical shoes with 

varying HTD (0-mm, 15-mm and 30-mm) along the 

instrumented 12-degree uphill walkway that embedded force 

platform.  

 

Figure 1.  A) Standard shoe, B) HTD condition and C) instrumented 

walkway 

 

A total of 25 reflective markers were placed over participant’s 

trunk, pelvis, thigh, shank, rearfoot, and forefoot. All 

kinematic data (Motion Analysis Raptor-4, USA, 200Hz) and 

kinetics data (Kistler-9281CA, Switzerland, 1000Hz) were 

synchronized for further analysis. ANOVA with repeated 

measures was employed to assess the shoe effect and α was set 

at 0.05. 

Results and Discussion 

The sagittal RoM of metatarsophalangeal (MTP), ankle and 

knee was generally decreased when increasing HTD (p<0.05). 

Interaction of joint moments between knee and ankle joints 

was evident. Compared to 0-mm HTD, 30-mm HTD 

generated larger peak knee extension/valgus moments 

(p<0.05), but smaller ankle plantarflexion/valgus moments 

(p<0.05) when walking uphill.  

Table 1. Biomechanics variables by HTD conditions 

 
*,# indicates sig. diff. from 0-mm and 15-mm HTD, respectively (p< 0.05) 

Conclusions 

Walking in larger HTD shoes is associated with reduction of 

sagittal RoM of MTP, ankle, knee, and hip joints. Distinct 

joint moment responses at knee and ankle joints, suggesting a 

compensatory strategy and/or joint-coupling mechanism in 

response of HTD when walking uphill. The findings of this 

study would be beneficial to researchers considering the 

effects of HTD on walking/running shoes and also practical to 

walkers/runners. 

References 

[1] Park SK. (2019). Gait Posture, 68:181-186. 

[2] Miller WC. (2001). Arch Phys Med Rehab, 2:1031-1037. 

[3] Johnson RM. (2007). Wild Envir Med, 8:186-189.

 

Thursday, August 01 2019: Posters (1600-1800) 545

Running Footwear 1



 

A Novel Shoe with Forefoot Sliding Element Interacted with Running Biomechanics and Performance 

 

Zuo-Liang Liu1, Fan Yang1, Wing-Kai Lam1,2 

1Li Ning Sports Science Research Center, Beijing, China 

2Department of Kinesiology, Shenyang Sport University, Shenyang, China 

Email: liuzuoliang@li-ning.com.cn 

 

Summary 

This study examined whether an introduced forefoot sliding 

element would influence running biomechanics and 

performance. Rearfoot strikers performed 10 consecutive 

running trials on instrumented treadmill, wearing two running 

shoes with versus without forefoot sliding element. The 

present results revealed that forefoot sliding sole shoes 

increased the stride length, ankle dorsiflexion angle during 

propulsion, and peak anterior propulsion force. This suggests 

that the forefoot sliding element design can alter running 

mechanics and loading during push-off. 

Introduction 

Footwear plays a significant role in long distance running as 

it could improve running performance [1]. Various footwear 

studies on mass, midsole stiffness and midsole material would 

impact on performance efficiency [2-3]. However, very few 

studies on a forefoot structural design would affect running 

performance. Therefore, the aim of this study was to examine 

if a new forefoot sliding element would influence lower limb 

biomechanics and running performance. 

Methods 

Two identical experimental shoes, with and without forefoot 

sliding element, were built in this study (Figure 1).  

 

Figure 1: Shoe with forefoot sliding element (left) and shoe without 

forefoot sliding element (right). 

Thirteen experienced runners (1.8m, 73.6 kg) were instructed 

to run with each test shoe on the instrumented treadmill 

(Bertec, Columbus, OH, USA) at 3.3m/s. Eleven reflective 

markers were attached to the right leg and shoes for lower 

limb biomechanics. GRF and kinematics of 10 consecutive 

running strides were collected and averaged for further 

analysis (C- Motion Inc, Ontario, Canada).  The kinetics and 

kinematics data were low-pass filtered at 100Hz and 12Hz 

respectively. A paired t-test was employed to assess 

differences between shoes and α was set at 0.05. 

Results and Discussion 

The results revealed no significant shoe differences found in 

all variables related to impact phase (Table 1). Shoes with 

forefoot sliding element showed significantly increased stride 

length, ankle dorsiflexion at propulsion and peak horizontal 

propulsion forces than the control shoes (p<.05, Table 1). 

These results supported that the forefoot sliding element was 

only effective in propulsion phases.  

Table 1: Biomechanics variables, value with p<0.05 in bolded. 

 

Conclusions 

The proposed forefoot sliding element would allow better 

running performance as indicated by increased stride length 

and horizontal propulsion forces. Further studies on forefoot 

structural design should be carried out to understand the 

interaction between footwear and performance in running.  
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INTRODUCTION
Knee pain is one of the most common running injuries, more
than 50% of which is induced by patellofemoral pain (PFP)
[1]. Changes in sagittal knee moments and patellofemoral
contact force have been linked to the risk of PFP. Previous
studies proved that there were different loading patterns of
knee joint with different foot strike patterns [2] and surface
cushioning conditions [3]. Currently, few studies
demonstrated the effect of shoe conditions on patellofemoral
contact force. The purpose of this study was to investigate
the effect of different shoes (minimalist vs cushioned shoes)
on sagittal plane kinematics and kinetics of the knee.

METHODS
15 male rearfoot strike runners (age: 31.4±6.6 yrs; height:
174.7±6.3 cm; mass: 73.2±9.8 kg) were required to
complete 3 overground running trials at 3.33±5% m/s in two
shoe conditions, i.e., minimalist shoes (MS, INOV-8 BARE-
XF 210 v2) and cushioned shoes (CS, NIKE AIR ZOOM
PEGASUS 34). Ten Vicon infrared cameras (100 Hz) and
two Kistler force plates (1000 Hz) were used to collect
sagittal plane kinematics and ground reaction force (GRF)
data simultaneously.

Knee joint angles and extension moments were used to
calculate the patellofemoral contact force and stress.
Descriptive statistics were performed and measurements
were analysed by paired t-tests using SPSS.

RESULTS AND DISCUSSION

From the 3D images, all runners had typical rearfoot strike
patterns regardless of shoe conditions.

There were no significant differences in the first peak (FP)
of GRF between shoe conditions (Table 1). However,
participants with CS demonstrated significantly higher peak
patellofemoral contact force and stress compared with MS
(p < 0.05). In addition, the knee extension peak moment in
CS was significantly higher than that with MS (p < 0.01).

For kinematics, the knee maximum flexion angle of CS
decreased significantly (p < 0.01). Besides, a significant
increase in the contact area of patellofemoral joint was
observed in the CS (280.10±22.0 vs. 265.08±10.2 mm2, p <

0.01), which may largely due to the reduced peak knee
flexion angle (Figure 1).

Overall, the shoe condition played a crucial role in changing
the patellofemoral contact stress [1]. Furthermore, it was
suggested that runners in MS should took time to adjust
them because of running with different mechanics [4].

Figure 1: Comparison of knee kinematics and kinetics between
shoe conditions (CS: cushioned shoes; MS: minimalist shoes).

CONCLUSIONS
The study suggested that shoe conditions could change knee
joint loadings even in the same foot strike pattern.
Specifically, heel-toe runners in minimalist shoes
demonstrated lower peak patellofemoral contact force and
stress than in cushioned shoes.
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Table 1: Sagittal plane kinematics and kinetics of knee in two shoe conditions (MS: minimalist shoes; CS: cushioned shoes).

Variables MS CS
First Peak (BW) 1.78±0.16 1.74±0.23

Knee Sagittal Peak Moment (N·m/kg) 2.07±0.47 2.36±0.41*

Knee Sagittal Maximum Flexion Angle (°) 33.93±1.74 36.29±3.41*

Peak Patellofemoral Contact Force (BW) 4.34±0.97 5.23±1.12*

Peak Patellofemoral Stress (MPa) 12.08±3.27 13.48±2.64*
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Summary 

A time-series-based classification method (kNN) was used to 

quantify kinematic changes of a shoe’s roll-over process 

between two repeated runs in different shoe comfort 

conditions. Data was collected using a gyroscope attached to 

the shoe. A significant difference between the achieved 

classification accuracies of both runs was determined. Our 

results imply that the duration of the adaptation phase to novel 

shoe conditions influences the measured movement behavior. 

Introduction 

In biomechanical studies investigating the influence of 

footwear on the roll-over characteristics of human gait and 

running movements, conclusions are often drawn from data 

recorded within a relatively short time window and using 

discrete points to reduce the dimensionality of time series. 

Such a procedure neglects time-dependent, dynamic 

processes, as they typically occur within the human movement 

system [1]. The comfort filter discussed in relation to footwear 

[2] postulates that subjective comfort perception serves as an 

input variable for the regulation of movement. If shoes that 

differ in their comfort rating systematically exhibit distinct 

movement patterns, this would imply a comfort-dependent 

regulation of kinematics. To test this, we investigated the 

convergence of kinematic roll-over data from different 

comfort conditions using a time-series-based classification 

method. 

Methods 

Twenty-two recreational runners (10 ♀ and 12 ♂, 29 ± 5.9 

years) selected their most comfortable and uncomfortable shoe 

from at least five different pairs of neutral running shoes. Two 

approximately 5 min runs were performed with both shoes in 

each comfort condition in a randomized and alternating 

sequence at a self-selected speed on a level outdoor asphalt 

track. Roll-over kinematics were recorded using a gyroscope 

(InvenSense® ICM-20601, ± 4000 °/s, 2000 Hz) on the heel 

cap of the left shoe. The raw signal of the sagittal gyroscope 

axis was segmented into double-stride intervals [3], low-pass 

filtered (zero-lag Butterworth, 4th order, cutoff 20 Hz), 

amplitude-scaled (between 0 and 1), and each interval was 

interpolated to 100 data points. The nearest-neighbor (kNN) 

algorithm (k=1, Euclidean distance) was used to classify the 

two comfort conditions. The sequence of strides in the dataset 

was randomly permuted and 100 strides were grouped into 

sets of training and test data, each. The classification process 

was bootstrapped 1000 times. As a measure of classification 

quality, the mode of the classification accuracy was 

determined for each subject from the resulting bootstrap 

sampling distribution. Differences between the modes of both 

runs were investigated using a Wilcoxon test (α = 0.05) due to 

the violation of the normal distribution hypothesis. 

Results and Discussion 

Significantly higher classification accuracies were achieved 

during the first run (Figure 1). This indicates that the 

kinematic trajectories determined on the shoe were more 

similar in the second run than in first, suggesting a kinematic 

adaptation of the movement behavior in the two shoe and 

comfort conditions. 

 

Figure 1: Classification accuracies of both runs. Modes over 1000 

bootstrap iterations in n=22 subjects are displayed as grey scatter 

points. 

Although our data does not allow for a conclusion on the 

causality between the observed adaptations and shoe comfort, 

it is noticeable that the adaptations between individuals 

occurred systematically, although completely different shoe 

model pairings were chosen. However, the applied 

classification method does not provide evidence that one of 

the two comfort conditions triggers adaptations more than the 

other. 

Conclusions 

The data in this study suggests that the roll-over motion of the 

foot adapts to different shoe comfort conditions. The ”true” 

movement behavior within a shoe condition may therefore 

only be observed after a sufficiently long acclimation phase 

(adaptation time). 
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INTRODUCTION  

In the past century, the design of running shoes has 

experienced dramatic changes. Many studies showed that 

the running biomechanics of lower extremity was influenced 

by running shoes [1]. Recently, gait retraining programs also 

did exert certain effects on the running impact 

characteristics [2]. However, few rigorous scientific studies 

have been conducted to compare the biomechanics of lower 

extremity with different running shoes before and after gait 

retraining. The aim of this study was to determine the effect 

of running shoes on ground reaction force and joint 

mechanics during a 12-week gait retraining program in 

mimicking barefoot running. 

METHODS 

Nine recreational cushioned shod runners (age: 33.4±6.4 yrs; 

height: 174.78±5.33 cm; mass: 70.22±6.04 kg) were 

recruited in this study. All participants were confirmed 

rearfoot strike and ran at least 20km/week in the past 4 

weeks. Each participant was received a pair of minimalist 

shoes (MIN, INOV-8 BARE-XF) and performed a 12-week 

gait retraining program with the MIN in forefoot strike 

pattern. Before and after the gait retraining, participants ran 

over ground at 3.33±5% m/s wearing MIN and cushioned 

shoes (CS) in a random order. The lower extremity 

kinematics and ground reaction forces were collected 

simultaneously. Ground reaction forces, joint angle, joint 

moment, joint power, and leg stiffness were analysed via 

Visual 3D. A 2×2 repeated-measures ANOVA was used to 

characterize the effects of time (pre- and post-retraining) 

and shoes (MIN and CS) on the above variables.  

RESULTS AND DISCUSSION 

Compared with CS, the time to impact peak (tip) and active 

peak (tap), and contact time (tct) were significantly decreased 

in MIN, regardless of retraining program (p < 0.05) (Table 1). 

Moreover, before and after retraining, foot contact angle 

significantly decreased (p < 0.05) in MIN (Figure 1). The 

significant increases were observed for average vertical 

loading rate (AVLR) and maximum vertical loading rate 

(MVLR) in MIN compared to CS (Table 1). The kinetic 

results showed that wearing MIN significantly increased 

peak ankle moment, peak ankle power and leg stiffness 

(Figure 1)  
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Figure 1: Comparison of foot contact angle, peak ankle moment, 

peak ankle power and leg stiffness between minimalist shoe (MIN) 

and cushioned shoe (CS) under pre- and post-retraining. 
*significant difference between MIN and CS, #significant 
difference between pre- and post-retraining, with p < 0.05. 

CONCLUSION 

Overall, the increased ankle moment and power in MIN 

compared with CS demonstrated that wearing minimalist 

shoes may result in a greater propulsive force. Besides, the 

disappeared impact peak and decreased vertical loading rate 

after gait retraining may indicate a lower impact-related 

injury risk.  
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Table 1: Spatiotemporal variables between minimalist shoes (MIN) and cushioned shoes (CS) in pre- and post-retraining. 

Training      Shoe group tip (ms) tap (ms) tct (ms) AVLR (BW·s-1) MVLR (BW·s-1) 

Pre- 
MIN 25.5±5.3* 96.4±8.7* 233.5±20.4* 132.6±43.3*,# 155.5±51.5*,# 

CS 34.2±5.4 102.1±9.4 236.4±15.4 86.5±25.5# 106.2±28.8# 

Post- 
MIN  95.0±10.9* 223.9±11.9* 89.9±49.4* 113.4±51.1* 

CS  104.3±14.6 232.2±21.2 67.6±21.1 88.3±27.3 

Note: AVLR, average vertical loading rate; MVLR, maximum vertical loading rate; *significant difference between MIN and CS, #significant 

difference between pre- and post-retraining in the same shoe condition, with p < 0.05. 
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Summary 

A pronated foot posture has been associated with overuse 
running injuries. To manage symptoms, foot orthoses have been 
widely used in symptomatic runners with a pronated foot 
posture. This study examined the immediate effects of foot 
orthoses with forefoot corrections on forefoot kinematics 
during running in these runners. A total of 9 symptomatic 
runners with pronated feet participated in this study. Multi-
segment foot kinematic data during running was measured 
using motion capture system with the Oxford Foot Model. The 
results showed that at least one pair of foot orthoses with a 
forefoot correction reduced the forefoot peak abduction during 
running compared to the shoe only condition. However, the foot 
kinematic responses to foot orthoses were subject-specific. 

Introduction 

It has been suggested that a pronated foot posture contributes to 
overuse running injuries [1]. To manage overuse injuries, foot 
orthoses have been frequently used in symptomatic individuals 
with a pronated foot posture [2]. Previous studies have 
examined the effects of rearfoot wedges on foot kinematics in 
individuals with a pronated foot posture, and found systematic 
changes in rearfoot kinematics [3]. Our previous work 
suggested that control of excessive motion of the forefoot 
instead of the rearfoot might be a better alternative for 
managing excessive pronation related symptoms (unpublished 
data). Therefore, the aim of this study was to examine the 
immediate effects of foot orthoses with forefoot corrections on 
forefoot kinematics during running in symptomatic individuals 
with a pronated posture.  

Methods 

A total of 9 recreational participants (4 females) participated in 
this study, with an average height of 178 ± 6 cm, average weight 
of 71 ± 8 kg, and a training volume of 18 ± 6 km per week. All 
participants were recreational runners who ran at least 10 km 
per week. All participants had a pronated foot posture with a 
foot posture index of at least 6, and had symptoms related to 
foot pronation in the 6 months prior to the test.  

Four pairs of foot orthoses with two medial corrections (FO-
MF1 and FO-MF2) and two lateral corrections (FO-LF1 and 

FO-LF2) were tested with a standard neutral running shoe. A 
three-dimensional motion analysis system (Vicon MX, Vicon 
Motion System Ltd., Oxford, England) was used to measure 
kinematic data with a sampling frequency of 150 Hz. Reflective 
markers were attached to the skin according to the Oxford Foot 
Model. 

 
Figure 1: Forefoot kinematics in transverse plane during stance 
phase of running in two subjects. 

Results and Discussion 

Table 1 shows the forefoot peak abduction during running for 
each participant. Compared to the shoe only condition, at least 
one pair of foot orthoses tested could reduce the forefoot peak 
abduction by 2 times the standard deviation (SD) of the shoe 
only condition. However, the absolute reduction was small in 
some participants, e.g. the reduction is smaller than 1° in subject 
3 and 4. Furthermore, participants responded differently to 
forefoot corrections (Figure 1). Unlike the systematic influence 
of rearfoot wedges on gait kinematics reported by Telfer et al 
[3], changes in the location and inclination of forefoot 
corrections did not have a systematic influence on forefoot 
kinematics during running in this study. 

Conclusions 

In conclusion, foot orthoses with a forefoot correction can 
reduce the forefoot peak abduction during running in 
symptomatic runners with pronated feet. However, the foot 
kinematic responses to foot orthoses were subject-specific. 
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Table 1: Forefoot peak abduction (°) during running of each subject (mean ± SD). 

Condition Subject 1 Subject 2 Subject 3 Subject 4 Subject 5 Subject 6 Subject 7 Subject 8 Subject 9 

FO_MF1 -1.2 ± 0.1 -8.8 ± 0.1 -6.4 ± 0.3 -4.9 ± 0.1 1.1 ± 0.4 -9.7 ± 0.5 2.6 ± 0.4 -5.3 ± 0.4 -7.1 ± 0.3 

FO_MF2 -1.1 ± 0.3 -8.5 ± 0.1 -4.7 ± 0.3 -6 ± 0.2 0.1 ± 0.3 -5.5 ± 0.4 -2.7 ± 0.7 -3.8 ± 0.2 -4.9 ± 0.7 

FO_LF1 -0.7 ± 0.3 -8.7 ± 0.2 -5.9 ± 0.3 -5.2 ± 0.1 -1.5 ± 0.5 -4.6 ± 0.6 4.7 ± 0.5 -8.6 ± 0.6 -5.9 ± 0.2 

FO_LF2 -1.1 ± 0.1 -7.2 ± 0.3 -6.2 ± 0.2 -7.5 ± 0.2 -2.2 ± 0.4 -6.6 ± 0.7 2.2 ± 0.2 -6.6 ± 0.2 -3 ± 0.2 

Shoe only -2.8 ± 0.2 -8.9 ± 0.1 -5.1 ± 0.2 -6 ± 0.3 -1.5 ± 0.2 -8 ± 0.7 -1.2 ± 0.9 -6.9 ± 0.2 -9.9 ± 0.6 

The values of abduction are displayed in negative values. 
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SUMMARY 

Three-dimensional spring-mass models can be used to study 

the dynamics and control of running. Cutting manoeuvres are 

used by running humans to change direction and are of interest 

because of their relationship to performance and injury. Here 

we investigate the utility of a 3D spring-mass model for 

cutting dynamics. We collected kinematic and kinetic data 

during running cuts in 63 participants and compared 

experimental to modelled results. The model captured basic 

relationships between initial conditions and take-off 

parameters. Change of heading angle and vertical velocity at 

take-off were overestimated; contact time and horizontal 

velocity at take-off were underestimated. The 3D spring-mass 

model appears to show promise as a model for cutting 

manoeuvres, although further refinement is needed. 

INTRODUCTION 

The spring-mass model is a simple mathematical model of 

bouncing gait that has been used to gain insight into the 

mechanics and control of locomotion in 2D and, more 

recently, in 3D [1-2]. Cutting manoeuvres are used by humans 

within running gait to change direction [3] and are commonly 

studied in the context of performance and injury. 2D spring-

mass model prediction errors have been quantified for human 

running [4] but the ability of a 3D model to predict cutting 

mechanics has not been explored. The aim of this study was to 

evaluate the ability of a 3D spring-mass model to predict 

contact phase parameters for the change of direction step in a 

cutting manoeuvre.  

METHODS 

Kinetic and kinematic data were collected from 63 male 

participants aged 18-35 performing running cut manoeuvres 

with a target angle of 90°. Estimates for the location of the 

body centre of mass (COM) and the hip joint centre of the 

stance leg (HJC) were calculated from segment positions and 

anthropometric data as per the Plug-In Gait model (Vicon 

Motion Systems Ltd., UK).  

A 3D spring-mass model simulation was generated for each 

trial. Both COM and HJC were used to estimate the location 

of the point mass, generating two alternative sets of initial 

conditions from the experimental data. Model input 

parameters were initial velocity vx vy vz, leg stiffness k, body 

mass m, initial leg length l0 and leg angle from the vertical in 

the XY and XZ planes θxy, θxz. k was estimated as average leg 

stiffness from initial contact to the instant of maximum leg 

shortening. The equations of motion for the model were 

solved numerically (MATLAB 2018a, The MathWorks, Inc., 

USA). Model simulations were compared to experimental data 

and Pearson’s correlation was used to assess the strength of 

the relationship between modelled and measured values.  

RESULTS AND DISCUSSION 

Measured change of heading angle was 57±7°. The COM 

model overestimated this angle by 16±8° (R=0.71); the HJC 

model overestimated by 28±16° (R=0.47). Both models over-

estimated vertical velocity at take-off and underestimated 

contact time and horizontal velocity at take-off (COM model 

results shown in Figure 1). The relationship between modelled 

and measured take-off velocity variables was stronger when 

COM than when HJC was used as the model input (R=0.34-

0.50 vs R=0.15-0.19). Findings suggest that the hip and trunk 

are important components of the virtual spring for this 

manoeuvre. Model errors were commensurate with those that 

would result from an overestimation of k. 

CONCLUSIONS 

A simple 3D spring-mass model captured basic relationships 

between initial conditions and take-off parameters for cutting. 

With further refinement it appears to show promise as a model 

for this running change of direction manoeuvre in humans. 
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Figure 1: Modelled (‘Model’) and experimentally measured (‘Data’) output parameters at the instant of take-off. 
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Summary 
We compared the effects of shoe midsole cushioning on the 
knee compression impulse during the first 50 ms of ground 
contact between midfoot (MF) and rearfoot (RF) runners, 
while controlling for the effects of: knee joint angle at contact, 
knee joint stiffness, shank velocity at contact, pelvis horizontal 
velocity and 50 ms braking impulse. Fifty-three runners (MF = 
25, RF = 28) completed 50 trials of running at ~3.7 m/s while 
wearing: highly-cushioned (Hoka Stinson One One) and 
minimally-cushioned (New Balance Minimus) running shoes. 
Three-D video data were captured at 500 Hz and force data 
were recorded at 1000 Hz. An inverse relationship between 
shoe cushioning and the 50 ms knee compression impulse was 
found for rearfoot and midfoot runners. Increased shoe 
cushioning was related to decreased compression impulse for 
rearfoot (−0.023 ± 0.037 N∙s/kg), and increased impulse for 
midfoot (0.008 ± 0.035 N∙s/kg) runners, p < 0.05. 

Introduction 
Repetitive loading of the human knee joint may lead to fatigue 
damage of articular cartilage [1]. In asymptomatic middle-aged 
individuals’ higher levels of physical activity is associated with 
increased incidence of cartilage defects and bone marrow 
edema [2]. High frequency components observed in rearfoot 
(RF) running [3] may increase the likelihood of incurring an 
overuse injury when compared to midfoot (MF) running.  
 
The purpose of this study was to compare the effects of 
midsole cushioning (minimalist, highly cushioned) on the knee 
compression impulse during the first 50 ms of ground contact 
between midfoot (MF) and rearfoot (RF) runners, while 
controlling for the effects of: knee joint angle at contact, knee 
joint stiffness, shank velocity at contact, pelvis horizontal 
velocity and 50 ms braking impulse. 

Methods 
Fifty-three runners (MF = 25, RF = 28, 25.28 ± 6.61 yrs, 1.74 
± .08 m, 71.19 ± 11.06 kg) completed 50 trials of running at 
~3.7 m/s while wearing: highly cushioned (HK) (Hoka Stinson 
One One) and minimally cushioned (NB) (New Balance 
Minimus) running shoes. A 6DOF lower body marker set was 
used. Running trials were recorded at 500 Hz using 16 camera 
Vicon T40MX cameras. Force data were captured at 1000 Hz 
using an AMTI Optima force plate. Joint kinematics and 
kinetics were calculated in Visual 3D. A linear mixed effects 
model was used to determine the effects of shoe and footstrike 
on the 50 ms knee compression impulse with the following 
covariates: trial, horizontal pelvis velocity, shank velocity, 
knee joint stiffness, knee angle at contact, and 50 ms braking 
impulse. An AR1 var/cov structure was used to account for 
correlation between the 50 trials per shoe condition. 

Results and Discussion 
 Covariates (Table 1) were evaluated at braking = −.07 N∙s/kg, 
pelvis velocity = 3.7 m/s, knee joint stiffness = −6.7 Nm/r/kg, 
shank velocity = −1.5 m/s, and knee angle at contact = −17.9 d. 
Significant shoe x footstrike interactions for the 50 ms knee 
compression impulse were found, p < 0.05 (Figure 1). 
 Table 1: Mean ± SD of covariates by footstrike and shoe condition. 

 
Figure 1: Mean ± 95% CI for 50 ms knee compression impulse by 

shoe and footstrike. All pairwise comparisons sig. (p <0.05). 

Conclusions 
Rearfoot runners exhibit higher 50 ms knee compression 
impulse than midfoot runners during initial ground contact.  
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(Nm/r/kg) 

50 ms 
Braking 
Impulse 
(N∙s/kg) 

Shank 
Velocity 
(m/s) 

Knee 
Angle (d) 

MF - 
NB 3.8±.6 −6.8±3.3 −.09±.03 −1.6±.5 −19.7±6.9 

MF - 
HK 3.8±.6 −7.1±2.7 −.09±.03 −1.5±.5 −19.7±7.1 

RF - 
NB 3.8±.6 −6.4±2.2 −.07±.03 −1.5±.5 −16.4±5.4 

RF - 
HK 3.7±.5 −6.6±2.4 −.06±.03 −1.5±.5 −16.0±6.3 
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Summary 

Using continuous relative phase (CRP) methodology, we 

quantified shank-foot couplings in time periods surrounding 

initial ground contact in runners wearing two shoe conditions 

with extreme differences in midsole cushioning levels. Non-

linear mixed effects modeling was used to examine for 

differences of relative phase coupling plots between footwear. 

Shank-foot coupling patterns were found to be significantly 

different between shoes with high vs low amounts of midsole 

cushioning.  

Introduction 

Faulty inter-segment kinematics during running, have been 

identified as a risk factor for sustaining musculoskeletal injury 

[1,2]. Continuous relative phase (CRP) analysis has been used 

to describe joint couplings across time, and allow for a 

quantification that includes both the angular position and 

angular velocity of the two segments in relation to each other 

[3]. Midsole cushioning has been incorporated into running 

shoes in an attempt to mitigate the transmission of ground 

reaction forces (GRFs) to the lower limb during ground 

contact. However, it is not known how different levels of 

midsole cushioning affect lower-limb joint couplings. 

Therefore, the purpose of this investigation is to use CRP 

techniques to quantify joint coupling patterns in time frames 

surrounding the initial impact period when running in footwear 

conditions with minimal (LW) and maximal (HI) levels of 

midsole cushioning. It was hypothesized that differences in 

midsole cushioning would significantly alter adjacent segment 

coupling patterns. 

Methods 

Data were collected from ten pain-free rearfoot (RF) runners 

(age  26.4 ± 6.6 years, height 163 ± 11 cm, mass 64.6 ± 12.2 

kg) with no history of running-related injuries. The shoes 

chosen for this study were the New Balance Minimus (NB) and 

the Hoka Stenson One One (HK) for their large difference in 

midsole thickness (24mm) and their similar heel-toe drop 

(4mm). Subjects ran on a treadmill at 5 mph (2.24 m/s) in each 

shoe condition and 50 consecutive footstrikes of the right leg 

were captured for analysis. Reflective marker trajectories 

modeling the limb segments were collected with a 16-camera 

(MX-T40S) Vicon motion capture system sampling at 500 Hz. 

Joint angles were calculated in Visual 3D v. 6 using an X-Y-Z 

Cardan sequence, and angular velocities were derived from 

segment angles. Transitioning to a custom C# program built in 

Visual Studio 2010, CRP was then calculated following the 

method described by Hamill et al. [3] for shank 

flexion/extension vs foot flexion/extension (S/F-X) and for 

shank internal/external rotation vs foot internal/external 

rotation (S/F-Z) couplings. A nonlinear mixed effects model 

was used to determine the effects of shoe (HK, NB) on CRP, in 

20 ms intervals for 100 ms before and 100 ms after ground 

contact. Random intercepts and slopes were estimated using an 

AR1 var/cov matrix, and within subject correlations were 

estimated using an UN matrix. 

Results and Discussion 

S/F-Z (Figure 1a) and S/F-X couplings both displayed 

significantly different relative phase motions across the 100ms 

pre-contact time period between shoes (p<0.001). The S/F-Z 

coupling motions were also significantly altered between shoes 

(p<0.001) post-contact, while S/F-X couplings were found to 

be no different (p>0.05) (Figure 1b). 

 

Figure 1: Mean ± 95% CI CRP plots for HI and LW cushioning 
conditions 100ms before (a) and after (b) initial ground contact. 

Conclusions 

Altered levels of midsole cushioning affect shank-foot 

coupling patterns not only in the rapid-loading impact period 

of stance, but also immediately prior to ground contact, 

pointing to an influence of cushioning on control of limb 

segment coordination. 
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Summary 

This Study compared leg, ankle, and knee stiffness during 
running between a maximal and traditional shoe before and 
after a 6-week acclimation period to maximal shoes. Leg 
stiffness was significantly higher in the maximal shoes, while 
ankle stiffness was significantly higher in the traditional shoe.  

Introduction 

Maximal shoes are a recent running innovation that may 
increase vertical impact forces and loading rates during 
running [1].  Leg stiffness has also been shown to increase 
while wearing maximal shoes [2], but it is currently unknown 
whether stiffness will change after a period of acclimation. 
Furthermore, no research has examined ankle and knee 
stiffness while running in maximal shoes.  

Therefore, the purpose of this study was to determine the 
effect of maximal shoes on leg stiffness, ankle stiffness, and 
knee stiffness before and after a 6-week acclimation period to 
maximal shoes. We hypothesized that the maximal shoe 
condition would increase leg stiffness, knee stiffness and ankle 
stiffness regardless of an acclimation period.  

Methods 

Subjects included 14 female and 4 male recreational runners 
(age = 34.9 ±7.5 years) that were habitual rearfoot strikers. 
Prior to participating in the study, subjects signed an informed 
consent form approved by the IRB at Oregon State University. 
Subjects participated in two data collection sessions, six weeks 
apart. For both sessions, subjects ran in a traditional cushioned 
running shoe (New Balance 880) and a maximal running shoe 
(Hoka One One Bondi 5) in random order. Twenty-one 
reflective markers and six marker clusters were placed on the 

lab. Data was collected using an 8-camera 3-D motion capture 
system (Vicon, Oxford, UK) sampling at 250 Hz and two 
force plates (AMTI, Watertown MA) sampling at 1000 Hz.  
Four successful trials of complete foot contact on the force 
plate were collected while subjects ran down a 10-meter 
runway. Between sessions, subjects were required to 
incrementally increase the percentage of mileage in the 
maximal shoe by approximately 20% per week. 

Vertical ground reactions forces (vGRF) and lower extremity 
kinematics and kinetics were calculated using Visual3D (C-
Motion, Germantown MD) and leg, ankle, and knee stiffness 
were calculated using a custom LabView (National 
Instruments, Austin TX) program. GRFs and kinematics were 
filtered using a low-pass 4th order no-lag Butterworth filter 
with a 50hz and 12hz cut off, respectively. Variables of 
interest included overall leg stiffness, ankle stiffness, and knee 
stiffness of the runner s dominant limb.  Leg stiffness was 

defined as the ratio of the peak vGRF and the change in leg 
 where LC is the distance vector 

between the pelvis center of mass and the center of pressure 
[3]. 
compression at initial contact (L0) and leg compression 
minimum (Lmin), before normalization by L0. Ankle and knee 
stiffness were estimated by the quotient of the change in 

the change in sagittal joint 
) [4].  

Two-way repeated measures analysis of variances (ANOVA) 
(shoe x time) (p  were used to determine differences and 
dependent t-tests (p and H
(p
(RStudio, Boston MA). 

Results and Discussion 

There was a main effect of shoe for leg stiffness (p=0.029) and 
ankle stiffness (p=0.048). An interaction effect of shoe x time 
was observed for knee stiffness (p=0.045). Post-hoc analyses 
showed that leg stiffness was greater (TR 29.5 ±3.4, MX 30.8 
±4.8, p=0.030, g=0.21) in the maximal shoe condition, while 
ankle stiffness was less in the maximal shoe (TR 0.176 
±0.047, MX 0.162 ±0.032, p=0.045, g=0.252). A trend 
towards decreased knee stiffness  was observed from pre to 
post acclimation in the traditional shoe (TR 0.109 ±0.021, MX 
0.101 ±0.015, p=0.069) but no changes were seen for the 
maximal shoe. 

Greater leg stiffness in the maximal shoe supported our 
hypothesis, but less ankle stiffness in the maximal condition 
did not. The observed increase in leg stiffness suggests that 
runners change their locomotive control parameters [5] when 
wearing a maximal shoe. However, the underlying 
biomechanical changes associated with this increase remains 
unknown.  This could support the theory that runners have a 
preferred movement path [6] where maximal footwear is 
influencing changes in VGRFs [1] and leg stiffness [2] but not 
in the coordination of specific joint stiffness. 

Conclusions 

Compared to traditional shoes, leg stiffness was higher and 
ankle stiffness was lower in maximal shoes, regardless of the 
acclimation period. Knee stiffness trended towards decreased 
knee stiffness in the traditional shoe between sessions.  
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Summary 

We used a markerless Deep Learning-based method to 

perform 2D kinematic analysis of deepwater running. Twenty-

one volunteers performed deepwater running while a GoPro 

camera recorded sagittal plane lower limb motion. A deep 

neural network was trained to predict the locations of lower 

limb landmarks. Just 300-500 labelled images were sufficient 

to train the network to be able to position joint markers with 

an accuracy close to that of a human labeler (mean difference 

~1cm). This level of accuracy is probably sufficient for many 

2D applications (e.g. sports biomechanics, coaching, 

rehabilitation), and could likely be further improved by 

modifying model parameters. Our approach represents a low-

cost solution for kinematic analysis that could easily be 

modified for use in other movements and settings, including 

3D motion analysis outside of the laboratory.  

Introduction 

Kinematic analysis is often performed with a camera system 

combined with reflective markers placed on bony landmarks, 

but in certain cases, such as underwater, the use of markers is 

impractical because they impede normal movement and are 

prone to motion artefact. Recently, several attempts have been 

made to develop markerless methods, which could be used 

outside of the laboratory and allow movement to be analysed 

in more natural, unconstrained conditions (e.g. [1]). In 

particular, methods that rely on artificial intelligence have 

demonstrated promising results (see [2] for review), and could 

revolutionise the way movement analysis is performed due to 

their powerful ability to ‘learn’ patterns in data.  

Methods 

A total of 32 volunteers (age: 24±4 years; 13 males) 

performed deepwater running whilst immersed to shoulder 

level and tethered to the edge of a pool. A single GoPro 

camera (HERO 3; 60Hz) was enclosed in a waterproof case 

and positioned underwater in the sagittal plane ~5m to the 

subjects’ left. A deep neural network [3] was trained using 

manually labelled images, and then used to predict the 

locations of markers on the trunk, hip, knee, ankle, and 5th 

meta-tarsal head in previously unseen images. From the 

predicted joint coordinates, segment lengths and joint angles 

were computed. To determine network accuracy, pairwise 

Euclidean distances were computed for each marker location 

(root mean square error).  

 

Results and Discussion 

Using a training set of 500 labelled images, the mean test error 

of the trained neural network was 2.92 pixels (~1cm). The 

network was able to quickly compute consistent kinematic 

traces (~4s per 1s video on a CPU), with joint angles 

comparable to those of previous studies ([4,5]; Figure 1).  

 

Figure 1: 10s of kinematic data from 1 subject analysed with our 

approach (left), and segmented into individual strides (right). 

This level of accuracy is likely to be sufficient for many 2D 

applications, and could be improved by modifying model 

hyperparameters [3]. Our approach is a low-cost, versatile 

solution for kinematic analysis, and only requires a small 

amount of manual labelling. Real-time tracking and 3D 

analysis are possible with GPU support [3]. Given the 

challenges of imaging deepwater running, this approach could 

likely be modified for use in other movements and settings, 

simply by re-training the neural network with suitable data.   

Conclusions 

This method may have broad applications across numerous 

fields, e.g. enabling markerless motion analysis to be 

performed during rehabilitation, training or even competition.  
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Summary 

This study assessed the learning strategies adopted by a group 
of runners who underwent a running retraining program 
aiming to reduce peak tibial shock. Respondents exhibited 
combined gait modifications, including a reduction of the 
stride length and landing with a less dorsiflexed ankle after 
training, to soften the footfalls. More importantly, adopting 
combined strategies was associated with a better motor 
learning following gait retraining. 

Introduction 

Peak tibial shock (PTS) has been widely used as a 
biomechanical parameter in running retraining. It has been 
shown effective in reducing impact loading [1] and easing 
symptoms of running injuries [2]. However, how a runner 
would change the running gait to achieve a reduced PTS 
during running retraining remains unclear. 

Moreover, most training protocols were conducted in a 
laboratory, with fixed training speed and slope across all 
training sessions. Whether a runner can translate the newly 
learnt gait to an untrained running condition is yet unknown. 
This study aimed to assess the learning strategy adopted by 
runners under the current training protocol. Single subject 
statistical analysis was applied in this study to evaluate 
individual response after gait retraining [3]. 

Methods 

Five male runners underwent a running retraining protocol 
described before [1]. All training sessions were conducted on 
a treadmill using the runner’s preferred running speed (PRS) 
without surface inclination. 

Level and slope running tests were conducted on a treadmill 
before and after the training. During level running (LR) tests, 
all participants were asked to run at PRS, 110%, and 90% of 
PRS. Slope running tests were conducted at PRS, using 10% 
inclination for uphill running (UR), and 10% declination for 
downhill running (DR). PTS was measured at right lower limb 
using a wireless accelerometer. Joint kinematics were 
collected using a lower limb inertial measurement unit. PTS, 

stride length, and lower limb kinematics were extracted and 
compared before and after training. 

Results and Discussion 

Single subject analysis revealed that four runners (Sub1-4) 
significantly reduced their PTS in the trained condition 
(ps<0.05; ds>1.14). These four training respondents managed 
to demonstrate the newly learnt gait in most of the untrained 
conditions. Two strategies, including shortening stride length 
and reducing ankle dorsiflexion ankle at initial contact, were 
observed in all respondents. Participants adopting both 
strategies (Sub #2-4) showed consistent learning effect 
translation in different running conditions. However, the 
participant (Sub #1) who adopted a single strategy failed to 
translate the learning effect when running at a slower speed 
(Table 1). 

Another participant (Sub #5) did not significantly reduce PTS 
after training. This runner learned to reduce stride length but 
increased ankle dorsiflexion angle at initial contact after 
training (Table 1). The result from the current study provided 
preliminary information regarding the motor strategies after 
completion of a kinetic-based training protocol. 

Conclusions 

80% of the participants were responsive to the current gait 
retraining protocol. Control of impact loading with multiple 
strategies might potentially benefit the motor learning of gait 
retraining. 
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Table 1: Individual data showing the difference^ in peak tibial shock (PTS), stride length (SL), and initial ankle dorsiflexion angle (AnkAng) 

before and after training during five testing conditions. 

 LR & PRS LR & 110%PRS LR & 90%PRS UR & PRS DR & PRS 

Sub PTS (g) SL (m) AnkAng# 
(°) PTS (g) SL (m) AnkAng 

(°) PTS (g) SL (m) AnkAng 
(°) PTS (g) SL (m) AnkAng 

(°) PTS (g) SL (m) AnkAng 
(°) 

1 -1.98* -0.02* -6.25 -1.69* -0.03* 5.65* 0.20 -0.06* -2.31 -2.51* -0.05* 6.28 -2.71* -0.16* -3.12 
2 -3.32* -0.02 -3.77* -3.58* -0.10* -4.90* -1.88* -0.03* -6.17* -1.79* 0.03* -0.65 -3.02* 0.09* -7.12* 
3 -1.32* -0.09* -0.06 -2.75* -0.09* -4.37* -2.05* -0.09* -3.53* -0.12 -0.09* -2.09* -2.41* -0.10* -5.68* 
4 -3.59* -0.38* -20.35* -3.50* -0.44* -9.59* -3.05* -0.30* -18.61* -2.61* -0.26* -4.19* -1.30* -0.16* -25.75* 
5 2.36* -0.10* 8.37* 1.15* -0.04* 4.42 0.10 -0.05* -0.19 -0.56* -0.07* 4.59* -0.38 -0.19* -15.65* 

^ Data shown as value measured in post-training test minus that measured in pre-training test 
# Negative value indicates a less dorsiflexed ankle during initial contact during post-training test 
*p < 0.05 
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Summary 
Upon completion of a treadmill-based running retraining that 
focused on promoting a midfoot strike landing, reduced foot-
strike angle and vertical instantaneous loading rates were 
observed in habitual rearfoot strike runners. We sought to 
measure whether these modified gait mechanics could be 
transferred to over-ground running. Overall, the results showed 
that the altered foot-strike pattern observed on the treadmill 
was effectively transferred to over-ground running, as reflected 
by a reduction in foot-strike angle towards the bounds of a 
midfoot strike. However, changes in vertical instantaneous 
loading rate were only observed during treadmill running. In 
view of our findings, a treadmill-based gait retraining protocol 
may not be adequate for the transfer of modified running 
kinetics during over-ground running. 

Introduction 
High level of impact loading has been associated with the 
development of many running-related injuries [1]. Treadmill-
based gait retraining programs have been widely used to alter 
running mechanics and mitigate the risk of running-related 
injuries [2]. Modifying foot-strike patterns from rearfoot strike 
(RFS) to midfoot strike (MFS) has been suggested to lower the 
impact loading [3]. Previous studies have used foot-strike 
information as augmented feedback to guide injured runners to 
modify their running gait. Such training was reported to be 
effective in reducing impact loading in runners with 
patellofemoral pain [2]. However, the design for previous 
studies focused on the effect within the trained condition (i.e., 
treadmill running).  Thus, it is unknown whether the 
modification in gait mechanics can be transferred from 
treadmill to over-ground running. 
Hence, this study examined the foot-strike pattern and impact 
loading during both treadmill and over-ground running before 
and after a treadmill-based gait retraining program.  

Methods 

Ten male distance runners (body weight = 68.7±10.6 kg; body 
height = 1.75±0.07 m; weekly mileage = 31.7±17.3; running 
experience = 5.4±3.7 years) who habitually exhibited a RFS 
running pattern were recruited for this study. Instrumented gait 
assessments to measure the foot-strike pattern and impact 
loading were conducted before and after the treadmill-based 
gait retraining program. Each assessment included two running 
conditions: instrumented treadmill (TRM) and over-ground 
runway with force platforms (OVG). 
The eight-session gait retraining program was adopted from 
previous studies [2,3]. Participants were instructed to maintain 
a MFS landing during treadmill running with real-time foot-
strike information displayed visually to the participants.  

Foot-strike angle (FSA), average and instantaneous loading 
rates (VALR and VILR) were measured and computed based 
on previously reported algorithms [4,5]. 2 x 2 repeated 
measures ANOVAs analyzed the interaction between training 
(Pre vs. Post) and running condition (TRM vs. OVG). 

Results and Discussion 
The effect of gait retraining on FSA (p = 0.767) and VALR (p 
= 0.073) showed no interaction. Significant reductions in FSA 
were observed for TRM and OVG after the training (Figure 1).  
 
 
 
 
 
 
 
 
 
 

 
 

* p < 0.005 
Figure 1: Foot-strike angle (FSA) during Pre- and Post-training. The 

shaded region indicates midfoot strike (8 o ≥ FSA ≥ -1.6 o) [3]. 

Regarding VILR, there was a significant interaction between 
training and running condition on VILR (p = 0.013). Post-hoc 
analyses revealed a significant reduction in VILR for TRM (p 
= 0.037, Cohen’s d = 0.838), but not for OVG running (p = 
0.373). 

Conclusions 
The treadmill-based gait retraining to promote MFS was 
effective in reducing FSA and VILR when running on a 
treadmill. This reduced FSA was transferred from treadmill to 
overground running but changes in impact loading were not 
effectively transferred.  We conclude that environment-specific 
gait retraining protocols are necessary. 
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Summary 

The stride interval variability and complexity were analysed 

to gain insights into the development of running-related 

injuries. Yet, it remains unknown the reliability of the stride 

interval variability and complexity measured at different 

days and sides. The present study estimated the between-day 

and between-side reliabilities of the stride interval variability 

and complexity during seven recreational runners performing 

a prolonged treadmill run for three times at their anaerobic 

speeds. The results showed good between-day reliability and 

excellent between-side reliability (all intraclass correlation 

coefficient values > 0.89). 

Introduction 

Variability within the stride interval series during running 

presents an embedded pattern, i.e., long-range correlation, 

which may reflect adaptability of the locomotor system [1]. 

The stride interval variability was found to be associated 

with running-related injuries and fatigue [2-3]. However, the 

reliability of the stride interval variability measured at 

different days is unknown. In additional, the stride interval 

variability was mostly obtained from unilateral side. The 

stride interval variability was significantly different between 

right and left sides during walking [4]. It remains unknown 

whether the stride interval variability of right and left sides is 

equivalent during running, especially a prolonged run. 

Therefore, the purpose of the current study was to investigate 

the reliability of the stride interval variability during running 

between days and between sides. 

Methods 

Seven asymptomatic male recreational runners performed 

treadmill run at their anaerobic threshold speeds for 31 min. 

All were required to run for three times, at 3-5 days apart. 

Two of the runners quit this study after the second run. 

Three-dimensional displacements of bilateral heel markers 

were continuously recorded during the run at 200 Hz using a 

motion capture system (Qualysis Inc., Sweden). Perceived 

exertion and blood lactate accumulation were measured prior 

to and immediately after the run. All runners were identified 

as rearfoot strikers. For each side, stride interval series were 

obtained by identifying the local minimum of the vertical 

displacements of the heel marker. The middle 30-min data 

were processed to compute the stride interval variability, 

with its variability being quantified using standard deviation 

(SD), and its complexity being quantified using the scaling 

exponent alpha obtained from detrended fluctuation analysis. 

Between-day (5 runners, 3 days, 2 sides) and between-side 

(7 runners, 2 sides) reliabilities of the SD and alpha were 

evaluated using the intraclass correlation coefficient (ICC). 

Between-day and between-side differences were examined 

using repeated measures analysis of variance and paired-

sample t-test, respectively. All statistical analyses were 

performed using SPSS V24.0 (SPSS Inc., Chicago, IL) and 

the significance level was set at 0.05. 

Results and Discussion 

The SD and alpha for each runner were plotted in Figure 1. 

The values are similar to those previously reported [1-3]. 

 

Figure 1: Simultaneously collected right and left side stride interval 

variability (a) and complexity (b) for each runner. 

The between-day ICC value and their 95% confidence 

interval (CI) were 0.90 (0.70, 0.97) for the SD and 0.89 

(0.63, 0.97) for the alpha, which demonstrated good 

reliability between different testing days. The between-side 

ICC value and their 95% CI were 0.96 (0.90, 0.98) for the 

SD and 0.97 (0.92, 0.99) for the alpha, which revealed 

excellent reliability between right and left sides. 

SD and alpha revealed significant differences between days 

(p = 0.043 and 0.011, respectively), which may be due to 

different fatigue levels (blood lactate accumulation after the 

run at Day1, Day2, and Day3 was 5.4, 5.5, and 7.0 mmol/L, 

respectively). There were no statistical differences in SD and 

alpha between right and left sides (p > 0.30). 

Conclusions 

The stride interval variability and complexity obtained from 

either side were highly reliable during a prolonged treadmill 

run. 
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Summary 

Peak lower-limb acceleration (PLA) is a possible factor 

influencing tibial stress fractures in runners. The majority of 

training runs are performed over varying surfaces and at lower 

intensity. This study evaluated differences in PLA across road 

and woodchip trail surfaces during a typical training run in 

collegiate distance runners. Inertial measurement units were 

used to quantify PLA over road and woodchip trail surfaces. 

The results indicate that males and females may adjust their 

running patterns differently for different surfaces. 

Introduction 

Peak lower-limb acceleration (PLA) has been used as a measure 

to represent load during running, a possible factor influencing 

stress fractures [1-3]. Inertial Measurement Units (IMU) have 

become a popular tool to assess PLA outside of a lab setting and 

for longer periods of time, to increase real-world applicability. 

A difference in PLA across varying surfaces was recently 

reported [4]. Differences in PLA have been demonstrated after 

an exhaustive running effort on a track surface [3]. The majority 

of running is not performed at this level of exertion and 

different surfaces are encountered over the course of a training 

run. The purpose of this study was to evaluate differences in 

PLA across road and woodchip trail (trail) surfaces during a 

typical training run in collegiate distance runners.  

Methods 

Fourteen collegiate distance runners (8 males (Height:174.5 ± 

7.8 cm, Mass: 62.5 ± 5.6 kg), 6 females (Height: 166.8 ± 7.6 

cm, mass: 52.9 ± 6.0 kg) were equipped with Global Positioning 

System (GPS) watches (Forerunner 230, Garmin Ltd., Olathe, 

KS) and three 9-axis IMUs (±16g, 500 Hz) (Vicon, Auckland, 

NZ) attached to the sacrum and distal shanks bilaterally for a 

training run. Data were stored in onboard memory and later 

downloaded for data processing using MATLAB (The 

MathWorks, Inc., Natick, MA).  

The GPS data were used to identify four one-minute segments 

of road and trail both early and late in the run. Segment data 

were selected from the right shank accelerometer data and 

resultant acceleration was calculated for analysis. Data were 

filtered using a 4th order low-pass Butterworth digital filter (fc: 

60 Hz). Peak resultant acceleration values were averaged across 

the selected one-minute periods and divided by average 

velocity during each minute.  

A three-way linear mixed effects ANOVA was used to evaluate 

PLA differences between surface conditions (road v. trail), time 

(early v. late in run), and sex. Subject velocity during each one-

minute interval was accounted for in the mixed effects analysis. 

All analyses were conducted using SPSS (v25.0, IBM Corp., 

Armonk, NY) with an alpha level of p < 0.05.  

Results and Discussion 

Average run distances for males and females were 7.5±1.5 and 

8.67 ± 3.7 miles. Average speeds over road and trail for men 

were 4.13±0.29 and 4.19±0.37 m/s; and for women were 3.81 

± 0.19 and 3.87±0.15 m/s. A significant difference was 

observed for surface*sex (p=0.045) interaction (Figure 1).  

No differences were found for a time*surface*sex (p=0.864), 

time*surface (p=0.496), or time*sex (p=0.070) interaction, nor 

the individual main effects of surface, time, or sex. 

Conclusions 

Early analysis indicates that males and females may adjust PLA 

differently for varying surfaces. A larger sample size could 

allow for more statistically significant findings to be seen.  
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Summary 

The purpose of this study was to quantify the individuality of 

knee kinematics during running by examining the level of 

similarity between closely matched runners.  Our results 

suggest that it becomes easier to identify similar runners as the 

size of a candidate pool increases; however, there is a limit to 

the similarity between closely matched runners, suggesting that 

running gait can be considered a unique trait which has 

implications for research design.  

Introduction 

The individuality of gait can be defined by identifying similar 

runners in a pool of candidates and examining the kinematic 

similarity between them. The uniqueness of gait has been 

examined for walking gait patterns [1-3] but we are unaware of 

any research examining the individuality of gait while running.  

Also, previous research has not examined the effect that size of 

the candidate pool has on the definition of individuality.  We 

hypothesized that as the size of a candidate pool increases the 

likelihood of finding a similar candidate to represent any 

individual increases.  Furthermore, we suggest that disparity in 

kinematics between matched individuals will decrease as the 

pool of potential candidates increases.   

Methods 

3D kinematics from 1069 individuals (566 F) were captured for 

10 consecutive strides during treadmill running. Joint angle 

waveforms in each plane were extracted for the right knee and 

time normalised to 100 points per stance and swing phase. 

Individual gait patterns were characterised by extracting the 

median waveform across the 10 sampled strides. To quantify 

the individuality of knee kinematics 10000 iterations of a 

simulation procedure were completed whereby a target 

individual was selected at random and their closest kinematic 

neighbour was selected from a subset of candidates ranging in 

size from 1 to 1000 runners.  A target-candidate match was 

determined independently within each movement plane by 

identifying the candidate which minimised the maximum 

absolute error (MaxAE).  It was assumed the resulting 

distribution of minimised MaxAE (y) followed a lognormal 

distribution, whereby y was a function of dataset size (n): 

𝐸(𝑦) = β0 + β1β2
−𝑛                               (1) 

Parameters of the prescribed model were estimated using 

Bayesian inference and Markov Chain Monte Carlo methods 

[4-5].  The posterior mean and 95% credible interval were 

extracted for each parameter along with the posterior 

probability that a candidate could be identified within 5 degrees 

of error. 

 

 

Results and Discussion 

The relationship between dataset size and minimised MaxAE is 

shown in Figure 1. The probability of identifying similar 

candidates increases by an order of magnitude as the size of the 

dataset increased, supporting our initial hypothesis.  In addition, 

there is a clear decrease of MaxAE as dataset size increases 

(𝑃𝑟(β2 < 1) < 0.001) for all planes suggesting the similarity of 

matched runners increases as the pool of candidates increases. 

The posterior mean and 95% credible interval for β0 was frontal 

plane: 3.46 (3.43, 3.49), transverse plane: 5.25 (5.21, 5.30), and 

sagittal plane: 5.01 (4.96, 5.06) suggesting an underlying limit 

for the similarity of individuals regardless of dataset size.  This 

supports the idea of gait as a unique characteristic.  

 

Figure 1: Relationship between MaxAE and dataset size for the 

sagittal plane of the knee (representative of other planes).  Mean 

trend (equation 1) is described by the solid line with the 95% 

posterior predictive interval identified with dashed lines. 

Conclusions 

The likelihood of identifying similar runners increases as the 

size of a dataset increases as does the similarity of closely 

matched individuals. There exists a lower bound on this 

similarity suggesting that the characteristics of running gait are 

unique to individuals. These results have implications for inter-

subject study design and the use of subject-specific models. 
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Summary
T2 MRI relaxation times of the ankle tibiotalar cartilage,
plantar pressure and finite element predicted von Mises 
cartilage stress were evaluated in 10 novice and 10 marathon 
experienced (ME) runners who ran barefoot for 5km. After 
running, ME runners decreased tibiotalar cartilage stress and
maintained similar pre-run T2 relaxation values. In contrast, 
novice runners showed similar levels of cartilage stress pre 
and post running coupled with increased T2 values. Novice 
and ME runners exhibit different T2 MRI relaxation times and 
cartilage stress responses to barefoot running that may play a 
role in observed novice ankle pathology.

Introduction
Biomechanical studies have advocated barefoot running as it 
may reduce running risk factors by lowering impact force [1,
2]. However, the effect of barefoot running on ankle cartilage 
stress has yet to be investigated. Repetitive and high rate 
loading on the ankle and foot complex during long-distance 
running may be a potential risk factor for running-related 
injuries [3]. The objective of the study was to integrate MRI 
T2 relaxation times (a measure of inflammation), plantar 
pressure and FE modelling to compare novice and experienced 
runners before and after a 5km barefoot run.

Methods
Ten novices (age: 29±6.8yrs, height: 1.7±0.1cm, weight: 
65.6±9.8kg) and ten experienced runners (age: 31.2±9.8yrs, 
height: 1.73±0.1cm, weight: 65.4±9.8kg) with equal split in 
gender were recruited. All participants were free from lower-
limb injury and first-time barefoot runners who ran with 
conventional heel strike techniques. Novice runners have 
never participated in any type of long-distance running prior,
while experienced runners regularly participated in half- or 
full-marathon races. This study was approved by the human 
ethics committee in our institution (ref: 016488).

Dynamic plantar pressure (Novel Emed®) was measured 
before and after 5km unshod running on a treadmill. Before 
and after running, MRI data of the right foot and ankle were 
acquired with a 3.0-T scanner (Siemens) using a foot coil. 
Two experienced radiologists quantified T2 relaxation times 
of the tibiotalar cartilage in the anterior, central, and posterior 
zones. A previously validated Abaqus FE model of the foot 
[4] was customised to the MRI shape data of each individual 
and loaded using participant plantar pressure.

Results and Discussion
The novice and ME runners showed similar spatial patterns 
between high von Mises stress and higher T2 relaxation times 
in the anterior and posterior sagittal zones of the tibiotalar 
cartilage (Figure 1). Between pre- and post-run measurements, 
ME runners decreased tibiotalar von Mises stress by 17% 
(P<0.05) while maintaining similar pre-run T2 values. In 
contrast, novice runners maintained the same level of tibiotalar 
stress and increased T2 values (P<0.02).

Figure 1: (A) Ankle MRI and (B) corresponding T2 relaxation times.
(C) Finite element model and tibiotalar cartilage von Mises stress.

ME and novice responses may be partly due to different foot 
strike strategies. ME runners decreased plantar pressure across 
the medial metatarsals by 29% and increased lateral midfoot 
loading by 32%. In contrast, novice runners reduced toe 
pressure by ~30% and increased lateral foot loading by 22%.

Conclusions
Novice and ME runners exhibit different T2 MRI relaxation 
times and cartilage stress responses to barefoot running that
may play a role in observed novice ankle pathology.
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Summary 

The location of the body’s centre of mass (COM) during 

running can be useful to determine the influence of lower 

extremity geometry on the ground reaction force (GRF). A full-

body marker set is typically used to calculate the COM, but 

setup can be cumbersome for large data collections. The use of 

a single sacral marker has been shown to be a reliable proxy for 

COM in walking gait. Therefore, we examined whether a sacral 

marker could also reliably predict the COM during running gait. 

Introduction 

Previous studies have used the COM to calculate measures such 

as overstriding and vertical oscillation [1]. However, in order to 

calculate the location of the COM, the three-dimensional (3D) 

position and length of each modelled body segment throughout 

the gait cycle must be known, requiring a full-body marker set. 

For various reasons, a full-body marker set is not often used. 

The use of a single sacral marker has been shown to be a reliable 

proxy for the COM position in walking [2]. In running, a more 

anteriorly tilted pelvis and constantly changing distribution of 

body mass due to the swinging of upper and lower limbs may 

affect the relative positions of the sacrum and COM. The 

purpose of this study was to determine whether a single sacral 

marker would also be a reliable predictor for COM in running. 

Methods 

Healthy female recreational runners between the ages of 18 and 

60 were recruited. Written consent was obtained from all 

participants and ethics approval was granted from the 

institutional Clinical Research Ethics Board. A full body 

marker set (61 reflective markers for static calibration and 42 

tracking and calibration markers) was used to form a 

musculoskeletal model using a six-camera motion analysis 

system. A virtual marker was created at the midpoint of the two 

posterior superior iliac spine markers (mid-PSIS). Participants 

ran at a self-selected speed on an instrumented treadmill while 

3D kinetic (2400 Hz) and kinematic (240 Hz) data were 

collected. Anthropometric properties of body segments were 

scaled to each individual using the participant’s height, mass, 

and segment lengths to calculate COM [3]. Regression 

coefficients were calculated between the mid-PSIS marker and 

COM in X, Y, and Z directions at initial contact (IC), midstance 

(MS), and toe-off (TO). Paired t-tests were used to determine if 

the COM position was different than the mid-PSIS position. 

Results and Discussion 

Seventy-one female recreational runners (age: 36.8 +/- 8.3 

years; BMI: 22.9 +/- 2.5 kg/m2) ran at a mean speed of 2.45 +/- 

0.33 m/s. The mid-PSIS marker and calculated COM location 

exhibited strong linear correlations at IC, MS, and TO in X, Y, 

and Z directions. Correlation coefficients and mean differences 

between the mid-PSIS marker and COM in X, Y, and Z 

directions are reported in Table 1. The regression coefficients 

between the COM and sacral marker across all 3 gait events in 

the X, Y, and Z directions are displayed in Figure 1.  

 

Figure 1: Mid-PSIS vs COM position in X, Y, and Z directions. 

Conclusions 

The results of this study suggest that a single sacral marker is a 

reliable proxy for the COM position at key events during the 

stance phase of running in a female recreational population. 

This finding allows the use of a lower body marker set to 

estimate COM position in running. 
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Table 1: Mean difference (SD) between the mid-PSIS and COM locations in X, Y, and Z directions at IC, MS, and TO. 

 X Y Z 

 Mean Diff (SD) p Mean Diff (SD) p Mean Diff (SD) p 

Initial Contact 0.001(0.009) .75 -0.120(0.021) < .001 0.071(0.016) < .001 

Midstance 0.002(0.009) .59 -0.143(0.022) < .001 0.055(0.014) < .001 

Toe-off 0.001(0.009) .84 -0.123(0.021) < .001 0.064(0.014) < .001 
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Summary 
The purpose of this study was to determine if associations 
existed among hip adduction angle, hip abductor muscle 
activity, and hip abductor strength in runners. A larger peak 
hip adduction angle was associated with more tensor fascia 
lata activity magnitude during running. Stronger hip abductors 
were associated with less gluteus medius activity magnitude.  

Introduction 
A large peak hip adduction angle has been associated with 
several overuse running injuries [1]. But, greater hip abductor 
strength was not associated with a smaller hip adduction angle 
[1]. Hip abductor muscle activity during running may reveal 
stronger associations with hip adduction angle than maximal 
isometric strength [2]. Therefore, the purpose of this cross-
sectional study was to determine if associations existed among 
hip adduction angle, hip abductor muscle activity, and hip 
abductor strength in runners. We hypothesized that greater hip 
adduction angle would be associated with less hip abductor 
muscle activity, and hip adduction angle would not be 
associated with isometric hip abductor strength.  

Methods 
All procedures were approved prior to beginning this study by 
the University’s internal review board. Twenty-five healthy 
women provided written informed consent (age: 25 (8) yrs; 
height: 1.66 (0.07) m; mass: 59.3 (7.2) kg). Wireless surface 
electrodes were placed over gluteus medius (GLM) and tensor 
fascia lata (TFL). A two-second side-lying trial was recorded 
to determine average muscle activity at rest. Maximal 
voluntary isometric contraction (MVIC) during side-lying hip 
abduction was used for normalizing muscle activity magnitude 
during running [2]. Participants ran on a treadmill at a 
moderate self-selected pace (2.8 (0.4) m∙s-1). Three-
dimensional marker coordinates were used to determine gait 
events and joint coordinate systems from five trials. Muscle 
activity duration was measured over a 150 ms window prior to 
foot-strike through toe-off [3]. Average activity magnitude 
(%MVIC) was determined: 1) over a 50 ms period prior to 
foot-strike (pre-contact); 2) from foot-strike to mid-stance 
(braking). Variables were averaged across each participant’s 
trials and analysed via linear bivariate correlations (α = 0.05). 

 

Results and Discussion 
The hip adduction angle at foot-strike was not correlated with 
either average GLM (r = 0.136, P = 0.518) or average TFL (r 
= -0.039, P = 0.860) activity magnitude during pre-contact 
(Table 1). Peak hip adduction angle and average TFL activity 
magnitude were positively correlated (r = 0.452, P = 0.023) 
during braking. Yet, peak hip adduction angle and average 
GLM activity magnitude were not correlated (r = 0.177, P = 
0.397) during braking. Hip adduction excursion was not 
correlated with either average GLM (r = -0.033, P = 0.877) or 
average TLF (r = 0.297, P = 0.149) activity magnitude during 
braking, nor with GLM (r = -0.055, P = 0.793) and TFL 
activity duration (r = -0.103, P = 0.625).  
Isometric hip abductor strength (%body mass (BM) ∙ height 
(h)) was not correlated with peak hip adduction angle (r = 
0.166; P = 0.437) or excursion (r = 0.302; P = 0.151). 
Additionally, strength was not correlated with average TFL 
activity magnitude (r = -0.054; P = 0.801). However, 
isometric hip abductor strength was negatively correlated (r = 
-0.524, P = 0.009) with average GLM activity magnitude. 

A larger peak hip adduction angle was associated with using 
more of TFL’s capacity during running. Using more capacity 
may increase runners’ effort and likely fatigue TFL faster. 
However, greater TFL activity magnitude in runners with a 
large peak hip adduction angle cannot be attributed to weak 
hip abductors. Our finding of no association between peak hip 
adduction angle and isometric hip abductor strength is 
consistent with the literature [1]. Additionally, runners with 
strong hip abductors place less demand on GLM. Yet, similar 
to a previous study, GLM activity magnitude and GLM 
activity duration were high in all runners [2].  

Conclusions 
Runners have a large GLM activity magnitude regardless of 
hip adduction angle. However, TFL activity magnitude was 
greater with larger peak hip adduction angles. Potentially, 
greater TFL activity magnitude supplements GLM to limit 
further hip adduction during running when angles are large. 
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Table 1: Healthy women’s hip adduction angle and hip abductor muscle activity during running, as well as hip abductor strength (mean (SD)) 

Hip Adduction  
Angle 

Gluteus Medius Tensor Fascia Lata Hip Abductor 
Strength 

Foot-strike 
(°) 

Peak 
(°) 

Excursion 
(°) 

Pre-contact 
(%MVIC) 

Braking 
(%MVIC) 

Duration 
(ms) 

Pre-contact 
(%MVIC) 

Braking 
(%MVIC) 

Duration 
(ms) 

Isometric 
(%BM ∙ h) 

10.1 (2.5) 13.2 (3.1) 3.2 (2.3) 20.2 (11.6) 98.7 (56.7) 153 (46) 10.2 (9.0) 43.2 (30.5) 126 (51) 10.7 (4.0) 
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Summary 

The objective of this study was to determine the number of 

runs needed to establish a stable running pattern during level, 

downhill, and uphill running conditions. Using a single, 

commercially available wearable sensor biomechanical data 

were collected from 35 runners completing 7 separate runs in 

varied terrain. Univariate and multivariate distributions were 

created based on the 95% probability density function 

(95%PDF) and stability was defined when the addition of data 

from a new run, for each inclination condition, resulted in less 

than a 5% change in the 95%PDF. The results show that 2 to 4 

runs were needed for univariate and multivariate analysis, 

regardless of inclination condition. 

Introduction 

As the gait biomechanics research community begins to use 

inertial measurement units (IMUs) to capture gait data in 

real-world environments, guidelines must be established for 

continuous monitoring and multi-day data collections of 

running gait [1]. For example, it is critical to identify when 

observed changes in running patterns are due to intrinsic 

factors (e.g. fatigue or injury) rather than external factors 

(e.g. shoes, weather, running surface, etc.). While previous 

studies had suggested “a “few days” of data are necessary 

to establish a “relatively stable” gait pattern [2], more 

recently, it has been reported that 4-5 of data are necessary 

to establish a “stable pattern” for running gait in flat terrain 

[3]. However, this study [3] was limited to flat sections of a 

run.  It is well documented that running grade influences 

gait biomechanics [4], therefore, the purpose of this study 

was to determine the number of runs needed to establish a 

stable running pattern during level, downhill, and uphill 

conditions. 

Methods 

A commercially available wearable device (Lumo Bodytech 

Inc., Mountain View, CA, USA) was attached to the low back 

area and data were collected for 7 independent runs by 35 

recreational runners.  Data from each run were segmented into 

sections of at least 100m and classified by grade; level: (+/-

2%), uphill: (+3% to +15%), and downhill: (-3% to -15%). 

Biomechanical data were averaged by the IMU device for 

every ten-strides and approximately 4 km of data were 

accumulated for each condition. Variables included: pelvic 

drop (PD), vertical oscillation (VO), ground contact time 

(GCT), braking (BR), pelvic rotation (PR) and cadence 

(CAD).  

Univariate and multivariate normal distributions were 

estimated from differing numbers of runs and stability was 

defined when the addition of a new run resulted in less than a 

5% change in the 2.5 and 97.5 quantiles of the estimated 

density for each individual runner.  This stability point was 

determined separately for each runner and each IMU variable 

(univariate and multivariate). The overall stability point for 

each variable was determined as the mean number of runs to 

reach stability plus 1 SD across the 35 runners.  

Results and Discussion 

Table 1 presents the mean (SD) number of runs needed to 

define a stable running pattern from univariate and 

multivariate analyses for all 35 runners. The results showed 

that 2 to 4 runs were needed to define a stable running pattern 

for univariate and multivariate analysis, regardless of 

inclination condition. Interestingly, all running conditions 

required more data collections for multivariate (4 days) 

compared to univariate (2-4 days) methods of analysis.  As 

well, the BR and PD variables required more data (3-4 days) 

to establish a “stable” gait pattern during uphill and downhill 

running compared to other univariate measures, potentially 

suggestive of increased sensitivity of this variability during 

running.  Cadence required the fewest number of days to reach 

stability especially during downhill running (2 days) compared 

to level and uphill running (3 days). 

Table 1. Number of runs (mean, SD) needed to define a stable 

running pattern (univariate and multivariate) 

  CAD VO BR PD PR GCT Multivar 

Level 1.7 

(0.7) 

2.1 

(0.6) 

2.5 

(0.6) 

2.6 

(0.8) 

2.3 

(0.7) 

2.3 

(0.7) 

3.3  

(0.8) 

Uphill 1.7 

(0.6) 

2.1 

(0.7) 

2.6 

(0.9) 

2.5 

(0.8) 

2.1 

(0.7) 

2.2 

(0.6) 

3.1  

(0.7) 

Down 1.4 

(0.5) 

2.1 

(0.6) 

2.5 

(0.8) 

2.4 

(0.7) 

2.0 

(0.7) 

2.3 

(0.6) 

3.2  

(0.5) 

Conclusions 

The results of this study suggest that collecting biomechanical 

running gait data in real-world environments must involve at 

least 2-4 days of data, depending on the variables of interest 

and the analysis method.  Multiple data collections are 

necessary in order to build reliable and accurate 

representations of an individual’s ‘typical’ running gait 

pattern.   
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Summary 

Impact loading has been linked to the increased risk of tibial 

stress fracture and plantar fasciitis in runners. This study 

investigated the combined effects of foot strike pattern, step 

rate, and anterior trunk lean gait modifications on impact 

loading. Nineteen healthy runners received real-time 

biofeedback to perform separate gait modifications involving 

combinations of foot strike pattern (rearfoot, midfoot, and 

forefoot strike), step rate (natural and 10% increased), and 

anterior trunk lean posture (natural and 10-degree increased). 

Forefoot strike combined with increased step rate resulted in 

the lowest impact loading rates, and rearfoot strike combined 

with anterior trunk lean resulted in the highest impact loading 

rates. These findings could help to inform gait modifications 

for runners to reduce impact loading and associated injury 

risks. 

Introduction 

Loading rates are closely related to tibial stress fractures in 

runners [1]. Vertical average loading rate (VALR) and vertical 

instantaneous loading rate (VILR) are higher in runners who 

have sustained a stress fracture as compared with healthy 

controls [2]. Thus, running gait modifications in laboratory 

and field-based studies have been suggested to potentially 

reduce the risk of injury [3,4]. The purpose of this study was 

to examine the effect of combinations of foot strike pattern, 

step rate, and anterior trunk lean gait modifications on impact 

loading in runners. 

Methods 

Nineteen healthy male runners wore reflective markers and 

performed running trials in a sixteen-camera motion capture 

laboratory (Vicon, Oxford, UK) on an instrumented treadmill 

(Bertec, Ohio, USA). Marker data were collected at 100 Hz 

and ground reaction force data at 1000 Hz. Subjects were 

trained to run in twelve different gait combinations for 5 

minutes each from three different gait parameters: foot strike 

pattern (rearfoot, midfoot, and forefoot strike), step rate 

(natural and 10% increased), and anterior trunk lean posture 

(natural and 10-degree increased). Subjects rested for five 

minutes between each trial. Specific gait modifications were 

trained via real-time visual biofeedback for target foot strike 

patterns and trunk postures and audio cues for target step rates 

via a custom Matlab program. VALR, defined as the slope of 

the line through the 20% point and the 80% point of the initial 

vertical impact peak of the ground reaction force, and VILR, 

defined as the maximum slope of the vertical ground reaction 

force curve between successive data points in the same region, 

were measured for each gait modification.  

Results and Discussion 

Forefoot strike pattern with increased step rate led to the 

lowest loading rates, and rearfoot strike with anterior trunk 

lean was the gait combination that led to the highest loading 

rates (Figure 1). To our best knowledge, this is the first study 

to systematically modify three gait parameters in runners and 

investigate the related effect on impact loading. The presented 

study also demonstrates that it is feasible to train three running 

gait parameters simultaneously by using two-dimensional 

visual biofeedback and a periodic audio cue. 

 

Figure 1: Vertical Average Loading Rate (VALR) and Vertical 

Impact Loading Rate (VILR) for gait conditions involving 

combinations of foot strike patterns (rearfoot, midfoot, and forefoot 

strike), step rates (natural and 10% increased), and anterior trunk lean 

postures (natural and 10-degree increase).  

Conclusions 

We examined the effect of a combination of gait modifications 

on impact loading and found that forefoot strike combined 

with increased step rate generally reduced impact loading rates 

most effectively. These results could potentially broadly 

benefit runners given that lower impact loading can reduce the 

incidence of tibial stress fractures, plantar fasciitis, 

patellofemoral pain, and chronic exertional compartment 

syndrome. These finding could thus serve as a foundation to 

help inform and prescribe gait modifications for habitual 

runners. 
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Summary 
The aim of this study was to establish the relationship between 
asymmetries in muscle strength, activation, and joint kinetics 
during running. Between-limb differences in peak sagittal 
plane ankle and knee joint moments during running, isometric 
plantarflexor and knee extensor strength at three knee angles, 
and muscle activation of 8 lower limb muscles were analysed 
using discrete point and time-series analysis. Large observed 
between-limb differences in joint moments and isometric 
strength were not correlated. Only tibialis anterior activation 
was different between limbs. Preferred limb plantarflexors 
were stronger at 5 and 25⁰ of knee flexion but preference was 
not evident at the knee joint or during running. Asymmetry 
during one test condition should not be extrapolated to 
indicate asymmetry in another.  

Introduction 
Asymmetry in metrics such as joint kinetics, strength and/or 
activation are often anecdotally suggested to negatively 
influence distribution of forces throughout a limb despite 
limited strong longitudinal scientific evidence. Understanding 
and reporting of their inter-relationships is lacking. Strength 
asymmetry and deficit is commonly used for monitoring, 
particularly in previously injured populations, but how this 
relates or results in asymmetry during gait is not well 
established. The aim of this study was to quantify the 
relationship between asymmetry in joint kinetics during 
running, isometric strength and muscle activation.  

Methods 
Following university ethical approval and written informed 
consent, 15 healthy recreationally active males (27 ± 4.6 years, 
80.4 ± 12.4 kg, 1.81 ± 0.09 m) volunteered for this study. 
Their preferred limb was that used for 2 of single leg balance, 
single leg hopping and kicking tasks. Motion capture (250 Hz, 
MX40, Vicon, UK), ground reaction force (2000 Hz, AMTI, 
MA., USA) and electromyography (EMG; 2000 Hz, Trigno, 
Delsys, MA., USA) data were recorded during three preferred 
running speed trials within a 5% speed margin along a 10m 
walkway (mean speed: 3.1 ± 0.6 m∙s-1). Joint extensor 
moments during running were calculated using inverse 
dynamics and normalized to body mass. EMG data were 
bandpass filtered (20 – 450 Hz), root mean squared using a 25 
ms window, and normalized to peak activation of each muscle 
during running. Joint moments and EMG were time 
normalized to stance phase using a 10 N ground reaction force 
threshold. Following familiarization and submaximal warm-
up, three trials of bilateral plantar flexor and knee extensor 
strength at 5⁰, 25⁰ and 40⁰ knee flexion with a standardized hip 
angle of 60⁰ (ankle trials) and 10⁰ (knee trials) were acquired 
using a Contrex dynamometer. Participants completed 3 * 3s 
maximal contractions pushing as hard and as fast as possible 

with a 90 s rest. Isometric maximal voluntary torque (MVT) 
was defined as average torque 50 ms either side of the 
instantaneous peak.  

Actual between-limb differences (P measure minus NP 
measure) were expressed as a percentage of the average of P 
and NP measures. P and NP limb peak moments and MVT 
were compared using paired T-tests except for plantar flexor 
MVT at 40⁰ knee flexion (Wilcoxon matched pairs test). P and 
NP limb ankle and knee moments and EMG from each muscle 
were compared using Statistical Parametric Mapping.  

Results and Discussion 
During PRS, no statistically significant difference in peak 
ankle (P: 2.59 ± 0.38 Nm.kg-1, NP: 2.59 ± 0.41 Nm.kg-1) or 
knee (2.57 ± 0.45 Nm.kg-1, NP: 2.63 ± 0.36 Nm.kg-1) moments 
were observed. Range of actual symmetry observed was -16% 
to +16% at the ankle and -31% to +25% at the knee. Results 
highlight issues with averaging group data to quantify typical 
symmetry, as directional differences cancelled each other out.  

Plantar flexors of the P limb were 11.7, 16.1 and 9.6% 
stronger than the NP limb at 5⁰ (p < 0.05), 25⁰ (p < 0.05) and 
40⁰ knee flexion (n.s.), with observed ranges of -14% to 
+36%, -10% to +62%, and -22 to +46% respectively. MVT 
was comparable to that previously reported with similar 
average and range of asymmetry data as that reported by 
Furlong and Harrison [1] during stretch-shortening cycle 
tasks. No statistically significant between-limb differences 
were observed in knee extensor strength, with small actual 
strength differences (P -2.2, +7.6 and +7.4% stronger than NP 
at 5⁰, 25⁰ and 40⁰ knee flexion).  
Correlations between asymmetries in ankle and knee kinetics 
and strength were small (between -0.303 and 0.436) and not 
statistically significant. Directionality was maintained in these 
calculations to establish if limb dominance was consistent, but 
results do not support this. The lack of relationships highlights 
an issue in extrapolating asymmetry measured in one 
condition to asymmetry in another.  
Only between-limb differences in tibialis anterior EMG were 
statistically significant, where NP activation was higher 
between 39.7 and 50.0% of stance (p < 0.001), showing no 
effect of limb preference on observed muscle activations.  

Conclusions 
Asymmetry in strength may not manifest in asymmetry of 
joint moments or muscle activation during running, hence 
caution is advised in extrapolation of strength test monitoring 
scores to performance in dynamic sporting tasks.  
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SUMMARY 

Achilles tendon (AT) moment arm (ATMA) was measured 

in vivo during running by combining motion capture and 

ultrasound (US) data. Results were compared to tendon 

excursion and regression equation ATMA values, and the 

effect of using different ATMA values on Achilles tendon 

force established. All methods produced physiologically 

realistic ATMA values (47.7 to 61.9 mm), but differences 

between methods and calculated AT forces were 

statistically significant. Correction for marker size and 

skin thickness are important when using ultrasound and 

motion capture (difference of ~750 N in calculated forces). 

INTRODUCTION  

Accurately measuring the dynamic ATMA is essential in 

calculating plantar-flexor muscle forces and dynamic 

tendon load from joint plantar-flexion moments during 

locomotion. Potential variations in calculated ATMA may 

alter the perceived function and load of the MTU during 

common dynamic activities. Therefore, the purpose of this 

study was to measure instantaneous ATMA during 

running, using a method that combines US and motion 

capture, an adapted tendon excursion method, and a 

regression equation. Finally, the effect of varying MA 

measurement on calculated AT forces was established. 

METHODS 

Ground reaction force (2000 Hz) and motion analysis (20 

markers on the preferred leg - 250 Hz) data were recorded 

during a comfortable running speed (2.9 ± 0.2 m/s) from 

10 healthy active males (30.5 ± 6.5 years, 80.1 ± 10.9 kg, 

1.81 ± 0.07 m). Medial gastrocnemius (MG) 

myotendinous junction (MTJ) position was tracked with a 

B-mode US probe, which had three markers attached (61 

fps). AT length was defined as the distance between MTJ 

position in 3D space [3] and the calcaneal insertion 

(defined using a marker on the posterior calcaneus). 

ATMALOA was calculated as the perpendicular distance of 

the AT line of action to the midpoint between the malleoli 

markers. Corrections to the measured calcaneal insertion 

location were made for the heel marker size (7 mm radius) 

and individual posterior calcaneal skin thickness obtained 

using MRI. ATMA estimates were also acquired using the 

tendon excursion method (ATMATE). A 2nd degree 

polynomial of the MG MTU length [1] vs ankle angle 

curve was fitted and differentiated for this excursion 

method. It was limited to the interval between the point 

when maximum dorsi-flexion angle occurred and toe-off. 

ATMA was also calculated from a regression equation 

scaled to the ATMA acquired from MRI scans at a neutral 

ankle position (ATMASRE) [2]. Sagittal plane ankle joint 

moment was calculated from inverse dynamics and 

divided by instantaneous ATMA to acquire an estimate of 

AT force-time curve. Calculated ATMA and AT forces 

using each method between 90 and 115 degrees were then 

compared using Statistical Parameter Mapping.  

RESULTS AND DISCUSSION 

ATMALOA with marker size and skin thickness correction 

was 51.1 ± 5.2 mm. ATMALOA without corrections was 

61.9 ± 5.7 mm, (+21.3%), ATMATE was 47.7 ± 4.9 mm, (-

6.5%), and ATMASRE was 55.3 ± 3.1 mm, (+8.3%) and all 

were statistically significantly different from corrected 

ATMALOA (Figure 1A). Corrected ATMALOA values were 

higher than that previously reported in walking [4]. 

Peak plantar-flexion moment and maximum dorsi-flexion 

angle occurred almost simultaneously. Close to peak 

moment, AT force from LOA was ~250 N lower than from 

TE and ~500 N higher than from SRE (Figure 1B). Not 

correcting the ATMALOA resulted in ~750 N less AT force, 

~50% of which was due to the marker and ~50% due to 

tissue. There was a statistically significant effect of 

method used to derive ATMA on calculated AT forces. 

Calculated AT forces (using corrected ATMALOA) from 

this study were similar to those reported in hopping [3], 

where an equivalent method to acquire ATMA was used. 

 

Figure 1: ATMA values and the corresponding AT force 

estimates against ankle angle for all subjects from LOA, TE and 

SRE methods (180 degrees corresponds to full plantar-flexion). 

CONCLUSIONS 

ATMA measurements are sensitive to the method used to 

calculate them; statistically significant differences between 

methods, and calculated forces from each method were 

observed. Corrected ATMALOA gave good values 

throughout the measured ankle range of motion during 

running, crossed the (MRI-based) ATMASRE and was not 

restricted to direction of ankle rotation like ATMATE. 
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Summary 

The volume of intra-muscular fluid might play an important 

role in the contribution of intramuscular connective tissue to 

muscle force development at longer muscle lengths. 

Additionally, prolonged running may affect intra-muscular 

fluid volumes by amplified blood flow or dehydration. 

Therefore, we analyzed the changes in volume of the extrinsic 

foot muscles during a prolonged run using intermittent 

magnetic resonance imaging scans. We found rapid increases 

in individual muscle volumes immediately after the onset of 

activity that was followed by a decline in muscle volume after 

approximately 15 minutes of running. At the end of the run, 

muscle volume fell below the resting values observed before 

the run. Under the assumption that these changes are 

attributable to muscle-fluid volume changes, it is likely that 

passive contributions from intramuscular connective tissues 

change throughout a prolonged run. 

Introduction 

The complex interplay between active muscle fiber and 

passive elastic structural elements determines muscle-tendon-

unit function during human locomotion [1]. Recently, it has 

been suggested that intra-muscular fluid volume (IMFV) plays 

an important role in the passive force development of 

muscular tissue [2]. In prolonged running, increased blood 

flow or dehydration might induce alterations of IMFV. A 

better understanding of muscle (fluid) volume changes might 

improve our understanding of muscle-tendon-unit force 

regulation during locomotion. 

Therefore, the purpose of this study was to monitor muscle 

volume changes of extrinsic foot muscles during a prolonged 

run.  

Methods 

Fourteen (8 male, 6 female) participants performed a protocol 

consisting of 75 minutes of running at self-selected speed 

(2.7±0.4 m/s) on a treadmill positioned 10 m away from a 3 

Tesla magnetic resonance imaging (MRI) scanner (Philips 

Ingenia). We performed MRI scans of the shank before and 

during brief rest periods after 2.5, 5, 10, 15, 45 and 75 minutes 

of running in a standardized ankle configuration. We manually 

segmented the medial (GM) and lateral gastrocnemius (GL), 

soleus (SO), peroneus longus (PER), and tibialis posterior 

(TP) muscle bellies to quantify their volume.  

We performed repeated measures ANOVA to test for potential 

effects of running time on muscle volumes changes (α=0.05). 

Results and Discussion 

We found significant main effects of running time for muscle 

volume of all muscles under analysis (p<0.02, Fig. 1). Within 

the first ten minutes, muscle volumes increased on average 

between 1% and 8%. The most substantial increments in 

volume were found for both gastrocnemius muscles (Fig. 1). 

From minute 15 onwards muscle volumes decreased and 

reached lower values compared to the resting measurement 

before the run. 

 

Figure 1: Mean relative (to resting values before the run) muscle 
volumes of extrinsic foot muscles over the 75 min running protocol. 

Conclusions 

Volumes of extrinsic foot muscles undergo changes during 

prolonged running. Under the assumption that these changes 

are related to changes in muscle-fluid volume, it is likely that 

passive contributions from intramuscular connective tissues 

are altered throughout a prolonged run. These findings should 

be considered when analyzing fatigue effects on 

musculoskeletal loading or when designing technical aids to 

reduce fatigue induced reductions in musculoskeletal 

performance. 
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Summary 
Changes in running mechanics during high-intensity running 
to fatigue remain largely unknown. The purpose of this study 
was to investigate the changes in kinematics and kinetics 
during a high-intensity treadmill run to exhaustion. Sixteen 
national standard male and female middle-distance runners 
performed a high-intensity run at a constant velocity on an 
instrumented treadmill. Running speed was based on peak 
speed during a VO2max test and athletes ran for an average of 
~180 s. Motion capture and force data were recorded and 
compared at four points throughout the run. Peak vertical 
ground reaction force, peak ankle plantar flexor moments and 
positive ankle work during stance decreased significantly 
throughout the run (P<0.05). On the other hand, positive hip 
work increased during stance (P<0.05). The fatigue that occurs 
during a high-intensity run leads to a redistribution of work 
from the ankle to the hip during stance. 

Introduction 
High-intensity running leads to a progressive loss of force and 
power production by the active musculature that impairs and 
ultimately limits performance. However, the changes in 
neuromechanics during high-intensity running to fatigue 
(HIRF) that underlie impaired performance remain largely 
unknown. Previous research focused on longer duration 
fatigue and mainly investigated descriptive kinematic and 
kinetic variables with little assessment of joint moments which 
are ultimately responsible for the changes in running 
mechanics. Therefore, this study aimed to investigate the 
changes in running kinematics, and underlying joint torques 
during a high intensity run to fatigue (HIRF). 

Methods 
Sixteen national standard male and female middle-distance 
runners took part in the study completing a VO2max test and 
secondly a HIRF at the maximum speed from the VO2max 
test. Athletes were asked to run for as long as possible and 
verbal encouragement as well as a display of their distance 
covered were given for motivation. During the HIRF, motion 
capture (Vicon 15 segment marker model) and ground 
reaction force data (instrumented treadmill, Treadmetrix) were 
recorded. Joint moments and power were calculated using 
inverse dynamics within Visual3D. 
Forces, joint kinematics and kinetics were compared at four 
different time points throughout the run: Start, 33% and 
66%of total running time, and end of the run. Ten strides were 
averaged for the analysis at each time point. All time points 
were compared using one-way repeated measures ANOVA. 

Bonferroni correction was used for post-hoc tests to find 
differences between time points.  

Results and Discussion 
Athletes ran for 180.8 ± 42.1s before exhaustion. Ground 
contact time increased progressively from the start to the end 
of the run (Δ 0.009s), whereas flight time decreased (Δ 0.01s). 
Step length and frequency did not change.  
At the end of the run athletes showed increased flexion at the 
hip (Δ 4.25°), knee (Δ 3.45°), and ankle (dorsi) (Δ 3.31°) at 
initial contact (IC) and increased peak knee flexion during 
stance (Δ 2.13°). 
Peak vertical ground reaction force decreased throughout the 
run (Δ 0.19 N/kg) as did peak ankle plantar flexion moment (Δ 
0.23 Nm/kg) and positive work done at the ankle during stance 
(Δ 0.1 J/kg). On the contrary, positive work done at the hip 
during stance increased (Δ 0.13), suggesting that the hip 
partially compensates as fatigue occurs (Figure 1). During 
swing, peak hip extension moment increased (Δ 0.34 Nm/kg).  
These results are in agreement with Sanno et al. [1] who also 
reported a shift of work done from distal to proximal joints 
during a 10 km run to exhaustion. The same phenomenon 
seems to occur during HIRF i.e. shorter distances. 

Figure 1: Absolute change of positive work during stance at ankle, 
knee and hip compared to the beginning of the run 

Conclusions 
During a constant velocity high-intensity run to exhaustion 
athletes redistribute their work during stance from the ankle to 
the hip with increasing fatigue.  
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Summary 
Running gait retraining (GR) can alter running technique and 
lower limb loading patterns. The aim of the study was to 
examine bilateral changes in foot angle after a GR intervention 
that targeted running with a flatter foot. Five rearfoot strikers 
undertook six GR sessions whilst receiving an internal focus 
of attention verbal cue. Foot angle was calculated in the first 
and last session for both feet. The smallest worthwhile change 
was calculated for a control group (n=5), which gave a 
threshold on change considered meaningful. No group level 
differences in foot angle were found between the first and last 
GR session. However, there were inter-individual differences 
in foot angle responses, with three runners producing a 
unilateral meaningful reduction in foot angle. But, no bilateral 
reductions were observed. The findings suggest that clinicians 
should not expect a unilateral kinematic analysis to be 
representative of an individual’s bilateral responses. 

Introduction 
Running gait retraining can alter running technique and 
redistribute lower limb loads. Landing with a flatter foot 
position at initial contact during running has been used to 
reduce knee pain [1]. However, often the focus is on a 
unilateral examination of running gait or combining left and 
right leg kinematics, creating a mean data set. Consequently, it 
is unknown how individuals bilaterally respond to running gait 
retraining. The aim of this study was to examine bilateral 
changes in foot angle after six gait retraining sessions.  

Methods 
Ten rearfoot striking runners (mass: 67.7 ± 11.2 kg, height: 
1.71 ± 0.06 m, age: 20.7 ± 0.8 yrs, weekly distance: 7.05 ± 9.2 
km) were randomly assigned to an experimental (n=5) or 
control (n=5) group. Participants visited the laboratory six 
times, completing a total of seven treadmill running sessions; 
one habitual running and six GR sessions. Each run was for 
six minutes at 3.35 m·s-1. The experimental group received 
faded verbal instructions using the following verbal cue “run 
with a flatter foot” (internal focus of attention), while the 
control group adhered to the same procedure with no 
instructions. Non-invasive reflective markers were placed at a 
similar vertical position on the head of the second metatarsal 
and on the calcaneus. The foot segment was defined as the 
vector between the heel and the toe markers and was used to 
calculate the foot angle (angle relative to the laboratory 
anterior-posterior axis). Data were recorded for 10 seconds 
during the final minute of the habitual running and the last 
(sixth) GR session. Changes in foot angle between habitual 
running and GR running were calculated for the experimental 
group. Smallest worthwhile change was determined using the 
control group’s difference in foot angle between habitual 
running and GR running 

Results and Discussion 

There were no group level changes to either left or right foot 
angle in either group after the intervention. Three participants 
from the experimental group produced a meaningful reduction 
in foot angle (flatter foot) unilaterally (Figure 1). However, no 
participants in the experimental group were successful at 
bilaterally reducing their foot angle. Previous research has 
found a flatter foot angle in the experimental group when 
using verbal cues [2]. Whilst this study only used verbal cues, 
Clansey et al. [2] simultaneously used real-time feedback 
alongside verbal cues, suggesting that multiple instruction 
and/or feedback methods may be more effective at producing 
larger changes during gait retraining than single methods. 
Furthermore, cue interpretation may influence how effective 
verbal cues are at producing the desired responses [3].  

 
Figure 1: Change in foot angle between habitual running & GR 

running in the experimental group. Left foot = white bars. Right foot 
= black bars. Negative = decrease in angle. Positive = increase in foot 

angle. Dotted lines = smallest worthwhile change threshold. 

Conclusions 
Findings indicate that clinicians should look to measure both 
sides of the body, as a unilateral kinematic analysis cannot be 
used to extrapolate bilateral responses to gait retraining. In 
addition, inter-individual differences limit the findings of 
cross-comparisons, thus it is suggested that future research 
should assess runners on an individual basis 

Acknowledgments 
The authors would like to thank Roseann Charles, Cerys 
Bierton and Kieran Wood for help during data collection. 

 References 
[1] Roper JL et al. (2016). Clin. Biomech, 35: 14-22. 
[2] Clansey AC et al. (2014). Med. Sci. Sports Exerc, 46: 

973-81. 
[3]   Philips DJ et al. (2018). BASEM conference. Bath, UK. 

 

Thursday, August 01 2019: Posters (1600-1800) 573

Running General 1



 

 

Altering foot muscles trophism does not affect arch stiffness during running 

 

 Ulisses T. Taddei1, Alessandra B. Matias1, Isabel C.N. Sacco1 

1Faculdade de Medicina FMUSP, Universidade de Sao Paulo, Sao Paulo, SP, BR 

Email: ulisses.taddei@usp.br  

 

Summary 

The dynamic behaviour of the foot’s medial longitudinal arch 

(MLA) during running is an important feature capable of 

storing and returning energy to the system. The possibility of 

enhancing this feature through training may lead to changes in 

performance and injury prevention. We conducted a 

randomized controlled trial to investigate the effects of an 

intrinsic foot muscle (IFM) exercises protocol on their volume 

and its influence on MLA range of motion and stiffness during 

running. Although there was a significant increase in the 

intrinsic foot muscle volume in the intervention group after 8 

weeks, no significant differences were found in MLA stiffness 

during running. 

Introduction 

The primary structures applying and suffering forces from the 

surfaces are the ones of the foot, forming the musculoskeletal 

frontline on bipedal locomotion. Recently, more evidence 

supporting the role of intrinsic foot muscles (IFM) in 

dampening, storing and returning energy has been published 

and clinicians are trying to improve performance, functionality 

and prevent injuries via different protocols. It has been shown 

that it is possible to enhance the IFM cross-sectional area 

(CSA) even in healthy adults using different protocols [1] but 

is it enough to alter the foot response to loads? The purpose of 

this study was to assess the MLA range of motion and 

stiffness during running after a foot exercise protocol. 

Methods 

Twenty-seven recreational runners (14♂, 13♀, 42.0±6.7 years, 

72.6±13.4 kg) with at least 1 year of running experience, 

running in traditional running shoes, minimum weekly 

training volume of 20km, without injuries in the previous 3 

months were randomly allocated in a control group (CG) or an 

intervention group (IG) (Clinical Trials identifier 

NCT02306148). Reflective skin-mounted markers were 

placed on the calcaneus, the navicular tuberosity and on the 

head of the first metatarsal bone. Participants ran barefoot at 

self-selected speed on an AMTI tandem instrumented 

treadmill collecting ground reaction forces at 1000 Hz while 

eight infrared cameras (Vicon Vero) captured motion data at 

200 Hz. T1 and T2-weighted magnetic resonance images of 

the entire length of the Abductor Hallucis (AbH), Abductor 

Digiti Minimi (AbDM), Flexor Hallucis Brevis (FHB), and 

Flexor Digitorum Brevis (FDB) were acquired with their 

cross-sectional areas and total volume measured by a 

researcher blinded to group allocation. Participants in the 

intervention group went through an 8-week foot muscle 

training protocol exercising 3-times per week while the 

control group followed a placebo stretching protocol. All 27 

participants were assessed at baseline (T0) and after an eight-

week period (T8) [2]. Arch stiffness and LA were defined 

according to Holowka et al. (2018) [3].  

Results and Discussion 

Repeated measures ANOVAs (2x2) revealed that Muscle 

volume was significantly greater in IG than CG over time 

(p<0.05) with increase of 22.4% for AbH, 17.1% for AbDM, 

17.7% for FHB and 8.8% for FDB. There were no significant 

differences in MLA stiffness (Kmid), although it decreased 

19.5% between T0 and T8 on the CG, while in the IG it 

increased 25.7% (p=0.19).  

 

Figure 1: MLA stiffness (Kmid) in the control group (grey) and 

intervention group (blue) at baseline (T0) and after eight weeks (T8). 

Conclusions 

No differences were found between the CG and IG over time 

for MLA stiffness despite the significant changes in muscle 

volume, indicating that muscle strengthening alone is not 

enough to change overall MLA stiffness during running in 

eight weeks.  
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INTRODUCTION  

Researchers have advocated barefoot running claiming that 

it is an effective approach to reduce impact-related injuries 

[1]. One of the clearest differences between barefoot and 

conventional shod running is the way of foot strike pattern 

[2]. The barefoot running or simulated barefoot running 

training program were used to change the foot strike pattern 

from rearfoot to forefoot. Immediately changing the shoe 

conditions has no significant effect on the running posture, 

but after long-term intervention training, human will 

generate different motion control strategies [3]. Lower limb 

muscles contract to provide adequate joint positioning, 

stability and stiffness, as well as propulsion to move the 

body during running. Modifications in running shoes as well 

as running barefoot can potentially affect lower limb muscle 

activation [4]. Therefore, the purpose of this study was to 

investigate the effects of different running shoes on the 

activation of lower limb muscles before and after 12-week 

running training program. 

METHODS 

17 male heel-toe runners without minimalist shoe running 

experience were randomly assigned to SBR group (n=9, age: 

33.4 ± 6.4 yrs) and MIN group (n=8, age: 27.4 ± 5.9 yrs). 

Each participant performed a 12-week running training 

program with minimalist shoes (BS, INOV-8 BARE-XF 210 

v2; heel-toe drop 0 mm). SBR group was required to run 

with forefoot strike pattern, while MIN group run with 

existing foot strike habits. They were required to run over 

ground at 3.33±0.17 m/s before and after gait retraining 

program with BS and conventional shoes (CS, NIKE AIR 

ZOOM PEGASUS 34). 3D kinematics (Vicon, 100 Hz), 

Kistler force plates (Kistler, 1000Hz) and EMG acquisition 

system (Delsys, 2000Hz) were used to collect kinematics, 

GRF and EMG data synchronously. 

The variables included: the root mean square (RMS) of 

tibialis anterior (TARMS), lateral gastrocnemius (LGRMS), 

medial gastrocnemius (MGRMS), and soleus (SOLRMS) 

muscles during pre-activation (50ms before touchdown), 

post-activation (50ms after touchdown), eccentric (from 

touchdown to the maximum flexion of knee) and concentric 

phases (from the maximum flexion of knee to take-off). The 

signals were normalized to the respective RMS amplitudes 

of the isometric maximal voluntary contraction trials of the 

dominant leg. Two way repeated-measures ANOVA was 

used to determine the effects of training and groups on the 

above variables. The significance level α was set at 0.05. 

 

RESULTS AND DISCUSSION 

1) Under BS condition, for the SBR group, the TARMS in 

pre-activation and the MGRMS in concentric phase were 

decreased (p < 0.05) after training (Figure 1). For the MIN 

group, the MGRMS were also decreased in post-training 

condition; 2) Under CS condition, for both SBR and MIN 

groups, the TARMS in pre-activation were decreased (p < 

0.05) after training, as well as the LGRMS in post-activation 

and eccentric phase. Besides, a significant difference was 

observed in the SOLRMS of pre-activation between groups, 

i.e., the SOLRMS of SBR was increased compared with that 

of MIN after training. 

 

 

Figure 1: Effects of training on lower extremity muscles activity 

under different shoe conditions. * Significant difference between 

pre- and post-training; # Significant difference between groups, 

CONCLUSION 

A 12-week gait retraining program reduced muscle activities 

of the TA, LG, and MG under certain conditions, regardless 

of shoes. These findings may indicate that reduced muscle 

activity caused by or related to gait retraining presumably 

have an influence on energy consumption, which may 

further improve running economy.  
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Introduction 
Generating force to support the body weight is the primary 
determinant of energy cost during running. However, the 
biomechanical factors affecting energy cost during support 
phase are still not completely understood. Running is one of 
typical stretch-shortening cycle exercises as well as jumping. 
Thus, the insight of repeated vertical jumping would be useful 
to elucidate biomechanical factors affecting energy cost during 
running. A previous study [1] reported that energy cost would 
increase when the muscles around the knee and/or hip_joint 
mainly do mechanical work. The work at the knee and/or hip 
joint during support phase may play an important role in 
energy cost during running. The present study was aimed to 
investigate effects of kinematics of the knee and hip joints on 
energy cost during supporting phase in different slope running.  

Methods 
Twelve male middle- and long-distance runners participated in 
the present study. They were asked to run for three minutes on 
a treadmill at the speed of 13.5 km·h−1 under three different 
slope conditions: incline (+6%), level (0%), and decline (−6%). 
Sagittal plane kinematics were recorded using motion capture 
system (Vicon MX, Vicon Motion Systems, UK) at 250 Hz. 
Thirty-nine reflective markers were attached to body 
landmarks. Electromyography (EMG) of the rectus femoris 
(RF), vastus lateralis (VL), gluteus maximus (GM), tibialis 
anterior (TA), gastrocnemius (GA), and soleus (SO) muscles 
were recorded with active surface electrodes (SX-230, 
Biometrics, UK). Respiratory gases were continuously 
analyzed by a breath-by-breath method and computerized 
standard open circuit technique (AE-301s, Minato Medical 
Science, Japan). Blood lactate levels were analyzed using 
Lactate Pro 2 (Arkray, Japan).  
Energy expenditure was calculated using oxygen consumption, 
the blood lactate level according to Kyröläinen et al. [2]. 
Energy cost was calculated as the energy expenditure divided 
by the running speed. The lower limb joints and segments 
kinematics were calculated. Integrated EMGs (iEMG) were 
calculated by integrating filtered and rectified EMG signals. 
The repeated measures one-way analysis of variance 
(ANOVA) with post hoc Bonferroni test was used to test the 
difference between slopes. 

Results and Discussion 
Energy cost in decline, level and incline was 3.09 ± 0.36, 4.15 
± 0.57, and 6.42 ± 0.81 J·kg−1·m−1, respectively. Energy cost 
differed significantly between slopes. Figure 1 shows thigh-
knee angle diagram. The knee joint angle at the lowest height 
of body’s center of mass (LCoM) was significantly greater in 
incline than decline, although these differences were only one 
degree. The thigh angle at LCoM differed significantly 

between the slopes, being the greatest in incline and the 
smallest in decline. The shank angle at LCoM also differed 
significantly between the slopes, being the greatest in incline 
and the smallest in decline. Integrated EMG of the RF muscle 
in incline was significantly greater than decline. These results 
suggest that the thigh angles at LCoM are one of the key 
features to be affected energy cost compared to knee joint 
angle. When the thigh segment inclined greater, horizontal 
component of moment arm about the knee joint would be also 
greater. This causes that the thigh subjected to a greater 
moment of force for the knee flexion. Consequently, the knee 
extensors would need to exert greater concentric action.  

 
Figure 1: Mean shank-thigh diagram in each slope and stick 

figures at LCoM. 

Conclusions 
The thigh angle at LCoM may be one of key factors to 
determine energy cost during running. When the thigh inclined 
greater, the knee extensors may exert greater extension torque 
and consequently energy cost increases. 
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SUMMARY 

Grounded running is slow running without a flight phase. 

When young, athletic men changed their spontaneous running 

pattern – containing a flight phase – to grounded running, 

musculoskeletal and impact loading decreased. However, no 

information is available for runners who spontaneously 

perform grounded running. This study compared natural 

grounded runners with natural aerial runners and showed that 

measures for musculoskeletal and impact loading are 

respectively 10 to 16% lower for the grounded running group, 

which might have implications regarding the occurrence of 

running-related injuries.    

INTRODUCTION  

Every year recreational distance running gains in popularity, 

with a large proportion of runners preferring shorter distances 

at slower speeds (< 8km.h-1) [1]. In this slow running 

population, not everyone runs with a clear flight phase, which 

has been called ‘grounded running’ (GR) [2]. Recent research 

showed that musculoskeletal and impact loading decreased 

with 17 to 30% when young, athletic men altered their 

spontaneous aerial running pattern (AER) into a GR pattern at 

the same slow speed [3]. The aim of this study was to gain 

more insight into the natural GR locomotion pattern rather 

than instructed GR, by identifying differences between 

runners who spontaneously perform GR or AER at a slow 

speed of 2.0 m.s-1. We hypothesized that the GR group would 

show lower values for maximal ground reaction forces 

(FzMax) and for vertical instantaneous loading rate (VILR) 

compared to the AER group.  

METHODS 

Twelve slow runners (11 ♀️, 1 ♂️) who participated in a 

recreational 5.2 km event were recruited based on their finish 

time (finish time > 39 min or average running speed < 8 km.h-

1, i.e. 2.20 m.s-1) and duty factor (DF) to match 6 natural GR’s 

with 6 natural AER’s at the same slow speed. All subjects 

performed running on treadmill at 2.0 m.s-1, which was close 

to their average preferred running speed (1.98 ± 0.21 m.s-1) for 

1.5 min and were categorized based on DF (GR: DF 54.60% ± 

2.09; AER: DF 47.09% ± 1.56). FzMax was calculated as a 

general measure for musculoskeletal loading and VILR as a 

measure for impact loading.  

RESULTS AND DISCUSSION 

The subjects of the study were recruited from a field 

observation study. As a result of this, an equal number of 

habitual GR’s and AER’s based on the absence or presence of 

a flight phase was easily obtained. For the GR group, FzMax 

values were 9.75% lower (p = 0.019) compared to the AER 

group (Figure 1). Also VILR was found to be lower in the GR 

group compared to the AER group (16.25%; p = 0.039). The 

smaller FzMax and impact loading in the GR group found in 

this experiment concur with previous research on (instructed) 

GR. Because FzMax relates to maximal loading at chronic 

running-related injury (RRI) sites [4] and VILR has been 

suggested to be a risk factor for lower-limb stress fractures [5], 

these results suggest that runners who opt for a GR pattern, 

whether it is spontaneously or based on an instruction, could 

benefit from this lower musculoskeletal and impact loading. 

 

Figure 1: Musculoskeletal loading (A – FzMax) and impact loading 

(B – VILR) measures for grounded running (GR – black bars) and for 

aerial running (AER – grey bars) at 2.0 m.s-1. * indicates p < 0.05 

CONCLUSIONS 

When running slowly, some runners prefer GR while others 

use a flight phase. This GR pattern could be a strategy to 

match the loading of the musculoskeletal system with its 

loading capacity, thereby possibly reducing the risk for RRI’s.  
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◼ INTRODUCTION 

Plenty of literature have proved that resisted sprint training 

could help athletes enhance their performance [1]. Dragging 

the sled or the parachute, wearing a weighted vest, attaching 

inertial mass on limbs are widely used by coaches. According 

to the leading joint hypothesis [2], in human walking or 

running, the leading joint of the lower limb is distal joint 

(ankle joint) at stance phase and it changes to proximal joint 

(hip joint) at swing phase. Based on our previous studies, with 

the increment of running speed, this movement control 

strategy is more obvious. Therefore, adding mass on athlete’s 

shank is seen as a more target method to strengthen different 

muscles in different phases. The aim of this study is to 

examine the influence of this training method on the 

kinematics and kinetics of maximal speed sprinting.  

◼ METHODS 

A three-dimension motion capture system (200Hz) and force 

plate (1000Hz) were used to record the kinematics and 

kinetics data of 18 elite sprint athletes at their maximum speed. 

The average personal best is 10.9±0.3s. Additional mass was 

10% and 15% of shank mass, using elastic bandages attached 

at the shanks. Visual 3D was used to analysis the kinematics 

and kinetic data, with adjusted shank mass and inertial 

paraments. The stride was divided into stance phase and 

swing phase. The differences between the chosen parameters 

over three mass conditions were determined by using one-

way repeated ANOVA, post-hoc test is the Bonferroni Test. 

The significant level was set as p＜0.05. 

◼ RESULTS 

Sprinting speed decreased significantly with the increase of 

additional mass in 10% and 15% loading condition (p＜0.05, 

p＜0.05). There was significant decrease in the range of 

motion of hip and ankle with loading mass increase (p＜0.05, 

p＜0.05). 15% loading mass made the joints’ torque and 

power decrease, while the joint torque of knee increases at the 

toe-off moment. Besides, compared to no loading condition, 

the ankle absorbed more energy when the mass increase 

during the stance phase (p＜0.05, p＜0.05) as well as the knee 

generated more energy in 15% loading condition compare to 

no loading (p＜0.05). 

◼ CONCLUSION 

The changes of relative energy absorbed and generated 

contribution in different phase conform the leading joint 

hypothesis, during the stance phase the ankle absorbed more 

energy, as well as, the knee generated more energy during 

swing phase with the increment of additional mass. But the 

inertial mass changes the joint range of motion, which may 

transform the athletes’ sprinting techniques. Hence this 

method should be used appropriately. 
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Summary 
Novice runners are more prone to knee injury than experienced 
runners. Knee injuries are related to frontal and transverse plane 
running kinematics. However, the kinematic differences 
between experienced runners and new runners have not been 
completely described. We compared frontal and transverse 
plane hip, knee and ankle joint angle time series between 
experience groups and found that non-runners and experienced 
runners differed in all 6 joint motions, which may help to 
explain disparate injury rates. 

Introduction 
Musculoskeletal overuse injuries are common among runners. 
In particular, novice runners experience a high rate of knee 
injuries.[1] Further, injuries were the most common reason for 
dropout among those during a beginner’s running program.[2] 
Thus it is important to determine the cause of knee injuries in 
this population so preventative programs may be developed.  

Knee injuries have been consistently linked to frontal and 
transverse plane kinematics of the hip, knee and ankle during 
running.[3,4] Greater hip adduction and knee internal rotation 
have been prospectively identified in female runners who later 
experienced knee injury, compared to healthy controls.[5,6] 
This indicates that excessive frontal and transverse plane 
motion may play a causative role in knee injury. Thus, it could 
be that new runners display greater secondary plane joint 
angles, making them more likely to be injured as they begin a 
running program. 

One study has compared peak hip adduction and internal 
rotation between regular runners and active non-runners, and 
found no significant differences.[7] However, this may not 
capture differences of the complete movement pattern. 
Therefore, the purpose of this study was to compare frontal and 
transverse plane kinematic times series of the ankle, knee and 
hip between experienced runners and new runners (before they 
begin training).  

Methods 
Ten females aged 18-60 with no previous regular running 
experience volunteered for this study. Volunteers were age and 
BMI-matched to experienced runners from a previous study of 
female runners. All participants were provided standard neutral 
footwear, and reflective markers were placed on the lower 
extremity according to a modified Cleveland Clinic model. 
Participants ran on an instrumented treadmill at 2.67m/s.  

Mean frontal and transverse plane joint angles of the ankle, 
knee and hip were calculated during stance phase for each 
participant, interpolated to 100 data points, and modelled using 
a cubic spline technique. Stride time, group and the interaction 

of these variables were included in each model. Each model 
included an autocorrelation error structure to account for within 
subject correlation. Separate comparisons were made between 
groups for each of the 6 joint motions (α=0.05).  

Results and Discussion 
Experienced and new runners differed in all 6 joint motions 
(p<0.001-0.002). Contrary to expectation, models of new 
runners were characterized by less hip adduction up to ~80% 
stance, compared to experienced runners. Similarly, new 
runners displayed less hip internal rotation throughout stance. 
Further, new runners displayed less eversion and tibia internal 
rotation throughout stance. Thus, knee injury in novice athletes 
may not be a result of an inability to limit or hip or collapse 
during running. However, new runners did display greater knee 
abduction and knee internal rotation throughout stance than 
experienced runners (Figure 1), which may contribute to knee 
injury.[6,8] Experienced runners may have learned a strategy to 
maintain a more adducted and externally rotated knee position, 
while allowing moderate collapse at the hip and ankle during 
stance. 

 

 

 

 
 

 

Figure 1: Knee frontal and transverse plane positions throughout the 
stance phase of new vs. experienced runners. 

Conclusions 
New runners display different frontal and transverse plane 
kinematics than experienced runners, which may help to 
explain the high rate of injury observed in novice runners.  
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Summary 
This study examined the effect of varying step frequency on 
joint moments during walking and running in four healthy 
young runners using an instrumented three-dimensional (3D) 
gait analysis. Overall, the results suggest that faster step 
frequencies, as adopted by older individuals, result in greater 
joint moment redistribution. However, these changes may be 
dependent on the mode of locomotion (walk vs. run). 

Introduction 
Slower gait speed and faster step frequency have been 
associated with ageing [1,2]. A more complex age-related gait 
modification is the distal-to-proximal redistribution of joint 
moments [3], although this alteration was not present when the 
gait speed is controlled [2]. However, as older individuals tend 
to adopt faster steps at a given speed it was not possible to 
isolate the age effect in these previous studies. Hence the 
influence of spatiotemporal parameters on gait biomechanics 
remains poorly understood, particularly in running. The aim of 
this study is to examining the effect of step frequency on joint 
moments in healthy young runners.  

Methods 

Four healthy young runners (body height of 175±5 cm and 
mass of 72±9 kg) were evaluated after a written informed 
consent was obtained. The subjects had to walk and run on an 
instrumented treadmill at a speed of 1.2 m/s and 3.3 m/s, 
respectively, under three step frequency conditions: 
comfortable (100c), 10% slower (090c) and 10% faster (110c). 
An explanation about the experiment procedures followed by a 
training session were given to the subjects. A metronome was 
used to provide an auditory feedback. 

The trajectories of 54 reflective markers and the ground 
reaction forces (GRF) were collected, respectively, by a 12-
camera 3D motion capture system, at 150 Hz, and an 
instrumented treadmill, at 450 Hz. The trajectories and the 
GRF data were filtered by low-pass filter with a cutoff 
frequency of 10 Hz. A scaled musculoskeletal model [4], 
containing 22 rigid bodies and 20 degrees-of-freedom, in the 
lower extremity, was adopted. Joint moments were calculated 
by inverse dynamics in Opensim 3.3 software. 

We calculated the peak extensor moments of the hip, knee and 
ankle; peak support moment and the ratio between peak hip 
(proximal) and ankle (distal) moments for each cadence 
condition and these values were averaged across subjects.  

Results and Discussion 

Figure 1 displays the main findings of the study. 

 
Figure 1: Average peak joint moments (top) and average (±1 

standard error) ratios between hip and ankle moments (bottom). 

The support moment (Supp) presented higher values at slow 
cadence regardless of the mode of locomotion. However, the 
patterns of the individual joints differed between walk and run 
conditions, except for the knee joint where slow step 
frequency caused higher joint moment values. During 
walking, the hip and ankle joint moments presented 
contrasting patterns compared to the knee with lower peak 
values observed at 090c condition. In turn, during running, the 
ankle moment followed the knee pattern whereas the hip 
moment remained unaltered. The ratio between hip and ankle 
moments increased with step frequency in both gait 
conditions. The slow step frequency affected the hip to ankle 
ratio at a greater extent during walking compared to running 
thus indicating that the joint moment redistribution, attributed 
to ageing, may be dependent to a specific gait mode.  

Conclusions 
The results indicate that the step frequency manipulation 
influenced the distribution of lower extremity joint moments. 
However, the results also suggest that this effect may be 
dependent on the mode of locomotion. The limited sample 
size and the lack of previous related studies prevented more 
conclusive findings. 
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Summary 

Lower extremity stance phase peak joint moments were 

compared for people with a unilateral transtibial amputation 

(TTA) running with daily-use (DUPs) and running-specific 

prostheses (RSPs). RSPs generated greater plantarflexion 

moments due to their design. Prosthetic limb knee and hip 

extension moments were lower than intact limb moments 

regardless of prosthesis used, suggesting that biological joints 

may be controlled similarly when running with different types 

of prostheses. However, hip moments were smaller in the 

intact and prosthetic limbs when running with RSPs, 

suggesting that these prostheses reduce muscular demands or 

require greater co-contractions of antagonistic muscles. 

Introduction  

Understanding joint kinetic adaptations with prosthetic use 

during running is important for targeting physical activity 

promotion, improving performance and reducing injury risk. 

Access to RSPs is often limited, thus people with TTA may 

instead run with their DUPs. Joint moments indicate net 

musculoskeletal demands during running and may play a role 

in injury risk [1]. Runners using DUPs have greater hip 

extension moments and smaller knee extension and ankle 

plantarflexion moments in the prosthetic limb compared to the 

intact limb during stance [2]. At submaximal running speeds, 

runners using RSPs have greater peak extension moments in 

the intact limb knee and hip joints compared to the prosthetic 

limb, although the RSP “ankle” moment is larger than the 

biological ankle moment [3]. Differences in ankle and knee 

moments when using different prostheses are difficult to 

interpret as no direct comparisons of runners using both RSPs 

and DUPs exist in the literature. This study aimed to examine 

lower extremity stance phase sagittal joint moments in people 

with TTA when running with RSPs and DUPs. We 

hypothesized that (1) the intact limb joints would generate 

greater peak moments than those in the prosthetic limb and (2) 

running with DUPs would result in greater peak joint moments 

than running with RSPs. 

Methods 

12 people with unilateral TTA (7M/5F, 1.76±0.08 m, 

71.26±10.69 kg, 32.17±8.32 yrs) and 12 control subjects 

(7M/5F, 1.73±0.08 m, 73.21±10.32 kg, 30.08±6.53 yrs) ran on 

an instrumented treadmill (Bertec) at 3.5 m/s. A motion 

capture system (NDI) collected kinematic data (100 Hz) while 

the treadmill force platforms collected ground reaction forces 

(2000 Hz). People with TTA ran with both their own RSP and 

DUP. An inverse dynamics approach was used to calculate 

sagittal ankle, knee, and hip joint moments. Peak moments 

were compared using a two-factor (prosthesis x leg) ANOVA 

(α=0.05). Control data are presented for reference. 

Results and Discussion 

Running with DUPs generated greater intact limb extension 

moments than the prosthetic limb (p≤0.043, Fig. 1). When 

using RSPs, the prosthesis generated greater plantarflexion 

moments than the biological ankle (p<0.001), while the intact 

knee and hip joints generated greater extension moments than 

those in the residual limb (p<0.001). These data support 

hypothesis 1 and indicate that intact limb joints likely have 

greater muscular demands than those of the prosthetic limb, 

regardless of the prosthesis used. The RSP generated greater 

plantarflexion moments than the DUP (p<0.001) due to the 

RSP architecture and the greater moment arm from the center 

of pressure to the prosthetic ankle joint. No differences existed 

between prostheses for the intact ankle moments or knee 

moments from either limb, contrary to hypothesis 2. The hip 

joint generated greater peak extension moments in both limbs 

when wearing the DUP compared to the RSP (p≤0.05), 

supporting hypothesis 2. Running with RSPs may reduce 

demands on the hip joints compared to running with DUPs, 

particularly in the prosthetic limb. No main effect differences 

were observed for peak hip flexion moment. 

 

Figure 1: Peak stance phase moments. DUP=daily-use prosthesis, 

RSP=running-specific prosthesis, P=prosthetic limb, I=intact limb. ^ 

= significant differences between legs within a particular prosthesis 
and * = differences between prostheses for a particular leg. 

Conclusions 

Running with DUPs and RSPs alters lower extremity joint 

moments. Prosthetic ankle moments depend on prosthesis 

architecture. Running with RSPs appears to reduce the net hip 

joint moment demands, particularly in the prosthetic limb. 
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Summary 

The study of the coordination of classical ballet dancers is of 
great relevance because this group does activities that can 
generate a higher asymmetric overuse in certain joints or 
muscles. The aim of this study is to evaluate the coordination 
variability in the classical ballet dancers during running. 
Fifteen professional classical ballet dancers and sixteen 
amateurs were enrolled in the study. To determine the running 
speed, the subject walked on the treadmill then the speed was 
gradually increased until the subject began to run comfortably. 
Continuous relative phase technique was used to analyze the 
coordination of left and right thigh, left and right leg and left 
and right foot. No significant differences were found (p <0.05) 
between groups for any analyzed variables. The results show 
that dancing practice appears not affect the running 
performance of dancers from a coordination point of view. 

Introduction 

The study of the coordination of classical ballet dancers is of 
great relevance because this group does activities that can 
generate a higher asymmetric overuse in certain joints or 
muscles. There is little information on how extreme ballet 
poses, which affect the dancer's physical structures, change his 
or her daily movement patterns [1]. Thus, the aim of this study 
is to evaluate the variability of coordination in the classical 
ballet dancers during running. 

Methods 

Fifteen professional, 22.0±3.0 years age, and 16 amateur, 
23.7±4.3 years age, classical ballet dancers were enrolled in 
the study (Table 1). Both groups had 9 female participants. To 
record a full body kinematics, 39 markers were fixed at 
specific anatomical points according to Vicon full body plug-
in-gait. For each subject was given a 2-minutes familiarization 
with a treadmill prior to data collection. To determine the 
running speed, the subject walked on the treadmill then the 
speed was gradually increased until the subject began to run 
comfortably. The running was then held for one minute. 

Continuous relative phase technique and its standard deviation 
was used to analyze the coordination of left and right thigh, 
left and right leg and left and right foot, for 30 selected strides. 
The difference between groups was evaluated by an 
independent T-test (p<0.05). 

Results and Discussion 

No significant differences were found (p <0.05) between 
groups for any analyzed variables. Although not significant, 
the professional group presented higher values than the 
amateur group, possibly indicating an increased coordination 
variability, which can be an indicative of better movement 
control adaptability [2]. The results show that, though 
professional classical ballet practice can cause injuries due to 
overuse or other reasons, it does not alter the running 
performance of dancers from a coordination point of view. 
 

Conclusions 

There were no significant differences in the coordination 
variability during running between amateurs and professional 
classical ballet dancers, so that dancing practice appears not 
affect the running performance of dancers from a coordination 
point of view. Future research with this same focus should 
compare the coordination between different lower limb joints 
in these groups. 
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Table 1: Information about participants. 

 
Time of 
practice 
(years) 

Weekly 
workload 
(hours) 

Average 
number of 
injuries 
(mean) 

Average 
running 
speed 
(km/h) 

Coordination variability during running 
(average standard deviation within group) 
L/R Thigh L/R Leg L/R Foot 

Amateur 7.6 5.2 1.3 7.2 6.78 11.12 6.10 

Professional 12.8 23.3 2.0 7.3 7.64 12.80 6.35 
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Summary 

Running gait kinetics and kinematics can be measured in the 

lab using force-instrumented treadmills and 3D motion 

capture. However, these tools are not feasible for use in the 

daily training environment of recreational and elite runners. A 

prototype wearable smart garment (SG) has been developed to 

solve this problem. The purpose of this study was to validate 

the SG device compared to a gold-standard force treadmill 

(FT). Foot-ground kinetics and temporal measures were 

examined. Vertical ground reaction force, step time, and 

contact time showed low mean relative error (<6%) while 

impulse showed higher values (>10%). All correlations were 

strong between SG and FT (r >0.85). The smart garment 

shows promise as a viable option for the measurement of 

running biomechanics outside of the lab. 

Introduction 

In the lab, running gait biomechanics are measured with high 

efficacy and validity using force treadmills and 3D motion 

capture. However, quantifying running biomechanics outside 

of the lab remains a challenge. Numerous consumer-ready 

options exist including optoelectric grids, footwear insoles, 

video and IMU-based systems [1]. However, these are often 

limited by cost and technical user requirements, do not meet 

the needs of the coach, and may disrupt the daily training 

environment. To address these gaps, PUSH has developed an 

IMU-based prototype wearable smart garment (SG), capable 

of collecting kinetic and kinematic data outside of the 

traditional laboratory setting in a ubiquitous form factor that 

does not disrupt the coach-athlete training environment. The 

purpose of this study is to conduct an initial validation of the 

SG for use by both recreational runners and elite track and 

field athletes to determine if further development of SG is 

warranted based on the validity of the output data. 

Methods 

3 participants completed two 3-minute walking trials (3, 4 

km/h) and four 1-minute running trials (6, 8, 10, 12 km/h) on a 

force-instrumented treadmill (DSI, Treadmetrix, USA). 

Participants wore the SG and a safety harness during all trials. 

Three dimensional bilateral lower-limb and trunk kinematics 

(100 Hz, Qualisys AB, SWE) and foot-ground kinetics (1000 

Hz) were collected simultaneously and synchronized to the SG 

IMU data (100 Hz, PUSH, Canada). Biomechanical data were 

processed in Visual3D (C-Motion, USA). SG data were 

processed using custom scripts (R version 3.3.2). For this 

study, left and right limb data were combined and the 

following data were reported: peak vertical ground reaction 

force, step time, contact time, and impulse. Mean values and 

standard deviations for all subjects and combined trials were 

reported. Mean absolute and relative errors, and Pearson 

product-moment correlations were computed for SG compared 

to the criterion FT. Additional statistical analysis for 

validation will include SG Standard Error of Measurement 

(SEM), Coefficients of Variation (CV), and Bland Altman 

Limits of Agreement (LOA). 

Results and Discussion 

Data collection is still in progress and preliminary data are 

shown (Table 1). Strong correlations were found for all 

variables examined (r >0.85). Step time, contact time, and 

peak vertical ground reaction force for SG had low relative 

error (<6%), while step impulse showed higher error values 

(>10%).  

Conclusions 

The initial prototype wearable smart garment shows promise 

as a viable option to collect temporal gait measures and foot-

ground kinetics in the daily training environment of running 

athletes.  
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Table 1: Comparison running gait temporal and kinetic measures between PUSH Smart Garment and a Force-Instrumented Treadmill. Data 

shown are ensemble averages of the 3 participants for all steps (left and right) across all trials (mean ± standard deviation). 

Metric Smart Garment Force Treadmill Mean Absolute Error Mean Relative Error (%) Correlation (r) 

Peak vGRF (N) 1705 (±518) 1626 (±463) 106 (±123) 5.8 (±5.2) 0.96 

Step Contact Time (s) 0.275 (±0.026) 0.270 (±0.033) 0.014 (±0.012) 4.6 (±4.0) 0.87 

Step Time (s) 0.366 (±0.02) 0.367 (±0.02) 0.007 (±0.007) 1.9 (±2.2) 0.86 

Step Impulse (N.s) 280 (±69.3) 261 (±71.4) 24.9 (±17.7) 10.0 (±6.0) 0.94 
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Summary 

The relationship between trunk musculature endurance and 

running kinematics has been understudied. This study aimed 

to determine the influence of trunk endurance on sagittal plane 

joint ranges of motion (ROM) in male and female adolescent 

long-distance runners. Results suggest that greater trunk 

endurance is related to greater trunk and pelvis ROM in males; 

its role in females remains unclear. Further study is needed to 

understand the mechanisms and clinical significance behind 

this relationship. 

Introduction 

The trunk plays a crucial role in energy transfer during 

locomotion by connecting the upper and lower extremities and 

providing proximal stability for limb mobility and function 

[1]. Emphasis on trunk endurance exercises for athletes has 

grown with several studies reporting a positive association 

between running performance and increased trunk endurance 

[2, 3]. Prior studies of recreational runners, track and field, 

and basketball athletes suggests that males generally 

demonstrate greater core endurance measures than females [4, 

5]. Previous studies found a moderate inverse relationship 

between trunk rotation and hip extensor strength [6] as well as 

a positive relationship between sagittal plane trunk posture 

and hip extensor strength [7]. However, the literature remains 

sparse and inconclusive regarding the effects of trunk 

endurance on lower extremity kinematics and potential 

running-related injury risks [8, 9]. The purpose of this study is 

to investigate the relationship between trunk endurance and 

running kinematics in uninjured, adolescent distance runners.  

Methods 

Uninjured adolescents who participated in long-distance 

running activities were recruited for the study (M = 22, age = 

14.6 ± 1.78 years; F = 24; age = 15.4 ± 2.40 years). Study 

participation required a single visit to the Motion Analysis Lab 

for testing. Participants held prone forward plank until they 

could no longer maintain the static position [10]. Subjects then 

underwent 3D motion analysis during running. All subjects 

ran at a set speed of 3.57 m/s on a non-instrumented motorized 

treadmill (Biodex RTM-600; Biodex Medical Systems, Inc; 

Shirley, NY). Each subject was instrumented with reflective 

markers [6] and tested using a 12-camera Raptor 4 system 

(Motion Analysis Corp.; Santa Rosa, CA). Trunk endurance 

was measured as the duration of the plank hold and was non-

dimensionalized as described by Hof [11]. Pearson’s 

correlation coefficient was calculated to compare trunk 

endurance to sagittal plane joint ROM during stance and 

temporal-spatial measures. Results were stratified by gender. 

 

Results and Discussion 

Males demonstrated a significant moderate positive 

correlation (Table 1) between trunk tilt ROM (r = 0.48) and 

pelvic tilt ROM (r = 0.54). Females did not demonstrate 

relationships between trunk endurance and kinematic or 

temporal-spatial measures. Further stratification of females 

may be necessary to better understand the variability 

demonstrated by female runners.  

Koblbauer et al. [12] reported a positive relationship between 

increased peak trunk flexion and trunk endurance in fatigued 

runners. It has been hypothesized that increased trunk flexion 

is a compensatory strategy to attenuate shock absorption [13]. 

Further investigation is warranted to determine if the increased 

trunk ROM demonstrated by non-fatigued adolescent runners 

in the current study is also a mechanism for reducing shock 

absorption by utilizing trunk musculature.  

Previous relationships between injury and altered sagittal 

plane hip, knee, and ankle mechanics have been reported [14, 

15]. Notably, however, this study did not find a relationship 

between trunk endurance and sagittal plane ROM at the hip, 

knee, or ankle. This raises the question on the influence of the 

trunk on lower extremity motion. However, it appears that 

greater trunk endurance allows for greater motion at the trunk 

and pelvis. This increase in motion may indicate recruitment 

trunk musculature to dissipate or manipulate external moments 

acting upon the lower limbs during running. Additional study 

on joint and spinal forces is warranted to provide further 

insights into the role of trunk motion as a compensation 

strategy for lower extremity weakness.  

Conclusions 

Adolescent male runners demonstrated positive relationships 

between trunk endurance and sagittal plane ROM at the trunk 

and pelvis. Further study is needed to clarify the relationship 

between trunk endurance and kinematics and the role of the 

trunk as it relates to running performance and injury.  
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Table 1: Correlation [p] between trunk endurance and ROM and temporal-spatial measures in adolescents. * denotes significance (p < 0.05). 

Gender Trunk Tilt Pelvic Tilt Hip Flex/Ext Knee Flex/Ext Ankle DF/PF Cadence Stride Length 

Males 0.48 [<0.05] * 0.54 [<0.01] * 0.20 [0.38] 0.22 [0.32] 0.25 [0.26] 0.21 [0.36] -0.19 [0.40] 

Females 0.07 [0.76] 0.05 [0.83] -0.13 [0.54] -0.11 [0.54] 0.18 [0.41] 0.13 [0.54] -0.02 [ 0.94] 
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Summary 

With great interest to the sports world, impressive 

performances in Athletics have drawn an interest in the 

gathering of kinematic data on the performances of the 

world’s elite competitors. This study serves as the platform in 

presenting biomechanical performance analysis in Athletics at 

the collegiate level. To facilitate coaches and training staff in 

identifying and addressing indicators of performance quality 

and mechanical application, an intra-collegiate comparison on 

the Men’s 100-meter sprint event was completed. 

Introduction 

Contested since its inauguration in 1921 in Division I 

collegiate athletics [5], the 100-m has been one of the most 

anticipated events of the outdoor season. Over the last decade, 

researchers have analysed known elite sprinters, producing 

reports that have served as objective tools for the Athletics 

community to help classify the trends seen in kinematic 

parameters and how best to understand their influence on 

competition outcomes [1]. Thus, it is fitting to gain knowledge 

on the sprinting technique of the collegiate class of athletes 

and the influence of that technique on performance 

determinants. By describing the 100-m in component 

phases―start, acceleration, maximum velocity, deceleration 

[3]―this study aims to compare the variability in determinant 

characteristics and their implications on performance through 

an acquisition of kinematic data on collegiate sprint finalists. 

Methods 

Sixteen male collegiate sprinters (collegiate experience 3.38± 

0.60 years) from the 100-m finals in the 2017 and 2018 

NCAA Men’s Division I Outdoor Track & Field 

Championships were analysed. Competitors were assigned to 

one of two groups, Top 3 (n=6) and Rest-of-Field (n=10). Data 

collection was obtained from footage provided by the Oregon 

track office. Dartfish 7.0, a motion video analyser, was used to 

acquire kinematic data on: official race time, 100-m positions 

(0-10, 0-30, 30-60, 60-90, 90-100), time per position, and 

velocity [m/s]. Descriptive statistics included the mean [X̅], 

standard deviation [σ], and effect size, Cohen d, characterised 

as 0.2 (small), 0.5 (medium), or 0.8 (large) [2].  

Results and Discussion 

In this performance analysis, Table 1 charts the variability 

within the phases of the 100-m for the two groups. Overall, the 

full race had a mean velocity difference of 0.13 m/s with an 

effect size of 0.62. The greatest variation was found within the 

maximal velocity phase (30-60) where the Top 3 set a mean 

velocity of 11.76 ± 0.30 m/s while the Rest-of-Field reached 

11.46 ± 0.36 m/s. The 30-60 position produced the highest 

mean difference (0.30 m/s) and the largest effect size (0.88). 

This analysis highlights value in the importance of proper 

technical execution during the phases of the 100-m 

demonstrated by the different velocity profiles. Considerable 

differences seen where the highest velocities were reached, 

suggest variability in ability to produce and maintain velocity, 

and therefore apply to ideal sprint mechanics. A key element 

of analysing 100-m performance is evaluating velocity profiles 

and the ability of an athlete to apply “velocity-oriented” 

resultant forces [4].   

Conclusions 

A biomechanical performance analysis using kinematic data 

allowed for a better understanding of the variability present at 

the college level. This type of analysis illustrates the practical 

value of velocity profiles in understanding the execution of 

sprint mechanics. Further investigation into determinants can 

give insight on how to improve performance.  
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Table 1: Comparative Mean Velocity between Top 3 vs Rest-of-Field. 

[X̅] ± [σ]

Top 3

Rest-of-Field

Mean Difference

Cohen d.

0.13

0.44 0.88 0.85 0.73 0.62

9.78 ± 0.23

7.64 ± 0.06 11.46 ± 0.36 11.06 ± 0.37 9.17 ± 0.87 9.65 ± 0.20

V
el

oc
it

y 
[m

/s
] 7.68 ± 0.13 11.76 ± 0.30 11.32 ± 0.13 9.75 ± 0.64

0.04 0.30 0.26 0.58
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Summary (150/150) 

We previously reported that a longer knee extensor moment 
arm (MA) is associated with better sprint performance because 
of increase in knee extensor torque during sprinting. In 
contrast, a shorter MA is a useful in decreasing energy 
consumption in muscles, potentially by mitigating the length 
changes of muscles during joint rotations. In this study, we 
examined whether a shorter knee extensor MA would be 
related to better running performance in endurance runners. 
The knee extensor MA and quadriceps muscle volume (MV) 
in 42 endurance runners and 14 untrained subjects were 
measured using magnetic resonance imaging. The knee 
extensor MA was significantly shorter in endurance runners 
than in untrained subjects. The knee extensor MA, but not 
quadriceps MV, was significantly correlated with personal 
best 5000-m race time in endurance runners. These findings 
suggest that a shorter knee extensor MA may be advantageous 
in achieving superior running performance in endurance 
runners. 

Introduction 

Superior running performance is achieved using gross torques 
of the lower limb joints, such as the hip, knee, and ankle. Of 
those, knee extensor torque contribute to swing the leg in the 
swing phase and to generate the power for forward propulsion 
in the stance phase during running [1]. Thus, the magnitude of 
knee extensor torque plays an important role for superior fast 
running performance. In general, because joint torque is 
expressed as the product of moment arm (MA) and muscle 
force, a longer MA has a potential to increase joint torque. In a 
recent study, we demonstrated that sprinters have longer knee 
extensor MA than non-sprinters [2]. Moreover, we found that 
a longer knee extensor MA was related to better sprint 
performance in sprinters [2], which may be due to increase in 
knee extensor torque during sprinting. In contrast, a shorter 
MA has a potential to mitigate muscle length changes during 
joint rotations [3]. Because energy consumption during muscle 
contraction is decreased when muscle length is mitigated, a 
shorter MA may improve running economy [4]. Considering 
these biomechanical theories, we hypothesized that a shorter 
knee extensor MA would be related to better running 
performance. To test our hypothesis, in this study, we 
examined the relationship between the knee extensor MA and 
running performance in endurance runners. 

Methods 

The knee extensor MA and quadriceps muscle volume (MV) 
in 42 endurance runners and 14 body size-matched untrained 
subjects were measured using magnetic resonance imaging. 
For evaluating the knee extensor MA, sagittal scans of the 
knee joint were obtained in successive slices with an inter-

distance of 10 mm. The knee extensor MA was calculated as 
the distance between the tibiofemoral contact point and the 
midline of the patellar tendon. For evaluating the quadriceps 
MV, axial scans were obtained in successive slices with an 
inter-distance of 10 mm from the iliac crest to the lower edge 
of the femur. Quadriceps MV was calculated as by 
multiplying the sum of the cross-sectional areas along their 
length at intervals of 10 mm.  

Results and Discussion 

The knee extensor MA was significantly shorter in endurance 
runners than in untrained subjects (Figure 1). In contrast, the 
quadriceps MV did not differ between endurance runners and 
untrained subjects. As expected, the knee extensor MA, but 
not quadriceps MA, was significantly correlated with personal 
best 5000-m race time in endurance runners (Figure 1). As a 
possible reason for this relationship, a shorter MA may 
enhance the efficiency of muscle contraction due to decrease 
in muscle length changes [3, 4]. Thus, a shorter knee extensor 
MA may be useful in improving running economy, potentially 
by decreasing energy consumption in the knee extensor 
muscle (i.e., quadriceps muscle) during running.   

 
Figure 1: Knee extensor moment arm (MA) in endurance runners 
Panel A shows comparison of the knee extensor MA between 
endurance runners and untrained subjects. Panel B shows relationship 
between the knee extensor MA and running performance in 
endurance runners. 

Conclusions 

The present findings demonstrated that a shorter knee extensor 
MA is related to better running performance in endurance 
runners. Thus, we suggest that a shorter knee extensor MA 
may be advantageous in achieving superior running 
performance in endurance runners. 
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Summary 
Even though the unilateral leg stiffness normalized by body 
mass of sprinters was significantly greater compared to that of 
novices, bilateral deficit of spring-like behaviour was not 
observed during the hopping in experienced sprinters. 

Introduction 
Unilateral leg stiffness is a key contributor to sprint running 
speed, thereby great bilateral deficit (BLD) of leg stiffness 
would be expected to be observed in sprinters. However, it 
remains clear only BLD of leg stiffness at the preferred 
hopping frequency in non-sprinters. The purpose of this study 
was to clarify the BLD of spring-like behaviour in hopping at 
various frequencies and the effect of chronic adaptation via 
sprint running experience on BLD during the hopping. 

Methods 

Fifteen male experienced sprinters (specific training 
experience 10.8 ± 2.3 years; 100-m personal record 10.76 ± 
0.30 s) and 12 male novices participated in this study.  
Participants were instructed to hop barefoot [1] with hands on 
hips, bilaterally and with right and left legs unilaterally. They 
were instructed to hop in time to a metronome set at the 
frequencies 2.0, 2.5, and 3.0 Hz and without the metronome, 
at maximal effort. The vertical ground reaction forces (GRFs) 
of both legs during the hopping tests were separately recorded 
using two force plates (TF-4060-B; Tech-Gihan, Inc., Kyoto, 
Japan) sampled at 1000 Hz. GRF data was low-pass filtered by 
a fourth-order zero-lag Butterworth filter with a cut-off 
frequency of 50 Hz [2]. 

Leg stiffness was conventionally calculated using the spring–
mass model as the ratio of peak vertical GRF to peak leg 
compression in the middle of the ground contact phase [3]. 
Peak value of vertical GRF and leg stiffness were divided by 
each participant’s body mass to yield normalized vertical GRF 
(Fmax) and normalized leg stiffness (Kleg). As presented by 
Howard and Enoka [4], BLD index of Fmax and Kleg was 
conventionally calculated for each variable as the following 
equation: BLD index [%] = (100*bilateral/ (right unilateral + 
left unilateral)) – 100. 

Results and Discussion 
At higher hopping frequencies during all bilateral and 
unilateral hoppings, significant smaller Fmax and greater Kleg 
were observed. During not only unilateral but also bilateral 
hopping, significant greater Fmax and Kleg of sprinters were 
observed than those of novices.   

At each hopping frequency, the mean value of the BLD index 
was less than 0% and BLD of Fmax and Kleg was observed 

during the hopping in both sprinters and novices (Figure 1). 
Significant smaller BLD index of Fmax and smaller that of Kleg 
were observed at higher hopping frequencies.   

 
Figure 1: BLD index of Kleg of sprinters and novices. §significantly 
(P < 0.05) different from 2.5 Hz within group, and †significantly (P < 
0.05) different from 3.0 Hz within group. 

However, no significant differences of BLD index of Fmax and 
that of Kleg were observed between sprinters and novices. If 
the presynaptic inhibition in the contralateral leg [5] is greater 
in sprinters, unilateral facilitation at the spinal level might be 
cancelled by other inhibiting factors, such as a non-linear 
EMG–force relationship [6]. Further research is needed to 
clarify the exact mechanism of BLD of spring-like behaviour 
in humans. 

Conclusions 
Our results demonstrate that neuromuscular inhibition in 
contralateral legs changes during the hopping based on 
hopping frequency; and BLD of spring-like behaviour was not 
observed during the hopping in experienced sprinters even 
though the unilateral leg stiffness of sprinters was greater 
compared to that of novices.  
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Summary 
Vertical stiffness (Kv) of the runners was calculated using 
inertial sensing unit during marathon race.  The good runner 
showed consistent step variables, but the runner decreased 
running speed showed decrease in Kv earlier or later of 
decrease in running speed.  It is suggested that Kv might be an 
independent and a significant factor to maintain running speed 
against fatigue.  

Introduction 
Most of the runners have suffered from running injuries and 
difficulty of improving their running performance. In recent 
technological advancements, small size, lower-power and 
high-performance inertial sensors have been developed which 
can be attached to the runners for performance evaluation 
during marathon. Enomoto et al. (2017) has presented an 
accurate and precise inertial sensor, developed by ‘Casio’, to 
measure running motion of distance runners. 

The purpose of this study is to investigate stiffness adjustment 
for the wide range of the runners to maintain running speed 
during marathon and to get an insight into the optimal 
combination of step length and contact time for a target pace.  

Methods 
Total of ninety-one runners (71 males and 20 
females) were recruited as the subject from 
the participants of Tsukuba marathon race 
(Age in mean± SD, and range: 38.4±13.6, 
20 - 71 yrs.; Height: 1.69±0.6, 1.55–1.85 m; 
Body mass: 59.8±8.6, 45–85 kg).  

The ‘Casio sensing unit’, we used, 
incorporated three sensors (triple-axis 
accelerometer, gyro, and magnetometer). The 
sensor had a compact size (41.5x55.3x9.5 
mm), low weight (31.7 g) and was attached to 
the sacrum of the runner, using a clip with the running shorts. 
The sampling frequency of 200 Hz was selected and inertial 
data was stored in the internal memory of the sensing unit. 
Running distance was calculated using the on-board GPS unit 
and was verified with the time and distance data by the sensor 
and the official time in each 5 km.  

Running speed, step length and frequency, contact time and 
vertical oscillation were calculated using proprietary 
algorithms, developed by Casio. Vertical stiffness (Kv) was 
calculated by the following equations [2]. 

           

Results and Discussion 

The runners were classified into three groups based on time 
ratio of the first and second half of the race. Group A is over 
0.49, B is between 0.49 and 0.46, and C is under 0.46. Figure 
1 shows average running speed and Kv for each group during 
marathon. Running speed and Kv for A showed maintenance 
of these through the race, but running speed of B and C was 
decreased at the half of the race. Kv of B was maintained 
longer than running speed, although Kv of C decreased earlier 
than running speed. Step frequency of all groups showed no 
significant change through the race, but step length decreased 
coincident with running speed. It is suggested that good runner 
could adjust combination of contact and flight time to 
maintain step frequency. As focused on change with step 
variables individually, especially for good runners (under 3 
hour of race time) , it was shown that Kv was changed  
independent of running speed for runner by runner. But some 
runners showed decrease in Kv with increase in vertical 
oscillation but others didn’t show the same tendency.  Vertical 
oscillation is one of significant factor for energy cost of 
running [3]. It might be suggested that there is an optimal 
combination of contact time and flight time to maintain 
running speed efficiently.  

Figure 1: Average running speed and vertical stiffness (Kv) for 
group A, B, and C during marathon. 

Conclusions 
The good runner could adjust vertical stiffness to maintain 
running speed efficiently during marathon race. It might be 
possible to examine an optimal combination of contact and 
flight time to maintain step frequency and running speed.   
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INTRODUCTION  

Energy storage in the arch is another potential source of 

differences in running economy [1]. The longitudinal arch 

(LA) can be compressed to absorb loading forces as elastic 

strain energy and be passively recoiled elastic energy for 

positive work generation during stance phases of gait as 

spring-like function [2]. However, some researchers showed 

the rear-foot strike runners experience little or no LA 

compression at impact phase before the foot flat. Meantime, 

the rear-foot strike runners prefer to choose modern running 

shoes with elasticity of the midsole for comfortable foot-

ground contacting, which could limit the spring-like action 

of the foot. These factors may attenuate the strength of the 

plantar muscle groups that originally maintains the shape 

and function of the LA [1, 2].  

Therefore, the aim of this research is to explore whether 

there are differences of LA muscle forces between heel 

strike runners wearing modern running shoes and subjects 

without running habit. 

METHODS 

We recruited 18 health males divided into 9 rear-foot strike 

runners (RFS) group who run for 20km per week with 

cushioned shoes and 9 non-runners (NR) group (age: 25.2 

± 4.6 vs. 26.1 ± 4.9 years; height: 176.6 ± 5.2 cm vs. 174 ± 

4.7 cm; mass: 70.5 ± 9.0 kg vs. 67.5 ± 8.7 kg; BMI: 22.6 ± 

2.2 vs. 22.3 ± 2.5; AHI: 0.34 ± 0.02 vs 0.34 ± 0.02). 

Prior to testing, all the subjects need to exam the arch height 

index (0.31 < AHI < 0.37 [3]) to exclude the high arch or 

flat foot. We required all the subjects to make the greatest 

efforts to complete the MVIC of metatarsophalangeal joints 

strength tests (Figure 1) for 10 seconds by using a 

customized machine; while toes flexion strength was 

assessed in a seating position by using the method of Ridge 

et al [4]. 

 

Figure1: The strength test of metatarsophalangeal joints. 

Absolute and relative peak forces values from three 

successful trials of each strength test were used for statistical 

analysis. Independent-sample t-tests were calculated in 

SPSS 19.0 to analysis the differences between two groups. 

RESULTS AND DISCUSSION 

Compared with NR, there were no significant differences in 

the absolute strength of the metatarsophalangeal joints and 

the toes flexion strength in RFS. However, the relative 

strength of the metatarsophalangeal joints in RFS had a 

decrease trend (p = 0.065) (Table 1). 

These plantar intrinsic foot muscles controlled the 

deformation of the LA during dynamic tasks. The 

insufficient or weak plantar muscles might cause the plantar 

injuries such as plantar fasciitis due to repeated excessive 

deformation of the arch [5]. All the runners, even though the 

patients with foot muscles diseases, should pay more 

attention to improve the strength of the plantar muscles, in 

order to maintain the muscles capacity of controlling LA. 

CONCLUSIONS 

Rear-foot strike runners with cushioned shoes had a 

decrease trend in the muscle strength of longitudinal arch. It 

needs to further explore the influences of running pattern 

and cushioned shoes on intrinsic foot muscles. 
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Table 1: The results of metatarsophalangeal joints strength & toes flexion strength tests. 

 
Rear-foot strike runners Non-runner group 

Absolutely value (N) Relative value (N/kg) Absolutely value (N) Relative value (N/kg) 

Metatarsophalangeal joints strength 84.0 ± 18.2 1.2 ± 0.3# 100.7± 22.6 1.5 ± 0.4 

First toe flexion strength 96.9 ± 22.1 1.4 ± 0.4 107.9± 23.4 1.6 ± 0.3 

Others toe flexion strength 65.8 ± 11.5 0.9 ± 0.1 72.0 ± 19.1 1.1 ± 0.3 
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Summary 

It is very important to clarify the differences in full body joint 

kinematics between elite endurance runners (elite runners) and 

novice runners for developing gait retraining regimes. This 

study collected motion capture data of runners and performed 

principal component analysis (PCA) for the data. The PCA 

revealed that only the principal component score of principal 

component vector 1 (PCV 1) was significantly larger for elite 

runners. Stick figure animation based on the analysis indicates 

differences in full body joint angles and is available as a gait 

retraining regime for novice runners. 

Introduction 

The running pattern of elite runners is a useful model to 

develop gait retraining regimes for novice runners. The 

analysis of full body kinematics is especially crucial because 

the running pattern is affected by not only the movements of 

lower limbs but also those of upper limbs [1]. However, few 

studies are available on the characteristics of elite runners at 

the preferred running speed for novice runners. Recently, 

many studies have demonstrated the usefulness of PCA in 

identifying differences between various groups in full body 

kinematics during gait [2,3].  Therefore, the aim of this study 

was to clarify the differences in full body joint angle 

characteristics between elite and novice runners at a given 

speed using PCA. 

Methods 

Twenty-nine (15 novice runners, 14 elite runners) male 

runners were asked to perform running on a runway at a 

constant speed (3.0 m/s). Three-dimensional coordinate of 57 

markers on the body were collected during one gait cycle of 

running with a 3-D motion capture system (VICON, MX). 

Local coordinate systems were defined for each segment by 

using the 3D coordinate of markers. The Cardan angles were 

then computed as the orientation of the local coordinate 

system embedded in distal segment relative to that embedded 

in proximal segment. After the calculation of full body joint 

angle data, we performed PCA to identify the differences in 

full body joint angle characteristics between both groups. 

Independent t-tests were conducted on the principal 

component scores (PCSs) of each PCV between both groups. 

Further, the effect size was also calculated using Cohen's d. If 

a significant difference was observed between the PCSs of the 

two groups, joint angle waveforms were recombined from the 

PCS of the PCV to observe the differences between the groups 

in joint angle data.  

Results and Discussion 

The PCA revealed that the first 17 of the 29 PCVs explained 

more than 90% of the total variance. Among these 17 PCVs, 

only the PCS of PCV 1 revealed significant differences 

between both groups (p < 0.001, ES=1.57), explaining 15.14% 

of the total variance. To interpret the joint movements 

corresponding to PCV 1, joint angle waveforms were 

recombined from the PCS with large or small scores and stick 

figure animations were developed from each recombined joint 

waveform (Figure 1). As shown in Figure 1, we can observe 

differences in time-series joint angle data as well as 

differences in inter-segmental coordination from comparing 

both stick figure animations throughout the gait cycle (e.g., 

each joint angle at left foot landing).  

In this study, full body joint angle characteristics in elite 

runners were mainly explained by only PCV 1, indicating that 

the full body joint movements could be changed by focusing 

on only one of these joint kinematic variables. Moreover, the 

PCS of PCV 1 can be a quantified feedback index of gait 

improvement.  

 

Figure 1: Schematic representation of running patterns in elite (upper 

panel) and novice runners (lower panel) throughout one gait cycle 

(left foot contact to ipsilateral contact). The motions were generated 

from waveforms emphasized onto PCV 1.  

Conclusions 

Differences in full body joint angle between elite and novice 

runners were clarified by using PCA. Only one PCV was 

identified to explain the differences in each joint time-series 

kinematics as well as inter-segmental coordination between 

both groups.  
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Summary
Humans are adept at running on rough terrains without falling.
Previous modeling work hypothesizes that minimizing tangential
collisions is critical for stability. By analyzing thousands of steps
from overground rough terrain experiments of human runners, we
show that the main mechanism to eliminate tangential collisional
impulses at landing is maintaining soft leg and ankle joints.

Introduction
Metabolic energy consumption is higher on rough terrain than
level ground by 5−8%, and other kinematic parameters are nearly
unchanged [1, 2]. However, runners maintain low fore-aft colli-
sions on both flat and rough terrains [2], which is consistent with
theoretical predictions [3]. Here, we investigate how the colli-
sions may be controlled, by examining the influence of foot speed
and joint compliance.

Methods
Nine consenting volunteers (1 female, 23-45 yrs, approved by
NCBS IRB), ran back-and-forth for 8–10 min on 3 different
tracks (flat, uneven I, uneven II). Speed was controlled by lights
moving at 3 m/s on both sides of the track (Fig. 1a). We recorded
kinematics of the hip and foot, kinetics, and metabolic energy
expenditure as detailed in [2].

Figure 1: a, Schematic of experimental setup showing the 24 m long
running track, camera placement, force plate positions and the LED strip
with a 3 m long illuminated section. b, A three link model of the foot
(A-B), shank (B-C) and thigh (C-D) moving with uniform velocity and
no spin collides with the ground at angle θ. Leg lengths and masses ob-
tained from data and [4]. Free-body diagrams show all non-zero external
impulses: b, collisional impulse J acting at O and d,e reaction impulses
R1 and R2 acting at B and C, respectively.

To compare the effect of foot speed and joint compliance in mod-
ulating the fore-aft collisional impulse, we model the runner in
the sagittal plane as a leg comprised of three rigid rods con-
nected by hinge joints that are either infinitely compliant or rigid
(Fig. 1b) and the rest of the body’s mass located at the hip. Us-
ing speed data from our experiments and the collision equations
for a leg-foot model (Fig. 1c-e), we determine the fraction of for-
ward momentum retained over stance (ε̂t from [2]) for the model
runner in the two stiffness extremes under the assumption of an
instantaneous, single-point, inelastic collision.

Comparisons of the mean foot speed across terrain conditions are
performed using a linear mixed-model in R as described in [2].

Results and Discussion

Figure 2: a, Forward foot speed at landing was (1.57± 0.51) m/s (mean
± std. dev.) on flat ground, (1.09± 0.29) m/s on Uneven I, and (1.13±
0.37) m/s on Uneven II. b, ε̂t values plotted against forward foot speed
at landing. Each data point represents a single step.

Forward foot speed at landing was terrain-dependent (p < 0.01),
and lower by 0.48 ± 0.10 m/s (mean ± S.E. of mean, p < 0.01)
on Uneven I compared to flat ground, and by 0.44 ± 0.10 m/s
(p < 0.01) on Uneven II compared to flat ground (Fig. 2a).

Measured ε̂t values closely tracked the calculated ε̂t values with
compliant joints, showing weak dependence on forward foot
speed compared to the stiff-jointed collision calculation (Fig. 2b).

Conclusion
While runners decreased foot speed on rough terrain, low tan-
gential collisions were mostly because of compliant leg joints at
touchdown.
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Summary 

The effects of typical mountain ultramarathon races (100 

miles, i.e.  170 km) on neuromuscular fatigue have been 

well described. This study aimed to compare neuromuscular 

fatigue and recovery between two 170 km races i) in one 

single stage, and ii) when splitting the course in four equal 

stages of 42 km performed in four consecutive days. The 

single stage race induced more neuromuscular, particularly 

central, fatigue but surprisingly the kinetics of recovery 

appeared much shorter than the multi stage race.  

Introduction 

Over the last few years, mountain ultramarathon races have 

increased popularity. There are two types of ultra-marathon 

events: single-stage (e.g. Ultra Trail du Mont Blanc) and 

multi-stage (e.g. Marathon Des Sables) races. Several studies 

have characterized neuromuscular fatigue1 and recovery1,2 

after a single stage race. Although single prolonged exercise 

bouts have been shown to induce both central and peripheral 

fatigue, there is little evidence regarding alterations in 

neuromuscular function after repeated bouts of prolonged 

exercise. To our knowledge, no study has ever investigated 

neuromuscular fatigue following single (SSR) vs multi stage 

(MSR) races. Thus, the aim of this study was to assess 

neuromuscular fatigue and recovery kinetics of the 

neuromuscular function after two ultramarathons of equal 

distance performed either i) a single stage or ii) in four 

different days. 

Methods 

Thirty-one runners (5 females and 26 males, age: 40.7±9.1 

years; mass: 68.8±7.6 kg; height 174.1±6.6 cm) participated 

in the study: 17 ran 169 km in a single stage race and 14 

performed around 40 km/day during 4 days. The two races 

were realized on the same course (169 km with a positive 

elevation of 11000 m). Neuromuscular function was tested 

before (PRE), after (POST), 2 days after (D+2), 5 days after 

(D+5) and 10 days after (D+10) the races. The testing 

protocol was performed on both knee extensors and plantar 

flexors and consisted on a standardized warm-up of 10 

submaximal contractions followed by 3 maximal voluntary 

contractions (MVC) with a 2-min resting period between 

each maximal contraction. The last two MVCs were 

superimposed by an electrical nerve stimulation (100 Hz 

doublet) and followed by three stimulations (100 Hz doublet, 

10 Hz doublet and single twitch) on relaxed muscles. 

Results and Discussion 

Loss in plantar flexors muscles MVC was greater for the 

SSR than in MSR (Table 1). Results displayed an equivalent 

amount of peripheral fatigue in SSR suggesting a greater 

central fatigue that was confirmed by the  greater decrease in 

voluntary activation (VA) observed in SSR compared to 

MSR. However, the statistical analysis showed a 

significantly longer time to recover peripheral fatigue on this 

muscle group in the MSR (Figure 1). Comparable result, i.e. 

a greater decline in MVC (68% of baseline vs 76%) and 

central fatigue (77% of baseline vs 93%) for SSR but similar 

peripheral fatigue, were observed on knee extensors.  

Table1: Mean (±SD) of race time, plantar flexors MVC, Peak 

Twitch and VA measured at POST. 

  SSR MSR 

Race time (h) 43.7±4.1 31.9±5.5 

MVC (% baseline) 65.9±19.8 75.6±24.4 

Peak Twitch (% baseline) 76.8±12.6 72.1±13.6 

VA (% baseline) 80.7±20.1 92.0±12.9 

SSR: single stage race; MSR: multi stage race. 

 

Figure 1: Changes in Peak Twitch with fatigue and recovery. 

$P<0.05: significant Race × Time interaction.  

Conclusions 

For the same course, running the race in a single stage 

induces more neuromuscular fatigue (particularly central 

fatigue) but a shorter time to recover the neuromuscular 

function compared to multi stage race. Even though multi 

stage runners spent 12 hours less on the course compared to 

single stage runners, the repetition of probably higher 

exercise intensity induced more long term peripheral fatigue 

effects. 
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Summary 

Understanding changes in muscle synergies and joint moments 
when changing from normal walking to running is an 
important aspect of rehabilitation. This study performed a 
comparison of joint moments and muscle synergies for three 
activities viz. walking, fast walking, and running. Gait data 
was collected in the motion analysis lab for ten healthy adult 
volunteers and lower limb joint moments were quantified 
using an inverse dynamics OpenSim modelling framework. A 
previously established full body musculoskeletal model was 
customized and used in this study. Results corroborated well 
with the literature and revealed how a transition from walking 
to running occurs in each phase of the stance period. Future 
work is dedicated to understanding muscle synergies 
associated with three activities.  

Introduction 

In order to determine the effects of musculoskeletal disorders 
and deviations caused by them in healthy human kinematics, 
there is a necessity to study the healthy joint trajectories, 
moments and muscle forces. Multibody musculoskeletal 
models provide an alternate, non-invasive method to calculate 
these parameters, and have revealed, for instance how gait 
speed and Ground Reaction Forces (GRFs) contribute to body 
weight support and propulsion [1]. A combination of 
experimental gait data and musculoskeletal modelling can 
provide quintessential information about gait in the domain of 
rehabilitation, prosthetic design, space training, and adaptive 
wearable technologies. The aim of this study was to determine 
muscle synergies and joint moments for walking, fast walking 
and running activities. An inverse dynamics simulation 
approach with OpenSim framework was used in this study [2].  

Methods 

Motion analysis data from ten consenting healthy adults (4 
males and 6 females, age group: 24-37 years) were acquired 
for three activities (3 repetitions each) focusing on lower limb 
motion, which were 1) free Walking 2) Fast walking at 2 m/s 
and 3) running. Marker positions of 48 retro-reflective 
markers were measured at 100 Hz using twelve-camera 
VICON motion capturing system. Ground reaction forces 
(GRFs) and moments were measured at 1000 Hz using over-
ground force plates (AMTI, MA, USA). Electromyography 
(EMG) signals were recorded using wireless surface 
electrodes (Tringo, Delsys Inc., Boston, MA, USA) placed on 
five muscles on each leg: Gastrocnemius Medialis (GM), 
Gartrocnemius Lateralis (GL), Tibialis Anterior (TA), Biceps 
Femoris Long Head (BFLH) and Rectus Femoris (RF). 

The data obtained was processed and implemented on a lower 
extremity model available in OpenSim model repository [3] 
This model has 37 DoFs to define joint kinematics, Hill-type 
models of 80 muscle-tendon units actuating the lower limbs, 
and 17 ideal torque actuators driving the upper body. The 
stance phase of each activity was analyzed to understand the 
effects and change in magnitude of GRFs with the change in 
human motion and speed. Typically, the stance phase covers 
approximately 60-65% of gait cycle. Inverse Dynamics (ID) 
tool of OpenSim was used to calculate joint moments from 
heel strike to toe off for all the activities. The moments were 
normalized with body weights. The data from the trials were 
averaged to obtain average moments for each activity. Results 
from the simulations were compared among subjects to 
analyze and understand the changes in joint kinetics and 
muscle forces. 

Results and Discussion 

Joint moments for walking, fast walking and running were 
successfully calculated by the ID tool for all the trials. Results 
corroborated well with the literature [3]. Only joint moments 
were quantified so far (Figure 1) and we are in the process of 
calculating muscle synergies, which will be determined using 
the Computed Muscle Control (CMC) tool in the OpenSim 
framework. Using the EMG data, the simulated muscle 
excitations will be validated.    

 
Figure 1: Average knee joint moments in the sagittal plane  

Conclusions 

Changes in muscle synergies and joint moments provide 
important information. We illustrated the capability of 
musculoskeletal modelling tools to quantify joint mechanics. 
Future work is focused on rehabilitation studies.  
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Summary 

The windlass and the arch-spring are two mechanisms that 

describe foot arch function during locomotion, but have 

competing fundamental ideas. Our results show that a 

distinct sequence of each isolated mechanism occurs for 

every subject, but the phases vary in length and interaction 

time. The windlass may orient the foot to load certain 

structures of the foot preferentially while protecting others.  

Introduction 

The human foot has an intricate arrangement of bones and 

soft tissues that cohesively facilitate locomotion. The plantar 

fascia (PF) is a soft tissue that connects the heel to the toes, 

wrapping around the sesamoid bones under the metatarsal 

heads. This wrapping facilitates the windlass action of the 

PF, whereby the dorsiflexion of the metatarsal-phalangeal 

joint (MTPJ) causes the stiff PF to pull the metatarsal head 

posteriorly towards the heel, raising and shortening the arch 

[1]. However, consistent with the idea that the arch is spring-

like [2], the PF strains during gait, which would influence 

the windlass mechanism if they occur simultaneously. The 

goal of this study was to elucidate the timing and interplay 

between the windlass and the arch-spring mechanisms 

during running. 

Methods 

Twelve subjects ran barefoot over-ground. A bi-planar 

videoradiography system collected x-ray images (250 Hz) of 

the subjects’ right foot during stance. Bone models from CT 

scans were scientifically rotoscoped to the calibrated x-ray 

images, yielding six degree of freedom transforms for the 

tibia, calcaneus, first metatarsal, first proximal phalanx and 

sesamoids (Autoscoper, Brown University). PF elongation, 

normalized to the individual’s longest PF length, MTPJ 

dorsiflexion angle and 3D arch angle were measured from 

foot contact to toe-off. Vector coding defined the timing of 

the relative contributions of PF elongation and MTPJ angle 

to the percentage of the trial’s maximum arch deformation. 

Values are reported as mean, (range) or ±SD. 

Figure 1: Subject average MTPJ dorsiflexion as a function of 

normalized PF elongation (length change of wrapped fibre shown 

with the bone models) for stance phase. Each point represents 1% 
of stance. Phases of the windlass and arch-spring are highlighted. 

Results and Discussion 

The arch-spring and windlass mechanisms were observed 

during the stance phase of running for all subjects (Figure 1). 

During initial contact, the arch demonstrated the ideal 

reverse windlass and then transitioned to arch-spring 

behavior. The propulsive phase began with engagement of 

the windlass and terminated with PF recoil.  The sequence of 

the ideal and interaction mechanisms was consistent across 

subjects, but the duration varied substantially. This 

variability could be a function of subject-specific motion 

patterns, intrinsic muscle activation, soft tissue properties, or 

magnitude and direction of loading. Distinct phases without 

interactions (e.g. ideal windlass or ideal arch-spring) 

accounted for 47±14% of the total arch deformation.  

The arch-spring phase occurred during mid-stance for 19.8% 

(8-36) of stance, and contained 2.1±0.9% PF elongation, 

contributing to 11±4% of arch deformation. After maximum 

MTPJ dorsiflexion in late stance, 3.7±2.1% of PF recoil 

occurred for 11.9% (7-22) of stance and contributed to 

18±7% of arch shortening. 

The ideal windlass was evident during propulsion for 13.6% 

(5-24) of stance, as the MTPJ dorsiflexed 15±8° with 

9.7±6.6% of arch shortening. The ideal reverse windlass 

occurred for 8% (3-14) of stance as the MTPJ plantarflexed 

18±13°, while the arch lengthened 9.7±5.7%. During both 

the forward and reverse windlass, there was minimal PF 

elongation (0.07±0.1%), while arch deformation and MTPJ 

angle were linearly correlated (p<0.05). While there was 

minimal PF elongation during the ideal windlass phase, the 

interaction phase between PF shortening and MTPJ 

dorsiflexion contained 17±7% of the arch deformation. The 

combined effect of the simultaneous shortening PF and the 

winding of the windlass may therefore increase arch 

deformation over either mechanism occurring independently.  

Additionally, during initial contact, the PF is not subjected to 

excessive strain due to the unwinding of the windlass. The 

reverse windlass may therefore be a protective mechanism 

for the PF. The MTPJ dorsiflexion and increased arch height 

may preferentially load other foot structures before the PF. If 

MTPJ dorsiflexion is limited before foot contact, such as in 

certain shoes, the reverse windlass effect may be reduced, 

and may increase strain and injury risk in the PF. 

Conclusions 

The windlass and arch-spring mechanisms occur in distinct 

phases during the running gait cycle, and may function to 

load certain structures preferentially, while protecting others.  
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Summary 

Abnormal gait biomechanics, specifically excessive hip 
adduction and contralateral pelvic drop, have been implicated 
as a potential cause of overuse injuries in female runners. The 
purpose of this study was to investigate whether endurance or 
strength of the hip abductor musculature had a stronger 
relationship with hip and pelvis kinematics during running. 
Eighteen healthy female runners between the ages of 18-29 
participated. Isometric hip abductor strength was measured 
using a handheld dynamometer. Hip abductor endurance was 
evaluated during a timed isotonic exercise test. Kinematic data 
were collected using 3-dimensional motion capture. Pearson 
correlations were performed between variables. No significant 
relationships were observed for either hip abductor endurance 
or strength with frontal plane hip and pelvis kinematic 
variables.  In conclusion, greater hip adduction and pelvis drop 
during running cannot be explained by lower endurance or 
strength of the hip abductors. 

Introduction 

Abnormal gait biomechanics have been linked with overuse 
injuries. In particular, excessive hip adduction has been 
reported in injured female runners [1]. Injured runners have 
also been found to exhibit weakness of hip abductor 
musculature [2]. This has prompted many researchers to 
hypothesise that deficiencies in hip abductor strength may be 
responsible for the excessive hip adduction seen in injured 
runners. However, several intervention studies that 
strengthened the hip abductor muscles in both healthy and 
injured runners showed that hip kinematics during running did 
not change despite improvements in strength [3, 4]. This 
suggests that maximal strength measurements are not the best 
predictor of hip kinematics during submaximal running. 

Another factor that has been associated with hip kinematics 
during running is muscular endurance. One study found that 
isotonic endurance of the hip extensors was the only predictor 
of hip internal rotation during running [5]. Thus, it is possible 
that isotonic hip abductor endurance may be associated with 
hip adduction during running. To our knowledge this 
relationship has not been evaluated yet. Therefore, the purpose 
of this study was to investigate whether hip adduction during 
running had a stronger relationship with muscular endurance 
of the hip abductors than muscular strength. 

Methods 

Eighteen females (mean ± SD: age = 24 ± 6 yrs; height = 1.67 
± 0.08 m; weight = 65.3 ± 7.6 kg) that were free from lower 
extremity injuries and previous surgery participated. Hip 
abductor muscular strength was assessed using isometric 
maximal voluntary contractions (MVCs). Subjects were 
positioned on their side. A handheld force dynamometer was 
placed between the thigh and a fixed strap to measure force 

output [2-4]. The greatest force recorded was converted to 
torque by multiplying the mean force output by the resistance 
lever arm and then normalised by dividing by body mass. Hip 
abductor muscular endurance was tested while subjects 
performed isotonic hip abduction/adduction movements at a 
standardised tempo through a 30° range while in a side-lying 
position [5]. The total time that each subject was able to 
maintain this task was recorded. Kinematic data were 
collected using motion capture while subjects ran on a 
treadmill at 2.7 m/s.  Kinematic variables of interest included 
both peak and excursion angles for hip adduction (HADD) and 
contralateral pelvic drop (PDROP) during the stance phase. 
PDROP was also analysed since it is a component of frontal 
plane hip motion. Pearson correlations (P<0.05) were used to 
evaluate relationships of the kinematic variables with both hip 
muscular and strength. 

Results and Discussion 

During running, average (mean ± SD) peak HADD was 17.4 ± 
3.2° and HADD excursion was 6.0 ± 3.0°.  Peak PDROP was 
3.7 ± 2.1° and PDROP excursion was 3.3 ± 1.8°.  Values for 
hip abduction strength and endurance were 1.46 ± 0.21Nm and 
147 ± 62 secs, respectively. No significant relationship was 
observed for either hip abduction strength or endurance with 
any of the kinematic variables of interest (Table 1). 

Table 1: Correlations (r values) of hip endurance and strength with 
hip and pelvis kinematics. 

Data 
Peak 

HADD (°) 
ADD 

Exc. (°) 
Peak 

PDROP (°) 
PDROP 
Exc. (°) 

Endurance (s) -0.04 0.059 0.369 0.241 

Strength (Nm/kg) -0.04 -0.066 0.170 0.093 

There is a growing body of literature showing that maximal 
isometric strength of the abductors is not related to frontal 
plane hip and pelvis kinematics during running.  This study 
demonstrates that hip abductor endurance is also not related to 
kinematics. Given the triplanar motion of the hip during 
running it is possible that frontal plane assessments of strength 
and endurance are inadequate to evaluate the capability of the 
hip musculature to control motion of the hip during running. 

Conclusions 

This study found that lower hip abductor endurance (in 
addition to strength) is not an important factor in explaining 
greater HADD and PDROP during running in healthy females. 
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Summary 
Maturation has been reported as a predictor of injury in 
physically active adolescents. Asymmetry is commonly 
associated with pathology and has been reported in adolescent 
runners. Uninjured adolescent distance runners were stratified 
by maturity and side-to-side limb symmetry was measured 
during self-selected running speed. Post-pubertal runners 
demonstrated greater asymmetry in knee position and reduced 
asymmetry in ankle position in the coronal plane as compared 
to pre- and pubertal runners. Further study is needed to 
understand the effects of maturation on running symmetry. 
Introduction 
Running as an endurance sport continues to grow in popularity 
amongst middle- and high-school athletes, with nearly 500,000 
athletes participating in cross-country during 2017-2018 [1]. 
Adolescents may be more susceptible to injuries than adults due 
to physical and physiological differences [2]. Normal gait is 
often assumed to be symmetrical in healthy populations and 
asymmetry is commonly associated with pathology [3,4]. 
However, side-to-side asymmetries have been reported in 
uninjured adolescent and adult distance runners [5,6]. Age and 
maturation have been reported to be predictors of injury in 
physically active children and adolescents while maturational 
neuromuscular differences in strength and range of motion have 
been reported in youth athletes [7-9]. Therefore, the purpose of 
this study is to investigate if maturation is related to lower limb 
asymmetry in adolescent long distance runners. 
Methods 
Uninjured adolescents who participated in long-distance 
running activities were recruited for the study (M = 32, F = 44; 
age = 13.8 ± 2.8 years). Subjects were stratified by pre-pubertal 
& pubertal (PUB) and post-pubertal (POST) according to the 
PMOS [10] (nPUB = 45, nPOST = 31). Subjects were instrumented 
with reflective markers [11] and tested using a 12-camera 
Raptor 4 system (Motion Analysis Corp.; Santa Rosa, CA). 
Kinematics were measured during self-selected speeds on a 
non-instrumented motorized treadmill (Biodex RTM-600; 
Biodex Medical Systems, Inc; Shirley NY). Using methods 
described by Zifchock et al [3], absolute symmetry angles (SAs) 
were calculated for stance phase hip, knee, and ankle 
kinematics at discrete events of initial contact (IC), peak knee 
flexion (KF), toe-off (TO), and for joint range of motion (ROM) 
during stance:  

𝑆𝑆𝑆𝑆 = ��
�45˚ − 𝑡𝑡𝑡𝑡𝑡𝑡−1 �

𝑋𝑋𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑋𝑋𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑙𝑙

��

90˚ �� 𝑥𝑥 100% 

A SA of 0% corresponds to perfect symmetry while 100% 
corresponds to equal but opposite in magnitude. Unpaired t-
tests were performed for PUB and POST (p = 0.05). 
Results and Discussion 
Greater SAs were measured for POST runners for coronal knee 
position at IC and TO as well as sagittal hip position at IC. PUB 
runners demonstrated greater coronal ankle position SAs at IC, 
KF, and TO. If asymmetry is related to pathology [4], these 
findings would suggest pre- and pubertal adolescents to be at a 
higher risk of ankle injuries and post-pubertal adolescents at 
higher risk of knee and hip injuries. Stracciolini et al. [9] 
reported higher incidences of hip injuries in adolescent athletes 
compared to pre-adolescent athletes. In adults, the knee is the 
most common location for injury [12]. During pre- and pubertal 
stages, adolescents typically lack coordination and are 
undergoing structural and strength changes [7]. It may be 
hypothesized that these changes may be related to increased 
asymmetry at the knee in post-pubertal youth. It is reasonable 
to expect that greater asymmetries would be measured during 
puberty due to the lack of coordination. However, the findings 
of the current study do not fully support this notion. 
Prospectively tracking youth runners throughout maturation is 
necessary to identify potential variables associated with the 
development or correction of side-to-side symmetries. 
Conclusions 
POST runners displayed greater coronal plane knee 
asymmetries while PUB runners demonstrated greater coronal 
plane ankle asymmetries. Further investigation into structural 
and strength changes and their relationship to lower extremity 
asymmetry during maturation is needed.  
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Table 1: Average (SD) hip, knee, and ankle SA (%) during stance stratified by gender. * denotes significant difference (p < 0.05). 

Joint Group 
Sagittal Coronal Transverse 

IC KF TO ROM IC KF TO ROM IC KF TO ROM 

Hip PUB 2 [3]* 2 [3] 22 [21] 4 [2] 10 [7] 7 [7] 36 [28] 3 [3] 41 [31] 37 [26] 39 [28] 7 [5] 

POST 4 [6]* 4 [6] 27 [26] 4 [2] 13 [13] 13 [16] 43 [31] 4 [3] 43 [34] 42 [28] 38 [27] 8 [6] 

Knee 
PUB 7 [7] 2 [2] 6 [4] 2 [1] 17 [13]* 43 [33] 28 [24]* 10 [8] 39 [31] 41 [28] 22 [20] 7 [6] 

POST 7 [9] 3 [2] 7 [8] 1 [1] 33 [31]* 40 [31] 45 [29]* 12 [6] 39 [26] 39 [30] 18 [19] 7 [6] 

Ankle 
PUB 13 [13] 4 [12] 8 [9] 2 [2] 25 [18]* 24 [20]* 45 [29]* 7 [5] 39 [29] 24 [26] 42 [30] 6 [4] 

POST 13 [15] 3 [3] 9 [9] 2 [2] 14 [13]* 14 [12]* 31 [23]* 7 [6] 39 [28] 27 [25] 37 [29] 7 [5] 
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Summary 
Within- and between-day reliability and minimal detectable 
differences for select knee joint angles measured during 
running were determined. Knee joint variables demonstrated 
good to excellent within- and between-day reliability. 

Introduction 
The knee is the most common site of overuse running injuries 
[1]. The reliability of many common knee variables has 
previously been established [2]. However, the reliability of 
knee joint angles at foot strike and range of motion (ROM) 
throughout stance is not known. Minimal detectable 
differences (MDD) can also aid the interpretation of repeated 
measurements but have not been reported for knee joint 
variables. The purpose of this study was to establish within- 
and between-day reliability and MDDs for these knee joint 
angles.  

Methods 
As part of a larger study, 19 male runners (73.8±8.1 kg; 
1.82±0.07 m; 28±7 years) who ran at least 10 miles per week 
for the preceding year underwent gait analysis using standard 
procedures [3]. Participants were excluded from the study if 
they had a history of severe lower extremity injury or ran with 
a non-rearfoot strike running pattern. Participants provided 
written informed consent before enrollment in the study. 
Standard laboratory footwear was worn during testing. 
Participants completed five running trials within 5% of 3.7 
m/s. An eight camera motion capture system was used to 
collect motion data at 200 Hz and ground reaction force data 
at 1000 Hz. The same procedures were repeated on a second 
day at least five days later to evalute between-day reliability. 
Intraclass correlation coefficients (ICC) were calculated to 
assess within-day (ICC(3,1)) and between-day (ICC(3,5)) 
reliability. Standard error of the measurement (SEM) was 
calculated and used to calculate MDDs. 
 

Results and Discussion 
All variables except peak knee adduction demonstrated good 
to excellent within- and between-day reliability (Table 1). 
Peak knee adduction demonstrated excellent within-day 
reliability (ICC = 0.97), but only moderate between-day 
reliability (ICC = 0.72).  
Between-day MDDs were expected to be higher than within-
day MDDs because removing and replacing markers between-
days introduces additional measurement error. However, 
within- and between-day MDDs were similar for sagittal plane 
joint angles and transverse plane ROM. Higher than expected 
within-day MDDs for sagittal plane joint angles and transverse 
plane ROM were likely a result of higher within-day SEMs. 
Within-day SEMs may have been higher because individual 
trials were used to assess within-day reliability, while the 
average of five trials was used to assess between-day 
reliability. Averaging trials limits the effect of random 
measurement error because random errors tend to cancel each 
other out as additional trials are averaged [4].  Thus, we 
recommend averaging multiple trials to minimize MDDs when 
comparing repeated measurements. 

Conclusions 
Knee joint angle at foot strike, peak knee angles, and knee 
range of motion during stance demonstated good to excellent 
within- and between-day reliability. Within-day MDDs ranged 
from 1.2° to 5.6° and between-day MDDs ranged from 1.9° to 
5.1°. 
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Table 1: Within- and between-day reliability and MDDs for select knee joint variables. Positive angles indicate flexion, adduction, and internal 

rotation. Negative angles indicate extension, abduction, and external rotation. 

Plane Angle Mean (SD) 
Day 1 

Mean (SD) 
Day 2 

             Within Day                         Between Day             
ICC SEM MDD ICC SEM MDD 

Sagittal Foot strike (°) 19.5 (4.9) 18.4 (4.1) 0.85 2.0 5.6 0.83 1.9 5.1 
 Peak flexion (°) 45.4 (3.4) 43.9 (4.1) 0.87 1.3 3.6 0.89 0.9 2.6 
 ROM (°) 31.0 (4.0) 30.3 (4.3) 0.81 1.9 5.2 0.90 1.0 2.9 
Frontal Foot strike (°) 0.4 (3.0) 0.6 (2.7) 0.98 0.4 1.2 0.86 0.9 2.5 
 Peak adduction (°) 1.5 (2.5) 1.8 (2.3) 0.97 0.5 1.3 0.72 1.1 3.0 
 ROM (°) 4.8 (1.8) 5.5 (1.7) 0.90 0.6 1.6 0.81 0.7 1.9 
Transverse Foot strike (°) -4.8 (3.9) -4.0 (5.2) 0.92 1.1 3.1 0.81 1.4 3.8 
 Peak int. rotation (°) 3.1 (5.9) 3.8 (5.2) 0.98 0.9 2.5 0.88 1.6 4.4 
 ROM (°) 10.1 (2.7) 10.1 (2.6) 0.86 1.1 3.0 0.80 1.0 2.8 
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Figure. 1 Relative 
work contribution 
by hip, knee and 
ankle extensors. 

Trunk flexion angle modulates hip and knee extensor work contribution during running 
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Summary 
This study found that sagittal plane trunk posture is associated 
with relative work contribution of hip and knee extensors 
during stance phase of running. Specifically, a more flexed 
trunk is related to less knee extensor work and greater hip 
extensor work contribution. The information may be utilized 
to develop running gait retraining program to reduce knee 
loading and promote hip extensor activation.  

Introduction 
A high incidence (19 to 79%) of lower extremity running 
injuries has been reported in the literature, with knee being the 
most common injury site following by foot and ankle.[1] This 
may be due to knee extensors and ankle plantar flexors absorb 
and generate most of the work during stance phase of running, 
while hip extensors are underutilized.[2] Recent studies 
suggest a more flexed trunk posture during running could 
reduce knee extensor moment and patellofemoral joint 
stress.[3] Nonetheless, it remains unclear how trunk posture 
affects relative work contribution among hip, knee and ankle. 
The purpose of this study was to examine the association 
between trunk flexion angle and lower extremity work 
contribution during running.  

Methods 
Twenty-three reactional runners (12 male, 11 female) 
completed the study (age: 24.1±2.9yrs, BMI: 22.4±2.5kg/m2, 
running distance per week: 23.8±23.2km). All subjects were 
natural heel-strikers and did not report any lower extremity or 
low back pain or injury, or previous history of surgery. Three-
dimensional trunk and lower extremity kinematics (200 Hz, 
Qualisys, Gothenburg, Sweden) and ground reaction force 
data (1000 Hz, Bertec, Columbus, OH) were collected while 
subjects ran on an instrumented treadmill at self-selected 
speeds (2.7 ± 0.4 m/s).  
Sagittal plane trunk angles and lower extremity net joint 
moments and power were computed using Visual 3D (C-
Motion, MD, USA). Trunk flexion angle was calculated 
relative to the global coordinate system. Work absorption and 
generation of the hip extensors, knee extensors, and ankle 
plantar flexors were computed by integrating the respective 
power-time curves during the stance phase. Total work 
performed by each extensor group was calculated as the sum 
of absolute values of work absorption and generation, and 
presented as percentage contribution to work done by all three 
extensor groups. 

Pearson correlations were used to examine the associations 
between mean trunk flexion angle and hip, knee and ankle 
extensor work contribution during stance phase of running. 
The level of statistical significance was set at 0.05. 

Results and Discussion 
The relative contribution of hip 
extensor, knee extensor and ankle 
plantar flexor work to total work 
were 9.0 ± 4.8%, 25.4 ± 5.4% and 
65.6 ± 6.0% (Figure 1). This finding 
is consistent with previous work that 
showed hip extensors have much 
lower contribution to lower extremity 
work comparing to knee and ankle 
extensors.[2]  

Results of Pearson correlations 
indicated that the trunk flexion angle 
was positively correlated with hip work contribution (r = 0.66, 
p = 0.001) and inversely correlated with knee work 
contribution (r = -0.50, p = 0.015) (Figure 2). There was no 
correlation between trunk angle and ankle plantar flexor work 
contribution (r=-0.08, p=0.71). The finding supports that trunk 
flexion angle regulates relative hip and knee extensor work 
during stance phase of running. A more flexed trunk may be 
utilized to reduce knee extensor work and thus reduce 
mechanical loading on knee extensor mechanism as well as 
patellofemoral joint. Additionally, a more forward trunk 
posture may be used to promote hip extensor activation.  

Figure 2: Associations between trunk angles and hip and knee 
extensor work contributions. 

Conclusions 
Results of this study support the importance of sagittal plane 
trunk angle on hip and knee extensor work and thus shall be 
taken into consideration when assessing risk factors related to 
knee joint as well as developing gait retraining programs. 
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Summary 

The current study examined 200 outdoor training runs from 23 

recreational runners at predefined durations and intensities. 

The first and last 10% of each training session were compared 

for fatigue effects on dynamic loading, stability, and spatio-

temporal variables using a single trunk mounted accelerometer 

and evaluated using generalised estimating equations. Training 

session type (i.e. long slow duration (LSD) or lactate threshold 

(LT) training sessions) was added as an additional factor in the 

model and checked for fatigue interactions. Overall, braking 

peak accelerations decreased, while mediolateral trunk 

acceleration waveforms became more variable and less 

complex with fatigue (p<0.05), regardless of training session 

type. Braking peak accelerations and step frequency were 

higher overall during LT sessions compared to LSD sessions 

(p<0.01). These results add to the small body of ecological, 

biomechanical evidence regarding how runners fatigue during 

commonly prescribed outdoor training sessions.  

Introduction 

Biomechanical monitoring of runners is gaining interest 

among researchers and coaches due to rapid advancements in 

wearable technology. Previous research has examined outdoor 

fatigue effects of maximal effort or “exhaustive protocols” 

ranging from shorter durations e.g. 12-minute Cooper test [1], 

to ultra-long-distance races [2]. However, there is limited 

understanding as to how fatigue develops during typical 

training sessions [3]. Therefore, this study aimed to determine 

the effects of 1) fatigue, and 2) session type in a unique 

outdoor dataset of recreational running. 

Methods 

Recreational runners (n = 23; 14 female; 9 male) were 

monitored continuously over two specific running training 

sessions per week, over an eight week period. All sessions 

were accompanied by a personal GPS sports-

watch/smartphone to monitor individually-set pace zones. All 

LT sessions were performed at 80-85% (of each individual’s 

peak indoor treadmill velocity) for ~30 minutes on a synthetic 

athletics track, while LSD sessions were performed at 60-70% 

(of each individual’s peak indoor treadmill velocity) for ~60 

minutes on mostly flat concrete roads. 

A single tri-axial trunk-mounted accelerometer (Shimmer3, 

Dublin, Ireland; fixated closely to the L3-L5 spinal process) 

was used to compute a select group of dynamic loading, 

dynamic stability, and spatio-temporal variables across 200 

runs and >1.6 million running steps (Table 1). Variables were 

preselected based on previous findings showing their potential 

to detect outdoor running fatigue during a maximal effort track 

run [1], and were computed over windows of 20 consecutive 

steps in Matlab version 8.3 (MA,USA). Generalised 

estimating equations were used to evaluate effects of fatigue 

and session type in SPSS version 20.0 (Chicago, IL). 

Results and Discussion 

No fatigue by training session interactions were observed, 

even after sex, weight, and height were added as covariates. 

Main effects for fatigue revealed that anteroposterior braking 

impact decreased (βfatigue = -0.2g, p <0.01), mediolateral root 

mean square (RMS) ratio increased (βfatigue = 0.03, p <0.05), 

while mediolateral sample entropy (βfatigue = -0.02, p <0.05) 

decreased. Furthermore, main effects for session type showed 

that braking impact (βsession_type= 0.4g, p <0.01) and step 

frequency (βsession_type= 5.0 steps/minute, p <0.01) were higher 

during LT runs compared to LSD runs overall. 

Table 1: Selected outcome variables and descriptives. 

Variable Mean [range] 

Dynamic loading:  

Vertical impact peak (g) 3.62 [1.69 -10,68] 

Anteroposterior braking peak (g) 1.79 [0.7-4.4] 

Dynamic stability:  

Mediolateral RMS ratio (au) 0.41 [0.20-0.62] 

Vertical step regularity  (au) 0.84 [0.59-0.96] 

Mediolateral sample entropy (au) 0.17 [0.07-0.38] 

Spatio-temporal:  

Step frequency (steps/minute) 175.19 [ 148-197] 

Conclusions 

Specific fatiguing patterns were not identified between 

different session types. Nevertheless, fatigue effects were 

detected overall training sessions, specifically for decreases in 

braking peak accelerations and increases in mediolateral 

waveform variability. 
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Summary 
Existing literature has established kinematic and kinetic 
differences between treadmill and overground running. This 
study sought to investigate how metatarsophalangeal joint 
(MTPJ) mechanics differ between the two conditions. Range 
of motion, peak moment, and joint stiffness of the MTPJ were 
significantly different between overground and treadmill 
running.      

Introduction 
Treadmills are commonly used in fitness centers and physical 
therapy clinics for training and monitoring gait mechanics 
during return-to-running programs. Previous work has 
established kinematic and kinetic differences between 
treadmill and overground running [1,2]. However, no studies 
have assessed how MTPJ mechanics differ between the two 
conditions. 

Methods 
To date, four male runners have been analyzed. Running trials 
were conducted on an instrumented treadmill (Bertec, Inc.) 
and on a 20-m overground runway at 4.0 m/s. Overground 
running velocity was monitored by calculating the average 
anterior-posterior velocity of a sacral marker during stance. 
Data were collected for five foot strikes and averaged for each 
condition for analysis. Participants all wore the same neutral 
footwear (Nike Streak 6 Flyknit) for both conditions.  

A two-segment foot model was defined by the vector from the 
first to fifth metatarsal markers. Foot marker trajectories and 
ground reaction force data were low-pass filtered at 20Hz. The 
midpoint of the MTPJ axis defined the joint center for kinetic 
analysis [3]. Joint stiffness of the MTPJ was defined by the 
ratio of the change in MTPJ moment to maximum MTPJ 
dorsiflexion (Kcr = 'MMTP/'Tpeak) [3]. The phase of stance 
when the forefoot acted as the base of support was quantified 
as the total time the center of pressure acted anterior to the 
MTPJ axis. 

Joint angle range of motion, peak moment, joint stiffness, and 
total time the forefoot served as the base of support during 
stance phase were compared between conditions using a 
dependent t-test (D = .05). 

Results and Discussion 

Metatarsophalangeal joint range of motion was significantly 
different between overground and treadmill running (p = 
.001), as was the maximum MTPJ moment (p = .02), and joint 
stiffness (p = .04). There was no significant difference in 
duration of the forefoot serving as the base of support (p = .18) 
(Table 1).  
Overground running is associated with greater sagittal plane 
hip range of motion [4]. A more extended hip will position the 
foot further posterior from the pelvis during late stance. If the 
foot is further posterior, an increase in MTPJ dorsiflexion may 
be required to maintain a ground-surface contact area by 
which to transmit force. This may explain our observation of 
increased MTPJ range of motion during overground running.  

Peak MTPJ moments were on average 47% larger during 
treadmill running. These findings add to existing literature 
showing that peak moments about the distal joints are greater 
during treadmill running [2]. As treadmills are commonly used 
in physical therapy clinics to monitor return-to-running 
programs, clinicians should be aware of the larger MTPJ 
moments that may increase metatarsal loading and subsequent 
risk of metatarsal stress fracture [5]. 

The moment-angle relationship of the MTPJ has been utilized 
to quantify an optimal bending stiffness of footwear to 
improve running economy [3]. Researchers interested in 
tuning footwear stiffness to improve running economy should 
be aware of the potential differences in MTPJ kinematics and 
kinetics between overground and treadmill running.  

Conclusions 
Initial examination of these findings reveals that MTPJ 
kinematics and kinetics are different during overground and 
treadmill running. Clinicians and footwear scientists should be 
aware that treadmill evaluation may lead to inadequate 
translation to overground running. 
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Table 1: Metatarsophalangeal joint kinematics and kinetics for overground and treadmill running. Bold p-values represent statistical significance. 

 Range of 
motion (q) 

Max Moment 
(N-m/kg) 

Joint stiffness 
(N-m/kg/deg) 

Time forefoot as base of 
support (Percent stance) 

Overground 35 r 2 0.61 r .05 .006 r .002 63 r 18 
Treadmill 12 r 4 0.90 r .09 .03 r .01 77 r 10 
P value .001 .02 .04 .18 

Thursday, August 01 2019: Posters (1600-1800) 600

Running General 1



 

 

Effects of a foot ankle exercises protocol on medial longitudinal arch during running  

 

 Alessandra Matias1, Ulisses Taddei1, Rafael Inoue1, Raissa Thibes2, Paolo Caravaggi3, Isabel Sacco1 
1Faculdade de Medicina FMUSP, Universidade de Sao Paulo, Sao Paulo, SP, Brazil 

2 Cento de Matematica, Computação e Cognição Federal, UFABC, Brazil 
3Movement Analysis Laboratory, IRCCS Istituto Ortopedico Rizzoli, Bologna, Italy  

Email: alessandra.matias@usp.br  

 

Summary 

The medial longitudinal arch (MLA) plays a major role in 

transferring forces through the foot and to the body. Foot 

exercises can help the MLA structure in different moments of 

the stance phase. 

Introduction 

The human foot is distinctly characterized by the medial 

longitudinal arch (MLA), and has a major role in transferring 

and dampening forces through the foot during dynamic tasks 

[1]. The control of MLA stiffness is attributed to the intrinsic 

foot muscles (IFM) [2]. The inefficient active support of the 

MLA caused by dysfunction or weakness of IFM is related to 

injuries in runners [3]. The aim of this study is to evaluate a 

foot and ankle exercises protocol in the MLA angle during 

running. 

Methods 

A total of 41 injury-free runners (23M, 18F; 40±7.8 yrs) from 

an ongoing study were included. Kinematic and kinetic data 

were collected while running on an instrumented treadmill at 

self-selected speed (2.5±0.43 m/s). The runners were 

evaluated at baseline (t0), and after 8 weeks (t8). The runners 

performed a foot and ankle exercises protocol 3 times per 

week. The MLA was defined according to skin-markers 

located on the calcaneus, talo-navicular tuberosity and first 

metatarsal head. The MLA temporal series was divided in 

three phases according vertical ground reaction force (vGRF) 

(Figure1). For vGRF in forefoot strikers runners without the 

impact peak, we calculated these over 13% of stance for 

comparison to vGRF with impact peaks. The range of motion 

(ROM), minimum (Min), maximum (Max). were calculated 

for each phase and for the total cycle (stance phase). 

Results and Discussion 

The Total ROM, Max and Min were similar between t0 and t8 

(Table 1). The ROM is higher in t8 than t0 for phases A 

(p=0.009), B (0.01) and C (p=0.02). The Max values also were 

similar between t0 and t8 for the entire cycle, but were higher 

in t8 for the phases A (p=0.02) and B (p=0.02). The phase C 

presented a higher min value in t8 than in t0 (p=0.02) (Table 1). 

 

Figure 1: Vertical ground reaction forces curves and the phases 

division. 

Conclusions 

When comparing the entire stance phase cycle, the MLA 

values did not show differences. However, when we singly 

look at the phases, the differences in the MLA characterize a 

higher deformation in each phase of stance phase. The phase 

A and B represent the loading phase and a higher arch 

compression represents a better energy-saving role of the arch 

[1]. The higher minimum at the end of stance phase could 

represent a best structural conservation of the MLA. 
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Summary 

The aim of this study was to clarify the effect of wearing a 

forearm prosthesis on starting block performance in sprint 
running. One female unilateral below-elbow amputee athlete, 

a T47 400m medalist in the 2016 Paralympic Games, 

performed three 10m sprints from starting blocks either 

wearing a forearm prosthesis or not. We found that the 

average horizontal acceleration and horizontal initial velocity 

were 6% and 9% greater, respectively, without the forearm 

prosthesis than with the prosthesis. These results suggest that 

for a unilateral below-elbow amputee athlete, starting block 
performance with a crouch start is better when not wearing a 

forearm prosthesis. 

Introduction 

For T47 Paralympic sprinters, biomechanical research has not 
yet clarified whether using a forearm prosthesis is beneficial, 

and athletes and coaches have doubts as to whether or not to 

use one. For example, in the 2016 Rio Paralympics men’s and 

women’s T47 class 100m finals, three of the nine below-

elbow amputees wore a forearm prosthesis [1,2]. This might 

be caused by the lack of evidences on the benefit of using a 

forearm prosthesis. The aim of this study was to clarify the 

effects of prosthesis on sprint starting performance. 

Methods 

One female unilateral below-elbow amputee athlete, a T47 

400m medallist and 100m finalist in the 2016 Paralympic 

Games (missing right forearm; 100m personal record: 12.86 
sec), participated in the study. The athlete performed six 10m 

sprints from starting blocks; while three with wearing a 

forearm prosthesis and three without. External force data were 

collected using force-instrumented starting blocks (Kistler 

Instrument Corporation). Based on previous studies, average 

horizontal acceleration and horizontal initial velocity was 

calculated using external force data as objective indicators of 

starting block performance [3,4]. The 5m sprint lap time was 

recorded with photocells. 

Results and Discussion 

No differences in the 5m sprint lap time were observed 

between the two conditions (Table 1). However, the average 
horizontal acceleration and horizontal initial velocity were 6% 

and 9% greater, respectively, without the forearm prosthesis 

than with it. These results suggest that starting block 

performance with a crouch start is better without a forearm 

prosthesis. 

The horizontal impulse developed by rear leg was 30% 

greater without the forearm prosthesis than when using one, 

front leg impulses did not change regardless of prosthesis 

(Figure 1). In “set” position of crouch start, one arm support 

posture (without prosthesis condition) might be beneficial for 

developing effective force in rear leg. 

Table 1: Comparisons of starting block performance. 

Variables Unit Mean SD Mean SD

5m sprint time sec 1.49 0.01 1.48 0.02

Average horizontal acceleration m/s
2 8.00 0.17 8.54 0.24

Horizontal initial velocity m/s 3.12 0.10 3.42 0.20

With prosthesis Without prosthesis

 

 

Figure 1: Comparisons of horizontal force and impulse. 

Conclusions 

For a unilateral below-elbow amputee athlete, starting block 

performance with a crouch start is better when not wearing a 

forearm prosthesis. 
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Summary 

Characterization of mechanical load under realistic 

conditions provides meaningful context for injury risk 

in runners. The purpose of this study was to determine 

how reaction forces (RFs) experienced immediately 

after foot contact were associated with swing and stance 

leg accelerations measured by inertial measurement 

units (IMUs) secured to the shank. The body weight RF 

impulse experienced was associated with swing and 

stance leg accelerations immediately after foot contact 

for each leg and pace (r range: 0.51-0.79). Within and 

across subjects, changes in velocity due to swing 

(ΔVSW) and stance (ΔVST) leg accelerations decreased 

and increased, respectfully, as change in velocity due to 

resultant RF impulse (ΔVRF) increased during initial 

phase of foot contact. These results indicate that 

accelerations measured using IMUs can provide insight 

to the RF encountered when running under realistic 

training conditions. 

Introduction 

The mechanical loading experienced by individuals 

during interaction with the environment is often 

characterized by measuring the RF [1]. IMUs secured 

to body segments provide a unique opportunity to 

determine how swing and stance leg accelerations are 

associated with RFs measured when running at 

different speeds under realistic conditions. I 

hypothesized that swing and stance leg accelerations 

would be associated with RF impulse immediately after 

foot contact when running across speeds.  

Methods 

Seven female collegiate mid-distance runners provided 

informed consent to participate in this study. Portable 

force plates (1280Hz, Kistler, Amherst, NY, USA) 

were used to measure RFs during foot contact when 

running at 3.8 and 4.9 m/s (min. 8 contacts per leg) 

outside on a standard level track. Velocity gates and net 

horizontal RF impulse results verified forward running 

speed was maintained between trials. IMUs (1280Hz, 

APDM Inc, Portland, OR, USA) were secured to the 

sacrum, left and right shanks above the lateral 

malleolus; kinematic video was recorded (240Hz, 

Panasonic, Newark, NJ, USA).  Accelerometer data 

was filtered [2] and manually synchronized with the 

RF. Resultant accelerations and RFs normalized by 

mass were integrated during initial contact (Figure 1) to 

represent change in velocity.  The level of association 

between ΔVSW and ΔVST to ΔVRF during the initial 

contact phase was determined using Spearman’s 

correlation, while relationships between speeds were 

assessed through dependent two-way measures of 

covariance with no parametric assumptions.  

 Results and Discussion 

ΔVSW demonstrated a negative association to increases 

in ΔVRF within speeds (r=-0.74-0.75), as well as an 

increased ΔVSW across speeds for all subjects (Figure 

2a). ΔVST established a positive relationship to ΔVRF 

within speeds (r=0.51-0.79); contrary to ΔVSW, across 

speeds ΔVST was maintained (Figure 2b). Note that in 

both cases, individuals across the spectrum maintain 

internal consistency. Extending this study with more 

runners will develop these observations within and 

across subjects; relating IMU data to individual RF 

characteristics will expand on the prospective value of 

in-field studies with personalized feedback. 
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Figure 2a, b. Resultant reaction force and swing (a), stance (b) segment accelerations 

as changes in velocity during initial contact phase across speeds. 

Figure 1. Exemplar reaction force and 

leg accelerations over time. Red bars 
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Summary 

The influence of heel pad and shoe mechanical properties on 
the ground reaction forces were examined during the impact 
phase of running. Heel pad mechanical properties were 
measured in cadaver heel pads under a range of conditions 
reflecting how the heel pad can be surrounded in a shoe. These 
mechanical properties were then used in a multi-component 
spring-mass model of running to demonstrate that the way in 
which the shoe surrounds the heel pad influences the 
magnitude and timing of the ground reaction forces. 

Introduction 

The impact forces acting on the human body during running 
are influenced by both internal and external factors.  In this 
study the heel pad was examined as an internal factor, and the 
shoe as an external factor. The human heel pad has been 
shown to have important shock absorbing characteristics [1].  
Similarly the shoe has been identified as a factor which can 
modify the force applied to the human body [2]. 

Often when heel pads are tested they are not constrained as if 
in a shoe. Shoes can vary in how they constrain the heel pad.  
In this study the effects of different amounts of heel pad 
containment and exposure on the mechanical properties of the 
heel pad and their influence on the impact phase of running 
were examined. Containment was defined as the coverage of 
the heel pad in a shoe measured from the shoe superiorly. 
Exposure was defined as the amount of heel pad that is not 
contained in the shoe measured from the shoe superiorly (see 
Figure 1). The mechanical properties of isolated heel pads 
were determined with different amounts of containment and 
exposure and then used in a model of the contact phase of 
human running. 

Methods 

The mechanical properties of ten embalmed feet were tested at 
room temperature using standard testing procedures [3]. An 
external u-shaped, non-deformable support was fabricated and 
placed around the heel pads of cadaveric feet mimicking 
different designs of footwear. The external u-support was 
constructed to allow a prescribed amounts of containment and 
exposure around the heel pad (Figure 1). The mechanical 
properties of the heel pads were determined under these 
different conditions via compression using a material testing 
system. 

To examine the influence of different heel pad properties and 
shoe properties a simulation model was developed. The model 
is a modification of a multi-component spring-mass model of 
the impact phase of human running [4]. The model accounts 
for wobbling masses and shoe and heel pad properties. For 

these simulations heel pad properties were from the 
measurements of the cadaver specimens and the shoe 
properties designed to represent a soft and a hard shoe. 

 
Figure 1: Six experimental conditions demonstrating different levels 

of heel pad containment and exposure. 

Results and Discussion 

Heel pad mechanical properties were influenced by heel pad 
containment and exposure.  There were statistically significant 
differences between the six conditions for mechanical 
properties (p<0.05), for example maximum heel pad 
deformation, hysteresis, and stiffness at one body weight 
loading. With 5 mm of exposure heel pad stiffness was the 
greatest, and for 20 mm containment the stiffness was the 
lowest. Touchdown velocities of 0.6 m.s-1 for the simulations 
of the impact phase of running were performed for a range of 
shoe and heel pad properties ranging from a soft shoe with a 
lower stiffness heel pad (due to 20 mm of containment) to a 
hard shoe with a greater stiffness heel pad (5 mm of 
exposure). With increasing overall heel pad-shoe stiffness 
there was an increase in loading rate of 33.2%. 

Conclusions 

This study demonstrates that the way in which the heel pad is 
constrained in a shoe influences the ground reaction forces 
during the impact phases of running. These results highlight 
important considerations for shoe design. 
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Summary 
Self-paced treadmills (SPT) that allow participants to self-select 
their preferred speed and naturally vary speed may better 
replicate the variability of overground (OG) running. This study 
assessed the validity of a SPT design in comparison to fixed-
speed (FST) and OG running conditions. Four of the 10 
individuals’ SPT running speed variability did not significantly 
differ from OG running speed variability, showing promise for 
this clinical tool. 

Introduction 
Treadmills provide a convenient way to research locomotion 
patterns due to the ability to conduct testing under controlled 
conditions [1]. Yet, controversy whether a treadmill accurately 
simulates natural OG locomotion still persists.  Studies suggest 
that treadmills influence the natural variation of locomotor 
patterns [2]. SPT that allow users to spontaneously alter their 
speed have been proposed to overcome the limitation of manual 
speed input in FST [3,4].   
The validity of a SPT design for running has yet to be compared 
in FST, SPT and OG running. The purpose of this study was to 
assess spatiotemporal parameters in human running under OG, 
FST and SPT conditions. We hypothesized that SPT running 
would more closely resemble the speed variations of OG 
running. 

Methods 
This study included 10 healthy adults (5F/5M; median (range) 
age of 24 (23-27) years; average (SD) mass of 71.60 (20.24) 
kg); OG running speed 3.42 (0.40) m/s) who self-reported that 
they were free of musculoskeletal deficits, neurological 
impairment and cardiovascular disease.   
Participants were asked to perform a 5-minute test session in 
each of the following running conditions; OG running, FST 
running and SPT running. OG running tests were performed on 
an outdoor 400m track. Participants wore an arm band with a 
mobile device running the Strava application (Strava, San 
Francisco, CA) to record running speed. Treadmill running 
tests were performed on a split-belt instrumented treadmill 
(Bertec, Columbus, OH). The SPT used in this study consisted 
of a portable position tracking system (Xbox Kinect, Microsoft, 
Redmond, Washington), and an in-house built control software 
with a proportional algorithm. 
Standard deviation of running speed across the three running 
conditions was evaluated using a repeated measures ANOVA 
(a<0.05). Individuals’ standard deviation of running speed 
across the three running conditions was calculated over 60 sec 
epochs and evaluated using a one-way ANOVA (a<0.05). 

Post hoc analyses with Tukey’s tests were used when 
significant differences between conditions were observed.  
Results and Discussion 
For this study running variation is defined as standard deviation 
of running speed. There was significant difference in running 
speed variation across all 10 participants (p<0.0001). in all 
three running conditions (See Fig. 1). In four individuals OG 
running speed variation and SPT running speed variation did 
not significantly differ (See Fig. 2).  
 
 
 
 
 
 
Figure 1: Box-and-whisker plot showing running speed variability in 

OG, FST and SPT conditions (n = 10). 

 

 

 

 

 

Figure 2: Representative running speed plot in OG, SPT and FST 
conditions of an individual where speed variation in OG and SPT 
conditions did not significantly differ (OG vs SPT p = 0.341). 

Further analysis with a greater variety of runners should be done 
to determine if there are subject-specific characteristics that 
yield SPT running speed variations that resemble those of OG 
running. 

Conclusions 
A SPT that simulates the natural speed variation seen in OG 
running is feasible and shows promise to simulate 
natural OG running in self-selected speed. Future research will 
focus on investigating other spatiotemporal and nonlinear 
parameters to determine the extent of OG running replication. 
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Summary 

Overweight and obese children have increased knee 

abduction angles and moments throughout stance compared 

to normal weight children.  

Introduction 

Compared to healthy weight children, overweight/obese 

children display increased genu valgus alignment [1]. In 

addition, overweight/obese children display increased plantar 

pressure and vertical loading during running [2, 3]. The 

combination of genu valgus alignment and increased vertical 

loading are likely to lead to excessive frontal plane motion 

and increased moments at the knee and hip joints. Therefore, 

the purpose of this study is to compare frontal plane knee and 

hip mechanics during running between healthy weight and 

overweight/obese children. We hypothesize that the 

overweight/obese children will have greater knee abduction 

and knee abduction moments during the stance phase of 

running than healthy weight children. 

Methods 

Ten healthy weight children (HW; 5 female, 5 male, 

age=10±1.35yr, height=1.47±0.1m, mass=38.4±10kg, BMI% 

52.7±21) and seven overweight/obese children (OW; 6 

female, 1 male, age=10±1.3yr, height=1.55±0.1m, 

mass=64.2±8.2kg, BMI% 97.0±3.2) participated in the study. 

After a brief warm-up consisting of light jogging and jumping 

jacks, thirty-one retro-reflective markers and five marker 

clusters were placed on the thorax and legs, using a modified 

Helen Hayes marker set. Anterior superior iliac spines and 

iliac crest markers were determined using a spring pointer 

and digitally created to account for excess adipose tissue. 

Eight motion capture cameras (Qualisys) collected marker 

data at 200Hz. Participants ran across a 15m runway 

embedded with an force plate (AMTI), data were collected at 

2000Hz. Five trials were completed with the participant 

running at 3.5m/s±5%.  Frontal plane hip and knee angles and 

moments during the stance phase of running were calculated 

in Visual3D and a customized LabView program. Specific 

variables of interest can be found in Table 1. A one-way 

ANOVA was performed to compare group differences. 

Results and Discussion 

Groups were similar for age and height (p<0.05). Mass and 

BMI% were significantly greater in the OW group (p< 0.01). 

As hypothesized, the OW group displayed greater knee 

abduction angles and moments at several points throughout 

the stance phase of running (Table 2). No significant 

difference at the hip joint were found between groups.  

Greater knee abduction angles and moments have been linked 

to increased joint loading and the development of knee 

osteoarthritis.  

Table 1. Kinematic variables 

 NW OW p 

Peak KAD (°)  4.65±5.20 -3.50±3.78 0.005* 

Peak KAB (°) -2.14±3.86  8.01±3.69 0.010* 

KABD @ FS (°) -1.50±4.36 -6.18±3.53 0.039* 

KABD @ VIP (°)  1.41±3.67 -5.05±4.62 0.010* 

KABD @ Max Fz (°)  3.29±5.97 -5.57±3.73 0.005* 

KADM (Nm/BH)  0.12±0.09  0.25±0.16 0.082 

KABM (Nm/BH) -0.45±0.15 -0.24±0.14 0.013* 

KABD MOM @ VIP (Nm/BH) -0.18±0.13 -0.03±0.15 0.069 

KABM @ Max Fz (Nm/BH) -0.35±0.18 -0.04±0.25 0.016* 

Peak HAD (°)  17.0±2.73  18.3±4.46 0.485 

Peak HAB (°)  6.01±2.16  8.68±3.11 0.072 

HAD @ FS (°)  8.74±2.98  12.6±4.13 0.055 

HAD @ VIP (°)  11.7±2.18  13.7±3.86 0.223 

HAD @ Max Fz (°)  16.3±2.98  17.8±4.81 0.464 

HADM (Nm/BH)  0.18±0.93  0.14±0.16 0.536 

HABM (Nm/BH) -1.08±0.15 -1.06±0.14 0.806 

HABM @ VIP (Nm/BH) -0.38±0.13 -0.58±0.15 0.165 

HABM @ Max Fz (Nm/BH) -0.95±0.18 -0.91±0.24 0.457 

Positive values indicate Adduction and negative values indicate Abduction; 

NW: Normal Weight, OW: Overweight/Obese, KAD: Knee Adduction, 

KABD: Knee Abduction, KADM: Knee Adduction Moment, KABM: Knee 

Abduction Moment, HAD: Hip Adduction, HABD: Hip Abduction, HADM: 
Hip Adduction Moment, HABM: Hip Abduction Moment, FS: Foot Strike, 

VIP: Vertical Impact Peak, Fz: Vertical Ground Reaction Force, BH: Body 
Height, * p value < 0.05 

Conclusions 

Overweight and obese children have increased knee 

abduction angles and moments during running. Excessive 

knee abduction and knee abduction moments have been 

linked to increased joint loading and knee osteoarthritis. 

Training interventions for overweight and obese children 

should be developed to address these faulty movement 

patterns. 
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Summary 

In-shoe plantar pressure measurement systems have the 

potential for measuring foot contact events in running outside 

of the laboratory in the training and competition 

environments. Different algorithms have been employed by 

researchers to identify foot contact events from in-shoe 

plantar pressure measurement systems however, to date, there 

have been no comparative analyses of accuracy of these 

algorithms for contact event detection during running. Thus, 

the purpose of this study was to determine the optimal 

algorithm for foot contact event detection from an in-shoe 

plantar pressure measurement system (LogR™ (Orpyx® 

Medical Technologies) across different running speeds. We 

tested 8 different algorithms against the gold standard force 

instrumented treadmill. Results found significant differences 

between algorithms across running speeds for detection of 

contact events. Algorithm 1 based on threshold crossings, had 

the best agreement with the gold standard. 

Introduction 

Identification of foot contact events (FCEs) during running 

gait allows for the determination of important kinematic and 

kinetic variables to support comparisons across different 

running speeds and athletes[1]. The current gold standard in 

FCE detection requires in-ground force plates or force 

measuring treadmills however, detection of FCEs from these 

methods are expensive, time consuming, and are restricted to 

laboratories[2].  Consequently, there is very little research 

derived from data on runners in their training or competition 

environments. To address these limitations researchers have 

developed lightweight plantar pressure measurement systems 

(PPMS) which have the advantage of providing both 

kinematic and kinetic running gait data including the 

distribution of forces under the foot[3]. However, few 

researchers have investigated the accuracy of PPMSs in the 

detection of FCEs during running. Further, to date, there have 

been no comparative analyses of accuracy of different 

algorithms for FCE detection during running from PPMSs 

data. Thus, the purpose of this study was to determine the 

optimal algorithm for FCE detection from a recent developed 

PPMS (LogR™ (Orpyx® Medical Technologies) cross 

different running speeds.  

 

Method 

This was accomplished by comparing the FCE measurements 

determined by each algorithm to the FCE measurements 

obtained using a gold standard force instrumented treadmill. 

Eight different algorithms were compared for their validity 

and reliability for detecting FCEs relative to the ‘gold 

standard’ at 2.31 m/s, 2.58 m/s, 2.78 m/s, 2.78 m/s, 2.89m/s 

and 2.97 m/s. For each trial, the mean error (ms), standard 

deviation (ms) and root mean squared error (ms) were 

calculated.  

Results 

Results found significant differences between algorithms 

across running speeds for detection of FCE. Preliminary 

results showed that Algorithm 1 based on threshold crossings, 

had the best agreement with the gold standard for mean errors 

ranging from 1±11ms - 4±4ms across all three running speed. 

Algorithm 3 based on the peak derivative of the signal, 

showed the least agreement with the gold standard for mean 

errors ranging from 9±4ms - 44±12ms across all three running 

speed.  

Conclusions 

Thus in-shoe plantar pressure measurement systems based on 

threshold crossings can accurately detect FCEs relative to a 

gold standard; however, future studies with a larger sample 

should confirm these findings across an increased range of 

running speeds. Additionally the feasibility of each algorithm 

to detect FCEs in real time should also be assessed.  
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Summary 

Stability in flight is essential for performance and safety in ski 
jumping. However, the effect of vertical axial wind on the 
flight stability in ski jumping remains unknown. In this study, 
the effect of vertical axial wind on the flight stability was 
analyzed by computational fluid dynamics (CFD) simulations. 
The wind affected flow field characteristics around the system, 
thus the corresponding force and torque were produced. The 
influence of vertical axial wind on the flight stability of ski 
jumping can’t be ignored, which can cause the athletes to 
deviate from the flight trajectory and possibly rotate. The 
results have some application value to improve the safety of 
ski jumping, and also provide useful scientific guidance for 
the flight stability control training of athletes. 

Introduction 

Wind is not only closely associated with the discussion of 
fairness in ski jumping [1], but also very important to the 
flight safety. Stability in flight is essential for performance and 
safety in ski jumping [2]. However, the effect of vertical axial 
wind on the flight stability in ski jumping remains unknown. 
In this study, a special CFD method was used to simulate and 
predict the aerodynamics characteristics during flight in ski 
jumping under vertical axial wind, and the effect of vertical 
axial wind on the flight stability was analyzed. 

Methods 

The jumper and skis were regarded as a multi-body system, 
and refined three-dimensional geometric model and mesh 
model of the system were established based on a general 
attitude during flight (Figure 1). The partially averaged 
Navier-Stokes (PANS) turbulence model was used to simulate 
the aerodynamic characteristics of the system. The forces and 
moments of the system were obtained, and the information of 
the flow field around the system were displayed intuitively, 
including pressure distribution, airflow velocity streamlines, 
vortex forms and so on. The vertical axial wind speeds 
involved include six conditions, including -4 m/s, -2.5 m/s, -1 
m/s, 1 m/s, 2.5 m/s, 4 m/s, and so on (Table 1). 

 

Figure 1: Attitude parameters in flight. 

Results and Discussion 

The obtained force and torque are relative to the mass center 
of the multi-body system. The vertical axial wind affected 
flow field characteristics around the system, thus the 
corresponding force and torque were produced. The vertical 
axial wind velocity is approximately linearly related to the 
lift/drop force and the pitch torque generated by the wind. 
When the vertical upper wind velocity increases 1 m/s, the lift 
force and the pitch torque increase by 17.5 N and 8.5 N·m, 
respectively. When the vertical downward wind velocity 
increases 1 m/s, the drop force and the pitch torque increase 
by 20 N and 9.5 N·m, respectively. Meanwhile, this 
relationship may vary with the posture of the system during 
flight. 

Conclusions 

The influence of vertical axial wind on the flight stability of 
ski jumping can’t be ignored, which can cause the athletes to 
deviate from the flight trajectory and possibly rotate, 
especially when the wind velocity is relatively large, there 
may be serious consequences of unstable pitch control during 
flight. The results lay the foundation for the further study of 
integrated flight stability based on wind tunnel tests, and also 
have some application value to improve the safety of ski 
jumping, and also provide useful scientific guidance for the 
flight stability control training of athletes. 
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Summary 

Knee injury of China’s freestyle skiing athletes of aerial skills 
project accounts for up to 80% of the total injuries, and the most 
serious injury is cruciate ligaments injury. This study is to 
reveal the anterior cruciate ligament(ACL) and posterior 
cruciate ligament(PCL) injury mechanism and their damages 
condition of athletes engaging in this project. 

Introduction 

Freestyle skiing aerial skills is a highly ornamental snow sports. 
The athlete completes the whole movement through several 
stages, such as helping to slide, jumping, flying and landing. In 
the landing stage, due to the height drop of nearly 18 meters, 
the knee joint in the landing buffering stage will receive a very 
big impact. The Angle of the landing skin is 37-38 degrees. 
Under high-speed impact, the knee joint has relative motion 
between the tibia and the femur, so it brings greater risk of 
injury to cruciate ligaments [1]. 

Methods 

This study uses kinematics analysis to analyze the freestyle 
skiing aerial skill, three circle movements, and obtains relevant 
kinematic indicators and joint angles (fig1). The DICOM data 
of volunteers are obtained by CT and MR detection and the data 
are imported into Mimics software to establish knee joint model 
of IGES format. The finite element analysis of the IGES model 
is performed by Abaqus finite element software to obtain the 
tension condition of cruciate ligaments. The hyperelasticity  of 
a ligament was represented by an incompressible Neo-Hookean 
model with parameter C10 and D1 [2]. The material properties 
of the ligaments used in the FEA model are in table 1.  

Table 1: material properties of the ligaments 

Results and Discussion 

The obtained angles of the right and left knee joint in the 
landing moment are 𝛂𝐋 = 𝟏𝟒𝟔. 𝟐 ± 𝟏𝟐. 𝟓 (˚) and α, =
143.0 ± 10	.3 （˚）, and the obtained angles of the right and 
left knee joint in the landing stability are α2‘ = 128.7 ± 15.1（˚） 
and 𝛂𝐑‘ = 𝟏𝟑𝟎. 𝟔 ± 𝟏𝟑	. 𝟐 （ ˚ ） ， so that the study is 
conducted on the benchmark of 135˚ of knee joint. The 
maximum stress F=7683.33(N) of the tibial plateau in the 
landing moment is calculated by the take-off speed, the height 
of arch and the buffer time. It is estimated that the tibial plateau 
will bear 9.60 times body weight. When landing, the stresses of 
the cruciate ligament under high impact force are shown in 

Figure 1. A is ACL, and there is stress concentration in the 
posterior bundle of the ligament at the junction between the 
femoral. B is tPCL, and there are stress concentrations in the 
anterior bundle at the junction between the tibial plateau and the 
femoral. In the case of a normal posture in landing, the 
calculated maximum stress value is less than the ultimate stress 
that the ligament can withstand. 

 
fig.1 Stress of the cruciate ligament (A-ACL, B-PCL) 

Conclusions 

The impact to the knee joint cartilage is nearly 10 times the 
body weight in the landing moment of the three-circle 
movement. Although stress concentration occurs in both the 
ACL and PCL, the calculated maximum stress value is less than 
the ultimate stress value of the ligaments. In this study, the 
external constraint of the knee joint model is the normal landing 
parameter, which shows that the cruciate ligament is relatively 
safe in the normal posture landing. It is worth noting that the 
results of the knee joint internal rotation or external rotation will 
be very different from normal posture landing. Regarding the 
research content of this part, the author is analyzing and sorting 
at this stage, and the relevant conclusions will be published later. 
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Summary 

Jump landing manoeuvres in competitive downhill skiing are 
typical situations leading to ACL injuries. While, 
neuromuscular control is considered a key injury risk factor, 
optimum control strategies are unknown. The purpose of the 
study was to compute muscle activation patterns that minimize 
ACL forces during jump landing using a sagittal plane 
musculoskeletal model of an alpine skier. First, we computed 
a baseline landing simulation tracking experimental data with 
a commonly assumed muscle coordination strategy, which 
minimized the sum of squared muscle activations. Second, we 
calculated an optimized control strategy minimizing ACL 
forces after initial ground contact. Using the optimized control 
strategy the peak ACL force could be substantially reduced 
from 1.13 BW in the baseline simulation to 0.13 BW. The 
reduction was primary caused by altered muscle activation 
patterns of the glutei, hamstrings quadriceps and soleus and 
was accompanied with only small kinematic changes in the 
kinematics of the skier. 

Introduction 

Injury data in alpine skiing highlight that competitive skiers 
face a high injury risk. In particular, jump landing in downhill 
skiing has been identified as a common situation leading to 
ACL injury [1]. While neuromuscular control is considered as 
a key injury risk factor, optimum control strategies minimizing 
ACL forces are unknown. The purpose of the study was to 
compute muscle activation patterns that minimize peak ACL 
forces during jump landing in downhill skiing. 

Methods 

A 25 kinematic degrees of freedom sagittal plane 
musculoskeletal model of an alpine skier was used to study 
jump landing in downhill skiing [2]. The model of the skier 
consisted of seven rigid segments one segment representing 
the head, arms and torso and three segments for each lower 
extremity; each ski was modeled as a chain of nine rigid 
segments connected by revolute joints. The motion of the skier 
was actuated by 16 three-element Hill-type muscles, eight for 
each lower extremity: iliopsoas (Ili), glutei (Glu), hamstrings 
(Ham), rectus femoris (RF), vasti (Vas), gastrocnemius (Gas), 
soleus (Sol) and tibialis anterior (TA). 

A dynamic optimization framework was used to study the 
effect of altered neuromuscular control on the loading of the 
ACL during jump landing. First, we computed a baseline 
simulation tracking experimental jump landing data of a 
downhill skier with a commonly assumed muscle coordination 
strategy, which minimized the sum of squared muscle 
activations [e.g.,3]. The baseline simulation was formulated as 
optimal control problem with a corresponding performance 
index J and transformed into a nonlinear programming (NLP) 
problem using direct collocation [4]. The NLP problem was  

solved using the NLP solver IPOPT. Second, we calculated 
another tracking simulation – the kinematics of the skier 
should be similar as in the baseline landing simulation – with 
an altered control strategy aiming at minimizing ACL forces 
in the right (Fr

acl) and left knee (Fl
acl) after initial ground 

contact (tc). In particular, the following term Jacl was added to 
the performance index J of the baseline simulation 

22

c

T r l
acl acl

acl

t

F F
J dt

c c

   
= +   
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where c was set to 2000 N. ACL forces were computed based 
on a two dimensional data-driven knee model [3].  

Results and Discussion 

Using the altered control strategy the peak ACL force could be 
substantially reduced from 1.13 BW in the baseline simulation 
to 0.13 BW. The reduction was primary caused by altered 
muscle activation patterns (amplitude and timing) of selected 
muscles of both legs and corresponding changes in the muscle 
forces (Figure 1). Especially, the altered control strategy was 
submaximal and characterized by decreased activation of the 
glutei and increased hamstrings and soleus activation after 
initial ground contact. Quadriceps activation was reduced and 
adapted to distribute the impact load uniformly between both 
legs. The altered activation patterns produced almost the same 
landing movement, even though muscle forces were different. 

 
Figure 1: Selected muscle forces corresponding to the baseline 

simulation (solid blue) and the simulation minimizing ACL forces 
(dashed orange). The dashed vertical line indicates the time of peak 

ACL force and 0 the time of initial ground contact. 

Conclusions  

A musculoskeletal skier-ski model was used to calculate 
muscle activation patterns that minimize ACL forces during 
jump landing. Quadriceps and posterior muscle chain activity 
showed to contribute significantly to the loading of the ACL. 
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Summary 

The present study compared the effect of tail/head wind on 

two reference jumps with different aerodynamic properties (CL 

and CD) during the flight phase. The computer simulation 

showed that the wind scenarios used in the present study had a 

reverse effect on the jumps. Proper wind conditions at the 

early flight phase may result in an unfair ad/disadvantage 

when the current FIS wind compensation system is used. 

Therefore, based on the present results, a new revision of the 

FIS wind compensation would be needed. 

Introduction 

All the studies on wind effects on jumping distance in ski 

jumping have shown that headwind increases and tail wind 

decreases jump distance [e.g. 1]. However, by studying the 

flight phase in more detailed phases, Jung et al. [2] found 

recently “a reverse” wind effect in favourable wind conditions. 

They mentioned that this “reverse” wind effect was more 

pronounced with increased drag areas and it also depends on 

the direction of the air flow in the sagittal plane. This finding 

may be of importance for the FIS (Fédération Internationale de 

Ski) wind compensation system which assumes that head wind 

is always advantageous and tail wind disadvantageous. The 

present study compared the effect of wind on two reference 

jumps with different aerodynamic characteristics. 

Methods 

The effect of wind on jumping distance was analysed by a 

computer simulation with a model of the complete ski jump 

(ski jumper is considered as point mass). Two jumps of same 

jump length (133 m) but different CL and CD coefficients in 

the flight phase served as reference jumps A and B (figure 1). 

0.2 0.3 0.4 0.5 0.6 0.7
0.4

0.5

0.6

0.7

0.8

0.9

0.3 s

0.5 s

1.0 s

1.5 s

2.0 s
2.5 s

3.0 s

Lift coefficient CL

Drag coefficient CD

A

B

3.5 s
→ const.

 

Figure 1: Aerodynamic polar curves of the flight phase for two 

different reference jumps of same jump length (133 m) in non-wind 
conditions. The reference [1] was utilized for A and [2] for B. 

This ‘sensitivity analysis’ was done by keeping all other 

parameters (inrun speed, take-off force etc.) same. The used 

wind scenarios were focused on the early flight phase to find 

out the turnover point [2] where the “reverse” wind effect 

ends. Tangential head/tail wind speeds of 1 and 2 m/s were 

applied right after the release instant from the take-off ramp 

(not to inrun). Two additional wind scenarios were applied 

where a slight tangential head/tail wind (0.5 m/s) was added at 

end of the flight phase (from 100 m to landing). 

Results and Discussion 

A steady head/tail wind during the entire flight phase did not 

show difference in jump length between the jumps A and B (1 

m/s 139/125 m and 2 m/s 145/117 m, respectively). However, 

the head/tail wind of 1 and 2 m/s only in the early flight (up to 

~30 m) decreased/increased the jump length slightly for B 

(max. 1.0/1.1 m, 2 m/s) but increased/decreased always the 

length for A. The turnover point in the tail wind of 2 m/s for B 

was 31 m (jump length still 133 m) whereas the jump length 

for A was 130.8 m at the same point. The corresponding jump 

lengths with 2 m/s head wind (turnover point 33 m) were 133 

and 134.9 m.. The tail wind of 2 m/s at the early flight 

(turnover point 20 m) and 0.5 m/s at end of the flight (100 m 

→) resulted in the jump lengths of 133 m and 131.4 m for B 

and A, respectively. The corresponding jump lengths for head 

wind were 133 m and 134.7 m. 

In the FIS wind compensation system tangential wind 

components are measured at several sites along the landing 

slope, weighted with a site-specific factors and summed up to 

get vw, tan. This wind value is then changed to points by hill-

specific factors giving -10.80 points (1 m/s head wind) and 

+13.07 points (1 m/s tail wind) in the hill of the present study. 

According to FIS compensation, the above mentioned 

example for tail wind (2 m/s early flight and 0.5 m/s end 

flight) would give vw, tan = 0.33 m/s which means +4.31 points. 

This would be an “unfair advantage” for the jump B (133 m) 

due the incorrect compensation system. 

Conclusions 

The “reverse” wind effect found here seems to be dependent 

on ski jumpers’ aerodynamic characteristics during the flight 

phase. Therefore, based on the present results [see also 2] a 

new revision of the FIS wind compensation might be needed. 
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Summary 

Field hockey is a team sport played through an implement: the 

hockey stick and it imposes a wide range of physical demands 

on players such as speed, muscle endurance, power and agility 

[1-4]. Using an implement while playing has been proven to 

affect players both in terms of body posture and metabolic 

demand during the match [1-2]. The 20 m sprint is a commonly 

applied fitness evaluation technique, which in this case is 

affected by the constraint of carrying the stick. Normally, the 

20 m sprint test is assessed by measuring the execution time as 

a performance metric [3]. The study presents a light and 

affordable setup to evaluate variables related to athlete’s 

performance during the test. 

Introduction 

Field hockey players, depending on the position they play, 

cover a distance ranging from 9300 to 10870 meters [1]. In 

order to choose the right exercise load for players in a training 

cycle, which is a key factor in preparing them for long-term 

high-intensity exercise, it should be pointed out the importance 

of selecting the right test for evaluating a player’s motor 

capacity. Nowadays, the sprint assessment is commonly carried 

out using chronometers or photoelectric cells to acquire the 

sprint execution time, thus computing the athlete’s velocity as 

space over time. Field hockey is a team sport that requires every 

player to handle a ball through the usage of a stick. Using an 

implement during the whole match modifies the overall athlete 

posture, resulting in an increased metabolic demand due to the 

low stance commonly assumed by the players [1]. Joints 

kinematics adaption affects the athletes not only when handling 

a ball, as also sprinting performance has been shown to be 

negatively affected by the constrain of carrying a stick [2]. With 

respect to the differences in the on-field performances of female 

and male field hockey players state of the art reported mainly 

differences in term of the total distance covered per playing 

position for the duration of the game and their heart rate [4]. 

The aim of this study was twofold: first to investigate 

differences between female and male field hockey player’s 

motor capacity, second to assess the effect of carrying the stick 

on athletes’ performance, opting for the lightest setup available, 

to provide coaching staff with an affordable performance 

evaluation tool. 

Methods 

After signing informed consent, 9 females (mean±SD: age 

21.56±4.67 years; BMI 22.01±0.99 Kg/m2) and 8 males (age 

21.82±2.89 years; BMI 23.91±1.56 Kg/m2) professional élite 

hockey athletes were acquired while executing 3 consecutive 

20mt sprints in the following conditions: without stick (NS), 

carrying the stick with 1 hand (1HS), and with both hands 

(2HS). Kinematics data were collected by means of 4 cameras 

(GoPro HERO3, 60 Hz) and by placing a marker on L5 

vertebrae; hence a self-developed automatic tracking [5] was 

used to compute 2D velocity and acceleration over time, and 

determine their peaks and occurrence within the task. Finally, 

Mann-Whitney U-test (p<0.05) was adopted to compare male 

and female groups for the collected variables. 

Results and Discussion 

Female athletes achieved the maximum speed earlier than male 

athletes and this difference became statistically significant 

when carrying the stick, in both the analysed conditions, 

probably due to different body compositions and approach to 

the sprint task. Despite this, when carrying a stick with both 

hands, male players registered significantly higher acceleration 

and speed peaks during the 20 m sprint, suggesting a better 

lower limb kinematics when the upper body is constrained by 

the implement. 

Figure 1: Acceleration and speed peaks, along with their position 

along the 20 m sprint (mean±SD; * = p < 0.05). 

Conclusions 

The presented experimental setup was able to detect differences 

between female and male élite athletes, during on field executed 

sport-specific tasks, thus allowing the coaching staff to 

quantitatively assess athletes’ performance. The light and 

affordable setup facilitates athletes assessment during training 

sessions, with no need to fix equipment on the players. 
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Summary 

Sprinting plays an important role in many different Olympic 
sports, including field hockey. Better insights in how sprint 
performance is determined and evolves during the season is 
important to improve training protocols. The aim of this study 
was to investigate changes in the sprint performance of the 
current world champion field hockey during the season 
leading up to the World Cup. We found a significant increase 
in maximal velocity and maximal power but not in horizontal 
force production.  

Introduction 

Sprinting plays an important role in many different Olympic 
sports, including field hockey. Improving sprinting skills has 
become a crucial issue in field hockey training. To enable the 
development of more targeted training programs and improve 
sprint performance, a clear insight in which parameters 
determine sprint performance [1] and how these parameters 
evolved during the season is needed. Recent investigations 
demonstrated that a major determinant parameter of sprint 
performance is the maximal power output a player’s 
neuromuscular system can generate (Pmax). This maximal 
power output is determined by the theoretical maximal 
horizontal force production (F0) and the theoretical maximal 
running velocity (v0). Based on this, force-velocity profiles 
are created to identify the player’s strength and weaknesses, 
which are used to optimize individuals’ training protocols. 
This study aims to investigate changes in the sprint 
performance of the Belgian national field hockey team during 
the season leading up to the Hockey World Cup Bhubaneswar 
2018.  

Methods 

Thirteen players from the national hockey team (Red Lions) 
(weight=78.4±5.3kg, height=1.8±0.05m) performed a 
maximal 40-meter sprint tests at three time points (8, 6 and 1 
months prior to the World Cup) in the indoor athletic hall (KU 
Leuven, Belgium) after a standardized warm-up. 
Instantaneous time-position data were recorded via a 312 Hz 
laser (Laser Technology, Inc.- Universal Laser Sensor) 

oriented towards the runner’s lower back, as closely as 
possible from his/her centre of mass. Individual horizontal 
force-velocity profiles and their components were calculated: 
the theoretical maximal horizontal force (F_0), the theoretical 
maximal velocity (V_0), the horizontal power output (P_max), 
and the initial ratio of force (RF) based on Samozino et al. 
(2016) [2]. Results were analyzed using repeated measures 
ANOVA with an alpha level set at p<0.05. 

Results and Discussion 

There was a significant increase in v_0 and P_max throughout 
the season (p<0.007 and p<0.033, respectively). No significant 
differences were found for the maximal force production and 
the rate of force development.  GPS data from the same team 
showed that the average distance of a sprint is more than 20m. 
Calculating an optimal FV profile (unpublished data) confirms 
that for these players an increase in maximal velocity will 
improve their time at their average individual sprint distance 
measured during a game situation keeping maximal power 
production constant.  

Conclusions  

These results show that in elite field hockey players, maximal 
velocity and maximal power output are increased leading up to 
the World Cup. Since no changes in force production were 
seen, it was assumed that this was maintained during the 
training, focusing on velocity. Interestingly, although on a 
group level there are no changes in F_0, on an individual level 
at least 5 out of the 13 players increased their maximal 
horizontal force by at least 5%.  
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Table 1: Results for the mechanical determinants of sprint performance. Data presented are average ± SD of 13 players of the National Hockey 
Team measured at 8, 6 and 1 month prior to the World Cup. 

 8 months 6 months 1 month 

F0 (N/kg) 7.61±0.60 7.81± 0.76 7.80 ± 0.75 

v0 (m/s) 8.84±0.26 9.02±0.33 9.17±0.28 

P_max 16.9±1.41 17.53±2.06 17.69±1.55 

RFD 61.6±3.0 62.5±3.8 62.3±3.2 

 

Thursday, August 01 2019: Posters (1600-1800) 614

Skiing Hockey Sliding 1



 

 

Measuring Ice Hockey Shot Accuracy with Precision: A 3D Puck Flight Simulation  

 

Neil R. MacInnis1, Aaron Manning1, Shawn Robbins2, Tong-Chin Tom Wu3 David J. Pearsall1 
1Kinesiology and Physical Education, McGill University, Montreal, Canada 

2School of Physical and Occupational Therapy, McGill University, Montreal, Canada 
3Department of Education and Allied Studies, Bridgewater State University, Bridgewater, USA  

Email: aaron.manning@mail.mcgill.ca 

 

Summary 

This study aimed to develop a model to predict ice hockey shot 

puck trajectory based on the initial puck launch vectors and 

aerodynamic variables. Using motion capture data collected 

from wrist and slap shots executed within an ice arena, a puck’s 

position and orientation was tracked from release to an end 

target location. These data were used to assess the model’s 

ability to predict puck trajectory from initial launch vectors. 

Preliminary data showed that for shots executed 10m from the 

target, the model had a mean RMS error within 1.85 cm 

laterally and 4.91 cm vertically; both were less than a puck’s 

diameter. With further refinements, we aim to improve the 

model’s accuracy. Ultimately, players and coaches may use 

these predictive models as a training tool to evaluate player shot 

accuracy both on ice and in smaller off ice training facilities. 

Introduction 

3D motion capture systems rarely are used in studies on ice 

surfaces due to logistical and cost constraints; hence, in ice 

hockey it has not been possible to accurately quantify both 

player motion and puck flight [1]. Modeling a puck’s trajectory 

based on its initial conditions would eliminate the need to 

extend the field of view further than capturing the motion of the 

player. Puck flight has been previously modeled [2] and the 

model was validated in a lab setting over 3m. The purpose of 

the current study is to assess the precision and accuracy of a 

flight model on-ice across multiple shot types and distances. 

Methods 

Ten experienced hockey players each executed ten skating slap 

and ten skating wrist shots, aiming at a target positioned 10m 

from the end of a release zone. Shots were repeated at a distance 

of 15m. An 18-camera passive motion capture system (Vicon®, 

Oxford, UK) operating at 240 Hz tracked the motion of the 

puck. Markers were attached to pucks in a 5 x 4 x 3 mm triangle 

with the midpoint of the triangle’s base at the puck’s center.  

The puck’s position data were recorded, and velocity vectors 

were calculated directly following release. Simplified Newton-

Euler equations for a rigid body in flight were solved with these 

initial conditions to predict the puck’s trajectory, using Matlab 

R2018b’s ‘ode45’ integrator function (Mathworks, Natick, 

USA). For preliminary results, the equations neglect spin rate 

and orientation of the puck.  

Preliminary model estimates for one subject were calculated for 

the lateral (Ex) and vertical (Ez) positions of the puck as it 

crossed the target’s vertical plane. Measured positions (Mx and 

Mz) at the target were recorded and differences in estimated and 

measured values (Dx and Dz) were computed. RMS error and 

Bland Altman plots were used to quantify the model’s error.  

Results and Discussion 

Using the preliminary model for wrist shots at 10m, Ex had an 

RMS error of 1.85cm and Ez had an RMS error of 3.95cm. 

RMS error of Ex and Ez for slap shots from 10m were 1.32cm 

and 4.91cm, respectively. For reference, mean Ex and Ez RMS 

errors were within a puck diameter for both wrist and slap shots.  

Bland-Altman analysis revealed a systemic bias between Dx 

and Mx for slap shots (Fig 1). Inclusion of spin rate and 

orientation to the model will correct the lift vector’s direction 

and introduce pitch torque and spin decay moments. Drag, lift, 

and pitch torque coefficients can be adopted from Bohm et al. 

[2]. It is expected that these refinements will eliminate the 

systematic bias and improve overall precision of the model. 

 

Figure 1: Bland-Altman plot for slap shots in the lateral direction 

Visual presentation of virtual puck trajectory to a net target zone 

could be simulated. Ultimately, to enhance athlete performance 

this model could be used by players and coaches as a real-time 

training tool and log on shot accuracy and speed. 

Conclusions 

The simplified model predicts the position of the puck within 

an average RMS error of 4.91 cm, for both wrist shots and slap 

shots at 10m. With further refinement of the model, high 

precision estimation of puck trajectory is possible. 
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Summary 

This study’s objective was to compare lower extremity joint 
coordination between high-calibre (HC) and low-calibre (LC) 
ice hockey players during forward stride skating. A 10-camera 
Vicon motion capture system collected kinematic data on 8 HC 
and 8 LC players. Continuous relative phase (CRP) was 
calculated for three segment pairs: shank-sagittal & thigh-
sagittal, shank-sagittal & thigh-frontal, and foot-sagittal & 
shank-sagittal. Principal component analysis (PCA) was used 
to extract the features of greatest variability of CRP. HC players 
demonstrated more out-of-phase coordination of the shank-
sagittal & thigh-frontal (p=0.046) throughout the entire skating 
stride than LC. In the sagittal plane, HC players demonstrated 
more out-of-phase coordination of the thigh & shank (p=0.004) 
and the of foot & shank (p=0.038) during glide phase. 

Introduction 

Skating, an integral component of hockey, is a complex and 
dynamic movement requiring a considerable amount of joint 
coordination [1]. Inter-joint coordination has previously been 
quantified in other sports using continuous relative phase 
(CRP), which is a continuous measurement of the interaction 
between joints or segments throughout a given task [2]. 
Mechanics of forward skating in HC and LC hockey players 
have been compared previously, however, no study has focused 
on the associated inter-joint coordination. 

The study’s objective was to compare lower extremity joint 
coordination between high-calibre (HC) and low-calibre (LC) 
ice hockey players during forward stride skating. It was 
hypothesized that HC players would demonstrate less in-phase 
movement in lower extremity segments than LC players.  

Methods 

Sixteen male hockey players (age 24.1 ± 3 years) participated 
in this study. HC players (n=8) were recruited from the 
university varsity team and had played at major junior level or 
higher. LC players (n=8) were recruited from local teams and 
had played hockey at a level lower than major junior. 

A 10-camera Vicon motion capture system was used to collect 
forward skating data on an indoor ice surface. Data were 
sampled at 240Hz and a modified Helen Hayes marker set-up 
with 24 passive retro-reflexive markers was used. All players 
wore Bauer MX3 skates.  

CRP was calculated for shank-sagittal & thigh-sagittal, shank-
sagittal & thigh-frontal, and foot-sagittal & shank-sagittal 
segment pairs by determining the absolute difference in the 
phase angles of the segments. Phase angles were computed 
using the Hilbert transform approach [3]. Separate PCAs were 
conducted on CRP waveforms for each pair of segments in each 
individual trial. PCA was used to extract important waveform 
characteristics from the CRP waveforms [4]. Independent t-

tests were used to compare the first 3 PC scores for CRP of each 
segment pair. Significance level for all tests was set at α = 0.05.  

Results and Discussion 

For shank-sagittal & thigh-sagittal (p=0.004), HC players had 
higher PC1 scores which indicated more out-of-phase 
coordination during glide and push-off phases of skating stride 
(0-60%) (Figure 1). 

 
Figure 1: Mean CRP of shank-sagittal & thigh-sagittal. 

PC1 for shank-sagittal & thigh-frontal (p=0.046) captured the 
amplitude of CRP throughout the entire stride. HC players 
displayed higher PC1 scores, demonstrating more out-of-phase 
coordination between the shank-sagittal & thigh-frontal.  

HC players had lower PC3 scores (p=0.038) for foot-sagittal & 
shank-sagittal CRP. This indicated that the HC players were 
more out-of-phase during the glide phase. 

Conclusions 

Comparison of HC and LC inter-joint coordination provides 
insight into ideal skating mechanics. HC players were more out-
of-phase in lower extremity segments than LC players. This 
may be advantageous for more efficient joint coupling, as in-
phase coordination has been considered an easier to perform, 
yet less effective coordination mode [5].  
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SUMMARY 

Tennis is a sport that includes multi-directional movement 

patterns. Tennis players need core stabilization in order to 

perform upper and lower limb movements effectively and to 

protect spinal cord at the same time. 24 tennis players (12 

control, 12 training) joined in this study. Evaluation methods 

used before and after training period in the study were front 

and side abdominal power tests and 3 dimensional kinematic 

analysis. Jeffrey’s progressive core stability program was 

applied to training group for five weeks. According to obtained 

data front and side abdominal power and upper trunk extension 

angle significantly increased in training group (p=0,01). 

Middle trunk right lateral flexion, left rotation, upper trunk left 

lateral flexion and racquet velocity at impact increased in 

training group (p<0,05), but there was no change in other trunk 

kinematics between two groups (p>0,05). 

INTRODUCTION  

Tennis is a sport that includes multi-directional movement 

patterns. Tennis players need core stabilization in order to 

perform upper and lower limb movements effectively and to 

protect spinal cord at the same time [1, 2]. The purpose of this 

study was to evaluate how core stabilization training effects 

kinematics of trunk, which has important role in the kinetic 

chain and serve performance via kinematic analysis during 

tennis serve, thus determining the importance of core 

stabilization and  its effect on the performance objectively. 

METHODS  

This study included 24 tennis players from the Ankara region 

of Turkey Tennis Federation. These tennis players were 

divided into two groups as 12 control and 12 training.  Strength 

and power components of core stability of athletes were 

evaluated with front abdominal power test and side abdominal 

power test [3]. In addition, their trunk and racquet kinemetics  

were assessed with 3 dimensional kinematic analysis by using 

6 fast cameras which is placed behind the dominant side of 

tennis players while serving them. The players’ trunk were 

marked for kinematic analysis, by seperating it as upper, 

middle and lower to see the effect elaborately [2, 4]. After the 

first evaluations, the athletes were randomly divided into 

control and training groups. While control group was 

continuing their routine tennis training program, Jeffrey’s 

progressive core stability program was applied to training 

group for five weeks in addition to their routine tennis training  

 

program [1]. At the end of the core stability training period, 

power tests and kinematic analysis were repeated in both 

groups. In this study, the values belong to the three highest 

racquet velocities at the time of impact with the ball were used. 

Of these, the values of the lower, middle, upper trunk maximal 

joint angles (flexıon-extension (x), right-left lateral flexion (y),  

right-left rotation (z)), maximal angular velocities of these 

movements and racquet velocity at impact were made use of 
[2, 5]. 

RESULTS and DISCUSSION  

According to obtained data front and side abdominal power 

and upper trunk extension angle significantly increased in 

training group (p=0,01). Middle trunk right lateral flexion, left 

rotation, upper trunk left lateral flexion and racquet velocity at 

impact increased in training group (p<0,05), but there was no 

change in other trunk kinematics between two groups (p>0,05).   

CONCLUSIONS  

Because kinematic analysis is considered as one of the best 

biomechanical and objective measurement methods, this 

method were prefered especially in the study, so the study 

might be important in this aspect. In addition, this study may 

be usefull for proving the importance of core stabilization in 

trunk kinematics, performance and preventing athletes from 

injuries. At the same time, the study can give an idea about the 

core stabilization training program used in this study.  
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Summary 

In this study, we developed a prototype of the anterior cervical 
plate (ACP) with blocking pin made of shape memory alloy to 
facilitate insertion and removal of screws and conducted a 
mechanical strength test and finite element (FE) analysis to 
evaluate biomechanical stability. The test results showed that 
the mean yield load of the cervical plate was 69.37N, and the 
mean yield displacement was 8.68mm. The difference 
between the yield displacement through the FE analysis and 
the test results was about 4%, and the maximum stress was 
1,867.9MPa 

Introduction 

As surgical treatment of cervical spine, anterior cervical 
corpectomy and plate fixation have been recognized as useful 
treatment [1-2]. Recently, a cervical plate with a function to 
prevent a screw from backing out with blocking pin made of 
shape memory alloy was developed, and the advantages such 
as the implementation of a thin cervical plate and the 
reduction of operation time due to the simplified surgical 
procedure have been reported [3]. However, it still has the 
disadvantage of using separate instruments to remove screws. 
In this study, we developed a prototype of ACP with blocking 
pin made of shape memory alloy which is characterized by 
easy insertion and removal of screws, thin thickness and 
unnecessary use of separate instruments (Figure 1), and also 
evaluated biomechanical stability through mechanical strength 
test and FE analysis. 

 

Figure 1: Newly designed ACP with blocking pin made of 
shape memory alloy (Ni-Ti) for anti-backout 

Methods 

The ASTM F1717 based mechanical strength test and FE 
analysis were performed to evaluate the biomechanical 
stability of the plate. To obtain mechanical strength, the 
compression bending test (n=3, load rate of 25 mm/min) was 
performed using a universal fatigue tester (MTS Bionix) until 
the specimens were fractured. The yielding load and yield 
displacement were calculated (Figure 2). For the FE analysis, 
the ACP FE model was constructed. In order to identify the 
stress distribution of the plate model in the elastic section, the 
analysis was performed under the same conditions as the test 
using the yield load obtained in the test (ANSYS v19.2). The 

FE model was verified by deriving the yield displacement of 
the plate model, and the biomechanical stability was evaluated 
by deriving maximum stress (Figure 3). 

Results and Discussion 

The result of the compression bending test showed that the 
mean yield load was 69.37N and the mean yield displacement 
was 8.68mm. In addition, the result of the FE analysis showed 
that the yield displacement of the plate model was 8.29mm, 
the difference from the test results was found to be about 4%, 
and the maximum stress was 1,867.9MPa 

 

Figure 2: Mechanical test and results for ACP based on 
ASTM F1717 

 

Figure 3: FE analysis for ACP based on mechanical test 

Conclusions 

In this study, we developed a new ACP prototype with 
blocking pin made of shape memory alloy, and also conducted 
the mechanical strength test and FE analysis to evaluate the 
static biomechanical stability of the ACP. In the future, the 
dynamic stability will be verified through the fatigue test.  
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Summary 

Cervical spine kinematics obtained from four in vitro loading 

conditions were compared to in vivo kinematics with respect to 

the instantaneous center of rotation (ICR).  

Introduction 

In vitro biomechanical studies of the osteoligamentous spine 

are widely used to characterize normal biomechanics in order 

to guide and test cervical implant design [1]. Various loading 

techniques have been developed in an attempt to replicate in 

vivo cervical spine kinematics and loading, including pure 

moment loading, axial compression loading, follower loading, 

and combined loading [2]. The objective of this study was to 

determine how well these four loading paradigms replicate in 

vivo kinematics with regards to the ICR. It was hypothesized 

that follower loading alone would provide ICRs most consistent 

with the in vivo findings.  

Methods 

The in vivo and in vitro data was collected under IRB and 

CORID approved protocols, respectively. 10 cadaveric spines 

(50.9±7.7 years) were evaluated using a robotic testing system 

in which the specimens were moved though flexion/extension. 

Each specimen was tested under four loading conditions 

(Figure 1): a pure moment of 2 Nm (PM), 2 Nm moment plus 

100 N of follower load (FL), 2 Nm moment plus 50 N of axial 

loading (AL), and a 2 Nm moment plus 50 N of axial load and 

100 N of follower load (CL). Specimen motion was tracked 

using a five-camera VICON tracking system. CT scans were 

segmented to create 3D models of each vertebra of interest.  

 

Figure 1: Schematic of the four loading states implemented. 

In vivo data was collected from 20 asymptomatic participants 

(45.5±5.8 years) who performed 2 full ROM neck 

flexion/extension trials within a biplane radiograph system. A 

model-based tracking process was used to match subject-

specific bone models (obtained from CT) to the biplane 

radiographs. This process has a validated in vivo accuracy of 

0.19 mm for tracking individual bone motion [3].  

The in vivo and in vitro bone motion data was loaded into the 

same custom software to permit direct comparison between 

groups. ICR was calculated using the finite helical axis method 

[4], as previously described [5]. ICR location was analyzed 

between in vivo and the four in vitro loading conditions 

qualitatively.  

Results and Discussion 

The motion of the in vivo ICR progressed from posterior to 

anterior while maintaining a relatively constant superior-

inferior location as the spine moved from extension to flexion 

(Figure 2). In comparison, the motion path of the in vitro ICR 

progressed posterior to anterior during flexion, however the in 

vitro ICR was much more anterior in all four loading conditions 

(Figure 2).  

 

Figure 2: Location of the center of rotation for the in vivo and the in 

vitro data from full extension (red dots) to full flexion (blue dots). 

This study demonstrated that none of the four in vitro loading 

conditions replicate in vivo kinematics with regards to the ICR. 

These differences suggest in vitro test protocols can be 

improved to more closely mimic the in vivo condition. Results 

from in vitro tests that do not replicate in vivo kinematics must 

be interpreted carefully. A limitation of this study is that all 

cadaveric data was obtained at a single institution and the 

biofidelity of spine loading protocols may vary among 

institutions.  

Conclusions 

In vitro loading paradigms of the cervical spine do not replicate 

in vivo ICR kinematics.  
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Summary 
Traditional occupational biomechanics models of lifting use 
body posture and hand load to predict L5/S1 compression 
force estimates. A novel hybrid Bayesian network 
implementation of a static lifting model has been developed 
that incorporates disc injury status as well. However, it is 
unclear how sensitive results are to assumed probability 
distributions used to model intervertebral disc compressive 
strength. A simulation study was conducted to investigate the 
effect of assumed probability distributions (normal, Gamma, 
and Weibull). The measure of interest was the probability that 
L5/S1 compression force exceeded the National Institute for 
Occupational Safety and Health (NIOSH) recommended 
design limit of 3,400 N. Simulations indicated that this 
measure was insensitive to the probability distribution used to 
model disc load tolerance. 

Introduction 
A hybrid Bayesian network model of intervertebral disc injury 
during lifting has been developed that incorporated disc injury 
status.[1] It was an implementation of an established 
occupational biomechanical model of lifting.[2] The model 
assumed intervertebral disk compressive strength was 
normally distributed having mean and variance reported by 
Adams and Hutton.[3] While this stochastic model accounts of 
aleatory uncertainty, there remains epistemic uncertainty about 
what statistical distribution best models disc load tolerance. 
Therefore, the purpose of this project was to investigate the 
effect of assumed distribution of disc compressive strength on 
L5/S1 compression force estimates in a hybrid Bayesian 
network model of spinal injury.[1] 

Methods 
A hybrid Bayesian network implementation of a static 
biomechanical model of lifting [1] was modified to include the 
probability that L5/S1 compression force exceeded 3,400 N 
(NIOSH recommended design limit).[4] This model uses an 
interference model from structural mechanics [5] to model 
disc failure in a stochastic manner. However, that model 
requires an assumed distribution of disc compressive strength 
for the L5/S1 disc. In previous work it was assumed to follow 
a normal distribution. The analysis presented here used 
normal, Gamma, and Weibull distributions. Parameters for 
these distributions were computed from the mean (5,448 N) 
and standard deviation (2,366 N) of force measured at L5/S1 
disc prolapse reported in [3]. Simulations were performed 
using a hand load of 25 kgs in the hands and a listing posture 
used in [5]. AgenaRisk (Agena Ltd, Cambridge, UK) software 
was used. 

 

Results and Discussion 
The probability of L5/S1 compression force exceeding 3,400 
N appears to be insensitive to the probability distribution used 
to model disc compressive strength (Figure 1). The largest 
effect seen was in the case where the disc injury status node of 
the Bayesian network was set to True. In that case the 
probability of exceeding the NIOSH design limit ranged from 
0.60 to 0.67. The other two disc injury status conditions (No 
evidence and False) produced probability estimates that only 
differed by at most 0.02 across probability distributions. 

 
Figure 1: Probability of L5/S1 compression force exceeding 3,400 N 

(NIOSH design limit) when disc compressive strength is modelled 
using normal, Gamma, and Weibull probability distributions. 

Conclusions 
These results suggest the selection of specific probability 
distributions to describe disc compressive strength in the 
hybrid Bayesian network model of lifting [1,2] is 
comparatively unimportant. This is a reassuring result because 
too few data points for L5/S1 disc failure were presented in [3] 
to estimate probability distribution parameters robustly.  
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Summary 

Annulus fibrosus (AF) cells of intervertebral discs (IVD) were 

cultured for 72h inside a 3D type I collagen matrix. When 

collagen matrix constructs were embedded with live AF cells, 

substantial matrix contraction (up to a 60% reduction in size) 

was observed. This contraction was not observed in constructs 

embedded with dead cells. Live cell collagen constructs were 

also comparably stronger. This contraction indicates a 

mechanical interaction between cells and their surrounding 

matrix. 

Introduction 

There are a number of underlying causes for low back pain, 

among which IVD degeneration is one of the most prominent. 

IVDs have a unique heterogeneous structure that is comprised 

of two main regions: the centrally located gelatinous nucleus 

pulposus and the surrounding annulus fibrosus (AF) [1]. It has 

been reported that cells in the AF region of the IVD have a 

fibroblast morphology and can attach to collagen fibres [2]. 

While these cells have been studied and details about their 

phenotype have been previously reported [1], there is limited 

knowledge available on the mechanobiology of these cells and 

how this may affect mechanical integrity as well as the health 

of the IVD as a whole. In this study, AF cells were cultured 

inside collagen type I matrices and the mechanical interactions 

between AF cells and their matrix were studied. 

Methods 

AF tissues were collected aseptically from IVDs of female 

Sprague Dawley rats immediately following euthanization. 

Cells were isolated by explant culture and grown in flasks 

with DMEM supplemented with 10% FBS and 1% penicillin-

streptomycin. A subsample of these cells were further exposed 

to a 70% ethanol solution in order to fix/kill the cells. Cells, 

both live and dead, were then seeded into prepared 3D 

collagen constructs using type I collagen (rat tail tendon). 3D 

cell/collagen constructs (n=3 per group; live cells versus 

fixed/dead cells) were prepared at a final concentration of 3 

mg/ml collagen with 1.510
6
 cells and were incubated at 37°C 

for 72h (total volume of 4ml per sample). Images of 

cell/collagen constructs were taken at 24h intervals and 

processed by ImageJ (NIH). Following 72h incubation, 

uniaxial tensile testing was performed on cell 

(live/fixed)/collagen constructs (Biotester, CellScale, Canada). 

Results and Discussion 

The first indication of AF cell interaction with the collagen 

matrix was an observed retraction of the construct (Figure 1) 

with the live cells. This contraction was observed as early as 

24h post-culture and by 72h, constructs had incurred a 60% 

reduction in size. This contraction is likely due to attachment 

of AF cells to the collagen fibres within the matrix. Upon 

attachment, cells form focal adhesions with the collagen fibres 

[3] and apply forces to the matrix [4]. These forces are likely 

inducing the observed collagen contraction. Similar contractile 

behaviour has been previously reported for human skin 

fibroblasts cultured inside collagen type I [5]. This retraction 

was not seen in constructs containing fixed cells. 

 
Figure 1: a) Collagen constructs with live cells, fixed (dead) cells, 

and no cells at 72h. All constructs were the same dimension at 0h. b) 

Percent change in size of live cell/collagen constructs. 

 
Figure 2: Representative force-displacement curves of cell/collagen 

constructs with live and fixed cells. 

Tensile mechanical testing of cell/collagen constructs (both 

with live and fixed (dead) cells) revealed that constructs 

contracted by live cells are mechanically stronger (Figure 2) 

than constructs with dead cells. Given the amount of 

contraction in the construct with live cells, higher mechanical 

properties were expected from these samples.  

Conclusions 

AF cells cultured within 3D collagen matrices induced 

collagen contraction resulting in a 60% reduction in size as 

well as an increase in strength  compared to collagen alone as 

well as fixed cells/collagen constructs. Future work will aim to 

elucidate the mechanism behind this contraction. 
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Summary 

We measured self-reported low back pain (LBP), thorax-

pelvis (TP) relative angles and lumbar-pelvis (LP) relative 

angles as people with a transtibial amputation (TTA) walked 

with leg length discrepancies (LLDs) of ±20 mm. TP and LP 

angles were similarly affected by LLDs in the frontal and 

transverse plane. Only the TP was affected in the sagittal 

plane. Although LLDs did not immediately affect self-

reported LBP altered lumbar kinematics during walking over 

time has the potential to be associated with the development of 

LBP. 

Introduction 

Prosthetists typically set prosthetic leg length to match the 

intact leg length [1]. While a 5-mm leg length discrepancy 

(LLD) is considered “acceptable” for people with TTA, larger 

LLDs are common [1]. LLDs have been associated with 

increased spinal motion and low back pain [1], a common 

secondary condition in people with TTA [2]. However, the 

magnitude of LLD leading to altered motion and subsequent 

pain is unknown. One study suggested that people can tolerate 

up to a 20 mm LLD without intervention [3], while another 

found that the mean LLD for people with amputation and LBP 

was near this range (21.7 mm) [1]. The purpose of this study 

was to quantify spine kinematics and immediate self-reported 

LBP in response to prosthetic LLDs of 20 mm during gait.      

Methods 

A prosthetist altered prosthetic leg length of eight people with 

TTA (7 male, 47.8±16.8 yrs; 93.7±16.4 kg; 1.77±0.08 m) by 

±20 mm from their prescribed length. A 20-camera motion 

capture system collected whole-body kinematics during five 

intact leg strides at 120 Hz as participants walked overground 

at a self-selected speed. Participants rated their level of LBP 

on a Visual Analog Scale (VAS) from 0-100 mm for each 

condition. Landmarks between the C7 and Sternum and the T8 

and Xiphoid defined the thorax segment. We defined the 

lumbar segment using a marker at the T10 process and two 

markers at the T8 level. The thorax definition characterized 

full motion of the spine while the lumbar spine was specific to 

the low back. We compared minimum and maximum TP and 

LP angles during the intact leg gait cycle using a series of 

repeated measures ANOVAs to test for differences across 

LLDs (short, tall, prescribed) in each plane of motion 

(α=0.05), and used a Bonferroni correction for post-hoc 

comparisons.  

Results and Discussion 

On average, participants reported mild LBP (5-45 mm) for all 

LLDs, with no significant changes between conditions. TP and 

LP lateral bending toward the prosthetic leg was greater with 

the tall LLD compared to the prescribed (p<0.001) and short 

(p<0.001) conditions (Fig 1). The differences between LLDs 

were greater than 5º for the TP and 2º for the LP. The short 

LLD resulted in 1° greater TP and LP lateral bending toward 

the intact leg compared to the prescribed condition (p<0.009). 

Axial rotation of the TP and LP were 1 and 2° larger, 

respectively with the tall LLD compared to prescribed 

(p≤0.012). The short LLD caused greater TP flexion compared 

to prescribed (2°, p<0.011). In addition, there was greater 

maximum TP flexion with the short LLD compared to the tall 

LLD (1°, p=0.011). There were no differences in LP, likely 

due to the stabilization from the lumbar muscles.  

 

Figure 1: Thorax-pelvis and lumbar-pelvis angle minima and 

maxima. Positive lateral bending and axial rotation are toward the 

prosthetic leg. Error bars are ± 1 sd. *denotes a significant difference. 

Conclusions 

People with TTA had altered TP and LP kinematics in 

response to LLDs, while their immediate LBP remained the 

same. This suggests quantitative measures such as TP and LP 

kinematics may be more useful in identifying varying risks of 

associated joint degeneration.   
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Summary 

The objective of the study was to report axial stiffness changes 

in participants with low back pain (LBP) after two weeks of 

treatment with a non-thrust chiropractic spinal manipulative 

technique (flexion-distraction). Twelve participants with LBP 

(age 18-65; mean: 42) were recruited for this study. After 

completing the consent process, which included a written 

signed consent form, all participants received an exam from a 

licensed doctor of chiropractic to ensure eligibility and safety. 

Participants were prone on a flexion distraction table 

instrumented with a force transducer and linear potentiometer 

to measure traction force and axial displacement. The ankles 

were strapped to the table while the upper thorax was secured 

using a wide Velcro® strap. Three axial traction cycles were 

applied with a force of up to 100N and the corresponding 

displacement was measured before the first treatment and 

again after two weeks. We observed decreases in axial 

stiffness after two weeks of treatment. Research comparing 

clinical outcomes with pre-post axial stiffness measures is 

warranted.   

Introduction 

Manual therapists evaluate spinal stiffness using palpation 

skills to inform decisions regarding where to direct treatment 

to the spine. A widely used approach is to apply a manual and 

anteriorly oriented pressure over a spinous processes to assess 

resistance of passive spinal movement. Researchers have 

developed and used force and displacement sensor 

instrumented probes to measure posterior-to-anterior spinal 

stiffness. Several studies measuring posterior-to-anterior 

spinal stiffness report disparate findings with some reporting 

changes and other studies reporting no changes following 

manual therapy treatment. Further these measures do not 

appear to be associated with outcomes. More research has 

been recommended to objectively evaluate different spinal 

stiffness measurements and the relationship of different 

stiffness measures with a variety of clinical outcomes. 

Because most research has focused on posterior-to-anterior 

spinal stiffness, there exists a knowledge gap regarding other 

stiffness dimensions. To address this gap, we measured 

stiffness in the axial direction. The objective of this study was 

to report combined lumbar and thoracic spine stiffness under 

axial loading conditions of participants with low back pain 

(LBP) and to report stiffness changes after two weeks of 

flexion-distraction treatment. 

Methods 

The study was approved by the local Institutional Review 

Board. Twelve participants with LBP (age 18-65; mean: 42) 

were recruited through flyers, electronic advertisements, and a 

roadside sign. After completing the consent process, which 

included a written signed consent form, all participants 

received an exam from a licensed doctor of chiropractic to 

ensure eligibility and safety. Participants were positioned 

prone on a flexion distraction table instrumented with a 

transducer and linear potentiometer to measure traction force 

and axial displacement. The ankles were strapped to the table 

while the upper thorax was secured using a wide Velcro® 

strap. Three axial traction cycles were applied with a force of 

up to 100N and the corresponding displacement was measured 

using a desktop computer at a sampling rate of 10hz using a 

custom written data collection software. The data was 

exported to an excel sheet. The data reduction was carried out 

using MatLab software by plotting the force-displacement 

graph and finding the slope representing the stiffness using 

least squares approach. Stiffness values for the three cycles 

were averaged to represent the axial stiffness of the spine. The 

measurements were made prior to the first treatment and then 

again after 2 weeks of treatment.  

Results and Discussion 

Mean stiffness values for the 12 participants prior to the first 

treatment were Mean (SD): 5.47(1.72) N/mm and the stiffness 

values after 2 weeks of treatment were: 4.95 (1.47) N/mm. We 

observed decreases in axial stiffness after two weeks of 

treatment. We were able to measure the spinal stiffness in 

axial direction, which provides a new approach for assessing 

the spinal stiffness. This study has certain limitations. The 

small number of volunteers and absence of a control group 

makes it difficult to generalize findings to a broad range of 

persons who suffer with LBP. Spinal stiffness measurements 

include axial traction of the thoracic and lumbar spine and 

lower extremities. Isolating the relative stiffness components 

of each major anatomical area and intersegmentally within the 

spine is a potential focus for future studies.  

Conclusions 

This pilot study demonstrates axial stiffness reduction after 2 

weeks of treatment. Future studies should be conducted with a 

control group and variations in treatment duration.  
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Summary 

This study used a finite element (FE) model to determine the 

spinal loads, and stress distribution in the intervertebral discs 

(IVDs) of an adult trunk with intact, as well as with the 

unilaterally weakened muscles under the equivalent loading 

condition, as an alternative to in vivo loading conditions, 

which were estimated by our previously-validated trunk 

musculoskeletal (MS) model of spine [1]. A kinematics-driven 

(KD) model and a stability-based kinematics-driven (SKD) 

model, by considering the spine stability, were developed. 

Results showed more compatibility of SKD model, compared 

to KD model, to investigate the spinal loads. 

Introduction 

The spinal loads, as well as the kinetics and stability of the 

spine are mostly affected by muscle forces. In this work, it 

was hypothesized that SKD model can provide a more realistic 

prediction of spinal loads and intradiscal pressure (IDP) in 

trunk with intact, and the unilaterally weakened muscles, 

compared to the KD model. For this purpose, a nonlinear 3D 

FE model of L5-S1 motion segment of an adult was 

developed, using CT images. Then, longissimus thoracis pars 

thoracic (LGPT) and multifidus lumborum (MFL) muscles, as 

the most effective muscles on the spine stability [2], were 

selected to be unilaterally weakened. Afterward, the 

equivalent loads estimated by our previously-validated KD 

and SKD MS models [1] were then used to analyse the FE 

model of L5-S1 segment.   

Methods 

Spinal loads and stresses on the L5-S1 joint, where all muscle 

fascicles are present, were compared for the KD and SKD 

models using a FE model of L5-S1 segment (Fig. 1).  

 

Figure 1: FE model of the L5-S1 motion segment with the 

concentrated equivalent forces (FE) on the upper surface of L5 in the 

local axial (AX), mediolateral (ML) and posteroanterior (PA) 

directions. The segment consists of two rigid vertebrae (L5 and S1), 

annulus fibrosis (AF), nucleus pulposus (NP), and the rebar 
embedded by membrane elements.  

The equivalent loads in the upright-standing posture, 

approximated as vector summation of the muscle and 

gravitational forces at the geometrical centre of the L5-S1 

level, calculated by MS models with intact, 95% debilitated 

MFL (W1), and 95% debilitated LGPT (W2) were then 

applied in the FE model to investigate the disc stresses. 

Moreover, the IDP was approximated by dividing the 

compressive forces at L3-L4 and L4-L5 levels, estimated by 

MS models, over the disc areas at each level. 

Results and Discussion 

The resultant shear and compressive loads at the L5-S1 level 

(Fig. 2) were found to be in the physiological ranges of 

ultimate shear [3], and compressive strength [4], respectively. 

 

Figure 2. (Top) The equivalent loads (N) in KD and SKD models of 
spine. (Bottom) The stress distribution (MPa) within the IVD.  

In order to indirectly validate the models, the IDPs at the L3-

L4 and L4-L5 levels were found to be, respectively, ~0.28 and 

0.32 MPa in KD, and 0.37 and 0.41 MPa in SKD models, 

which were similar between models with intact and weakened 

muscles. More satisfactory agreement of the IDPs in SKD 

model, than those in the KD model, with the in vivo data on 

normal subjects [5] supports the necessity of introducing a 

stability criterion into the optimization algorithm.  

Conclusions 

Opposite to KD model, SKD model provided more realistic 

assessment for the IDPs (Fig. 2), compared to the KD model, 

in the case of unilateral muscle weakening, implying SKD 

model better capability in investigating the IDPs. 
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Summary 

Anterior cervical discectomy fusion has a complication in 

which failure and subsidence of the allograft spacer occurs.  In 

this study, the failure and subsidence risk stresses on allograft 

spacer were quantitatively analyzed using 6 different post-op 

models of ACDF with allograft spacer coupled with pedicle 

screw and/or lateral mass screw. Based on the comparative 

analysis of the results of the load sharing and subsidence risk, 

the pedicle screw was determined to provide better stability for 

the allograft spacer. 

Introduction  

Anterior cervical discectomy fusion(ACDF) is a well-known  

surgical treatment for cervical spondylotic radiculopathy and 

degenerative disc. The operation is performed by resecting the 

degenerative disc and inserting the allograft spacer at 

corresponding space for bone fusion[1]. However, ACDF   

results in subsidence or failure of the allograft spacer because 

of the difference in Young’s modulus between the allograft 

spacer and the adjacent endplate. To distribute the concentrated 

stresses on allograft spacer, an additional Posterior screw 

fixation(PSF) is used. This PSF is classified   as Lateral mass 

screw(LMS) or Pedicle screw(PS) according to the screw 

insertion technique. However, it is uncertain if PS  is more 

effective in distributing stresses than LMS or not. Some studies 

have proposed that LMS has a lower the risk of penetrating the 

spinal cord whereas PS offers a high stability because it 

suppresses the mobility of the surgical section[2]. Therefore, the 

aim of this study is to quantitatively analyze the load sharing 

and subsidence risk effect on allograft spacer and PSF (LMS 

and PS) using finite element analysis. 

Methods 

A previously validated FE model(C3-C6) of the intact cervical 

spine was modified to construct the pre-op FE model by 

inserting the allograft spacer(Medtronic Sofamor Danek Ltd, 

USA) at C5-6. A total 6 different post-op FE models(single 

LMS; Type 1, single PS; Type 2, left PS & right LMS; Type 3, 

left LMS & right PS; Type 4, C5 PS & C6 LMS; Type 5, C5 

LMS & C6 PS; Type 6) were constructed by inserting the 

PSF(Poseidon™, Medyssey Inc., Korea) at C5-C6. LMS was 

carried out using the Magerl technique and PS was carried out 

using Abumi technique[3,4]. The Inferior C6 endplate was fixed 

in all directions and a pre-load of 73.6N, and a moment of 

1.0Nm were applied to the superior C3 endplate in the 

anatomical direction[5]. Anterior-posterior load sharing ratio 

was measured between the allograft spacer and the PSF.  Peak 

von Mises stress(PVMS) was measured between the allograft 

spacer and C5 vertebral body. The subsidence risk of the 

allograft spacer was calculated by comparing the yield strength 

of bone and the PVMS[6].  

 
Figure 1: Post-operative models 

Results and Discussion 

The highest PSF load sharing in axial rotation was recorded for 

Type 2(single PS) at 80.1% and the lowest on Type 1(single 

LMS) at 57.8%. The subsidence risk of allograft spacer in axial 

rotation was lowest in Type 2(single PS) at 13.7% and highest 

in Type 4(left LMS & right PS) at 19%.  

 

Figure 2: (a) Load sharing ratio (axial rotation), (b) Subsidence risks 

of allograft spacer (flexion) 

Conclusions 

Posterior screw fixation effectively distributes the concentrated 

stress on the allograft spacer as the number of pedicle screws 

increased. It is also effective in reducing the failure and 

subsidence risks of the allograft spacer. 
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Summary 

Spine kinematics are often recorded in vivo by tracking motion 

of multi-segment regions (e.g. T12 to S1). Many models of the 

spine must distribute T12/S1 motion across segmental levels, 

commonly by assuming linear proportions. This raises concern 

when modelling non-sagittal plane movements as 3-D angles 

are only distributive if the assumptions for small-angle 

approximation are met. Here we demonstrate that modelled 

spine orientations, based on distributed motion, do not 

coincide with recorded data. Systematic errors were observed 

in all three Carden angles with maximum errors occurring in 

twist. This is concerning as intervertebral discs are sensitive to 

twist damage and injury.  

Introduction 

Computational models are powerful tools for studying how 

biomechanical factors influence spine injury and function. 

While there are several types of models—e.g. finite element, 

optimization, and inverse dynamic—a common feature of 

many models includes prescribing the orientation and 

trajectory of vertebrae based on in vivo kinematic angles 

spanning multiple levels (e.g. T12 to S1). This is commonly 

done by proportionally distributing the T12/S1 angle based on 

population ranges of motion [1,2]. This approach raises 

concerns when studying non-sagittal plane movements—

which are associated with injury risk [3]—as 3-D angles are 

not vector quantities and are neither additive nor distributive. 

Typically, this is not cause for concern if angles are small; 

however, this assumption regarding spine motion has not been 

tested. The purpose of this study was to determine the error 

associated with distributing the T12/S1 angle amongst spine 

levels during a complex 3-D movement.  

Methods 

Thirty healthy participants (10 female/20 male) performed 

three trunk circumduction movements consisting of laterally 

bending to the right (RB) from neutral (N), rolling forward 

through full flexion (F) to left lateral bend (LB), then returning 

to upright stance. The orientation of the T12 and S1 spine 

levels were recorded and T12/S1 flexion-bend-twist Cardan 

angles were computed. Population intervertebral ranges of 

motion were used to proportionally distribute the T12/S1 

angles across levels [4]. The modelled T12 orientation was 

computed by sequentially applying the distributed segmental 

rotations (L5/S1 to T12/L1) to S1. The error associated with 

the proportional distribution was calculated as the difference 

between the modelled and recorded T12/S1 angles. 

Results and Discussion 

As expected, errors were negligible in sagittal plane postures 

(N and F); however, substantial systematic errors were 

observed between modelled and recorded spine angles in non-

sagittal positions (RB and LB). Errors were observed in all 

three Cardan angles, with the greatest errors observed in twist 

(Fig 1). The average ranges of error across participants for 

twist, bend, and flexion were 32.0%, 4.5%, and 4.0% of the 

recorded T12/S1 ranges of motion, respectively.  

 

Figure 1: (A) T12 trajectory (dashed line) and select orientations 

(black lines) through circumduction. Coloured lines depict the shape 

of the back from T12 to S1 in neutral (N), right bend (RB), left bend 

(LB), and flexed (F) postures. (B) Mean, SD (dark grey), and range 

of errors (light grey) between modelled and recorded T12/S1 angles.  

Conclusions 

While multi-level spine angles during sagittal movements 

could be distributed without introducing additional error, 

systematic errors were observed during complex motion. 

Historically, proportional distribution has been used because 

segmental spine data were unavailable. Due to recent advances 

in medical imaging and skin mounted techniques these data 

can now be collected. Further study of complex movement is 

needed, as injuries often occur during asymmetric tasks; 

however, investigation of non-sagittal plane motion should 

avoid proportionally distributing multi-level spine angles.  
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Summary 

Trunk and pelvic segments predominantly move in-phase with 

one another during trunk flexion and extension. No differences 

are observed with advancing age in the coordination patterns 

and coupling angles. Rehabilitation and training prescriptions 

should be based on healthy segmental coordination for clinical 

populations and athletes involved in activities that demand 

extreme/ repeated ranges of trunk sagittal plane motion. 

Introduction 

Lumbar-pelvic coordination (aka lumbopelvic rhythm) has 

been well-discussed in the literature but little to no evidence is 

available on contribution of thorax in the sagittal trunk 

motions of flexion and extension. Current literature reports a 

phase lag in lumbar and pelvis rotation during flexion and 

extension, along with reduction in lumbar and pelvic ranges of 

motion with age. [1, 2] Related changes in the lumbopelvic 

rhythm and potential compensatory mechanism are still 

unclear. Such atypical coordination, if they exist, between 

adjacent trunk segments and pelvis are critical to understand 

since these complex movement patterns are commonly linked 

to low back pain (LBP) diagnosis, rehabilitation and training, 

and prevention. [3] Thus, the aim of the study was to 

investigate normative trunk and pelvis intersegmental 

coordination using cross-correlations and compare for age 

related differences between healthy physically active young 

and middle-aged adults. 

Methods 

65 physically active adults; groups, young (YA: n=32; 18-

40yr; 29.0±6.6yr) and middle–age (MA: n=33; 41-65yr; 

51.7±6.9yr), participated (respectively: mass = 68.0±14.6kg, 

69.3±11.7kg; height = 1.7±0.1m, 1.7±0.2m). Full body 

anatomical model (59 reflective markers; 8-camera Vicon®, 

120 Hz) were used for maximal ROM tasks in all three planes 

of movement. Participants began each trial in neutral, moved 

into maximal trunk flexion, returned to neutral and continued 

towards maximal trunk extension (hyperextension) before 

returning to neutral. Segmental kinematics of trunk segments 

(upper thoracic [UPT]: C7-T8; lower thoracic [LOWT]: T9-

T12; lumbar [LUM]: L1-L5) and pelvis [PEL] were 

calculated. Cross-correlation analyses were utilized to 

determine the phase lag between segments’ rotations using 

superior segment as reference. Maximum cross-correlation 

coefficients (r) were also calculated. Vector coding for angle-

angle diagram was used to classify coordination patterns into 

in-phase, anti-phase, superior only and inferior only (Figure 

1). [4] Phase lags and r were compared between groups using 

two-way ANOVA (p<0.05, 95% CI). 

Results and Discussion 

The three trunk segments and pelvis predominantly are in-

phase coordination (95.02±1.81%) throughout the entire range 

of flexion-extension movement. This is in consensus with 

results reported in the literature. [1] The phase lag (% of the 

total cycle) between the adjacent segments were very small 

(LUM-PEL: 0.09%; LOWT-LUM: 0.26%; UPT-LOWT: 

0.06%) with high cross-correlations (r = (LUM-PEL: 1.00; 

LOWT-LUM: 0.99; UPT-LOWT: 1.00). Contrary to that 

reported in the literature [1], PEL and LUM contribute 

continuously throughout each phase, and LUM does not lead 

or lag in early flexion and hyperextension. Overall LOWT and 

LUM are in anti-phase for 5.04% while LUM to PEL 

antiphase is 4.72%. Other coordination patterns between 

segments were less than 3% of the total cycle suggesting 

minimal clinical significance. Also contrary to literature were 

the non-statistical or clinical differences observed between YA 

and MA groups for phase lag (< 0.26±0.1% for all 

comparison), cross-correlations (r > 0.992±0.001) or any 

coordination patterns (>94.96% in-phase); (p= .081-.959). The 

largest study supporting age related changes [2] did not 

include thoracic segment and modelled trunk segments using 

single location strain-gauge and accelerometers compared to 

3D motion capture using multi-segmental validated marker 

model. 

 

Figure 1: Intra-trunk and pelvis coordination patterns, coupling 

angles and segmental kinematics. 

Conclusions 

The trunk and pelvis segments are in-phase with little to no 

phase lag in the sagittal plane rotation. There are also minimal 

to no differences in inter-segmental coordination between the 

age groups. Clinicians should focus rehabilitation efforts in 

establishing synchronized coordination of the segments for 

individuals with LBP and common knowledge about phase 

lags for lumbopelvic rhythm should be further evaluated. 
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Summary 

While the overall incidence rate for injuries in skiing has been 
found to be decreasing in recent years, evidence has shown 
that severe injuries to the spine and spinal cord have increased. 
The presented review of the current literature highlights the 
lack of evidence regarding the efficacy of back protectors in 
the preventions of spinal injuries to skiers.  

Introduction 

Although the introduction of carving skis and modernized 
equipment has been associated with an overall reduction of 
injuries in skiers, the rate of injuries sustained to the knees and 
spine have seen an increase [1]. With the technological 
development of ski bindings and knee braces, the frequency of 
knee injuries has been relatively mitigated. However, about 
35% of severe injuries to the spine will result in fatal central 
nervous system damage and lasting neurological symptoms 
[2]. Back protectors sold to the public are expected to reduce 
the incidence rate of spinal injuries and mitigate their severity. 
They are generally constructed one of two ways: Soft-shell 
back protectors are made of one or multiple layers of padding; 
while, hard-shell back protectors are made of a hard outer 
surface with padding underneath [3]. Despite their use, the 
efficacy of back protectors in mitigating spine injuries in 
skiers remains unknown.  

Methods 

A Google Scholar and PubMed search of terms “alpine 
skiing”, “ski”, “back protectors” and “spine protection” was 
conducted. The search included English- and French- 
language publications. The research was supplemented by a 
manual search for bibliographies. Due to the dearth of studies 
regarding alpine skiing specifically, the search was extended 
to include relevant studies addressing back protection in 
winter sports by adding the terms “winter sports” and 
“snowboarding”. Any relevant findings were summarized and 
studies addressing winter sports were highlighted when data 
was available.  

Results and Discussion 

Most of the available literature focuses on conducting surveys 
designed to ascertain data pertaining to the expectations and 
the prevalence of back protectors in the context of snow 
sports. While those studies have highlighted the use of back 
protectors and the high expectations from their users, no 

research was found to assess the protective potential of the 
commercially available back protectors. The only study on the 
topic was an investigation by Michel and his colleagues who 
conducted laboratory tests according to the EN1621 standard. 
The test consists of the free-falling impact of an object of 
predefined geometrical dimensions and a mass of 5 kg onto 
the back protector from a height of 1 m [3]. The investigation 
concluded that out of the 12 test samples, only 6 fulfilled the 
higher safety level in EN1621 (level 2: average peak forces 
recorded shall be below 9 kN). In-depth analysis of the data 
revealed that soft-shell constructions show better damping 
characteristics than the hard-shell protectors. A similar test 
was conducted in the context of snowboarding by Schmitt and 
his colleagues [4]. Out of the 12 back protectors tested, 6 
fulfilled the requirements for protection level 2. However, it is 
important to note that since no standard exists for back 
protectors in skiing, the testing standard used by both studies 
(EN1621) was developed for motorcyclists and only addresses 
the back protectors’ damping properties to protect the spine 
from shear forces experienced when falling directly on the 
back. While these types of falls are still possible to occur in 
skiing, for any other falls and loading conditions to the spine, 
such, as an axial load, it seems that the preventative potential 
of back protectors is extremely limited. It is also important to 
note that some studies have indicated a potential false feeling 
of safety from back protection users in skiing, therefore 
increasing risk taking behavior and the potential for injury in 
the event of a fall.  

Conclusions 

Review of the current literature highlighted a lack of evidence 
regarding the efficacy of back protectors. Based on the 
restricted information available, the ability of back protectors 
to prevent and avoid spinal injuries in skiing remains 
questionable. Further research should be conducted on the 
topic and more focus should be directed to the use of 
motorcycling standards for skiing back protectors. Further 
research is required to substantiate the effects of back 
protectors in spinal injuries as well as investigate the efficacy 
of the different types of back protectors currently available on 
the market.  
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Summary 
With recent developments in the resolution with which spine 
skin-surface motion is tracked, the opportunity presented itself 
to calculate dynamic spine stability across smaller sub-regions 
of the lumbar spine. Additionally, the effect of constraining 
pelvis motion on dynamic spine stability isn’t completely clear. 
Study results demonstrated that the most caudal spine region 
behaved in the most stable manner, and that constraining the 
pelvis led to a consistent decrease in dynamic spine stability at 
all levels during repetitive flexion movements.  

Introduction 
Neuromuscular control of dynamic spine stability has 
previously been estimated for the whole lumbar spine [e.g. 1]; 
however, recent developments in the resolution with which 
spine skin-surface motion is tracked [2] presents an opportunity 
to estimate dynamic stability over smaller regions or segments 
of the spine simultaneously. Additionally, to the authors’ 
knowledge, only one study has compared spine stability 
between conditions in which the pelvis was constrained and 
unconstrained [3]; however, start and end movement positions 
were controlled differently in the constrained and unconstrained 
conditions, making comparisons of dynamic spine stability 
between them not straight-forward. 
Therefore, the purpose of this study was to assess 
intersegmental dynamic spine stability in comparison to the 
whole lumbar spine, and to compare dynamic spine stability 
with and without the pelvis constrained under similar 
movement conditions. We hypothesized that regional stability 
would be similar to that of the whole lumbar spine and that 
constraining the pelvis would increase dynamic spine stability 
as it limits extraneous degrees of freedom from the movement. 

Methods 
Ten male participants completed two dynamic stability trials 
(Free Motion (FM); Pelvis Constrained (PC)) consisting of 65 
continuous spine flexion/extension movement cycles. Three-
dimensional (3D) lumbar spine kinematic data were sampled 
from three columns of 7 passive markers placed along the spine, 
with the midline column being placed over the spinous 
processes from T12 to S1. 3D spine angles were calculated from 
local coordinate systems at each spine level, aligned with the 
surface of the back [2]. Local dynamic stability of each spine 
segment, as well as the whole lumbar spine, was calculated 
using maximum finite-cycle Lyapunov exponents (lmax).  

Results and Discussion 

Greater local dynamic spine stability (lower lmax) was 
consistently observed across whole lumbar and intersegmental 
spine levels during the FM trial in comparison to the PC trial (p 
< 0.0001) (Figure 1). In addition, segments representing the 
T12/L1, L4/L5, and L5/S1 regions demonstrated greater 

dynamic stability (lower lmax) in comparison to the whole 
lumbar spine, and the L5/S1 segment demonstrated greater 
stability than all other segments (Figure 1). 

 
Figure 1: Mean (±SEM) intersegmental and whole lumbar maximum 

finite-cycle Lyapunov exponents (lmax) during continuous flexion 
movements. Different letters above the bars denote a statistical 

difference between segments (p < 0.05). 

The significantly greater dynamic spine stability observed at the 
most caudal region may be attributed to greater muscle control 
required to maintain a stable base for spine motion, or 
alternatively could be related to anatomical and structural 
differences that exist in the lumbosacral region. Additionally, 
constraining an individual’s pelvis resulted in a consistent 
decrease in dynamic spine stability across all lumbar segments. 
Although this constraint may facilitate the study of spine 
motion in isolation, it may also induce movement patterns that 
are not representative of the individual’s natural free motion, 
leading to a potential underestimation of dynamic spine 
stability. 

Conclusions 
Altogether, this study indicates that the most caudal region of 
the lumbar spine behaves in the most dynamically stable 
manner during repetitive flexion motion, and that consideration 
is needed when deciding whether to constrain the pelvis during 
dynamic spine stability studies. 
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Summary 
 

Adolescent idiopathic scoliosis (AIS) is characterized by lateral 
movement and axial rotation of spine. Noninvasive prediction of 

the spinal movement has the potential to reduce the number of 

radiograph scans; this, in turn, can reduce patient’s exposition to 

X-ray and its consequences [1]. In this study, we present a 

mapping approach which predicts the movement of the vertebrae 

curve based on the changes of the furrow midline curve. A 

markerless ST technique is employed to get the furrow midline 

curve and parametric Fourier series is used to obtain the 

analytical spine curves. For mapping from the vertebrae curve to 

the furrow midline curve, an optimization function based on 

strain and curvature is introduced. Using an analytical pseudo-
Cobb angle (PCA), the method categorizes 40 cases as 

“improved” or “worsened” and also as “progressed” and “non-

progressed” and finally, the validity of the predictions is 

assessed using the corresponding X-ray images. 

 

Introduction 
 

Adolescent Idiopathic Scoliosis (AIS) is a spinal distortion that 

affects 2-4% of the community [2]. For monitoring the potential 

progression of this abnormality and plan for an appropriate 

treatment, patients are required to undergo frequent X-rays; 

while, radiation exposure increases the risk of cancer 
considerably [2]. Therefore, utilizing noninvasive statistics-

based mapping techniques to acquire a better understanding of 

the spinal curvature in AIS seems crucial. 
 

Lateral movement and axial rotation of the spine cause torso 

asymmetry. Among numerous indications that can be utilized to 

assess torso asymmetry (as a result of AIS), furrow midline 

curve has a high potential to be related to the vertebrae curve [3]. 

The objective of this study is to develop a mapping approach 

between the furrow midline curve and the vertebrae curve which 

enables the clinicians to decide on the appropriate treatment for 

the cases based on ST scans, rather than X-ray images. 
 

Methods 
 

For obtaining the furrow midline curve, first, the geometry of 

the back of the torso is recorded as a point cloud by four laser 

scanners. Then, the point cloud is converted into a triangular 

mesh and a least-squares quadratic patch is interpolated for each 

vertex using neighboring points. Next, the minimum curvature 

at each vertex is calculated. The contour map of minimum 

curvature clearly represents the furrow midline curve. After 

collecting at least 20 points on this delineated curve, the 

parametric Fourier series method is employed to acquire the 
analytical curve. 
 

The baseline X-ray scan is aligned with the corresponding back 

view of the torso, considering the edge of the shoulders and 

posterior superior iliac spine. The analytical vertebrae curve is 

obtained through a process similar to that used for calculating 

the analytical furrow midline curve. 
 

Various mapping functions are considered between the median 

furrow midline and the vertebrae curve. For finding the 

unknown parameters in the abovementioned functions, an 

optimization function is considered which is a combination of 

uniformity of extension/compression and preservation of the 

curvature pattern. Finally, the vector set that maps the furrow 

midline curve to the corresponding vertebrae curve is obtained. 

This vector set is used to predict the vertebrae curve on the 

follow-up ST scans. 

 

Results and Discussion 
 

The study includes observation of 43 thoracic-thoracolumbar 

(T-TL) and 11 lumbar (L) curves. The changes of PCA (DPCA) 

in T-TL and L regions are treated as independent data. The 

change of PCA (DPCA) is utilized in categorizing the AIS cases 

as “improved” (DPCA<=0) or “worsened” (DPCA>0) and also 

as “progressed” (DPCA>=50) or “non-progressed” (DPCA<50). 

The inclusion rate for the cases with Cobb angle<250 is as low 

as 30%. Hence, besides the overall assessment, by excluding the 

subjects with Cobb Angle<250, the accuracy of the approach for 

the cases with Cobb Angle>250 is evaluated separately. 
 

The comparison between follow-up X-ray scans and predicted 

vertebrae curves shows that the presented approach is able to 

predict the “improvement/worsening” of all the classes with 

high accuracy. The accuracy of the approach in predicting the 

“progression/non-progression” of the classes slightly decreases. 

In spite of this, the “progression/non-progression” prediction 

correctly recognized all the “progressed” cases, i.e. the 

sensitivity of the approach is 100%, which is highly promising. 

 

Conclusion 
 

Among 100 ST scans, only 40 cases yield distinct furrow 
midline curves. In other cases, the existence of fat layers or the 

flatness of the torso makes it impossible to specify the median 

furrow midline. Thus, it seems essential to find an approach to 

identify the furrow midline on the patients excluded from this 

study. 
 

The accuracy of the approach in predicting the “improvement 

/worsening” and “progression/non-progression” of various types 

of spinal curves is promising and its noninvasive nature makes 

it a practical alternative to reduce the number of follow-up X-

ray scans for patients suffering from AIS. 
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Summary 

This research describes the error involved in a measurement 

method which uses ultrasound coupled with external motion 

capture to measure lumbar spine intervertebral motion in the 

sagittal plane. The findings suggest the method is both robust 

and repeatable to quantify intersegmental spine position in 

neutral and flexion, warranting further investigation in a larger 

population, across different tasks, and planes of motion. 

Introduction 

Regional spine kinematics are typically measured by surface 

mounted motion capture (e.g. optoelectronic). This approach 

is sufficient for many analyses, but the inherent assumption of 

equally distributed intervertebral motion may not always be 

appropriate. Intervertebral motion differs across individuals 

and within individuals across tasks [1]. Characterizing these 

differences may improve our understanding of normal and 

pathological movement. As a result, there is a requirement for 

a non-invasive tool that can measure intervertebral motion. 

The use of ultrasound to measure spine kinematics has been 

validated against MRI in flexion/extension [2] and in axial 

rotation [3]. Building on earlier research [2,3], this paper 

examines the repeatability and the robustness of analysing 

sagittal plane images with and without induced error. 

Methods 

Males (n=2) and females (n=3) (24.9 ± 1.6 years) were 

recruited to participate in this research. Neutral and full-

flexion ultrasound images were captured to provide reference 

spinous process spacing measurements (GE, Vivid-i, 9L 2.5-

8.0MHz Linear Transducer).  For error measurement, sagittal 

plane ultrasound images were taken only at the level of L1-L2. 

With the participant prone in a neutral spine posture, ideal and 

non-ideal image pairs were captured. Ideal images showed 

strong echoes of the spinous process peaks. Non-ideal image 

had weaker echoes and contained noise. Error was induced 

into ideal images by tilting and translating the ultrasound 

transducer in four different directions until the last measurable 

image was found. This generated four ideal images, and four 

non-ideal images of the L1-L2 spinous processes. Robustness 

was assessed by comparing the spinous process spacing 

measurements of ideal and non-ideal images. Similarly, the 

repeatability of the system was assessed by comparing ideal 

image measurements. This process was repeated with the 

participant in a prone supported spine flexion posture to assess 

the impact of participant position on error metrics. 

Results and Discussion 

Preliminary results suggest the ultrasound measurement 

system was robust when measuring a neutral posture with 

94.7% (18/19) of measurements falling within 1.96 SDs from 

the mean (Figure 1). When measuring a supported flexion  

 

posture, 90.0% (18/20) of measurements were within 1.96 SDs 

from the mean. 

Figure 1: Robustness based on ideal and non-ideal images taken 

from prone neutral spine posture. Shapes = different participants. 

 

The ideal image measurements are repeatable in most 

participants with an average measurement range of 1.1mm in 

both neutral (Figure 2) and in flexion. These ranges are likely 

acceptable given the quantity of intervertebral motion. 

Figure 2: Repeatability based on four ideal image repeats from prone 

neutral posture. Circle = mean, bar = min/max; mean range is 1.1mm. 

Conclusions 

Ultrasound appears to be a promising modality for measuring 

spine intervertebral motion. The robustness suggests that the 

risk of misinterpreting a sagittal plane image is low. As well, 

repeatability is satisfactory in the population sampled here.  
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Summary 

Many surveyed freefall jumpers report musculoskeletal neck 

pain.  This study measured a jumper’s head and body 

accelerations during parachute opening shock and reported the 

mean, standard deviation, and range of the accelerations. Data 

were collected from 19 members of the U.S. Army Parachute 

Team, The Golden Knights with a total of 53 jumps. The 

average head and body resultant accelerations were 5.8±1.6 G 

and 4.2±1.5 G, respectively. The range of head and body 

resultant accelerations were 1.1-8.8 G and 0.4-7.7 G, 

respectively.  

Introduction 

The U.S. Army has the requirement to conduct freefall 

airborne operations in order to insert Soldiers into combat. A 

study of civilian skydivers found that 45% of the surveyed 

jumpers (n=658) self-reported musculoskeletal neck pain; 

25% of which ascribed the pain directly to parachute opening 

shock (POS) [1]. The neck may be vulnerable to injury if 

inertial loads overcome voluntary muscular control of the 

cervical spine and soft tissue structures during POS resulting 

in whiplash motions of the head and neck.  During POS, the 

jumper may experience maximum deceleration of 3.2 G at T1-

T3 [2]. This study measured a jumper’s head and body 

accelerations during POS. 

Methods 

All data were collected under a human subjects research 

protocol approved by the U.S. Army Medical Research and 

Materiel Command Institutional Review Board.  

 

The study was conducted with a cohort of experienced freefall 

jumpers with the U.S. Army Parachute Team, The Golden 

Knights.  Data were collected from multiple jumps per subject 

enrolled in the study. Data were available from 19 subjects 

with a total of 53 jumps.  

 

Subjects were instrumented with multiple sensors and a video 

camera during jumps in order to obtain head and body 

kinematics.  The head kinematics sensor package included 

three angular rate sensors and three single axis accelerometers, 

mounted to the subject’s helmet. The instrumentation package 

was mounted in line with the coronal and midsagittal planes 

where possible.  Three Subjects used helmets with integrated 

camera systems causing the sensor package to be moved 

slightly away from the coronal and midsagittal planes (Figure 

1).  The body kinematics sensor package included an angular 

rate sensor and a three-axis accelerometer mounted around the 

waist of the subject.  Data were collected at 2,500 samples per 

second using a Slice Nano data acquisition system 

(Diversified Technical Systems, Seal Beach, CA). 

 

 
 

A B 

Figure 1: Test setup used during jump to measure head kinematics 

during POS showing the camera position (A) and instrumentation 

package (B) 

 

A camera was mounted to the helmet and time-synchronized 

with all instrumentation to identify the POS event. 

Results and Discussion 
The average head and body resultant accelerations were 

5.8±1.6 G and 4.2±1.5 G, respectively. The range of head and 

body resultant accelerations were 1.1-8.8 G and 0.4-7.7 G, 

respectively (Table 1). The jump-to-jump opening variability 

of skydiving canopies could account for the range of 

accelerations seen for the head and the body. 

Table 1: Acceleration results for head and body during POS 

 Head Resultant Body Resultant  

Average (G) 5.8±1.6 4.2±1.5 

Range (G) 1.1-8.8 0.4-7.7 

 Conclusions 

The maximum resultant head accelerations documented in the 

current study are higher than previously reported maximum 

accelerations [2]; however, the prior accelerations were 

obtained from a sensor package mounted lower on the subject 

at T1-T3 [2]. Further research identifying the effects of 

repeated high acceleration events on musculoskeletal neck 

pain is needed.   
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Summary 

Neck pain and discomfort are commonly reported among both 

civilian and military parachutists. Such pain and discomfort 

can limit an individual’s cervical spine range of motion 

(CROM). CROM is an important factor in performing typical 

daily tasks and when limited individuals may compensate by 

increasing lumbar and thoracic motions that can cause other 

back problems. This study aimed to compare the CROM of 

military parachutists to a normal population matched by age 

group. Data from 18 members of the U.S. Army Parachute 

Team, The Golden Knights, were collected using the CROM 3 

Instrument. A comparison of means was used to analyze each 

motion between parachutists and non-parachutists for two age 

groups (20-29 and 30-39 year-olds). Each motion compared 

was found to be significantly lower (p<0.05) in the parachutist 

population across both age groups, except for Left Lateral 

Flexion in 20-29 year-olds.  

Introduction 

The U.S. Army has the requirement to conduct free-fall 

airborne operations in order to insert forces into combat. A 

study of civilian skydivers found that 45% of the surveyed 

jumpers (n=658) self-reported musculoskeletal neck pain; 

25% of which ascribed the pain directly to parachute opening 

shock (POS) [1]. Repeated exposures to POS, even in the 

absence of pain, could impact CROM. Limited CROM can 

impact the performance of typical daily tasks and increase 

movement through the lower back and hip joints in order to 

compensate [2]. The study aimed to compare the CROM of 

military parachutists to a normal population matched by age 

group, as reported by Youdas et al [3]. Such information will 

help make informed decisions about potential mitigation and 

therapeutic strategies in the future. 

Methods 

Volunteers were recruited from the U.S. Army Parachute 

Team, The Golden Knights. Data from 17 male subjects 

between the ages of 20 and 39 were collected and analyzed. 

Data from one female subject was dropped from the present 

analysis. The average age, height, and weight was 31.0 (±4.0) 

years, 180.0 (±4.1), and 87.8 (±11.9) kg, respectively. Subjects 

had a career number of jumps ranging from 550 to 8,000. 

Measurements were assessed using the CROM 3 Instrument 

(Performance Attainment Associates, Roseville, MN, U.S.A.). 

The device has been validated and proven accurate for clinical 

CROM measurements in the cervical spine with good 

intertester and intratester reliability [2]. Each subject was 

instructed on the function and procedure of the CROM device. 

Three repetitions of each motion were performed and 

recorded. Measurements were taken at the start of the day 

prior to completing any parachute jumps. Subjects were 

allowed to complete any regular warm-up routine they had 

before testing began. All measurements were made by a single 

investigator. 

Results and Discussion 

In 20-29 year-olds, military parachutists had a significantly 

(p<0.05) lower CROM than the normal population in each 

motion except for Left Lateral Flexion (Table 1). 

Table 1: Mean (SD) values for CROM (ᵒ) in populations age 20-29. 

Cervical Flexion

Cervical Extension

Left Lateral Flexion

Right Lateral Flexion

Left Rotation

Right Rotation

* Significantly different (p <.05) ** N  = 42

Dependent Variables Normal Parachutists

Cervical Spine Range of Motion (ᵒ) N  = 20 N  = 6

54.3 (8.8)** 43.6 (5.1)*

76.7 (12.8) 58.1 (8.4)*

41.4 (7.1) 40.4 (7.3)

44.9 (7.2) 36.0 (9.7)*

69.2 (7.0) 53.1 (6.1)*

69.6 (7.6) 51.4 (7.7)*

 

In 30-39 year-olds, military parachutists had a significantly 

(p<0.05) lower CROM than the normal population in each 

motion (Table 2). 

Table 2: Mean (SD) values for CROM (ᵒ) in populations age 30-39. 

Cervical Flexion

Cervical Extension

Left Lateral Flexion

Right Lateral Flexion

Left Rotation

Right Rotation

* = Significantly different (p <.05) ** N  = 41

Dependent Variables Normal Parachutists

Cervical Spine Range of Motion (ᵒ) N  = 20 N  = 11

47.3 (9.5)** 35.7 (14.5)*

68.2 (12.8) 44.3 (17.2)*

41.2 (10.3) 30.5 (10.9)*

42.9 (8.5) 31.2 (7.7)*

65.4 (9.1) 48.8 (14.4)*

67.1 (7.4) 50.3 (13.3)*

 

Conclusions 

Military parachutists have decreased CROM compared to a 

normal population. An emphasis should be made to identify 

the functional relevance of these differences and to develop 

mitigation and therapeutic strategies aimed to improve CROM 

in military parachutists. Future research of CROM should also 

investigate the regression of CROM in this population verses 

age when compared to a normal population, as well as the 

number of jumps completed in a career, to enhance our 

understanding of the relationship of skydiving to CROM.  
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Summary 
The cervical spine poses a high risk of paralysis when injured. 
Recently surgeons have begun using cervical total disc 
replacements (CTDR) to preserve motion when reconstructing 
the cervical spine. This researched focused on the construction 
of a 3D geometrical reconstruction of the full cervical spine 
for preclinical evaluation of cervical implants. The 
computational model was checked both visually and by 
measurements to confirm the correct vertebrae geometry and 
size. Next steps include the addition of anatomical structures 
and a FEA analysis of the model.  

Introduction 
The cervical spine consists of the seven vertebrae at the top of 
the human spinal column and is responsible for a large range 
of motion conferred to the head and neck. Injuries of the 
cervical spine pose a high risk of paralysis if not properly 
treated. Surgeons use different devices and techniques to hold 
the vertebrae in place and allow the spinal column to heal. 
Cervical total disc replacement (CTDR) has emerged in the 
last decade as a motion preserving solution for cervical 
reconstruction. Since CTDRs are relatively new, little data of 
long-term patient effects have been recorded [1]. It can be 
very hard to gather in vivo biomechanical data since direct 
measurements are impractical due to their invasive nature. 
Biomechanical modeling can help to look at long term effects 
without using invasive measurements. The goal of this 
research was to develop a computational model of the full 
cervical spine (C1 – C7) that can be used for preclinical 
evaluation of cervical implants. 

Methods 
A 3D geometrical reconstruction of the cervical spine was 
created using a combination 2D axial CT images, a 3D image 
processing software (Mimics® Version 15.0), and an STL 
editor (3-Matic® Version 7.0). The CT images were obtained 
from the Visible Human Project® (National Library of 
Medicine, Bethesda, MD, USA).  

Guided by a previous study from Qi et al. [2], the scan of the 
male patient was imported into Mimics® and a threshold 
based on bone density was applied. The cervical spine region 
(C1 – C7) was separated from the remaining anatomy 
(cranium and thoracic spine) that were not of interest. This 
process was repeated for all seven vertebrae until they were 
individually segmented. 

After all the vertebrae were segmented, they were exported as 
STLs and loaded into 3-Matic® where proper scaling and 
alignment methods were used to merge the vertebrae from the 
two scans. The seven cervical vertebrae were compared to 
previously measured average heights of human vertebrae and  
scaled in 3-Matic to match the values provided by Frobin and 
Lu [3,4]. A similar technique was used to check the spacing 
between the vertebrae for the intervertebral discs [4]. 

Results and Discussion 
The vertebrae visually match the anatomy shown in Qi et 
al.[2]. Based on the measurements taken in 3-Matic®, the 
vertebrae are all within tolerance of the sizes provided by 
Frobin and Lu (Table 1) [3,4]. Thus, we are confident with the 
bony anatomy segmented and their alignment. The final 
vertebral bodies used in this study are shown in Figure 1. The 
model has been loaded into ABAQUS, a FEA tool. 

 
Figure 1: Isometric view of cervical spine model 

Conclusions 
Next steps include the addition of muscles, tendons, ligaments, 
and intervertebral discs. Once these anatomical structures are 
added, a FEA analysis will be conducted using a CTDR to 
determine how the CTDR affects the surrounding vertebrae 
and structures of the neck. This analysis will help address the 
unknowns surrounding long-term patient effects of CTDRs. 
Also, there is work being done to make this model open 
source for use by surgeons or individuals in academia. 
Currently there are very few cervical spine specific models 
readily available for researchers to download and use. 
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Table 1: Cervical vertebrae height comparison between model and cadaveric data provided by Frobin and Lu (in mm) [3,4]. 

 C3 C4 C5 C6 C7 
Spine Model 16.79 16.36 17.13 17.55 18.03 
Combined Cadaveric Data 16.63 16.26 16.85 17.39 17.73 

Thursday, August 01 2019: Posters (1600-1800) 635

Spine 1



 

 

The Influence of Variations in Anatomical Coordinate System Definition on Cervical Spine Kinematics 

 

Alonso Figueroa1,2, Tomasz Bugajski1,2, Gregor Kuntze1,2, Paul Salo2,3, Ganesh Swamy2,3, Janet L. Ronsky1,2,3 
1Biomedical Engineering Graduate Program, University of Calgary, Calgary, AB, Canada 
2McCaig Institute for Bone and Joint Health, University of Calgary, Calgary, AB, Canada 

3Cumming School of Medicine, University of Calgary, Calgary, AB, Canada 

Email: luis.figueroa@ucalgary.ca 

  

Summary 

High-speed biplanar videoradiography (HSBV) enables new 

insights on the in-vivo dynamic motions of the pathological 

spine. Variations in the defined segment specific anatomical 

coordinate systems (ACS) likely influence repeatability of 

vertebral kinematics. This study investigated the effects of 

repeated vertebral ACS definitions on the resultant cervical 

spine motions measured with HSBV.  The range of differences 

in angular rotations informs the minimum detectable change 

values for use in longitudinal studies and clinical interpretation. 

Introduction 

Anterior cervical decompression and fusions (ACDF) are a 

common procedure to address the consequences of disc 

degeneration of the cervical spine (CS) [1]. Dynamic in-vivo 

CS kinematics, obtained using HSBV imaging, provide novel 

insight into the mechanisms of disc pathology and the effects of 

CS fusion and arthroplasty. However, resultant vertebral 

kinematics are likely sensitive to the definition of the segment 

specific ACSs. Subject specific vertebral ACSs are typically 

defined with manual or semi-automated approaches using 

specific landmarks, based for example on standards by the 

Scoliosis Research Society, and may be affected by 

morphological abnormalities due to spine pathology [2]. 

Variations in the selection of these landmarks, in turn, may 

affect relative ACS orientations and consequently the 

repeatability of vertebral kinematics. The purpose of this study 

was to evaluate differences in adjacent segment CS kinematics 

associated with repeated definitions of segmental ACS using 

HSBV imaging of a cadaver with CS pathology. 

Methods 

A human cadaveric specimen was used in this ethics board 

approved study (REB16-0154). Vertebral bone models were 

created in Amira (VSG, Germany) using high-resolution 

computed tomography (CT) imaging (GE, USA). Thereafter, 

the body was seated within the field-of-view of the calibrated 

HSBV system. A halo was fixed to the head and the body was 

moved using a pulley system. An axial rotation of the head was 

induced, and the movement of the CS was recorded (60 Hz) [3]. 

Vertebral body orientations of C3 to C7 were obtained using a 

2D-3D registration approach (Autoscoper, Brown University, 

USA) for one repetition of axial head rotational movement. 

Segment specific ACSs were determined (3 repeat trials) in 

Matlab (v2018b, MathWorks, USA) by manually selecting 

landmarks defining the centres of the vertebral body endplates 

and the distal aspect of the pedicles [4]. Three different versions 

of the ACS of each vertebra were obtained. 3D inter-vertebral 

rotations (C3-C4, C4-C5, C5-C6, and C6-C7) were computed 

for each derived ACS using Cardan angles [flexion-extension 

(FE), axial rotation (AR), and lateral bending (LB)].  To assess 

the effects of repeated ACS definitions on rotations, the 

differences in inter-vertebral angles obtained using each ACS 

iteration (3 between-trial comparisons) were calculated for 

every HSBV movement frame. The mean of the 3 between-trial 

differences and corresponding standard errors were calculated 

for each Cardan angle. These differences were normalized to 

the angular range of motion, obtaining a percent standard error.  

Results and Discussion 

Absolute differences in angular rotations associated with the 3 

different ACS ranged from 0.00° (0.13°) – 0.61° (0.68°) (Table 

1). These difference values, informing the minimal detectable 

change (MDC), can be attributed to variations in anatomical 

landmark selection. These results are representative of worst-

case scenarios, as they incorporate the effect of alterations in 

vertebral shape due to spine pathology.  The percent differences 

ranged from 0.97% (1.51%) – 25.55% (28.26%). The large 

percent errors for LB reflect the small range of motion (4.43°) 

observed around this axis. This MDC value can used to inform 

future studies involving repeated CS kinematic measures. 

Conclusions 

ACS selection is crucial for a correct kinematic analysis. 

Differences in relative vertebral kinematics relate to variations 

in the calculated ACS originating from differences in 

anatomical landmark selection. This sensitivity analysis 

approach enables the determination of the MDC, important for 

longitudinal and cross-sectional studies of cervical spine 

movement. 
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Table 1: Mean Differences in Inter-vertebral Cardan Angle (absolute values and percentage) between the three ACS versions. 

|diff|° Std Err° % diff %Std Err |diff|° Std Err° % diff %Std Err |diff|° Std Err° % diff %Std Err |diff|° Std Err° % diff %Std Err

Flexion-Extension 0.08 0.12 3.94 5.26 0.00 0.13 4.87 4.92 0.03 0.05 0.97 1.51 0.06 0.07 2.39 3.27

Axial Rotation 0.08 0.15 4.39 4.30 0.07 0.12 2.91 3.38 0.25 0.27 4.68 5.41 0.22 0.24 7.02 7.14

Lateral bending 0.25 0.53 19.04 17.44 0.13 0.42 5.68 10.53 0.61 0.68 25.55 28.26 0.47 0.53 24.27 23.48

C4-C5 C5-C6 C6-C7
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Summary 

Previous research has shown that program-based identification 

was a reliable method to identify lumbar spine vertebrae for 

epidural procedures. The consistency and temporal efficiency 

of this program-based identification (PBI) was found to be 

vastly greater than that of human identification. Likewise, this 

study assessed a custom ultrasound identification program 

(UIP), and found that UIP contains increased consistency and 

temporal efficiency compared to the human identification of 

the L1 and L2 spinous processes. The program-based 

identification used a series of functions to isolate and measure 

several metrics of the L1 and L2 spinous processes. UIP had 

greater consistency and speed versus human identification, 

specifically UIP required one sixth of the processing time and 

had no deviation from the mean.  

Introduction 

Identification of landmarks and quantification of ultrasound 

images is typically done manually by human identification.  

Palpation and ultrasound are used to identify the location and 

distance of the vertebrae in the lumbar spine [1]. However, 

when comparing human identification to a program-based 

identification (PBI), not only does the PBI have increased 

consistency but also minimal processing time [2]. The UIP 

evaluated in this research was created to process and identify 

the sagittal view of the spinous processes in individuals at the 

level of L1 and L2 of the lumbar spine. The need for 

consistency and speed from the UIP compared to human is 

necessary to quantify intersegmental spine kinematics with 

little to no variance and minimal processing time. Therefore, 

the UIP versus human was evaluated for time and consistency.   

Methods 

Five young adults (2 males and 3 females, ages = 26.0 ± 2.5 

years) were recruited for this study. A trained technician using 

a medical ultrasound (GE, Vivid-i, 9L 2.5-8.0MHz Linear 

Transducer) captured the sagittal view of L1 and L2 in 

participants while their spines were neutral and fully flexed 

while prone and standing. Images were tested using the 

custom UIP MATLAB script (Image Processing Toolbox 

Release 2018b,MathWorks, Inc., Massachusetts, USA) versus 

the trained technician identification. The technician and UIP 

were challenged to identify L1 and L2 and intersegmental 

distances in the ultrasound images (Fig 1). For the UIP, 

images were pre-processed using contrast adjustment 

functions to minimize the noise and isolate the spinous 

processes of L1 and L2. The pre-processed images were 

segmented for the isolation of  n+1 objects in the pre-

processed image. Post segmentation, users were prompted to 

input the figure numbers for L1 (left) and L2 (right) produced 

in separate figures. Three custom functions were created: 

“centersp” function calculated the area and centroid of L1 and 

L2 spinous processes; “pythag” function assessed the distance  

 

 

 

 

 

 

 

 

 

 

between centroid of L1 and L2 by identifying the distance 

between vertebrae as the hypotenuse; and “pix2mm” was a 

conversion function to produce real length distances for data.  

Results and Discussion 

The initial results showed that UIP has greater temporal 

efficiency versus human identification, operating at up to one 

sixth of the speed. Also, the UIP displayed more robustness 

since the UIP was more consistent than human identification. 

The mean difference between the UIP versus the human 

identification across all trials was 0.69mm (Fig 2).  

 
Figure 2: Mean processing time of the UIP versus human 

identification on sagittal images of L1 and L2.  

Conclusions 

This small-scale study has demonstrated the UIP method 

shows promise and merits further investigation. UIP would be 

necessary to make the use of ultrasound to quantify 3D 

intersegmental spine kinematics practical. Especially for time- 

varying biomechanical studies, requiring a lot of image 

capture such as prolonged or repeated exposures of lifting 

and/or sitting. 
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Summary 

We examined the effects of carrying various loads with one 

hand (up to approximately 10 kg) for a distance of 

approximately 6 m on trunk kinematics and kinetics among 

older and obese males. Three-dimensional (3D) trunk angles 

and moments about the L4/L5 vertebrae were calculated. 

Results suggest that changes in angles and moments were 

mainly due to load carrying, independent of age and obesity.  

Introduction 

Aging and obesity are associated with an increase in work-

related musculoskeletal conditions such as low back pain 

relative to healthy, younger populations [1-2]. Average age 

and body mass index (BMI) is increasing in both the general 

and working populations in the United States [3-6]. While 

previous research has suggested that one-handed carrying is a 

particularly demanding method of load carrying [7], the 

effects of age and obesity on trunk kinetics and kinematics 

during one-handed carrying are not well understood [8]. The 

objective of this study was to examine changes in trunk angles 

and 3D reaction moments about the L4/L5 vertebral segment, 

among older and obese individuals during one-handed 

carrying of various magnitudes of load.   

Methods 

Twenty (20) right-handed, healthy males were recruited and 

divided into four groups: (Young/Non-obese [YNO]: 19-35 

years of age, BMI < 25 kg/m2; Young/Obese [YO]: 19-35 

years of age, BMI ≥ 30 kg/m2; Older/Non-obese [ONO]: 55-

64 years of age, BMI < 25 kg/m2; Older/Obese [OO]: 55-64 

years of age, BMI ≥ 30 kg/m2). All participants had a Dual-

energy X-ray absorptiometry (DEXA) scan to estimate their 

percentage of body fat. Means and standard deviations of 

personal data of each group are presented in Table 1. 

Table 1. Mean and standard deviation of personal data of each group. 

Group n Age 

(years) 

Weight (kg) Height (cm) BMI 

(kg/m2) 

%Body fat 

YNO 5 25.4 ± 2.1 70.7 ± 5.3 173.2 ± 5.8 23.7 ± 0.7 15.2 ± 4.2 

YO 5 29.1 ± 4.5 113.0 ± 19.4 179.3 ± 4.6  35.0 ± 4.7 39.4 ± 7.0 

ONO 5 59.7 ± 3.5 70.2 ± 6.6 175.3 ± 4.4 22.9 ± 0.9 16.0 ± 5.6 

OO 5 60.1 ± 0.8 104.2 ± 4.6 180.3 ± 3.6 31.9 ± 1.4 34.0 ± 4.8 

Participants were fitted with seventy-nine reflective markers 

and were asked to walk for approximately 6 m while carrying 

different loads in the right hand (0 kg [No-load], 5.67 kg 

[Light], and 10.21 kg [Heavy]; three times each). Kinematic 

data were collected using a 10-camera motion capture system 

(Vicon Motion Systems Ltd, Oxford Industrial Park, Oxford, 

UK), and ground reaction force data were collected using two 

force plates (Advanced Mechanical Technology, Inc., 

Watertown, MA). Nexus software (Version 2.6.1; Vicon 

Motion Systems Ltd, Oxford Industrial Park, Oxford, UK) was 

used to synchronize the motion capture and force plate data. 

Visual3D (C-Motion, Germantown, MD, USA) was used to 

calculate trunk angles and moments (absolute and normalized 

to body weight and height [%BW*Ht]) about the L4/L5 

vertebrae (tilt [extension/flexion], obliquity 

[ipsilateral/contralateral], and rotation [ipsilateral 

/contralateral]) during the stance phase of the right limb for 

one step during an established gait. Statistical significance of 

main and interaction effects were evaluated using analysis of 

variance (ANOVA) following a split-split-plot factorial.  

Results and Discussion 

Load had a statistically significant effect on the 3D trunk 

angles where all participant groups had a reduced extension 

angle (p < 0.01; F2,32 = 6.3; η2 = 0.02), reduced ipsilateral 

obliquity angle (p < 0.01; F2,32 = 17.02; η2 = 0.09), and 

reduced contralateral rotation angle (p < 0.01; F2,32 = 22.3; η2 

= 0.17) when a load was carried relative to no load. 

Accompanying changes in moments about L4/L5 were also 

observed. The obese groups experienced greater absolute 

moments. However, moments were mitigated when 

normalized to BW*Ht. 

Conclusions 

One-handed carrying plays an important role in changing 

trunk kinematics and kinetics, but the effects do not appear to 

be dependent on age nor obesity. Consistently, moments 

observed for the older groups were relatively comparable to 

those observed for the young groups. 
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Summary 

Current assessments of pectus deformities use highly 

subjective, low precision calipers and may require exposure to 

ionizing radiation. This study demonstrates the high reliability 

of a low cost commercially available 3D scanning and custom 

measurement technique for non-invasive assessment of pectus 

deformities that addresses these current limitations. 

Introduction 

Pectus excavatum (PE, caving of the chest wall) and pectus 

carinatum (PC, protrusion of the chest wall) are the most 

common chest deformities in adolescents [1]. Severity of PE is 

assessed with computed tomography scans, necessitating 

radiation exposure. The assessment of PC is limited, as the 

evaluation of PC severity/correction is based on subjective 

caliper measurements [2]. The anteroposterior (AP) and 

mediolateral (ML) dimensions at the protrusion of the apex are 

frequently reported. A three-dimensional (3D) chest scanning 

technique may eliminate the need for ionizing radiation and 

quantify deformity/treatment progress. Towards the overall 

goal of providing a non-invasive technique for quantifying PC 

and PE, a low-cost 3D-torso scanning/quantification technique 

has been developed. This study aimed to evaluate the 

reliability of the technique in quantifying PC severity. 

Methods 

3D models of a male thorax mannequin with simulated PC 

were derived from data acquired using a commercial scanning 

device (Occipital Inc., USA) in this ethics approved study 

(REB17-0238). A mannequin was selected to eliminate 

potential breathing errors during scanning. A torso coordinate 

system was determined based on nine objectively defined 

landmarks on the mannequin. Three raters (R1-R3) each 

scanned the mannequin ten times consecutively within a test 

session (10 scans by R1, followed by R2, R3). This process 

was repeated on two additional sessions (n=30/rater). The 

mannequin position remained fixed for all sessions. A 3D-

thorax model was created for each scan using custom software 

(Matlab [v2018b], MathWorks, USA). Transverse cross-

sections were identified at the apex of the PC deformity, and 

AP/ML dimensions calculated. Measures of AP/ML 

dimensions at the PC apex of the mannequin were also 

obtained by R1 using calipers (Fillauer, USA). Intra-rater 

reliability was calculated for each rater as a coefficient of 

variation (CV). To compare the 3D-model AP/ML measures 

to the caliper measures, the mean difference was calculated. 

Results and Discussion 

The CV ranged from 0.3%-0.7%, 0.3%-0.5%, and 0.2%-0.5% 

for RI, R2, and R3, respectively (Table 1). The largest intra-

rater difference was 2.5 mm (<0.01% error, R3, ML). The 

scanning technique demonstrated high reliability, showing 

great promise for assessing PC. The mean differences between 

the 3D torso model measures and calipers were 6.9 mm and 

3.2 mm for the AP and ML directions, respectively. These 

differences were greater than the differences observed within 

raters using the scanning technique. Future studies will consist 

of testing the repeatability and reproducibility of the 3D 

scanning technique on PC patients in the clinical environment. 

Conclusions 

The low-cost commercial scanning technique shows promise 

for repeatable quantification of chest deformity associated 

with PC, providing improvements on caliper measures of PC.  
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Table 1: The means (standard deviations) and calculated CV for the AP and ML measures of PC deformity for each rater. 

 
Session 1 Session 2 Session 3 

AP ML AP ML AP ML 

Rater 

Mean 

(SD) 

(mm) 

CV (%) 

Mean 

(SD) 

(mm) 

CV (%) 

Mean 

(SD) 

(mm) 

CV (%) 

Mean 

(SD) 

(mm) 

CV (%) 

Mean 

(SD) 

(mm) 

CV (%) 

Mean 

(SD) 

(mm) 

CV (%) 

1 
282.7 

(0.8) 
0.3 

326.4 

(2.2) 
0.7 

285.1 

(1.1) 
0.4 

325.9 

(2.1) 
0.6 

284.6 

(1.3) 
0.4 

324.8 

(2.2) 
0.7 

2 
284.3 

(1.4) 
0.5 

327.5 

(1.7) 
0.5 

285.9 

(0.8) 
0.3 

327.6 

(1.7) 
0.5 

285.7 

(0.7) 
0.3 

326.9 

(1.5) 
0.5 

3 
283.2 

(1.0) 
0.3 

328.6 

(1.8) 
0.5 

283.6 

(0.8) 
0.3 

326.1 

(1.7) 
0.5 

284.5 

(0.7) 
0.2 

327.1 

(1.4) 
0.4 
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Summary 
Indoor rock-climbing falls onto padded and unpadded surfaces 
are a common source of injuries. This research provides 
experimental data quantifying the effects of foam thickness 
and impact velocity in padded falls onto the buttocks using 
human volunteers and an anthropomorphic test device (ATD).  

Introduction 
Indoor rock climbing has seen tremendous growth in recent 
decades. Although padded flooring is commonly used in these 
settings, there are limited standards specifying the type or 
thickness of foam that is appropriate for a given environment 
[1]. Further, there is a lack of published test data available to 
understand the protective effects of different flooring 
characteristics. The primary objective of this research was to 
quantify the effects of foam thickness and impact velocity in 
falls onto the buttocks, which are a common injury-causing 
scenario during bouldering falls [2]. Secondary objectives 
were to validate an ATD model in vertical loading to the 
buttocks and to characterize the dynamic stiffness of the foam. 

Methods 
Drop tests onto the buttocks from varying heights on varied 
foam thicknesses were performed with human subjects (3M, 
3F, ages 31-53 yrs, mass 51-82 kg) and with a partial ATD. 
The ATD model consisted of the molded pelvis of a BioRID II 
50th percentile male dummy, the left and right thigh segments, 
and additional mass coupled to the pelvis (equivalent mass 
60.5 kg). The padded floor surface was comprised of an 18 oz 
vinyl tarp placed over 2, 3 or 4 slabs of open cell foam (each 
slab ~120×120×10 cm, density ~32 kg/m3) atop a plywood 
board mounted to a force plate (Bertec 4060-08, Bertec 
Corporation, Fz 10kN, Fx and Fy 5 kN) sampled at 10 kHz. 
Motion of the right anterior superior iliac spine (ASIS), 
greater trochanter (GT) and lateral femoral epicondyle (LFE) 
was tracked using an optoelectronic camera system (Certus, 
Optotrak, Waterloo ON, Canada) sampled at 400 Hz. Bi-axial 
accelerometers mounted to the ATD pelvis were also sampled 
at 10 kHz. Drop heights ranged from 19 to 89 cm for the 
human subject tests and from 35 to 215 cm for the ATD tests. 

Results and Discussion 
A total of 139 human volunteer tests were performed with 
impact velocities of 0.8 to 3.8 m/s and peak vertical forces 
ranging from 1.3 to 4.7 kN (2.2 to 7.4 times body weight). 
Peak vertical ground reaction forces increased with increasing 
impact velocity for all foam thicknesses (Figure 1). At low 
impact speeds, there was no significant effect of foam 
thickness on peak forces. At impact speeds above ~3 m/s, 
increasing foam thickness reduced peak forces.  

 
Figure 1: Peak impact force (expressed as a multiple of body weight) 

versus impact velocity for human subjects (solid markers) and an 
ATD surrogate (hollow markers) falling onto three thicknesses of 

open cell foam (different marker types). 

A total of 38 ATD tests were performed with impact velocities 
of 1.9 to 5.7 m/s and peak forces ranging from 1.8 to 8.6 kN 
(3.0 to 13.7 x ATD weight). Peak resultant sagittal plane 
pelvis accelerations ranged from 2.8 to 18.2g. Peak vertical 
impact forces and resultant pelvis accelerations increased 
nonlinearly with increasing impact velocity (Figure 1). The 
peak normalized forces for the volunteer tests and ATD tests 
were similar over the range of overlapping impact velocities.  

Conclusions 
Peak impact forces in the human subjects and ATD increased 
non-linearly with impact velocity, consistent with increasing 
foam stiffness with increasing amounts of foam compression. 
Higher peak forces and accelerations were observed for the 
thinner foam thicknesses above ~3 m/s impact velocity. 
Preliminary results suggest that a weighted partial ATD pelvis 
and thighs can be used to approximate the impact forces 
experienced by human subjects during a padded fall onto the 
buttocks. 
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SUMMARY 
Despite the generally accepted importance of form & force 
closure mechanisms in sacroiliac joint (SIJ) biomechanics, 
very little is known about SIJ form and orientation, and the 
relationship between both. This study describes the sagittal 
orientation of the SIJ relative to gravity, and defines its 
correlation to intrinsic SIJ form variation using statistical 
shape modelling. Results show a distinct correlation 
between joint form and orientation. These findings can help 
improve insight into both healthy and pathological force 
transfer in the SIJ. 
 
INTRODUCTION  
The sacroiliac joint is an estimated source of 15 to 30% of 
all low back pains. However, the underlying mechanisms 
behind this malfunctioning remain unknown. Transferring 
forces between the spine and lower limbs, both form closure 
and force closure mechanisms are assumed essential for 
optimal joint functioning. These mechanisms are believed to 
resist the vertical shear forces mediated by the weight of the 
trunk and upper limbs [1]. In this light, both form and 
orientation of the SIJ are important parameters in SIJ force 
transfer. It is known that anatomical variation in the SIJ is 
extensive, and specific auricular joint surface (AS) form 
types have been linked to pathology [2]. However, currently 
no comprehensive studies on AS form and its intrinsic 
position within the sacrum exists. Additionally, there is no 
data on the sagittal orientation of the SIJ relative to gravity. 
The goal of this study was to further investigate the form 
and force closure in the sacroiliac joint by investigating 1. 
the shape variation of the AS and its intrinsic position within 
the sacrum and 2. its relationship to the sagittal orientation 
of the sacroiliac joint relative to gravity.  
 
METHODS 
CT scans of 135 pelvises were 3D rendered. A statistical 
shape model was built to investigate the form variations of 
the AS and sacrum by means of principal component (PC) 
analysis, resulting in a set of independent shape variation 
modes. Additionally, sagittal auricular surface inclination 
(SASI) was defined as the angle between the tangent of the 
AS caudal limb and a horizontal reference line (fig 1). A 
linear multivariate regression (LMR) was applied to 
calculate the relationship between sacral form variation 
modes and SASI. Finally, for visualization purposes, the 
mean form of the sacrums with the 10 highest lowest SASI 
values was calculated (fig1). 
 
RESULTS 
SASI was on average 8.14° (+-8° SD) posteriorly inclined. 
The LMR showed a significant correlation between SASI 
and PC1 (r=-0.30, p<0.001) and PC 2 (r=0.24, p<0.01) of 
overall sacral form. Sacrums with a more anteriorly inclined 

AS (low SASI) were more curved. The AS was located 
cranially and was angulated more horizontally within the 
sacrum. Additionally, the AS tended to be more triangular 
shaped, and the angle between cranial and caudal limbs was 
smaller (fig.1A). In contrast, sacrums with a more 
posteriorly inclined AS (high ASI) were overall less curved, 
the AS was located more caudally and vertically within the 
sacrum. The AS was more L-shaped, with a more obtuse 
angle between both limbs 
(fig1B).

 

Figure 1: Mean shape of the 10 most anteriorly inclined (A) and 
posteriorly inclined (B) ASs (green), with respectively negative 
and positive ASI. The SASI is the angle between the horizontal 
reference line (black dotted line) and the tangent to the caudal limb 
of the AS (orange dotted line). 
 
DISCUSSION 
This study found that both AS form and intrinsic AS 
position in the sacrum were correlated to AS orientation. 
The L-shaped AS, recently linked to pathology, was 
correlated to a more vertical, posterior joint inclination, 
whereas the triangle shaped AS, less prone to pathology, 
was more horizontally inclined. The posteriorly inclined AS 
may be more susceptible to vertical shear forces as the 
caudal limb is more vertically inclined. However, further 
research on healthy and pathological populations is 
necessary to investigate this hypothesis. 
 
CONCLUSIONS 
This study offers a deeper insight in SIJ form and its 
correlation to the joints orientation to gravity. 
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SUMMARY 

Joint position sense of the dominant and nondominant shoulder 

was measured in healthy subjects to quantify error in a joint 

position sense task with and without visual information. 

Previous studies have examined sensory differences in 

dominance with conflicting results. Some have shown that no 

differences exist, while others show that movements with the 

dominant arm rely more heavily on visual information and 

movements with the nondominant arm rely more heavily on 

proprioceptive information [2,3]. In the present study, subjects 

wore a virtual reality headset with a tracker on their forearm 

while performing a joint position sense task [1]. Using the 

headset, subjects were presented with either a visual 

representation of their forearm location or no visual information 

about forearm location. No difference was found between sides. 

However, difference was seen between true vision and no vision 

regardless of arm dominance.  

INTRODUCTION  

Joint position sense (JPS) is commonly used as a measure of 

proprioception [1]. The integration of visual and proprioceptive 

information is important in movement planning and execution.  

The contribution of vision and proprioception to movement is 

context specific depending upon sensory quality and 

availability. However, the weighting of vision and 

proprioception in the dominant arm as compared to the 

nondominant arm is disputed. Some studies show no sensory 

differences exist between the dominant and nondominant arms 

[3]. Others show movements involving the dominant arm being 

mainly directed by vision and movements involving the 

nondominant arm by proprioception [2]. 

The present study aimed to examine differences in JPS error 

with true vision (TV) and with no vision (NV) between the 

dominant and nondominant shoulders. We hypothesized that in 

a JPS task, the dominant arm would demonstrate less error than 

the nondominant arm with visual information, whereas the 

nondominant arm would have less error than the dominant arm 

without visual information. 

METHODS 

Twenty (10 female, 10 male) healthy right-hand dominant 

subjects were recruited. Subjects were equipped with an HTC 

VIVE Virtual Reality headset and tracker fastened to their wrist 

(HTC, Taiwan). When visual information was available, the 

virtual environment displayed the tracker as a sphere on the 

subject’s forearm. Subjects performed a JPS task to a target 

shoulder flexion angle (50˚, 70˚, and 90˚) with auditory cues 

from the virtual reality system under two visual conditions of 

forearm location (TV and NV) [1]. 

JPS data were sampled at 50 Hz and collected from the tracker 

using a customized Unity program. Error was calculated from 

averages of an initial presentation and subsequent replication 

angle [1]. The influence of visual condition and angle on 

absolute error was determined using a two-way, repeated 

measures ANOVA at an alpha-level of 0.05 (SPSS version 25, 

Chicago, IL, USA). 

RESULTS AND DISCUSSION 

No interaction effect was seen between hand and visual 

condition (p = 0.06) and there was no main effect of hand (p = 

0.07). A difference in absolute error was seen between visual 

conditions (p = 0.03) (Figure 1).  

 

Figure 1. Absolute JPS error between visual conditions (n = 20). 

Data represents mean ± SD (*p < 0.05). 

CONCLUSIONS 

No differences in JPS error were seen between the dominant 

and nondominant arms. These findings lend support to prior 

studies showing a lack of difference in the use of sensory 

information based on limb dominance [3]. A difference was 

seen between the TV and NV conditions overall. Higher error 

in the NV condition indicates that proprioception alone is not 

as effective in driving accurate movements as the combination 

of vision and proprioception. In order to further investigate this 

relationship, future studies may consider isolating vision and 

proprioception further to examine their individual contributions 

to JPS movements. 

ACKNOWLEDGEMENTS 

This research was funded in part by the O’Day Fellowship in 

Biological Sciences and the Office of the VPRI at the 

University of Oregon. 

REFERENCES 

[1] Edwards et al. (2016). J. Biomech, 49: 3529-3533. 

[2] Goble et al. (2006). Exp. Brain Res, 168: 307-311. 

[3] Jerosch et al. (1996). Knee Surg. Sport Trauma. Athro, 3: 

219-225.

  

0

2

4

6

A
b

so
lu

te
 E

rr
o
r 

(d
eg

)

True Vision          No Vision

* 

Thursday, August 01 2019: Posters (1600-1800) 643

Upper Extrimity - Hand + Wrist 1



Thursday, August 01 2019: Posters (1600-1800) 644

5.27 Volleyball 1
1. Hsiao-Yun Chang: Grade Comparison In Functional Movements Screen For Volleyball And Track And Field Athletes

2. Hsien-Te Peng: Biomechanical Comparison Of Running One And Two Leg Vertical Jumps On Volleyball Player

3. CEN KAICHIEM: Reason Of Thoracic Mobility Training For Increasing Shoulder Function And It’S Delaying Benefits

4. Kayt Frisch: Comparing Female Adolescent And Collegiate Shoulder Kinematics During A Volleyball Spike

5. Jianjie Chen: Analysis Of The Strength Characteristics Of Knee And Ankle Muscles Of Chinese Men’S Volleyball
Players

6. Kun Yu Chou: The Characteristic Of Range Of Motion Of Shoulder And Trunk In Young Female Volleyball Players

7. Jessica Nihill: Comparing Landing Mechanics After A Spike By Division Ii Front Row Volleyball Players

Volleyball 1



 

 

Grade Comparison in functional movements screen for volleyball and track and field athletes 

Hsiao-Yun Chang1,*, Shih-Chung Cheng 2, Ya-Hsin Hsueh3  
1Department of Athletic Training and Health, National Taiwan Sport University, Taiwan 

2 Graduate Institute of Athletics and Coaching Science, National Taiwan Sport University, Taiwan 

3 Department of Electronic Engineering, National Yunlin University of Science and Technology, Taiwan 

* Corresponding Author & Email: yun1130@gmail.com 

 

Summary 

Functional Movement Screen (abbreviation: FMS) has been 

widely used to assess physical asymmetry for athletes. This 

study aimed to assess the FMS score and compare the 

differences between volleyball and track and field athletes. 

The results were found that more volleyball players got lower 

score in shoulder mobility than track and field athletes. It 

reminded us that we need to pay attention to shoulder 

flexibility for volleyball players. 

Introduction 

FMS has been widely used to assess physical deficit for 

professional athletes in recent years. Gray Cook and Lee 

Burton had mentioned the concept in 1995[1]. There are 7 

screening items included deep squat, hurdle step, in-line lunge, 

shoulder mobility, active straight leg raise, trunk stability push 

up, and rotatory stability. Those items were used to assess 

movement symmetry, stability, and extensibility [1]. They 

proposed that the FMS is associated with sports injury and 

exercise performance. It could detect abnormal functional 

movement patterns and can be used for predicting the risks of 

sports injury for athletes [2-3]. Therefore, the purpose of this 

study was to assess the grade by using the FMS tool and 

compare the differences between volleyball and track and field 

athletes. 

Methods 

Twelve male volleyball players (mean height 183.92 ± 3.75 

cm; mean weight 77.42 ± 8.35 kg, mean age 17.17 ± 0.39 yrs) 

and 12 track and field athletes (mean height 167.46 ± 5.93cm; 

mean weight 57.68 ± 6.96 kg, mean age 19.67 ± 2.80 yrs) 

recruited in this study. Two cameras were set in front of and 

on the side of the athletes to capture and record 

simultaneously during the athletes performed seven FMS 

movements, including deep squat, hurdle step, in-line lunge, 

shoulder mobility, active straight leg raise, trunk stability push 

up, and rotatory stability. Captured videos were analyzed and 

screened by 2 researchers, then scored the grading for athletes. 

The Chi-Squared test of independence was used to analyze the 

score difference between volleyball (VB) and track and field 

(T & F) athletes. 

Results and Discussion 

The results were showed that the total FMS scores of 

volleyball players have lower than track and field athletes, but 

no significant different (VB: 29.8 ± 2.7; T & F: 31.2 ± 3.0, p 

= .265). There had a significant difference in Shoulder 

Mobility items when compared between volleyball and track 

and field athletes (p < .05). Other items were not found to be 

significantly different (p >.05). The result was found that more 

volleyball players got lower the score in shoulder mobility 

item that track and field athletes. It was shown that the 

asymmetry had to be found in shoulder rotation mobility, 

especially in upper extremities dependent using athletes. 

Previous studies had report more incident rate of sports 

injuries were in the shoulder area for volleyball players, 

instead of, more injuries rate was reported in the lower limb 

for track and field athletes [2-5]. There are found that all of the 

athletes in our research had a lower score in the Rotatory 

Stability item. This also reminds us that we need to pay 

attention to core stability for that athlete. 

Table 1: The score of FMS grading for volleyball (VB) and track 

and field (T & F) athletes (VB: N=12; T & F: N=12) 

Grading of FMS Score: 1 Score: 2 Score: 3 p value 

Deep squat 
T & F 0 4 8 

.078 
VB 2 7 3 

Hurdle step 
T & F 0 2 10 

.185 
VB 0 5 7 

In-line 

lunge 

T & F 0 0 12 
.500 

VB 0 1 11 

shoulder 

mobility 

T & F 0 1 11 
.004* 

VB 1 8 3 

Active 

straight leg 
raise 

T & F 2 5 5 

.809 
VB 1 6 5 

Trunk 
stability 

push up 

T & F 1 10 1 
.824 

VB 2 9 1 

Rotatory 

stability 

T & F 3 4 5 
.890 

VB 3 3 6 

* p < .05 

Conclusions 

The volleyball players need to pay more attention to shoulder 

flexibility than track and field athletes. 
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Summary 

The arm of this study was to understand the differences in 

biomechanical characteristics between running one and two-

legged vertical jumps. 10 male college volleyball players  

performed one and two-legged vertical jumps randomly. 

Kinematic and kinetic data were collected by using Six infra-

red Qualisys motion-capture cameras at a 180-Hz sampling 

rate and two AMTI force platforms at an 1800-Hz sampling 

rate. Running one legged vertical jump take off faster than two 

leg. And lower limb moment shows higher than two leg with 

less angular flextion. Running one legged vertical jump is 

recommended for coaches and athletes sever as a explosive 

training.  

Introduction 

Jumping ability is one of most important things in most 

competitions [1]. There are many ways to improve jumping 

performance, but we always found jumping movement with 

short distance approach and take off on one or two leg, 

especially in volleyball games. 

The biomechanical characteristics of running vertical 

jump skills on one and two leg are limited. Therefore, the 

arm of this study was to understand the differences in 

biomechanical characteristics between running one and two-

legged vertical jumps. 

Methods 

Ten male college  volleyball players (age: 21.1 ± 2.2 years; 

body mass: 80.7 ± 7.6 kg; height: 1.85 ± 0.04 m) voluntarily 

participated in this study. They were required to perform the 

vertical jump following a three-step approach, to run as fast, 

and to jump as high as possible. 

Kinematic and kinetic data were collected using six infra-red 

Qualisys motion-capture cameras (180 Hz) and two AMTI 

force platforms (1800 Hz). The cameras and force platforms 

were synchronized using a Qualisys 64-channel A/D board. 

Biomechanic data were recorded using the Qualisys Track 

Manager motion capture on 21 reflective markers and 

analogue data acquisition system.The analysis of covariance 

(ANCOVA) adjusted for the approach velocity was used to 

compare the characteristics from one- and two-legged running 

vertical jump [2]. Significance was set at  = 0.05. 

Results and Discussion 

Approach velocity and peak vGRF of the one leg were 

significantly greater than two leg (ps < .05) means running 

one-legged vertical jump, may induce greater muscle 

activation than two-leg. Previous studieds indicated that 

higher approach speed could associated with stiffness of the 

lower limb during jumping, also leg stiffness was affect by 

muscle activation level. And the lower limb angular 

displacement and knee range of motion for the one leg were 

significantly smaller than two leg (ps < .05). Additionally, 

ankle, knee, and hip joint moment for the one leg was 

significantly greater than that for the two leg (Figular 1). 

  

 

Figure 1: The result of Peak moment, peak flex angle and knee range 

of motion. (*p < 0.05). 

Runing two leg vertical jump showed higher jumping 

performance than one leg (p < .05), means both legs together 

can generate greater vertical ground reaction force or impulse 

to lift the body higher than one leg only. The one-legged 

running vertical jump may require more effort for deceleration; 

however, it can induce greater exertion for the take-off. But it 

is did not happened in this study, Even the approach run 

provided the rationale for a greater SSC effect and may have 

been greater muscle activation on the one-legged running 

vertical jump. We believe it because approach distance was 

not enough.  

Conclusions 

It indicated running one leg vertical jump was wellforced to 

jump. Running one legged vertical jump is recommended for 

coaches and athletes sever as a explosive training. It is in 

keeping with volleyball skill. Athletes can appliance on the 

volleyball court throught daily practice. 
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Summary 

Joint mobility plays a part in the performance of competitive 

sports. It can be used as a training or as a warm-up exercise 
alone. Good joint mobility can produce better power 

transmission and exert better competitive level. On the 

contrary, it may change movement pattern that produce more 

force on the other joint . Part of the shoulder injuries or 

discomfort is caused by poor thoracic mobility or shoulder 

rhythm dysfunction. In most studies, it is also showed that the 

increase in thoracic mobility can improve shoulder function, 

but it does not clearly indicate why shoulder function would 
change, so purpose of this study wants to know why 

increasing thoracic mobility can improve shoulder function 

and how long the benefits of thoracic mobility can be 

improved after training. 

Introduction 

In over-head exercise , the proportion of shoulder joint 
damage is quite high, such as volleyball,badminton, etc., 
which is also accompanied by trunk rotation. Therefore, the 
degree of thoracic mobility may also affect shoulder injury 
and athletic performance. The thoracic mobility may be due to 
the surrounding soft tissue or structure and repeated training 
and other reasons may affect the thoracic mobility 

Today's warm-up is almost added to the training of thoracic 

mobility or shoulder stability training (such as IYTW), 

although many studies have pointed out that increasing 
thoracic mobility can improve shoulder function, but why the 

training of thoracic mobility can improve shoulder function 

and its effect can be how long has it been maintained? 

Therefore, purpose of this study was know why the 

improvement of thoracic mobility can increase the shoulder 

function and how long the training effect can maintain. 

Methods 

Twelve subjects were recruit .All of them are volleyball 

players without shoulder injuries and ankylosing spondylitis. 

The experimental process is divided into two days. On the first 

day, the Open Book Exercise was performed and the changes 

in thoracic mobility immediately and after 24 hours of 

intervention were observed. 

The thoracic mobility were measured with a goniometer, and 

the scapula muscle elasticity (upper trapezius, lower trapezius, 

middle trapezius, pectoralis major) was measured with myoton. 

      Table 1.Range of motion of Trunk rotation  

 

 

 

Results and Discussion 

After intervention, the thoracic mobility on both sides is 

improved and the effect can be maintained for at least one day 
(Table 1.2). After the intervention and the pre-test of the 

second day, the range of motion was not much different. After 

the warm-up on the second day, the range of motion have 

increased slightly. It may be cause by  the relaxation of the 

surrounding soft tissue. The joint mobility is in symbiosis with 

stretching of soft tissue.. Good joint mobility is a key to the 

activation of soft tissue, so after the first day of training , the 

warm-up of the next day has a more better effect on the whole. 

In the measurement of the four muscle elasticity results, there 

is no statistically significant difference. 

 

Table 2.Result of trunk rotation  

Conclusions 

The effect of joint mobility training can be maintained for at 

least one day. For a continuous competition, it only needs to 
be warmed up once to have a good effect. For the player, there 

is more time to rest to prepare with the many games in the day.  

Although the measure for muscle elasticity does not have a 

significant difference, the experiment can be used VICON or 

EMG to observe the movement of the scapula or the activation 

of the muscle to understand whether increasing the thoracic 
mobility  affects the scapula and its surrounding muscles and 

thus increases the function of the shoulder. 
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Summary 

Understanding the biomechanics of spiking a volleyball may 
enable new techniques for prevention and rehabilitation of non-
traumatic shoulder injuries particularly in adolescent volleyball 
players. This study compares shoulder kinematics data 
collected from high school volleyball players with previously 
published collegiate shoulder joint angles during the spike. A 
shoulder-specific OpenSim model was used for Inverse 
Kinematics. The adolescent players had similar values but 
greater variability than their collegiate counterparts. 

Introduction 

Growing evidence suggests that non-traumatic shoulder pain 
(NTP) is widespread in young volleyball players and that they 
are not taking breaks from playing to allow their bodies to 
recover. Spikers are more likely to have NTP, but the biological 
and mechanical causes of the pain are still unknown [1]. These 
problems begin in the adolescent playing years, so 
understanding the biomechanics of the spike for young players 
will facilitate prevention and rehabilitation strategies. To date, 
most studies have focused on either elite male or collegiate 
female players (e.g. [2]) but have not considered adolescent 
athletes. This study compares adolescent female arm mechanics 
with previously published collegiate data. 

Methods 

Ten female high school volleyball players ages 14 to 18 
volunteered (with guardian consent). Data was collected using 
an OptiTrak 12-camera system (360Hz) with a standard 
biomechanics marker set. Each player performed three max-
effort spikes on a volleyball held stationary at her optimal 
spiking height. Motion data was filtered at 10Hz and analysed 
in OpenSim using a modified MoBL_ARMS model [3]. Inverse 
kinematics was used to calculate Shoulder joint angles.  

Results and Discussion 

Maximum external rotation occurs shortly before ball contact 
(BC), while horizontal adduction is at a minimum at BC and 
abduction peaks just after BC (Figure 1). 

 
Figure 1: Shoulder joint angles over time for a typical spike. The 

vertical black line indicates time of ball contact. 

The max external rotation angle, the abduction angle at BC and 
the horizontal adduction angle at BC have similar values 
between high school and college players, but the high school 
players exhibit more inter-player variation (Table 1). These 
differences are likely due to either less refined technique or 
greater variety in skill level within this population. 

Conclusions 

High school volleyball players have similar kinematic 
parameters as their collegiate counterparts while spiking a 
volleyball but the variability in the younger players is greater. 
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Table 1: Average kinematic parameters for three high school subjects compared to female collegiate data. 

Kinematic Parameter Subject 1 Subject 2 Subject 3 Reeser [3] 
Max External Rotation Angle (°) 

 
156 ± 2 144 ± 6 124 ± 4 163 ± 10 

Shoulder Abduction Angle at Ball Contact (°) 138 ± 3 121 ± 4 126 ± 18 133 ± 7 
Shoulder Horizontal Adduction Angle at Ball 

Contact (°) 
3 ± 12 -23 ± 5 58 ± 41 30 ± 16 
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Summary 

The strength characteristics of the knee and ankle muscles of 

high-level athletes have positive significance for better design 

of exercise training programs and prevention of sports injuries. 

Taking the Chinese men's volleyball players as the research 

object, it is found that the balance of the maximal muscle 

strength of the muscles on both sides of the knee and ankle of 

Chinese men's volleyball players is poor. Especially at slow 

speeds, there is a large gap between the knee flexion and 

extension, the ankle joint flexion and dorsiflexion. These 

factors may cause an important injury to the knee and ankle 

joints, which should be highly valued during training; The 

strength M between Chinese men's volleyball players is large, 

and the strength of a considerable number of athletes is below 

average. 

Introduction 

Test and analyze the muscle strength of the knees and the 

joints of Chinese male volleyball players, and reveal their 

strength characteristics, which will provide some data and 

theoretical support for further research in this aspect. 

Methods 

Taking 19 national (no injury) national team volleyball players 

as the research object, using the German ISOME2000 muscle 

strength test system to perform isokinetic centripetal force on 

the athlete's knee flexion and extension muscles and the ankle 

joint flexion and dorsiflexion muscles. Test, the test speed of 

each joint is 60 ° / s (slow speed) and 240 ° / s (fast), select the 

relative peak torque, muscle torsion ratio and the difference 

between the muscle groups on both sides as the research index. 

Statistical analysis of the measured data using spss22 

statistical software. 

Results and Discussion 

1.Muscle strength characteristics of knee flexion and 

extension: 

 1）At slow speed, the flexion and extension of the knee joint 

are left flexion, respectively. 8 1 ±0 . 20, right bend 1 . 8 5 ± 0. 

22, left extension 3. 0 1 ±0 . 5 4，right extension 3. 1 2 ± 0 . 

66, when fast, the muscle strength is left flexion 1 . 5 5 ±0 . 30, 

right bend 1 . 5 3 ±0 . 22, left extension 2 . 1 1 ±0 . 4 1 , right 

extension 2 . 1 8 ± 0. 3 7 . At the same speed, the left and right 

flexion and extension paired T tests were all significantly 

different (P < 0.05), while the flexor and extensor muscle 

strengths were all significantly different (P < 0.01);  

2）At slow speed, the flexion/extension of the knee muscles is 

0.6 1 ±0.1 on the left side., the right side 0. 6 ±0 . 1 2 , when 

fast, its flexion/extension is left  side 0 .74 ± 0.1 1 , right side 

0 . 7 1 ±0.11; 

3）At slow speeds, the differences between the two sides of 

the knee flexion and extension are (1 6 ± 1 2)% and (42 ± 

30)%, respectively. On fast, the difference between the two 

sides is (1 7 ± 15). %, (29 ± 20)%. 

2.Muscle strength characteristics of ankle joint flexion and 

extension:  

1)At slow speed, the muscle strength of the ankle joint flexion 

and dorsiflexion are left plantar flexion, respectively1.28 

±0.34, right wronged 1.32 ±0.33, left dorsiflexion 0.43 ±0.06, 

right back bend 0.46±0.08, when fast, the muscle strength is 

left plantar flexion is 0. 7 2 士 0. 23, right plantar flexion is 0 

0.72 ±0.23, left dorsiflexion 0. 26± 0 . 05, right back bend 

0.31 ± 0.06. At the same speed, the T-test of left and right 

plantar flexion and dorsiflexion were significantly different 

(P<0.05), and the muscle strength of plantar flexion and 

dorsiflexion were extremely significant (P<0.01). 2)Ankle 

joint muscles dorsiflexion / plantar flexion to the left of 0.35 ± 

0.1, right 0.37 ±0.10, when it is fast, its dorsiflexion / plantar 

flexion is 0 on the left side. 40 ± 0.15, right side 0.46 ±0.1 

6;3)when 60°/s, the differences between the two sides of the 

ankle joint flexion and dorsiflexion are (18 ±1 3 ) %, (4 ± 4) %, 

at 2407s, the difference between the two sides was (8 ± 8)% 

and (5 ± 4)%, respectively. 

Conclusions 

1. The balance of the maximal muscle strength of the muscles 

on both sides of the knee and ankle of Chinese men's 

volleyball athletes is poor, especially at slow speeds. At the 

same time, the muscle strength of knee flexion and extension, 

ankle joint flexion and dorsiflexion is large. These factors may 

cause an important factor in frequent knee and ankle injuries 

and should be highly valued during training; 

2. The force M between Chinese men's volleyball players is 

large, and the strength of some athletes is lower than average. 
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Summary 

The purpose of this study was to compare the differences in 

the dominant and nondominant shoulder and trunk range of 

motion in young female volleyball players. The subjects were 

16 healthy female high school volleyball players, and the 

goniometer was used to measure the shoulder and trunk range 

of motion. The results showed that the dominant shoulder 

external rotation was significantly increased than nondominant 

in healthy young female volleyball players. 

Introduction 

Volleyball is an overhead exercise with an estimated 8-20% of 

sports injuries occurring in the shoulder joint. Athletes use a 

high frequency of shoulder joints during exercise, which can 

lead to shoulder pain and injuries [1]. This phenomenon 

comes from the fact that volleyball is a form of high-

frequency use of shoulder movements, such as spikes and 

serves [2]. However, in the process of swinging the arm, the 

movement of the trunk is also accompanied, so the activity of 

the trunk is also a part that needs attention. Because the 

musculoskeletal system of adolescence is growing, they are 

more prone to sports injuries than adults. The purpose of this 

study was to compare the differences in the dominant and 

nondominant shoulder and trunk range of motion (ROM) in 

young female volleyball players and to observe whether there 

is sports specialties adaptation situation. 

Methods 

In this study, a total of 16 high school female volleyball 

players participated (age: 17.0±2.3 years, height: 165.5±4.5 

cm, weight: 57.7±6.9 kg), and the conditions for receiving the 

case were that there was no upper limb injury within one year 

before the test. The goniometer was used to measure the 

shoulder and trunk ROM. Test items include shoulder flexion 

(SF), shoulder extension (SE), shoulder abduction (SAbd), 

shoulder adduction (SAdd), internal rotation (IR), external 

rotation (ER), shoulder total rotation (STR: IR+ER), and trunk 

rotation (TR). The test was measured three times, and the 

average of three times was used as the last value for statistics. 

Data statistics and analysis, to calculate the average degree in 

each of the dominant and non-dominant shoulder joint and 

trunk ROM. The paired t-test was used to analyse the 

difference in the ROM of the shoulder joint and trunk between 

the dominant and non-dominant side of the participants. 

Results and Discussion 

The results are shown in Figure 1 that to comparison of the 

dominant and non-dominant shoulder and trunk range of 

motion in young female volleyball players. Only in the 

dominant shoulder ER was significantly increased than non-

dominant (p<.05). The remaining items are not significantly 

different. 

 

Figure 1: Dominant and nondominant range of motion. 

The statistical results of this study are shown in Table 1. The 

dominant shoulder ER was significantly increased than 

nondominant (p=.012). Although the dominant IR item is not 

significantly decreased than nondominant, it has a decreasing 

trend. The difference between the side-to-side is 6.8 degrees. 

This result is similar to the previous study [3], indicating that 

the high-frequency of overhead activities will cause an 

increase in ER ROM of the athletes. This situation also shows 

that the shoulder joints of young female volleyball players 

have had a special adaptation phenomenon. 

Conclusions 

Long-term volleyball special training may lead to an increase 

in the shoulder ER ROM of young female volleyball players, 

but the remaining items of shoulder and trunk ROM are not 

significantly different. 
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Table 1: Shoulder  and trunk range of motion test data (unit:degree),. 

ROM 

Variable SF SE SAdd SAbd IR ER STR TR 

dominant 172.5 ±4.2 52.8 ±12.5 128.5 ±12.1 27.1 ±11.3 75.1 ±20.8 92.0 ±9.9 167.2 ±24.8 61.3 ±12.0 

nondominant 171.2 ±4.1 54.4 ±12.9 132.3 ±11.1 25.2 ±10.6 81.9 ±14.4 83.2 ±11.3 165.1 ±13.7 61.9 ±13.8 

p value 0.213 0.436 0.213 0.373 0.091 0.012* 0.715 0.794 

*p<0.05.( All data are displayed as the mean ±SD) 
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Summary 

With the growing popularity of the sport of volleyball, there 
are concerns of lower extremity injuries in front-row players. 
Different landing mechanics experienced by the three front 
row positions give insight into possible causes of common 
injuries of players. Twelve female Division II collegiate 
volleyball players participated in this study. Each player 
performed eighteen trials of spiking a volleyball in both game-
like and nongame-like situations from all three front-row 
positions. F-scan pressure insoles were used measure ground 
reaction forces during landing. Players showed greater peak 
ground reaction force and loading rate on their left lower limb. 
Both variables tended to be greatest during attacks from the 
outside hitter position. This may explain why outside hitters 
experience more lower limb injuries than other positions. 

Introduction 

With the growing popularity of volleyball, the odds of injury 
have also grown [1]. Since front row players are continuously 
involved in jumping and landing during attacking and 
blocking, they are more likely to experience acute and chronic 
injuries [2]. Outside hitters experience more injuries than other 
volleyball players [3]. Many studies on volleyball landing 
mechanics, however, most studies have been conducted on 
men. Women tend to have different landing mechanics than 
men and tend to have greater knee valgus angle [4]. Men have 
been shown to increase their knee flexion angles during 
landing to absorb impact forces, while women do not [5]. The 
purpose of this study was to compare ground reaction forces 
experienced by the different front row positions during spiking 
in women’s volleyball. 

Methods 

Twelve women NCAA Division II collegiate volleyball 
players participated in this study. All participants were right-
handed front row attackers. Participants read and signed and 
informed consent. F-Scan pressure sensors (Tekscan, Boston, 
MA) were inserted into their shoes.  

Participants attacked and spiked a volleyball from three 
different front-row positions: outside hitter (OH), middle 
blocker (MB), and right-side hitter (RS).  Each spike was 
performed three times in a game-like situation (included a 
setter and blocker) and a non-game-like situation (ball tossed, 
no setter or blocker) making a total 18 trials. Trials were 
performed in random order. 

A series of 3x2x2 ANOVAs with repeated measures with 
position (OH, MB, & RS), game (game-like & non-game-like) 
and foot (right foot & left foot) as independent variables were 
conducted. Peak ground reaction force (GRF), peak loading 
rate (LR), average LR for each foot, and time difference 
between right and left foot contacts were the variables 
compared. The level of significance was set at p < 0.05 and 

Bonferroni correction was applied as needed. Statistical 
analyses were completed SPSS v.25 (IBM Inc., Armonk, NY).   

Results and Discussion 

Our analysis showed a significant foot by position interaction 
(p<0.05). Simple effects revealed significantly greater peak 
GRF (Figure 1) and LR on the left compared to the right 
(p<0.05). Simple effects also revealed significantly greater 
peak GFR and LR on the right foot during RS spikes 
compared to MB (p<0.05). These variables approached 
significance on the left foot during OH spikes compared to RS 
(p = 0.057, 0.052, respectively). 

As players hit the ball with their right hand, they initially 
contact the ground with their left foot. This initial contact is 
associated with a high peak GRF and LR. Outside hitters tend 
to experience the greatest landing forces making them more 
susceptible to left lower limb landing injuries. 

 
Figure 1: Mean ±s peak GRF (BW) on the left and right foot for each 
position. * indicates a significant difference (p<0.05).  

Our analysis also showed no difference between game-like 
and non-game-like situations for all variables. This may tempt 
researchers to use non-game-like situations in future studies. 
However, it is more likely that the intensity of our game-like 
situation was not high enough to elicit a difference. Finding 
that intensity should be the goal.  

Conclusions 

Right handed women outside hitters have less time to absorb 
greater landing forces on their left lower limb than other 
players. This may be why OH experience more landing 
injuries in women’s volleyball.   
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Summary 

Differences in knee ligament moment arms might contribute 

to the sex-disparity in knee ligament injuries. We used a 

population model of the knee to create finite element 

simulations of varus-valgus rotations and found that the 

moment arms of the medial and lateral collateral ligaments 

were smaller in women compared to men. This might 

potentially contribute to the higher rate of ligament injuries in 

women.  

 

Introduction 

Women are more prone to knee ligament injuries than men 

[1]. Differences in anatomy, biology, biomechanics and 

neuromuscular control have been cited as playing a role in this 

sex-disparity [2]. The moment arms of the ligaments provide a 

direct measurement of the mechanical advantage to support 

joint moments at the knee. However, there is no knowledge of 

the sex-differences in knee ligament moment arms. We have 

previously established that a female femur, when scaled to the 

same length as a male femur, has a reduced femoral 

epicondylar width by ~10mm [3]. The purpose of this study 

was to determine whether this difference in knee width would 

result in reduced moment arms of the lateral and medial 

collateral ligaments (LCL and MCL, respectively) to support 

varus and valgus moments.   

 

Methods 

Femur shape data from an existing shape model of 204 

femurs [3] were used to scale a finite element model of the 

tibiofemoral joint to match three femur lengths (average; 

+1SD, and -1SD) and their corresponding male or female 

epicondylar widths, resulting in six models. The bones and 

cartilages were modelled as rigid bodies, and the ligaments 

were modelled as multiple nonlinear springs and optimized 

using joint laxity data from the literature [4]. We then applied 

a force of -5 to 6 N to the distal tibia, simulating five degrees 

varus to five degrees valgus rotation. The moment arms of the 

LCL and MCL were calculated as the perpendicular distance 

between the ligament and the location of peak tibial cartilage 

contact pressure. In this manner, the condylar mechanics of 

the knee were taken into account to define the appropriate axis 

of rotation.  

 

Results and Discussion 

The moment arms of the MCL and LCL were smaller for the 

female knees compared to the male knees (Figure 1 & 

Table 1). The largest moment arm difference was found in the 

LCL under a varus rotation (~5mm or 7.4% reduction 

comparing females to males). This indicates that the female 

LCL has a reduced mechanical advantage of 7.4%, compared 

to a male LCL with a comparable femur length.  

In future work we will generate knee models across our 

population of 204 individuals to build a statistical model to 

predict the knee ligament moment arms from bone shape. 

Similar analyses can be performed to investigate muscle 

moment arms. This tool will have application to knee 

modellers and could also be used as a clinical tool to identify 

individuals who might be at risk of knee ligament injuries by 

virtue of having small moment arms.  

 

Figure 1: Mean differences in ligament moment arms (men – 

women). Smaller moment arms found in women compared to men. 

Table 1: Mean female and male MCL and LCL moment arms found 

in varus and valgus rotation. 

 

Conclusions 

Females have smaller varus-valgus moment arms of the MCL 

and LCL in comparison to males. This might potentially 

contribute to the higher rate of ligament injuries in women 

compared to men.   
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 Mean moment arm (±SD) (mm) 

 Varus (5 degrees)  Valgus (5 degrees) 

 LCL  MCL LCL MCL 

Male  65.8 (±1.4) 16.6 (±0.3)  19.8 (±0.3) 62.3 (±1.5) 

Female  60.9 (±1.7) 15.9 (±0.2) 19.0 (±0.7) 58.2 (±1.7) 
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Summary 

The relationship between patellar maltracking and instability 
is poorly understood. Patellar maltracking can be subjectively 

described, but it is difficult to objectively assess using clinical 

tests or traditional imaging techniques. Using personalised 

tibiofemoral (TFJ) and patellofemoral joint (PFJ) models 

created from MRI, we estimated PFJ kinematics in four 

paediatric patients with recurrent patellar dislocation (RPD). 

For validation purposes, the resulting kinematics were 

compared against PFJ kinematics from MRI collected at four 
TFJ flexion angles. The developed PFJ models captured 

different maltracking patterns in the first 30° of TFJ flexion, 

where the patella is least stable. Thus, our results suggest that 

objectively quantifying maltracking patterns may help 

evaluate the risk of RPD with improved precision.  

Introduction 

Patellar dislocation is a common paediatric injury, with an 

estimated incidence rate of 43-77 per 100,000 individuals in 

children and adolescents [1], and an estimated recurrence rate 

of 38-91% [2]. Clinical tests (e.g., J-sign) and static 

radiographical measures (e.g., lateral patellar tilt, lateral 

patellar displacement) are commonly used to describe PFJ 
kinematics in the assessment of patellar instability. However, 

these approaches are either subjective or they refer to single 

static positions, therefore they are unable to objectively 

characterise the multi-plane PFJ kinematics throughout the 

entire TFJ flexion range of motion. The aim of this study was 

to implement and validate MRI-based PFJ models to estimate 

passive PFJ kinematics in paediatric RPD patients.  

Methods 

Four RPD patients (13.0±2.5 years) underwent MRI. Full 

lower limb and left knee scans were acquired with the knee 

close to 0° TFJ flexion. Three additional knee scans were 

performed at approximately 10°, 20° and 30° of TFJ flexion. 
Three-dimensional lower limb bones, knee ligaments (ACL, 

PCL, MCL, LCL and patellar tendon) and articular cartilage 

were reconstructed using Mimics 20.0 (Materialise, Leuven). 

The passive TFJ motion was modelled as a 6-link parallel 

mechanism with surface contact conditions and prescribed 

ligament length variations from literature [3]. Contrarily, the 

passive PFJ motion was modelled as a combination of two 

hinge joints which described the patellar motion in (i) 0°-30° 
TFJ flexion, where the patella is least stable, and (ii) 30°-90° 

TFJ flexion. The first hinge axis was the axis of a cylinder 

fitted to the femoral surface connecting the pose of the patella 

at ~0° and 30° TFJ flexion. The pose of the patella at ~0° TFJ 

flexion was measured from MRI, while its pose at 30° TFJ 

flexion was estimated by maximising the PFJ congruence [3]. 

The second hinge axis was the vector connecting the centres 

of the spheres fitted to the medial and lateral trochlear surfaces 
[4]. Each joint model’s geometrical parameters were 

optimised using a Multiple Objective Particle Swarm 

algorithm. For validation purposes, RMSEs between each 

patient’s predicted and MRI-measured PFJ kinematics were 

computed and averaged across the four TFJ flexion angles.  

Results and Discussion 

RPD1, RPD2 and RPD3 exhibited decreased external rotation 

and lateral to medial patellar translation in the first 30° of TFJ 

flexion, while RPD4 exhibited increased external rotation and 

lateral patellar translation in the first 30° of TFJ flexion 

(Figure 1). The developed PFJ kinematic models well 

estimated these different patellar maltracking patterns, 
allowing to quantify lateral patellar tilt across the entire range 

of motion (Figure 1A) and J-sign patterns (Figure 1B) on an 

individual basis. Average RMSEs between model-estimated 

and MRI-measured PFJ kinematics were below 10.2° and 

4.5mm for PFJ rotations and translations, respectively. 

 

Figure 1: Comparison between model-estimated (solid lines) and 

MRI-registered (scatter points) external/internal patellar rotation (A) 
and medio/lateral patellar translation (B) for the four RPD patients.  

Conclusions 

Subject-specific PFJ kinematic models can accurately capture 

the PFJ motion and identify different maltracking patterns in 

RPD patients. These results may be used to determine the 

likelihood of RPD and to personalise surgical planning in the 

treatment of RPD patients.  
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Summary 

Because the anterior cruciate ligament (ACL) injuries 

occurred during sport activities imply severe consequences 

for athletes and the risk of reinjury in the same and in the 

controlateral knee is higher when returning back on the 

sport field, the development of screening methods to 

investigate neuromuscular alterations before and after 

ACL surgery is an important research issue. The aim of 

this project is detecting neuromuscular alterations in 

athlete with ACL injury. 

Introduction 

The biomechanical analysis of landing tasks to detect ACL 

injury or re-injury risk in athletes and develop screening 

tools is a common topic in literature [1,2]. However, 

musculoskeletal modelling softwares were little used to 

understand biomechanics of Single-Leg Landing (SLL) 

task in athletes [1,2]. The aim of this study is investigating 

the role of neuromuscular alterations in ACL-injured 

athletes in pre- and post- surgery conditions while 

performing the SLL task. 

Methods 

Thirteen male elite players (25.0±7.5 yr, 23.55± 2.1 BMI) 

with no reported previous lower limb injuries and four 

male elite rugby players (24.5±6.6 yr, 29.1± 4.0 BMI) with 

ACL injury were recruited. Three athletes were analysed 

before ACL reconstruction (BAR) and 2 after the 6 months 

of rehabilitation treatment following the ACL 

reconstruction (AAR). After signing appropriate informed 

consent, subjects performed a static trial and 3 SSL tasks 

with each lower limb from a box of 32-cm height onto a 

3D force platform (Bertec FP2060, 960 Hz). A 3D motion 

capture systems (BTS, 6 cameras, 60-120 Hz) 

synchronized with two forceplates and an 8-channel 

surface electromyography (sEMG) system (Free 1000 

BTS, 1000 Hz) were adopted; Novel Pedar insoles were 

also used. Thirty reflective markers were applied 

according to [3], and  the activity of rectus femoris, biceps 

femoris caput lungus, tibialis anterior, gastrocnemius 

lateralis was recorded bilaterally. MOtoNMS [5] was 

adopted for converting 3D markers trajectories, ground 

reaction forces and sEMG in OpenSim (model Gait 2392) 

[4]. The 2 seconds after the foot contact on the platform 

were considered because most noncontact ACL injuries 

are reported in the early phase of landing [1,2]. For 

validation purposes the peak of the envelope occurrence 

within the task computed in OpenSim was compared with 

the one determined from the experimentally measured 

sEMG [4]; the Wilcoxon test (p<0.05) was used. Joint 

kinematics, kinetics, muscle forces were compared 

between  BAR, AAR athletes and the control group 

through the U-Mann-Whitney test (p<0.05). 

Results and Discussion 

The comparison between controls and both BAR and AAR 

athletes underlined significant differences (p<0.05) in joint 

angles and moments, muscle forces and muscular 

activation (Fig.1). In term of muscle forces an higher 

number of muscles significantly differed in the AAR 

athletes from the controls with respect to BAR ones, and to 

a larger extent on the analyzed period.  

 

Figure 1: Muscles forces during SLL AAR vs control group. 
Significant differences are indicated as *. 

Conclusions  

BAR athletes displayed neuromuscular alterations while 

performing SSL tasks. Results of this study can be used to 

develop screening method and to improve primary 

prevention of ACL injury, as well as support in  the 

assessment of knee rehabilitation effects in AAR athletes. 

Limitations of the current study can be found in the small 

subjects and in the  Gait 2392 model adopted which 

embeds a 1-dof knee model. Future research should be 

carried on by adopting 3-dof knee model. 
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Summary 

Knee braces have been proposed to prevent anterior cruciate 

ligament (ACL) injuries, and musculoskeletal (MS) models 

can be used to assess the effect of such braces on joint 

mechanics. Therefore, the aim of this study was to use MS 

simulations to estimate the effect of an in silico ACL injury 

prevention brace. Motion capture and force plate data recorded 

of one subject were used to drive a lower-limb inverse 

dynamic model with, and without, the equivalent loads of a 

virtual brace that applied a posterior force and internal axial 

moment to the shank. A second MS model using the force-

dependent kinematics method was used to estimate the effect 

of the brace on ligament loading, secondary joint kinematics, 

and contact forces. The results suggest that MS simulations 

are a powerful tool to assess and design knee braces.  

Introduction 

A significant increased risk of developing knee osteoarthritis 

is related to anterior cruciate ligament (ACL) injuries, either 

from trauma occurred during the injury or from changes in 

knee kinematics [1]. Knee braces that help stabilize the knee 

have been proposed as a method to reduce incidence of ACL 

injuries [2]. Nonetheless, the effect of such braces on knee 

joint loads is difficult to measure. However, musculoskeletal 

(MS) models are used by the scientific community to study 

internal joint mechanics and accordingly MS simulations 

represent an opportunity to estimate the effect of external 

devices on knee mechanics. Therefore, the aim of this study 

was to assess the effect of an ACL injury prevention brace 

concept on ACL loading through musculoskeletal simulations. 

Methods 

One subject (25 year old male, m: 87 kg, h: 1.84 m) was 

recorded with Qualisys motion system (Qualisys, Sweden) and 

a force platform (AMTI Corp., USA). The subject performed 

three different movements, where he ran at a self-selected 

speed and made a 45o change in direction, a side-step, and a 

pivot over his right leg with an abrupt decrease in velocity. 

The motion capture was used to drive an inverse dynamic 

model in the Anybody Modeling System (AMS) (Anybody 

Technology, Denmark). The model had implemented the 

Twente Lower Extremity Model (TLEM) v.1.1 with a revolute 

knee joint. The effect of a virtual knee brace to prevent ACL 

injuries was simulated by applying an anterior force and an 

internal moment to the shank relative to the knee flexion 

angle, and opposite in the thigh. Thereafter, specific outputs 

from the inverse dynamic analyses with and without the brace, 

were used to drive a 6 degrees of freedom (DOF) knee model. 

 

Figure 1: From left to right: lateral, posterior and medial views of the 

force-dependent kinematics knee. 

This second model consisted of a non-subject-specific femur, 

tibia, patella, tibiofemoral and patellofemoral articular 

cartilage, and ligaments (Fig. 1).  The knee revolute joint was 

here substituted by a 6 DOF tibiofemoral joint and analysed 

using the force-dependent kinematics (FDK) method [3]. The 

previously estimated knee flexion angle and loads at thigh and 

patella were used to drive the FDK knee, while the tibia was 

grounded.  

Results and Discussion 

Estimated effects of the brace on ACL loading are shown in 

Figure 2 during two different trials. A mean decrease of 18% 

ACL loading was found. Significant changes in ligament 

loading were also found for the posterior cruciate ligament 

(30% increase) and lateral collateral ligament (47% decrease). 

Predicted secondary joint kinematics and contact forces were 

also affected by the brace. The individual effects of each load 

or its implication on muscle activations were not studied. 

 

Figure 2: Estimated brace effect on ACL loading during a change in 

direction (left) and a pivot turn (right). 

Conclusions 

Our simulations suggest that ACL loading can be reduced 

applying a functional brace and that musculoskeletal models 

are a powerful tool in the design and study of braces that 

affect joint mechanics.  
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Summary 

Patella kinematics such as lateral tilt and translation may be 

associated with patellofemoral pain and osteoarthritis 

development. Physiotherapists design programs to strengthen 

the VMO to decrease tracking and tilt to reduce contact 

pressure. Using a musculoskeletal model, we estimated in vivo 

joint loading for a range of joint geometries. We hypothesized 

that the model would increase VMO activation for shallow 

trochlear grooves. However, we found that the shallow groove 

decreased VMO activation and increased lateral patella 

translation. This suggests that VMO strengthening may 

translate the patella medially and increase contact pressure in 

people with shallow trochlear grooves.  

Introduction 

Patellofemoral pain (PFP) is a common knee pathology that 

affects up to 20% of the general population [1] and there is 

increasing evidence of an association between PFP and 

osteoarthritis development [2]. Cross-sectional studies have 

suggested that faulty PFJ mechanics, such as lateral patella tilt 

and translation exacerbated by trochlear dysplasia, are 

associated with PFP [3]. Moreover, these studies have 

indicated that people with PFP tend to display decreased vastus 

medialis oblique (VMO) activation. Based on these findings, 

and an assumption that increased lateral tracking increases joint 

contact pressure, physiotherapists have developed programs to 

strengthen and alter the activation timing of the VMO in hopes 

of reducing lateral patellar tilt and translation.  

Due to difficulties measuring in vivo PFJ shape-function 

relationships, there is a paucity of prospective data linking PFP 

to mechanics. Computational modelling is an attractive 

approach to investigate in vivo joint contact pressures and 

muscle forces. We have developed a framework for examining 

how joint morphology influences PFJ function. We use the 

COMAK [5] algorithm, which minimizes a weighted sum of 

squared muscle activations and the net cartilage contact elastic 

energy, to simulate PFJ kinematics and kinetics for specific 

geometries. We hypothesized that the model would increase 

VMO activation for shallow trochlear grooves.  

Methods 

Right knee MR images were obtained from 14 healthy 

participants and segmented to create surface models of the 

femur, tibia, and patella bones and respective cartilage. A 

statistical shape model was created using principle component 

(PC) analysis and previously established methods [6]. The 

second PC score (PC2) explained variation in trochlear groove 

depth and intercondylar notch width of the femur. Multibody 

knee models were generated based on the mean shape and ±1-3 

standard deviations of PC2. These knee models were 

incorporated into an MSK model [7] and a gait trial was 

simulated. Resultant muscle activations and patella kinematics 

were compared for different trochlear groove depths.  

Results and Discussion 

Contrary to our hypothesis, the shallow groove caused a 

decrease in VMO (-19.21%) and increase in vastus 

intermedialis activation (+13.99%) during stance (Fig. 1). 

Lateral patella translation increased to a maximum of 4.01 mm 

greater than the mean shape with decreased trochlear groove 

depth. Gluteal activation, a common physiotherapy 

intervention, increased with a shallower groove during stance.  

 
Figure 1: Muscle force [N] over gait cycle for VMO and lateral 

patella translation.  

Interestingly, the patella apex increased in size distally as 

trochlear groove depth decreased and this was correlated with 

an increase in patellar tendon force, while a deeper groove 

depth resulted in a higher ratio of force in the quadriceps 

tendon to the patellar ligament (Fig 2). Patella alta occurred for 

shallow groove geometry throughout gait.  

 
Figure 2: Force ratio within quadriceps tendon and patellar tendon 

over gait cycle for -3 to +3 standard deviations of PC2.  

Conclusions 

A shallow trochlear groove resulted in lower VMO force and 

increased lateral position. This may imply that decreased VMO 

activation in individuals with PFP and trochlear dysplasia may 

be a compensation strategy. We postulate that strengthening 

the VMO may cause medial translation that would increase 

contact pressure in patients with shallow grooves. Further 

research on people with PFP is required to test this hypothesis. 
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Summary 

The potential influence of hip muscle activity on the control of 

postural sway is often overlooked.  To explore this, we used the 

NIH toolbox test of standing balance as well as tests of force 

steadiness and maximal voluntary contraction torque for the 

ankle flexors and extensors and the hip abductor and adductors.  

We found that when either visual or reliable proprioceptive 

feedback was available, hip abductor force steadiness emerged 

as a significant predictor of the variance in postural sway area.   

Introduction 

To maintain balance while standing, it is necessary to keep the 

center of pressure within the base of support provided by the 

feet.  There are three sources of feedback that are involved in 

controlling this task: vestibular, visual and proprioceptive 

feedback.  The NIH toolbox test of standing balance has 

individuals stand with feet together on a rigid surface with eyes 

open (REO) and closed (REC) and on a foam surface with eyes 

open (FEO) and closed (FEC).  The eyes-closed conditions 

remove visual feedback, thus requiring dependence on 

vestibular and proprioceptive input to control postural sway, 

whereas the foam-surface conditions limit proprioceptive 

feedback [1].  The differences between these conditions can 

thus isolate the relative contribution of each feedback system to 

standing balance. 

  In contrast to the many studies that have examined the role of 

the muscles that cross the ankle joint in maintaining standing 

balance, we evaluated the contribution of the muscles that cross 

the hip joint [2,3].  The purpose of our study was to examine 

the association between measures of hip abductor and adductor 

muscle function and postural sway across balance conditions. 

Methods 

Nineteen young (25 ± 4 yrs) and 19 older (71 ± 5 yrs) adults 

visited the lab for a single evaluation session.  They stood on a 

force platform (AMTI, Watertown, MA) with their feet together 

and completed the NIH toolbox test for standing balance with 

50 s for each condition.  We calculated sway area (mm2/s) from 

the middle 30 s of the center of pressure trajectory [4].  

We measured isometric muscle strength (N•m) and force 

steadiness for the plantar flexor, dorsiflexor, hip abductor, and 

hip adductor muscle groups on the participant’s self-reported 

dominant leg.  Force steadiness was quantified as the coefficient 

of variation in force while the participant attempted to maintain 

a target joint angle while supporting a submaximal inertial load 

(5% and 15% of maximum). 

Linear mixed effects models were used to compare sway 

conditions when controlling for the interaction between age and 

sway condition.  Results from this analysis were then used to 

derive models that could explain the variance in the primary 

output variable (postural sway area). 

Results and Discussion 

There was a significant difference between age groups for the 

two foam conditions (FEO and FEC; Table 1).  There was no 

significant difference between REO, REC, and FEO conditions 

when controlling for the interaction between age and balance 

condition.  Therefore, the REO, REC, and FEO data were 

collapsed across conditions.  Force steadiness for the 5% task 

for both muscle groups and maximal voluntary contraction 

torque for the plantar flexor muscles were all significantly 

correlated with the collapsed postural-sway measures and were 

entered into the regression model.  Force steadiness for the 5% 

hip abduction force emerged as the only significant explanatory 

variable, where for every unit increase in hip-abduction force 

steadiness there was an 8.4 unit increase in sway area.  No 

significant predictor variables emerged for the FEC condition. 

Table 1. Sway areas for the two groups and four conditions. 

* P<0.05 from young adults, †P<0.05 from other balance 

conditions when controlling for the interaction between age and 

balance 

Conclusions 

These findings indicate that the function of both the ankle and 

hip muscles are significantly correlated with postural sway.  

The hip abductors appear to be a significant contributor in the 

control of postural sway when visual and proprioceptive input 

is available.  The results suggest worse force control for the hip 

abductors (force steadiness) during a submaximal isometric 

contraction was positively associated with greater postural 

sway.   
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Summary 

The purpose of this study was to assess if wearing augmented 
and virtual reality googles affect the balance of older adults. 
Nine community dwelling older adults who could walk 
without assistive devices participated in the pilot study. 
Balance was assessment using an AMTI OR6-700 Force Plate 
with an acquisition rate of 1000 Hz. The participants stood on 
the force plate for 20 seconds with eyes open and no googles, 
with augmented reality (AR) googles displaying a wall to the 
side and a path ahead, and with virtual reality (VR) googles 
displaying the same scenario. Wearing the AR googles did not 
affect the balance very much, but wearing the VR googles had 
a clinically relevant effect on balance even though the changes 
were not statistically significant for most variables due to the 
large variability of the data. Larger studies with a bigger 
sample size are needed for a definitive conclusion.  

Introduction 

The use of simulation devices in rehabilitation is increasingly 
common [1]. The focus is on improving balance [2] and gait, 
and reducing the risk of falls [3]. However, few studies have 
evaluated the immediate effects of simply wearing the devices 
on balance, even though there are many reports of motion 
sickness during VR testing in older adults. 

Balance impairments are common in older adults and increase 
the risk of falls [3]. The use of AR or VR may further affect 
older adults balance and risk of falls. Therefore, the purpose of 
this study was to assess if wearing AR and VR googles affect 
the balance of older adults.  

Methods 

The sample of this pilot study was composed of 9 older adults 
(68 ± 5 years), who could walk without assistive devices. The 
project was approved by the Institutional Review Board (18-
107186). After signing an informed consent form, the 
participants stood on a force plate (AMTI OR6-700, sampling 
rate of 1000 Hz) for 20 seconds with eyes open and no 
googles (control condition), with AR googles displaying a 
wall to the side and a path ahead, and with VR googles 
displaying the same scenario. The following variables were 
calculated: 95% of sway area, velocity and acceleration of 
displacement of the centre of pressure. The measures were 
normalized by the values obtained during the control 
condition, and the AR and VR conditions were compared 
using t-tests in SPSS 18. 

 

Results and Discussion 

Table 1 presents the comparison of balance between the AR 
and VR conditions.  

Table 1: Comparison of balance of older adults when wearing 
augmented (AR) and virtual reality (VR) googles. Data 
normalized by the values obtained when not wearing googles 
(control condition).  

Variable AR VR p 
95% SA 118 (71) 234 (295) 0.134 

Vx 98 (33) 122 (41) 0.191 
Vy 101 (20) 125 (35) 0.047* 
Ax 101 (4) 102 (8) 0.372 
Ay 98 (9) 106 (6) 0.095 

SA: sway area; V: velocity; A: acceleration;  
x: anteroposterior; y: medio-lateral; *p<0.05 
 

Statistically significant differences were found only for Vy, 
but clinically meaningful differences were found for both the 
sway area and velocity in both directions. On the other hand, 
acceleration of the centre of pressure did not seem to be 
affected by wearing either google. The sway area increased on 
average 18% with AR and 134% using VR comparing to the 
no googles condition. These results show that wearing VR 
googles tended to affect the balance of older adults, while 
wearing AR googles did not seem to have much effect and 
may be safer for simulations. The large variance and small 
sample size caused the differences not to reach statistical 
significance. Larger studies are needed.  

Conclusions 

Wearing AR googles did not affect the balance of older adults 
very much, but wearing the VR googles had a clinically 
relevant effect on balance, even though the changes were not 
statistically significant for most variables due to the large 
variability of the data. Larger studies with a bigger sample size 
are needed for a definitive conclusion.  
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Summary 
Age-related decline of the physiological functioning of the 
sensorimotor system negatively affects balance control [1]. 
According to the hypothesis of reduced complexity with 
ageing and disease, lower functional complexity of the control 
system would induce center-of-pressure motion (CoP) of 
balance that is less complex (observed to be more regular; 
[2]). In contrast, regular CoP could also reflect optimal control 
from an intermittently controlled inverted pendulum 
perspective. Whether more regular CoP motion represents 
compromised control is debatable. We aimed to assess the 
relation between: i) age and CoP regularity; ii) postural sway 
estimated from unactuated inverted pendulum dynamics 
(using CoP) and regularity, to investigate the ‘source’ of CoP 
regularity. Age and regularity were negatively related. 
Regularity was positively related with longer unactuated 
inverted pendulum dynamics. Less regular CoP motion was 
associated with age-related decline of balance control possibly 
due to less optimal use of inverted pendulum dynamics. 

Introduction 
From a dynamical systems perspective, it has been argued that 
low functional complexity of the balance control system is 
linked with more regular CoP motion [e.g., 3]. But this 
interpretation is not straightforward. From a biomechanical 
perspective, balance control can be simplified as an inverted 
pendulum of which the center-of-mass (CoM) is controlled 
intermittently [4]. Both are reflected in CoP motion. Postural 
control could take advantage of inverted pendulum like 
dynamics in between periods of active control [4,5] and would 
result in regular CoP. Thus, more regular CoP motion may 
imply good performance. 
Separating these two interpretations is important to distinguish 
between normal/healthy, and abnormal/unhealthy postural 
control. One possibility to make this distinction is to combine 
modelling of postural sway as inverted pendulum dynamics 
and non-linear measures that assess regularity of CoP motion. 

Methods 
Individuals between 65 and 90 years (n=244, 75(6) years) and 
18 and 25 (n=25, 22 (3)) volunteered. Participants stood 
barefoot on a force plate with eyes open (EO) or blindfolded 
(EC). Balance was recorded for 30s for 4-7 reps. CoP data 
(1000 samples/s) were low pass filtered (bi-directional, 20Hz, 
4th order) and then decimated to 100 samples/s. CoM was 
estimated by low pass filtering of CoP (bi-directional, 0.33Hz, 
2nd order). The average number of samples of CoM position 
and velocity states that matched corresponding unactuated 
inverted pendulum dynamics were extracted [6]. Recurrence 
quantification analysis was used to extract CoP regularity [7] 
(mean of diagonal line features in recurrence plot). 

Generalized Estimating Equations (GEE) assessed the relation 
between the independent variables (regularity or unactuated 
inverted pendulum like dynamics) and age2 (covariate) × 
balance condition (EO, EC). Another GEE model assessed the 
relation between regularity and pendulum like dynamics 
including EO/EC as factor. 

Results and Discussion 
CoP regularity and unactuated pendulum-like dynamics were 
negatively related with age (EO and EC; Fig. 1). CoP 
regularity was positively related with unactuated pendulum 
like dynamics (Coefficient: 0.64 CI: 0.55-0.73, P<0.001); 
~30% of the variance of CoP regularity was explained. EC 
reduced regularity by 1.9 samples (CI: 1.4-2.4, P<0.001). 
Assuming that balance control deteriorates with age, more 
regular CoP motion was linked with better balance control as 
was EO vs EC. The source of this regularity appears to arise 
from predictable CoM movements in line with unactuated 
inverted pendulum dynamics. Other authors [2,3] have 
observed an opposite association between regularity and 
balance control, which may be explained by differences in 
measures used to quantify CoP regularity. 

Figure 1: Predictions of GEE model for CoP outcome parameters 

Conclusions 
Less regular CoP motion was associated with age-related 
decline of balance control possibly due to less optimal use of 
inverted pendulum dynamics. 
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Summary 

Interventions to prevent falls have been a major focus of 

research in recent years. We propose that older adults can 

improve performance in common clinical measures of balance 

by performing a lateral stepping training. Fourteen older adults 

aged 65+ underwent a six-week lateral stepping training 3-

days/week. Performance in common clinical balance tests 

(TUG, FES-I, SOT), and walking speed was measured before, 

after completion of the training, and six weeks following 

completion. The lateral stepping training improved older 

adults’ performance in the clinical tests of balance and speed, 

and the effects were retained for six weeks after the 

completion of the intervention. These results demonstrated the 

feasibility of the training to improve balance in older adults. 

Introduction 

One-third of older adults aged 65+ are susceptible to falling, 

mostly during walking [1]. We propose that older adults with 

age-related gait abnormalities can improve their walking 

ability and reduce their fall risk by performing lateral stepping 

training [2]. This proposal was based on our preliminary work 

that demonstrated that lateral stepping can significantly affect 

important mechanical characteristics of gait [2]. 

Methods 

Fourteen older adults (3m; age: 70 ± 3 yrs.; height: 166.1 ± 

10.9 cm; mass: 72.6 ± 12.6 kg) underwent a six-week lateral 

stepping training 3-days/week. The training program adhered 

to current exercise prescription recommendations of the 

American College of Sports Medicine [3] and dosage was also 

supported by recent fall prevention research [4-6]. Each 

session consisted of 30 minutes of lateral stepping. The 

following instructions were given to participants on how to 

perform the lateral stepping training: i) keep head up while 

stepping laterally, ii) do not cross feet at any point, iii) feet 

and legs are to be pointed in the same direction as body, and 

iv) at no point can both feet be off the ground. They were also 

informed that they could increase their pace at the start of each 

session but may not decrease it at the next session. This 

promoted continued learning and prevented any plateau effect. 

Participants stepped laterally across a 10m section on an 

indoor track, changing direction at the ends thus alternating 

lead and lag legs. Three minutes of lateral stepping was 

alternated with at least one minute of rest. At Baseline, after 

completion (Post) of the training, and six weeks following 

completion (Retention), the participants were assessed 

regarding their i) comfortable treadmill walking speed, ii) the 

Timed-Up-and-Go (TUG) [7], iii) the modified Falls Efficacy 

(FES-I) [8], and iv) the Sensory Organization test (SOT) [9]. 

Repeated measures ANOVA with Tukey post hoc test was 

conducted to determine if there was a change in clinical test 

scores following intervention (α < .05). 

Results and Discussion 

There was a significant effect of the intervention on the TUG 

score, F(2,26) = 9.37, p = .001), FES-I score, F(2,26) = 5.12, p 

= .014), and treadmill speed, F(2,26) = 15.86, p < .001). The 

Tukey post hoc test showed that the intervention decreased 

TUG and FES-I scores, while increased the self-selected 

treadmill speed (p<.05). These results were retained six weeks 

after the completion of the intervention (Figure 2). 
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Figure 2: Clinical tests’ scores (p<.05*; p<.01**; p<.001***). 

Conclusions 

The results indicated that a lateral stepping training has the 

potential to decrease fall risk during walking by improving the 

participant’s balance and speed. The fact that these effects 

were also retained six weeks after the training is even more 

impressive. We are currently exploring the mechanisms that 

has resulted in these very serendipitous results. 
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Summary 
Prolonged exposure to optical flow perturbations designed to 
elicit the visual perception of instability during walking in the 
safety of virtual reality may enforce task-specific, reactive 
balance control in older adults with potentially favourable 
aftereffects. This proof of concept study alludes to the potential 
clinical utility of optical flow perturbations as a training tool to 
enhance walking balance integrity and/or balance confidence in 
older adults.  

Introduction 
Compared to that in young adults, walking balance in older 
adults is disproportionately susceptible to lateral instability 
provoked by optical flow perturbations [1]. We suspect that 
prolonged exposure to these perturbations could promote 
reactive balance control and increased balance confidence in 
older adults. However, this scientific premise has yet to be 
investigated. This proof of concept study was designed to 
investigate the propensity for time-dependent tuning of walking 
balance control and the presence of aftereffects in older adults 
following a single session of optical flow perturbation training. 

Methods 
13 older adults (age: 78.7 ± 6.6 years) participated in a 
randomized, crossover design performed on different days that 
included 10 minutes of treadmill walking with (experimental 
session) and without (control session) optical flow 
perturbations. We used 3D motion capture and 
electromyographic recordings of leg muscle activity to quantify 
foot placement kinematics, lateral margin of stability (MoS), 
and antagonist coactivation during normal walking (pre), early 
(min 1) and late (min 10) responses to perturbations, and 
aftereffects following perturbation cessation (post).  

 

Results and Discussion 
At their onset, perturbations elicited wider, shorter, and more 
variable steps, larger and more variable lateral MoS, and greater 
antagonist leg muscle coactivation (Fig. 1). Following 
prolonged exposure, only step width variability remained 
significantly elevated during late exposure (Fig. 1C). Indeed, 
step width, step length, and lateral margins of stability returned 
to values observed during normal, unperturbed walking by the 
end of prolonged exposure. After 10-min of perturbation 
training and their subsequent cessation, older adults walked 
with longer and more narrow steps, less variable lateral MoS, 
and roughly half the stance phase antagonist lower leg muscle 
coactivation as they did before training (Fig. 1). 

Conclusions 
Findings suggest that older adults: (i) respond to the onset of 
perturbations using generalized anticipatory balance control, 
(ii) deprioritize that strategy following prolonged exposure to 
perturbations, and (iii) upon removal of perturbations, exhibit 
aftereffects that indicate enhanced reactive control and/or 
increased balance confidence. We consider this an early, proof 
of concept study into the clinical utility of prolonged exposure 
to optical flow perturbations as a training tool for corrective 
motor adjustments relevant to walking balance integrity toward 
reinforcing task-specific, reactive control and/or improving 
balance confidence in older adults. 
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  Figure 1: Effects of optical flow perturbation training on step kinematics and antagonist leg muscle coactivation in older adults. Data represent mean 
(standard error). Asterisks indicate significant change from usual walking (Pre) (p<0.05). Double asterisks indicate a significant change from Early to 

Late (p<0.05). a indicates comparisons approaching significance (0.05 < p < 0.07). MoS: margin of stability. 
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Summary 

Residual force enhancement (rFE) is an established feature of 

skeletal muscle, but its molecular mechanism remains a matter 

of debate. In this study, rFE was elicited by stimulation 

protocols that simulated muscle fiber recruitment versus rate 

coding conditions. The results indicate that rFE was larger for 

the recruitment protocol, which suggests that non-crossbridge 

muscle components contribute to rFE in vivo. 

Introduction 

rFE has been repeatedly observed at every functional level of 

skeletal muscle, with magnitudes of ~5-20% for in vivo human 

muscles [1]. Although the underlying mechanisms of rFE 

remain unclear, there is growing evidence that activation-

dependent sarcomeric (non-crossbridge) structures contribute 

to rFE [2,3]. As it is impossible to test specific sarcomeric 

proteins and their function in human muscles in vivo, we 

developed an approach to indirectly assess non-crossbridge 

contributions to rFE. Based on the assumption that the active 

isometric force of a muscle is directly related to the number of 

active cross bridges, a certain isometric force can theoretically 

be produced in two distinct ways: by either recruiting many 

fibers at a low activation frequency (recruitment) or by 

recruiting fewer fibers at a high activation frequency (rate 

coding). Of the two activation strategies, the recruitment 

condition should activate more activation-dependent non-

crossbridge structures because more active fibers are involved. 

We hypothesized that the recruitment strategy would result in 

increased rFE compared with the rate coding strategy.  

Methods 

Ten healthy subjects were seated in a dynamometer 

(IsoMed2000, D.&R. Ferstl GmbH, Germany) with their right 

foot strapped to a footplate. For electrical stimulation via the 

TA’s muscle belly (Digitimer DS7AH, UK; 1ms square-wave 

pulses), a circular anode and cathode (3 cm) were placed over 

its superficial proximal and distal ends, respectively. To 

simulate the two activation strategies described above, we 

performed two electrical stimulation protocols that resulted in 

~20% MVC torque during a fixed-end contraction at an ankle 

angle of 20° plantar flexion. In protocol one, we applied 

relatively higher stimulation intensities (33.5±5.7 mA) at a low 

stimulation frequency (15 Hz), to mimic the recruitment 

scheme. In protocol two, we applied relatively lower 

stimulation intensities (21.2±4.2 mA) at a high stimulation 

frequency (60 Hz), to mimic the rate coding scheme. As the 

stronger current penetrates deeper into the muscle, protocol one 

should recruit more fibers compared with protocol two, whereas 

the lower number of fibers in protocol two were activated more 

frequently. As both protocols evoked similar mean dorsiflexion 

torques as recorded from the dynamometer at 1000 Hz during 

fixed-end contractions (8.4±2.2 Nm (recruit) vs. 8.8±2.4 Nm 

(rcode)), we are confident that the simulated activation 

strategies produced the same muscle force. Following 

conditioning contractions and two MVCs at 20° plantar flexion, 

the test contractions (6-s duration) included two fixed-end 

contractions at 20° plantar flexion and two lengthening-hold 

contractions from 0°-20° plantar flexion at 60°s-1 for each 

stimulation protocol (randomized order). Dorsiflexion torque 

was low-pass filtered (FIR) at 10 Hz. Subsequently, we 

obtained peak torques during lengthening, steady-state torque 

after lengthening and passive torque after the end of the 

stimulation, which we compared to the time-matched torques of 

the fixed-end reference contractions. All data was sampled 

using a 16-bit A/D card within a Power 1401 data acquisition 

interface (Spike2, CED, UK). 

Results and Discussion 

Mean rFE for the recruitment strategy (18.2 ± 7.3%) was 

significantly larger (p = 0.008) compared with the rate coding 

strategy (11.9 ± 3.4%), which confirms our hypothesis. We also 

found significant passive force enhancement (pFE) of 0.3±0.2 

Nm and 0.2±0.2 Nm for the recruitment and rate coding 

protocols, respectively. However, pFE was not significantly 

different between protocols. Contrary to rFE, peak force 

enhancement (FE) during lengthening was significantly larger 

for the rate coding protocol (21.9±6.4 % (recruit) vs. 27.8±12.1 

% (rcode); p = 0.028).  

Our findings indicate that recruiting more fibers, but 

maintaining assumed constant cross bridge numbers, increases 

rFE. This finding is consistent with the idea that more active 

fibers increase the amount of activation-dependent passive 

structures, increasing rFE during in vivo muscle contractions. 

While this should also result in increased pFE for the 

recruitment protocol, the differences in absolute torques might 

have been too small to detect in vivo pFE. Finally, the 

observation that a larger FE during stretch leads to smaller rFE 

may be linked to the different loading patterns of TA 

aponeuroses between rate coding (superficial fibers at a 

relatively higher activation) and recruitment (superficial and 

deep fibers at a lower activation) conditions.  

Conclusions 

Our results indicate that during in vivo contractions, rFE is 

related to activation-dependent non-crossbridge structures, 

while FE might also depend on the biaxial loading pattern of 

elastic tissues like aponeuroses. 
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Summary 

It is well known that the force production of the muscle is 

history-dependent. The steady-state isometric force following 

an active shortening or lengthening contraction is smaller 

(force depression) or greater (residual force enhancement) 

compared to an isometric reference contraction. However, it 

remains unclear which parameters can contribute to increased 

performance during stretch-shortening cycles (SSC). The 

present work disputes the influence of stretch/shortening 

magnitudes and initial muscle length on the contraction 

performance of the quadriceps femoris. To examine these 

parameters eleven subjects have been tested at an isokinetic 

dynamometer during maximal voluntary contraction. 

Introduction 

The SSC occurs in most everyday movements. It is a 

combination of an eccentric muscle action, directly followed 

by a concentric muscle action [1]. The goal of this work is to 

provide a better understanding of the parameters influencing 

the muscle performance of a SSC. The focal point is to 

examine the influence of different magnitudes of 

stretch/shortening.  

Methods 

Torque of n=11 healthy young adults was measured during 

and after pure shortening conditions, SSC conditions and 

isometric reference contractions. The tests were conducted at 

the quadriceps femoris during maximal voluntary contraction 

at an isokinetic dynamometer. The speed of movement was 

fixed at 45°/s, but angle and range of motion varied (pure 

shortening conditions: 45°-15°, 90°-15° or 90°-45°; SSC 

conditions: 15°-45°-15°, 15°-90°-15° or 45°-90°-45°). Full 

extension of the knee is 0°. To examine the steady-state 

isometric torque after the movement, ANOVA statistics and 

post hoc Sidak test were used for analysis of differences 

between the conditions. Partial eta squared, was used as effect 

size. 

Results and Discussion 

Force depression was found after all pure shortening and SSC 

conditions (Pure shortening: 45°-15°: 12.1 ± 5.6%, 90°-15°: 

17.6 ± 6.5%, 90°-45°: 15.9 ± 8.8%; SSC conditions: 15°-45°-

15°: 6.2. ± 9.5%, 15°-90°-15°: 17.3. ± 6.6% and 45°-90°-45°: 

21.0. ± 6.3%). The range of motion at different areas of the 

force length relationship seems to have an effect on the 

steady-state force after the movement (partial eta squared = 

0.339). Pairwise comparison with post hoc Sidak test revealed 

a statistical difference (p ˂ 0.05) between the conditions pure 

shortening 45°-15° and pure shortening 90°-15°. Moreover, 

we found a statistical difference between the SSS condition 

15°-45°-15° with the other two SSC conditions (Figure 1).  

For both pure shortening conditions and SSC conditions, we 

found an increase of force depression when the shortening 

magnitude was greater. This result is in accordance with a 

previous study conducted at the adductor pollicis [2]. One 

explanation might be that stretch preceding shortening affects 

force depression in a time dependent manner. However, no 

difference between the pure shortening and the SSC condition 

could be found. The enhancing effects of the stretch could be 

eliminated after the greater shortening magnitude 

Moreover, the results imply that the knee angle and therefore 

the initial length of the quadriceps femoris affects the 

appearance of force depression in a SSC.  

 

Figure 1 Force depression after pure shortening and SSC conditions 

Conclusions 

In conclusion, a reduced steady-state isometric torque was 

found for all conditions Force depression is dependent on the 

magnitude of shortening/stretch in a SSC. The results further 

imply that the initial muscle length is also influencing the 

amount of force depression after a SSC. Further studies should 

be addressed to confirm this suggestion. 
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Summary 
The history-dependence of force refers to the reduction or 
increase in force following active muscle shortening (residual 
torque depression; rTD) or lengthening (residual torque 
enhancement; rTE), respectively. It has been shown that rTE 
is maintained at the cellular level in conditions of reduced 
contractile force [4]. The present study investigated the 
modifiability of the history-dependence of force following 
short term unloading of the leg.  Despite an overall loss of 
torque generating capacity, relative rTE and rTD appeared to 
be unaffected. 

Introduction 
When an isometric contraction is immediately preceded by an 
active shortening or lengthening contraction, the resulting 
torque production is respectively, decreased or increased, 
compared to a purely isometric reference (ISO) contraction at 
the same muscle length and level of activation [1]. This 
phenomenon is referred to as residual torque depression (rTD) 
and residual torque enhancement (rTE). Previous studies have 
shown that concentric and eccentric training can modulate 
these responses [3]. As well, rTE appears to be preserved in 
conditions of muscle weakness, but it has yet to be 
investigated if this is true following short-term limb unloading 
in humans [4,5]. Upon unloading, muscle will atrophy due to 
disuse causing a decrease in torque generating capacity [2].  
The purpose of this study was to investigate the effects of 14-
day immobilization and unloading on the rTD and rTE 
responses of the knee extensors. It was hypothesized there will 
be an overall reduction in force generating capacity, the 
absolute magnitude of rTD and rTE will be reduced, but 
relative %rTD and %rTE will be preserved following 
unloading.  

Methods 
Five healthy young-adults (age: 26 ± 6, height: 176.7 ± 9cm, 
mass: 83kg ± 13, m:f: 4:1) performed knee flexion and 
extension between 90° to 140°, as well as ISO contractions at 
each of these angles. Voluntary contractions were initiated at 
either 90° or 140° knee angle on a HUMAC NORM 
dynamometer (CSMi Medical Solutions, Stoughton, MA) 
while torque was recorded for 8 maximal contractions. Two 
rTD, two rTE, as well as two ISO contractions at both angles. 
The contractions each lasted ~10s, with dynamic trials 
consisting of 2s pre-activation before a 30°/s shortening or 
lengthening contraction until reaching an isometric steady-
state for rTD and rTE respectively. The rTD trials began at 
90° for preactivation while rTE began at 140° preceding the 
dynamic portion. 
For the immobilization period participants were provided 
crutches and fitted with a knee brace to aid in restricting use 

of the left knee, as well as being instructed to refrain from 
stepping on that leg at all for 14 days.  
Results and Discussion 

Following 14 days of unloading, most participants showed 
strength loss at long muscle lengths (90°: -15.2 ± 19%; Figure 
1). Conversely, torque loss was less prominent at short muscle 
lengths (140°: -3 ± 20%; Figure 1). For the rTD trial, there 
was only a ~1% reduction in relative rTD. Similarly, there was 
a slight decrease of 2% in the rTE trail.  

 
Figure 1: Relative torque depression (A) or enhancement (B) seen 
between ISO and rTD or rTE trials. Also, absolute torque generating 
capacity at a short muscle length (C) as well as longer (D) before and 
after immobilization. One participant was excluded from the 
rTD trial due to soreness.   

 

Conclusions 
It appears the history-dependence of force undergoes varying 
amounts of change following a 14-day unloading period on an 
individual basis. Torque generating capacity overall was 
reduced as all participants but one were incapable of reaching 
the previous maximal torque output. At a shorter length some 
participants were capable of greater torque generation which 
may be due to a shifting of the force length curve allowing for 
greater torque at this specific angle.  
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Summary 

Residual force depression (rFD) and residual force 
enhancement (rFE) are intrinsic contractile properties of 
skeletal muscle. To date, there have been no investigations of 
rFD and rFE in human fibres. Thus, the purpose of this study 
was to determine whether rFD and rFE occur at the single 
muscle fibre level in humans. Isometric steady-state force was 
lower following active shortening and higher following active 
lengthening, as compared to the reference isometric 
contractions (ISO). We demonstrated rFD and rFE in human 
single fibres which is consistent with previous animal models.   

Introduction 

Residual force depression (rFD) and residual force 
enhancement (rFE) are history-dependent properties of muscle 
and have been studied for many decades [1]. Although rFD 
and rFE have been studied extensively in animals, no studies 
exist that investigate these properties in humans at the single 
fibre level. Additionally, the studies that have investigated 
rFD and rFE in humans have done so at the whole human 
level [2,3]. The purpose of this study is to determine whether 
rFD and rFE are present at the cellular level in humans. It was 
hypothesized that rFD and rFE would exist at the human 
single muscle fibre level for the vastus lateralis (VL) muscle. 

Methods 

Twelve healthy young (n=6, 26±1 years) and old (n=6, 71±4 
years) males were recruited for this study. Muscle biopsies 
were obtained from the VL muscle and chemically 
permeabilized for 2-4 weeks. Fibres were tied between a 
length controller and a force transducer. A pCa of 4.2 was 
used to maximally activate the fibres and a speed of 0.23L0/s 
was used to lengthen/shorten the fibres. For the rFD condition, 
fibres were shortened from an average sarcomere length (SL) 
of 3.2µm to 2.6µm and ISO was performed at 2.6µm (Fig. 
1A). For the rFE condition, fibres were stretched from an 
average SL of 2.6µm to 3.2µm. The reference isometric 
contraction (ISO) was performed at 3.2µm (Fig. 2A). The data 
were pooled across age. Paired t-tests were used to compare 
variables between the ISO and rFD state, as well as between 
the ISO and rFE state. All fibres were fibre-typed using SDS-
PAGE. Significance was set at p<0.05. 

Results and Discussion 

Twenty-two single muscle fibres (young, n=9; old, n=13) were 
tested. There was no effect of age, thus data were pooled 
across age group. rFD for type 1 fibres was ~8% and for type 
2 was ~5% (Fig. 1B). rFE for type 1 fibres was ~13% and for 
type 2 was ~11% (Fig. 2B). The rFD and rFE values were 
consistent with previously reported values in rabbit single 
fibres (~8% for type 1 fibres and ~15% for type 2 fibres for 
rFD [4]; ~15% for rFE [5]) and voluntary contractions in 
humans [2,3]. The main findings of our study indicate that 

rFD and rFE are indeed intrinsic contractile properties of 
human single fibres (Fig. 1 and 2). These data are relevant 
and have implications on studies investigating in vivo rFD and 
rFE, as the 2.6µm and 3.2µm average SL used in this study are 
similar to the physiological SL of the VL muscle during knee 
extension (2.84µm) and flexion (3.17µm) [6].   
 

 
Figure 1A: Representative force trace for a type 2 fibre in the rFD 
(red) and ISO (black) conditions. (A) passive stretch of the ISO 
condition. (B) activation in both conditions. (C) active shortening in 
the rFD condition. (D) instantaneous stiffness test in both conditions. 
(E) deactivation in both conditions. Noise represents changing of 
baths. 1B: rFD present for both fibre types. 2A: Representative force 
trace for a type 2 fibre in the rFE (blue) and ISO (black) conditions. 
(A) shortening of the ISO condition. (B) passive stretch of the ISO 
and passive shortening of the rFE condition. (C) activation in both 
conditions. (D) active stretch in the rFE condition. (E) instantaneous 
stiffness test in both conditions. (F) deactivation in both conditions. 
2B: rFE present for both fibre types.  

Conclusions 

We have shown for the first time that rFD and rFE are present 
in human single muscle fibres following active shortening and 
lengthening, respectively.   
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Summary (150 words) 

There are conflicting observations regarding residual force 

enhancement (RFE) in cardiac muscle. In this study, we 

intended to re-examine RFE in cardiac myofibrils. RFE was 

tested after active stretches from average sarcomere lengths of 

i) 1.8 to 2.0 µm (n = 8), and ii) 2.0 to 2.2 µm (n = 8). All 

myofibrils showed RFE, averaging 20.7 ± 9.1 % and 16.8 ± 

3.2 %, at sarcomere lengths of 2.0 µm (p = 0.008) and 2.2 µm 

(p = 0.012) respectively. RFE is thought to be caused by a 

shortening of titin’s free spring length by binding of titin to 

actin. Since cardiac and skeletal muscles have different titin 

isoforms, our results suggest that cardiac titin can lead to RFE 

and that titin-actin binding may occur in skeletal and cardiac 

titin isoforms. 

Introduction 

Residual force enhancement (RFE) is defined as the increase 

in the steady-state, isometric force of a muscle following an 

active stretch compared to the corresponding (same length, 

same activation) force of a purely isometric contraction. RFE 

has been consistently observed in skeletal muscle. However, 

there are conflicting observations regarding the occurrence of 

RFE in cardiac muscle [1,2]. The presence of RFE in cardiac 

muscle does not necessarily benefit cardiac function but it 

provides insights into the possible mechanism of RFE. It has 

been suggested that the molecular spring, titin, plays a major 

role in RFE in skeletal muscle. Cardiac muscle has different 

titin isoforms compared to skeletal muscle and thus it might 

show different RFE properties. Therefore, the purpose of this 

study was to re-examine RFE in cardiac myofibrils and thus 

investigate whether cardiac titin isoform can lead to RFE.   

Methods 

RFE was measured following active stretching of rabbit 

cardiac myofibrils across two sarcomere length ranges: i) 1.8-

2.0 µm, and ii) 2.0-2.2 µm. Eight myofibrils were used for 

each sarcomere length range. Myofibrils isolated from the left 

ventricle of rabbits were set at an average sarcomere length 

(SL) of 1.8 µm or 2.0 µm, passively stretched to an average 

SL of 2.0 µm or 2.2 µm and then activated, to measure purely 

isometric force (control experiments). Myofibrils were then 

quickly shortened to an average SL of 1.8 µm or 2.0 µm and 

actively stretched back to an average SL of 2.0 µm or 2.2 µm, 

to induce RFE, if present. Wilcoxon signed-rank testing was 

used to compare the purely isometric force and the steady-

state, isometric force after active stretch. 

Results and Discussion 

RFE was observed in all myofibrils, after active stretch from 

an average SL of 1.8 µm to an average SL of 2.0 µm (Fig. 1A, 

mean ± SD = 20.7 ± 9.1 %, p = 0.008), and from an average 

SL of 2.0 µm to an average SL of 2.2 µm (Fig 1B, mean ± SD 

= 16.8 ± 3.2 %, p = 0.012). 

 

Figure 1. RFE in myofibrils stretched from an average SL of 1.8 µm 

to an average SL of 2.0 µm (A) and from an average SL of 2.0 µm to 

an average SL of 2.2 µm (B). The x-axis shows the results of 

individual myofibrils (M1 – M8 and M9 – M16) and the mean RFE. 

The y-axis shows RFE as a percentage of the purely isometric 
contraction performed without prior stretch. 

RFE is believed to be caused by titin binding to actin and a 

shortening of its free spring length [3]. Considering the fact 

that cardiac muscle has different titin isoforms, compared to 

skeletal muscle, our results suggest that cardiac titin can lead 

to RFE and that titin binding to actin may occur in vastly 

different titin isoforms. Our results contradict those published 

in [1], but this discrepancy would be explained b the fast 

stretch magnitude and apparent slippage of myofibrils in [1].   

Conclusions 

Cardiac myofibrils show RFE if stretched at appropriate 

speeds. The lack of RFE observed in [1] can be explained by 

the fast stretch speed that caused apparent “slippage”. Our 

results suggest that myofibril RFE can be obtained with vastly 

different titin isoforms present in skeletal and cardiac tissues. 
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Summary

Why do cyclists sway their bicycle from side to side when riding
out of the saddle? We tested the theory that lateral bicycle sway
may decrease the work performed by the rider on their center
of mass (CoM) and also impact the contribution of power at the
hip, knee and ankle during standing cycling. Our results show
that the associated mechanical energy fluctuations due to verti-
cal CoM displacement are significant. However, the amplitude
of vertical CoM fluctuations and leg power were unaffected by
the constraint of lateral bicycle sway.

Introduction

During critical periods of competition, elite cyclists adopt a
standing position and a pronounced rocking motion of the bi-
cycle, yet little is known about how this rocking motion affects
cycling biomechanics. Rudimentary measures of pelvis position
during standing cycling suggest that significant vertical displace-
ment of the rider’s CoM occurs over each pedal cycle [1, 2],
which is important because repeatedly raising the CoM against
gravity requires work to increase the gravitational potential en-
ergy of the rider. We propose that the deliberate rocking motion
of the bicycle may decrease the work performed by the rider on
their CoM by reducing the amplitude of vertical fluctuations. We
hypothesized that vertical fluctuations of the rider’s CoM during
standing cycling will be greater in amplitude when the frontal
plane dynamics of the bicycle are constrained compared to un-
constrained and there will be a redistribution of power at the hip,
knee and ankle.

Methods

Nine male subjects rode a racing bicycle at a power output of 5
W/kg and a cadence of 70 rpm under three different constraint
conditions. The lateral dynamics of the bicycle were either unre-
stricted on rollers (Preferred), externally constrained by a typical
indoor trainer (Constrained) or self-constrained by the rider on
rollers (Self-limited). Crank angle and forces tangential and ra-
dial to the cranks were recorded at 100 Hz. The 3-D motion
of the rider and bicycle were captured at 200 Hz. Kinematics
and net muscle moments were calculated using a scaled full-
body model within OpenSim v3.3. Data was calculated from
five pedal cycles of the right leg.

Results and Discussion

CoM: The range of vertical CoM displacement was similar be-
tween conditions (Figure 1A). Bike Sway: The range of bicy-
cle sway was greater in the Preferred condition compared to
Constrained (8.7±1.2◦ vs. 2.2±0.9◦, ρ <.0001) and the Self-
Limited condition (8.7±1.2◦ vs. 4.8±1.1◦, ρ=.0021) (Figure
1B). The range of bike sway in the Preferred condition was
11◦ lower than previous field research[2]. Leg Power: Total leg
power and joint powers were statistically similar between condi-
tions (Figure 1C).

Figure 1: A. Group mean (±SD) change in vertical CoM po-
sition across a complete crank cycle (0-360◦). B. Group mean
(±SD) bicycle sway angle across a complete crank cycle. C.
Group mean power contributions at the hip, knee and ankle as a
percentage of total leg power normalized to body mass.

Conclusion

Our results show that the associated mechanical energy fluctua-
tions due to vertical CoM displacement are significant, but CoM
motion and leg power are unaffected by constraint of the bicycle
compared to cycling on rollers. However, it appears that rollers
do not provide an ecologically valid environment to measure lat-
eral bicycle dynamics. The effect of bicycle sway may be greater
when cycling outdoors or on a wide treadmill.
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INTRODUCTION  

The reduced cardiorespiratory function and muscle 

performance in the elderly significantly minify an 

individual's functional aerobic capacity. Some inactive older 

adults are in an age range that theoretically places them right 

around their aerobic capacity threshold. Any further decline 

may make them unable to complete daily activities and then 

have a negative influence on living independently.  

The most commonly cited estimation is that oxygen 

consumption declines at a rate of 1% per year after the third 

decade of life. The difference is apparent with subtle change 

in age. As such, the purpose of this study was to examine 

the influence of age on changes in energy cost in two 

significantly different age elderly groups and one young 

counterparts group. 

METHODS 

The investigation was conducted on 30 healthy women in 

stationary cycling. Participants were stratified by age into 

young adults (Y; 20-25 years), older adults (OD; 60-65 

years) and the older older adults (OU; 66-70years) with 

same sample size. 

The position on the cycle ergometer was adjusted for each 

participant. The protocol started with rest metabolism test 

using a calibrated K4b2 in which subjects were sitting on 

the cycle ergometer quietly. Then followed by a 

familiarization process. During cycling test, each participant 

performed eight different 300-second trials. Eight trails were 

under the combination of 2 power output (60 and 100 Watts, 

W) and 4 cadences (self-selected, 40, 60 and 90 rotations-

per-minute, rpm). Oxygen consumption (ml/min) and 

energy expenditure (EE, kcal/min) were calculated during 

the last 3 min of each testing condition. 

 

RESULTS AND DISCUSSION 

⚫ VO2 Outcomes 

Statistical tests showed that the combination of age*power 

had a significant effect on the gross VO2 and net VO2. These 

two parameters had a similar pattern (Figure 1). As Conley’s 

study showed, the elderly group and younger controls had 

no significant difference in VO2 during unloaded cycling. 

When the workload increased, the VO2 growth of elderly 

was significantly lower than younger controls [1]. So the 

decline of oxygen consumption was more obvious in older 

persons at higher power output condition. 

 

Figure 1. Gross VO2 and Net VO2 in the different combination of 

age and power of three groups.  

Φ represented p < .05 between OU and Y at 100W power output. * 

represented p < .05 between two powers in same age group. 

Firstly, our results showed that age*power had an 

interaction effect on gross and net EE. The conversion of 

oxygen consumption into an estimate of metabolic heat 

production is the most widely used method of determining 

the energy expenditure of rest and steady-rate exercise. With 

cadence, age also had an interaction influence on gross EE 

and net EE (Figure 2). The self-selected cadence should be 

responsible for different situation showed between elderly 

and young [2]. 

 

Figure 2. Gross EE and Net EE in the different combination of 

age*cadence of three groups. ψ and Λ represented p < .05 

compared to the cadence of 90rpm in Y group. 

CONCLUSIONS 

Based on above findings, the small change of age range 

would significantly affect the body energy cost during 

cycling. In view of oxygen consumption and energy cost, 

the choice of power output and cadence should be mainly 

considered in older adults, especially for the age ≥ 66yrs 

individuals. 
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SUMMARY 

Even in constrained activities, like pedaling, the 

indeterminant musculoskeletal system allows for different 

muscle activation patterns to achieve the same task, which 

may lead to subtly different kinematics. We found that 

pedaling coordination patterns differed according to 

experience level, even though there were only minor 

differences in the activation timing of major muscles. 

INTRODUCTION  

Pedaling is a highly constrained task, limiting the prospect 

of vastly different coordination patterns. Despite this 

constraint, some researchers have demonstrated that trained 

and untrained cyclists use different muscle coordination 

patterns [1]; however, others found minimal differences [2]. 

Cycling efficiency also may [3] or may not [4] be altered 

with experience. Thus, it is not clear if experience leads to 

different pedaling techniques. To our knowledge, 

continuous relative phase (CRP) has not been used to 

investigate possible differences in technique with respect to 

cycling experience.  The purpose of our research was to 

determine if differences in pedaling coordination can be 

observed based on cycling experience. 

METHODS 

Nine cyclists (T:7M,2F, 31±10.1 yrs, 1.76±0.1 m, 74.6±9.6 

kg, 61.4±9.9 ml/kg/min, average 10+ years experience), and 

7 novice participants (UT:5M,2F, 25.5±3 yrs, 1.73±0.7 m, 

68.0±4.2 kg, 49.2±6.8 ml/kg/min) completed a graded 

exercise pedaling protocol on a Monark® cycle ergometer. 

Sagittal plane kinematics, electromyography (EMG), and 

oxygen consumption (VO2) were analysed during the last 

minute of each 3-minute, 60 rpm stage. Four stages were 

used for comparison (S1:105W, S2:140W, S3:175W, 

S4:210W).  

Sagittal plane kinematics were determined by recording 

markers on the acromion, greater trochanter, lateral 

epicondyle, lateral malleolus, and pedal spindle with digital 

video (240 Hz) and tracked with Kinovea®. CRP was 

determined for 3 segmental (thigh-shank, thigh-foot, shank-

foot) and 3 joint couplings (hip-knee, hip-ankle, knee-ankle) 

[5]. The pedal cycle was divided into four segments: top-

extensor (TE; 337-35deg), bottom-flexor (BF; 149-228), 

extensor-bottom (EB; 72-134), and flexor-top (FT; 241-324) 

[6]. EMG was recorded from four muscles: gluteus maximus 

(GM), vastus lateralis (VL), biceps femoris long head (BF), 

and the lateral head of the gastrocnemius (GA). Significant 

differences between groups in VO2, kinematics and CRP 

couplings were determined using T-tests (α = 0.05). 

RESULTS AND DISCUSSION  

There were significant differences in segmental coordination 

during EB (power) and FT (recovery) portions of the pedal 

cycle and in the hip-knee combination during TE (Table 1). 

There were small differences in muscle activation timings in 

GM, BF and GA, and no difference in metabolic cost. 

However, in all four stages, T activated VL at about 90% of 

the pedal cycle, 10% before top dead center (TDC), while 

UT started after TDC. This earlier onset most likely explains 

the hip-knee coordination differences through TE (Table 1). 

Proper pedaling technique encourages smooth transitions, 

thus the difference around TDC may reflect years of 

practicing purposeful transitions. These differences also 

resulted in an average shank angle by T of 85 deg through 

the middle of the downstroke of all four stages, which was 

on average 8 deg more vertical than UT (p=0.00). This 

segment angle may contribute to a more perpendicular force 

on the crank through the power phase, thus resulting in a 

more effective pedal stroke.  

CONCLUSION 

Coordination differences between T and UT most likely 

reflect a deliberate transition at TDC and more effective 

power application. The specific consequence of these 

coordination differences on pedaling performance warrants 

further investigation. 
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Table 1: Trained (T) and untrained (UT) cyclists use different segmental coordination patterns (CRP) during EB and FT, and transition 

differently with knee-hip couplings through TE. All significant couplings are highlighted in red (p<0.05). 

Stage 
EB 

Thigh shank 

EB 

Thigh Foot 

EB 

Shank Foot 

FT 

Thigh shank 

FT 

Thigh Foot 

FT 

Shank Foot 

TE 

Hip Knee 

  T UT T UT T UT T UT T UT T UT  T  UT 

S1 65.98 46.34 76.93 69.33 10.95 22.99 -60.99 -45.08 -68.64 -58.05 -7.65 -12.98 -1.76 3.78 

S2 64.46 44.52 77.81 69.35 13.35 24.83 -60.97 -45.22 -69.71 -60.93 -8.74 -15.72 -2.27 2.22 

S3 63.67 48.12 77.98 70.94 14.31 22.82 -61.06 -45.96 -71.50 -63.35 -10.44 -17.39 -3.35 1.68 

S4 65.68 45.36 78.75 72.94 13.07 27.58 -63.13 -45.61 -73.42 -64.64 -10.29 -19.03 -1.97 2.22 
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SUMMARY 

Q-Factor (QF) refers to the frontal-plane inter-pedal distance 

of a bicycle or cycle ergometer. The purpose of this research 

was to examine the effects of increasing QF on frontal plane 

knee biomechanics during cycling. 

INTRODUCTION  

Peak internal knee abduction moment (KAbM) is often used 

as a common surrogate loading variable for medial knee 

compartment during walking [1] and cycling [2].  Increased 

step-width has been shown to reduce KAbM in level walking, 

stair ascent, and stair descent. Q-Factor (QF) refers to the 

inter-pedal distance in cycling [3] and is similar to step-width 

in gait. It is unknown if increased QF will result in a similar 

reduction of KAbM in literature. Therefore, the purpose of this 

research was to examine the effects of increasing QF and 

workrate on frontal plane knee biomechanics during cycling.   

METHODS 

Sixteen recreationally active young adults (8 males, 8 females) 

participated in this study. A 12-camera motion analysis system 

(240Hz) was used for three-dimensional kinematic data 

collection. Two customized instrumented bike pedals were 

used to collect pedal reaction forces (PRF, 1200 Hz). 

Participants cycled on a stationary cycle ergometer. QF was 

increased using three pairs of pedal extenders. The participants 

pedaled at a cadence of 80 RPM and workrates of 80 W, 120 

W, and 160 W for two minutes, in each of four QFs: QF of 

150mm (Q1), QF of 192mm (Q2), QF of 234mm (Q3), and 

QF of 276mm (Q4). 

RESULTS AND DISCUSSION 

Peak KAbM increased 47%, 56%, and 56% as QF increased 

from Q1 to Q4 at the three respective workrates (all p ≤ 0.001, 

Table 1). At each QF, peak KAbM increased significantly 

with increased workrate (all p ≤ 0.001, Table 1). The medial 

PRF increased with increased QF (all p ≤ 0.008,) and workrate 

(all p ≤ 0.001). Peak knee extension moment was not changed 

with increased QF but increased with increased workrate (all p 

≤ 0.001). 

The differences between decreased KAbM with wider step-

width in gait and increased KAbM with wider QF seem to be 

in part attributable to the lack of manipulation of whole-body 

center of mass (COM) by the lower extremity in cycling to 

effectively reduce the frontal-plane PRF moment arm. In 

cycling, whole-body COM does not shift significantly relative 

to the base of support due to constraint from the seat and 

cycling movement. Therefore, as QF increased, an increased 

frontal-plane moment arm, coupled with increased frontal 

plane PRF vector - mainly due to increased medial GRF, may 

have contributed to the increase of KAbM, without the 

compensation of whole-body COM shift.  

CONCLUSIONS 

As QF increased, peak KAbM increased, suggesting increased 

medial compartment loading of the knee. However, increasing 

QF did not change peak sagittal plane loading of the knee. QF 

modulation may allow for greater control over frontal plane 

joint loading when using stationary cycling for exercise or 

rehabilitation purposes.  
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Table 1: Peak Knee Abduction Moment (Nm), Medial PRF (N), and Knee Extension Moment during stationary cycling. 

  Workrate (W) Q1 Q2 Q3 Q4 Workrate Q-Factor Interaction 

Knee 

Abduction 

Moment 

80 -9.3±3.0 -11.0±4.0 -12.7±3.91 -13.7±4.81,2 

p < 0.001 p < 0.001 0.020 120a -12.0±4.31 -14.6±5.61 -16.7±5.51,2 -18.7±5.31,2 

160a,b -13.9±3.9 -18.1±5.51 -19.8±6.31 -21.7±6.51,2 

Q-Factor Test  α α,β α,β,γ 
   

Medial 

PRF (N) 

80 -33.2±10.8 -38.7±9.2 -42.9±9.11 -48.5±12.51,2 

p < 0.001 p < 0.001 0.016 120a -42.8±12.0 -52.8±12.61 -60.2±14.91 -67.6±14.61,2 

160a,b -50.6±12.5 -66.0±14.91 -72.5±17.71 -79.9±18.51,2 

Q-Factor Test  α α,β α,β,γ 
  

 

Knee 

Extension 

Moment 

80 21.3±9.1 22.2±8.1 21.8±9.5 23.9±10.3 

p < 0.001 0.146 0.332 120a 29.2±10.0 29.0±9.1 30.7±13.0 33.1±12.2 

160a,b 32.5±12.3 35.6±12.2 35.2±13.4 35.9±12.8 

Note: a: significantly different from 80W, b: significantly different from 120W α: significantly different from Q150, β: significantly different from Q192, γ: 
significantly different from Q234. 1: significantly different from Q150 at same work load, 2: significantly different from Q192 at same work load, 3: significantly 
different from Q234 at same work load.  
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Summary 

The rate of oxygen uptake (V̇O2) has been used to infer 

changes in metabolic rate with changes in EMG; however, 

V̇O2 is simply a proxy for the energy cost (EC) of exercise 

since the former does not account for substrate use.  We 

compared the EMG/V̇O2 to the EMG/EC across different 

power outputs and shoe conditions and found both increased 

as a function of power output, suggesting a higher metabolic 

cost for a given level of activation, regardless shoe condition 

or whether V̇O2 or EC is used to quantify metabolic rate. 

Introduction 

The energy cost (EC) of cycling is primarily determined by 

the metabolic cost of active muscle contraction, where the 

magnitude of the latter can be estimated from surface 

electromyography (sEMG).  Increases in sEMG amplitude are 

often interpreted as the level of muscle activation.  The major 

determinant of the EC of muscle contraction is the magnitude 

of motor unit recruitment [1].  Thus, it seems logical to 

suggest that the increase in EC of cycling would be 

proportional to the increase in sEMG across power outputs 

[2,3].  sEMG may also offer a higher temporal resolution than 

estimates of metabolic rate [3]; however, to date, the 

metabolic cost has only been estimated from the steady-rate 

V̇O2.  A recent viewpoint [4] criticizes the practice of 

reporting EC as a V̇O2, since V̇O2 does not account for 

substrate use, which can be estimated from the RER, during 

exercise and thus is not as reliable nor as sensitive to changes 

in exercise intensity compared to EC [5].   

Therefore, the purpose of this study was to examine the 

changes in metabolic cost, expressed as either V̇O2 or EC, 

relative to sEM during cycling under different power output 

and cycling shoe conditions. 

Methods 

10 male cyclists (22.8±1.3 years, 1.79±0.05 m, 82.5±10.3 kg) 

cycled on a magnetically-braked cycle ergometer at 150 W 

and 200 W for five minutes in three different shoe conditions.  

Gas exchange was measured using a metabolic measurement 

system (Cosmed K4 b2, Rome Italy) and EC was calculated 

from the steady-state V̇O2 over the last two minutes.  sEMG 

amplitude from eight leg muscles were collected and analyzed 

across each pedal stroke during the final minute at each power 

output.  The filtered (20-500 Hz), smoothed and rectified 

sEMG signal was then resolved into summed amplitude for 

each muscle across each pedal stroke.  Two-way repeated 

measures ANOVA was used to assess differences in 

V̇O2/sEMG and EC/sEMG ratios across power outputs and 

shoe conditions in order to evaluate the change in metabolic 

rate at any given level of muscle activation.  

Results and Discussion 

Both V̇O2 and RER significantly increased as a function of 

power output (p<0.001). The V̇O2/sEMG ratio was 

significantly increased from 150 W to 200 W (p=0.022).  The 

EC/sEMG ratio was also increased from 150 W to 200 W 

(p=0.009, Figure 1).  

 

Figure 1: EC/sEMG as a function of power output and shoe 

condition. 

The mean change in EC/sEMG from 150 W to 200 W was 

larger (8.6±1.5%) than the change in V̇O2/sEMG (7.5±1.5%); 

however, the mean change was not significantly different 

between the two expressions of metabolic cost (p=0.194). 

Conclusions 

While V̇O2 is only a proxy for the EC during exercise because 

it does not account for substrate use, the use of V̇O2 alone in 

inferring changes in metabolic cost from changes in sEMG 

appears valid, at least at submaximal power outputs tested 

here. Still, we encourage the use of EC in estimating 

metabolic cost from changes in motor unit recruitment as 

assessed by sEMG and this method might be sensitive to small 

changes in EC compared to VO2. 
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Summary 

Second metatarsal (2MT) stress fracture is a common and 

burdensome injury amongst runners, however understanding 

of the risk factors leading to injury is limited. Finite Element 

(FE) modelling represents a viable biorealistic alternative to 

invasive studies and simple beam theory models. This study 

shows the design and validation of a simple subject-specific 

FE model of the 2MT incorporating geometrically accurate 

soft tissue and loading. Results show a good comparison 

with both recent models and bone staple strain gauge data. 

Introduction 

Stress fractures of the 2MT are a common and burdensome 

injury amongst runners [1-3]. However current 

understanding of the factors that may predispose an athlete 

to this injury is limited. Simple geometric models of the 

2MT loading during running have been used in the past [1] 

as a viable alternative to invasive direct measurement, but 

these require many assumptions regarding geometry. In 

contrast the FE method has been used more recently to 

investigate stress distributions in the metatarsals during 

running [4], however, biorealistic models often have 

prohibitively long development, construction and run times 

when investigating groups of participants [5] and many 

simplifications are needed to produce a model that can 

investigate groups of participants in a realistic timeframe. 

Therefore the purpose of this study was to develop and 

validate a FE model that allows estimation of the stresses 

acting on the 2MT during the ground contact phase of one 

running step. The model incorporates subject-specific 

geometry and soft tissue effects, whilst minimising the 

complexity and therefore computing cost. This model will be 

used to compare stresses in the second metatarsal during 

running with different habitual foot strike modalities.  

Methods 

Data were collected from eighteen (10 female) participants 

(age 24 ± 7.8 years; mass 64.8 ± 11.2 kg; height 1.68 ± 0.09 

m). 2MT bone geometry was determined using MR images. 

Unilateral, synchronous kinetic (1000 Hz) and kinematic 

(200 Hz) data were collected during barefoot running at 3.6 

ms-1
 with a habitual foot strike (10 rearfoot, 8 non-rearfoot 

strikers). 

Geometrically accurate 2MT and encapsulating soft tissue 

geometry were recreated from MR images, separating 

cortical and trabecular tissues. Kinematic and kinetic data 

were used to determine loads under the foot at discrete 

points during stance. The boundaries between tissue types 

were modelled as a fixed encapsulation, and the interface 

between the foot and the ground was modelled using contact 

elements with a coefficient of friction equal to 0.6 [5]. A FE 

simulation was used to determine deformation of the tissues 

and corresponding stress patterns and magnitudes under the 

application of load. 

Results and Discussion 

Initial results from one participant show a maximum stress 

on the dorsal surface of the 2MT of 35.04 MPa (Figure 1) 

equivalent to 2061 µε, which compares well with both 

existing recent models showing  median strain of 1937 µε 

during overground running in minimalist shoes [4] and bone 

staple strain gauge data showing 1891 µε during barefoot 

treadmill jogging [3]. It is expected that non-rearfoot strikers 

will display greater peak stress during running than rearfoot 

strikers.  

 

Figure 1: stress distribution (MPa) on the second metatarsal at 
midstance showing maximum stress location on the dorsal surface. 

Conclusions 

A FE model of the 2MT and surrounding soft tissues has 

been developed and initial results show a good match to 

previous models and bone strain gauge experiments in vivo. 

This model represents a powerful tool to answer questions 

such as “How does foot strike modality affect the stresses in 

the second metatarsal during running?” 

Acknowledgments 

This work is part of a studentship that was funded by the 

Engineering and Physical Sciences Council (EPSRC) 

through the EPSRC Doctoral Training Partnership at the 

University of Exeter. 

References 

[1]Gross and Bunch,(1989),Am J Sports Med,17: p. 669-74 

[2]Bennell, et al.,(1998),Calcif Tissue Int,63: p. 80-5 

[3]Milgrom, et al.,(2002),Foot Ankle Int,23: p. 230-5 

[4]Firminger, et al.,(2017),Clin Biomech,49: p. 8-15 

[5]Akrami, et al.,(2017),Biomech. Model. Mechanobiol.,1-18 

Friday, August 02 2019: Morning 1 (0900-1000) 681

Bone Fracture Modeling 1



 

 

Mesh sensitivity of three patient-specific bone morphing methods applied to the AnyBody Glasgow-Maastricht foot model 
 

Zach. Welshman1, Claire L. Brockett1, Graham J, Chapman2, 3, Michael R. Backhouse4, Anthony C. Redmond2, 3 
1Institute of Medical and Biological Engineering, University of Leeds, Leeds, UK 

2Leeds Institute of Rheumatic and Musculoskeletal Medicine, University of Leeds, Leeds, UK 
3NIHR Leeds Biomedical Research Centre, Leeds, UK 

4York Trials Unit, Department of Health Sciences, University of York, York, UK 
 

Email: mnzw@leeds.ac.uk  
 

Summary 

Scaling and morphing of dynamic musculoskeletal (MSK) 

models is an approach used to generate patient specific bone 

geometries for biomechanical analysis [1]. This work 

highlights mesh sensitivity of three methods applied to the 

Anybody Glasgow-Maastricht (GM) foot model [2],[3]. Each 

method uses a source and target point correspondence based 

approach and 12 bones including the talus, calcaneus, 

navicular, medial cuneiform, intermediate cuneiform, lateral 

cuneiform, cuboid and metatarsals 1-5 are included in the 

analysis. Method (A) is applied to the skin surface of the foot, 

method (B) is applied to bones of the foot and method (C) is a 

statistical shape modelling (SSM) approach. A calculation of 

the root mean square (RMS) error shows the SSM to have the 

smallest error and therefore the most representative mesh.  

Introduction 

The AnyBody GM foot model currently incorporates patient-

specific geometry from computed tomography (CT) and 3D 

foot surface scans. Individual modellers can develop their own 

workflow to achieve the same goal of morphing a template 

geometry to a patient-specific geometry, however the mesh 

sensitivity of these workflows usually goes unexplored. Mesh 

morphing is a source of error in dynamic patient specific 

modeling and so the accuracy of this process should be 

considered.  

Methods 

Three morphing approaches were applied to 3 patients with a 

Foot Posture Index (FPI) [4] of 0, 4 and 6. For each patient, 

magnetic resonance images (MRI) of the selected bones were 

segmented using 3DSlicer [5] and its robust statistics 

segmentation algorithm [6]. The surface of the skin was 

generated from MRI scans for method (A), the bones for 

method (B) were reconstructed using a built-in function in 3D 

Slicer and the bones for the shape model, method (C) were 

reconstructed using ShapeWorks [7]. Manual point 

correspondence was used for methods (A) and (B) in MeshLab 

[8], while automatically generated points from ShapeWorks 

were used in method (C). Morphing algorithms were applied 

using built-in functions from the AnyBody software as 

follows: method (A) a triharmonic radial basis function 

(tRBF), method (B) a tRBF with an STL and iterative closest 

point match (ICP), and (C) a tRBF with an STL and ICP 

match. Figure 1 shows an overview of input data, 

correspondence and morphing algorithms with a visual 

representation of the RMS error from the SSM generated 

meshes. After each morphing approach was implemented, the 

bones were then exported from the dynamic foot model and an 

RMS error between morphed and ground truth segmentations 

were calculated. 

Results and Discussion 

 
Figure 1 Workflow for each method with a visual representation of the mesh 

error on the SSM 

A comparison of morphing methods is useful in understanding 

sources of error and their magnitudes in generating a 

representative mesh. The smallest and largest RMS error for 

the 12 bones analysed for each method were as follows: 

method (A) 0.77 mm - 2.87 mm, method (B) 0.63 mm - 2.73 

mm and method (C), 0.1 mm - 1.00 mm. This work also 

highlights the use of MRI for patient-specific bone morphing, 

which eliminates the exposure of the subject to ionizing 

radiation as is required with CT-based methods. 

Conclusions 

The results show the SSM approach generates the most 

representative mesh in a range of FPI scores. Determining 

point correspondence is more reliable, accurate and faster 

using the SSM compared to manual methods. Further work 

should consider the impact of this mesh error on kinematics, 

muscle forces or joint reaction forces on the AnyBody GM 

foot model. 
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Summary 

Controlled micromotion between bone fragments is a vital 

component of fracture healing. Distal femur fractures are 

stabilized using locking plates and the functional stiffness of 

this construct is sensitive to implant geometry, material, and 

bridge span (the distance between screws crossing the fracture 

line). Loads applied to the implant are directly affected by the 

location of the fracture along the femur. This paper outlines a 

lightweight computational modeling technique that estimates 

implant deflection during gait. The algorithm accounts for 

changes in fracture location, bridge span, and material 

properties of the implant. Preoperative utilization of this 

modeling paradigm could potentially improve a surgeon’s “best 

guess” to optimize the mechanical environment for callus 

formation to occur. 

Introduction 

Distal femoral fractures are debilitating injuries that typically 

require surgical intervention to repair. Bridge plating of distal 

femoral fractures is an inexact science, with high reoperation 

rates [1]. The purpose of this study was to develop a lightweight 

computational algorithm capable of estimating displacements 

between bone fragments. We developed a paradigm using a 

musculoskeletal model in conjunction with uniform beam 

theory assessments to make estimations of implant deflections 

and interfragmentary displacements. We hypothesized that this 

model would produce approximations of implant deflection that 

were similar to finite element analyses, while utilizing a small 

fraction of computational time. 

Methods 

A musculoskeletal model of a 50th percentile male was used in 

the study to simulate fracture loading mechanics during gait 

(Figure 1A) [2]. The right femur was split and reconstructed 

with a weld joint between 50-90% of the length of the femur. 

Muscle forces during gait were estimated using a static 

optimization algorithm. Joint reaction forces and moments were 

calculated at the weld joint. Estimations of plate bending were 

performed using Euler–Bernoulli uniform beam theory (Figure 

1B) [3]. Implants were represented as simply supported 

stainless steel or titanium rectangular bars (W:18mm x H:4mm) 

with lengths between 20-180mm. Loads and moments 

determined from the dynamic simulations were applied at the 

midpoint. Maximum deflections were calculated for every trial 

and results were summarized. 

Results and Discussion 

The estimated plate deflections were nonlinear and ranged 

between 0.01–3.57 mm. Plate deflections were slightly lower 

than an existing finite element model [4] that assessed bridge 

spans between 20-180mm. Stainless steel simulations had an 

RMSE of 0.32mm and titanium simulations had an RMSE of 

0.33mm (Figure 1C). Assessments took less than one minute of 

computational time on a PC with an i7 3.6GHz processor and 

16 GB of RAM.  

 

Figure 1: Summary of the methods and key results in the experiment. 

A musculoskeletal model with variable fracture locations provided a 

range of forces and moments (A), which were applied to the mid-point 

of uniform beams of variable length (B). Results for the 90% fracture 

location compared favorably to finite element analyses from a separate 
study [4] (C). 

Conclusions 

Estimations of deflection were very close to finite element 

solutions.  Future work will validate this model with benchtop 

testing and will include variations in body mass and activities 

of daily living. In order for computational modeling to be 

accepted in the clinic, it must be fast and easy.  This paradigm 

provides such a framework that can effectively guide patient-

specific surgical techniques towards idealized bridge spans.  
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Summary 
Increased articular contact stress, resulting from joint 
incongruity following intra-articular fractures of the distal tibia, 
contributes to the development of post-traumatic osteoarthritis. 
We are using finite element-computed contact stress to identify 
at-risk areas of the joint surface for the purpose of developing 
custom dynamic orthoses to preferentially unload at-risk areas. 
Areas of elevated contact stress at the tibio-talar joint were 
primarily located on the anterior third of the articular surface, 
which suggests unloading during late stance may be most 
beneficial. 
Introduction 
Surgical fracture reduction following intra-articular fracture 
(IAF) of the distal tibia is performed with the goal of restoring 
joint stability and reducing joint incongruity, which can elevate 
contact stress and predispose the joint to post-traumatic 
osteoarthritis (PTOA). Few treatment options are available to 
protect the joint after definitive fixation. Custom dynamic 
orthoses (CDOs) have been used to dramatically improve 
function and reduce pain after traumatic limb injury.[1] The 
carbon fibre devices are comprised of a proximal cuff below the 
knee, a posterior strut used to store and return energy, a semi-
rigid foot plate, and a heel cushion between the footplate and 
shoe. The design can be varied to influence the forces and 
motions experienced by the limb,[2,3] which in turn influences 
the forces on the foot and activation of muscles that cross the 
ankle. Recent findings indicate that this can decrease load 
transfer at the ankle,[4] suggesting CDOs may be tuned to 
reduce joint contact stress (Figure 1). 

 
Figure 1: Vision of how CDO design can be adapted to decrease 

harmful contact stress exposure. 

Existing finite element-computed contact stress data from 
individuals post-surgical treatment for IAFs of the distal tibia 
[5] were analysed to determine the spatial distribution of 
harmful mechanical stimuli. 

Methods 
Finite element-computed contact stress exposures after surgical 
treatment of IAFs of the distal tibia were previously reported 
for 11 patients. Habitual contact stress elevations were 
quantified using a time-weighted metric of contact stress over-
exposure, which was highly predictive of PTOA development 
in ankles two years after surgical treatment. The regional 
distribution of harmful contact stress exposures in these patients 
was characterized by splitting their joint surfaces into 9 discrete 
and clinically relevant regions using a 3-by-3 grid from anterior 
to posterior and medial to lateral. These data were then queried 
to identify areas with increased contact stress exposure. 
Results and Discussion 
The distribution of harmful contact stress exposures over the 
articular surface of the distal tibia are shown in Figure 2. While 
the preponderance of elevated contact stress was located on the 
anterior third of the articular surface, additional sites of high 
exposure were identified centrally and mid-posteriorly. 

 
Figure 2: Distribution of harmful contact stress exposures over the 

articular surface of the distal tibia. 

Conclusions 
These findings suggest that the anterior joint surface, primarily 
loaded during late stance, is a good first target when seeking to 
reduce contact stress and the risk of PTOA development 
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Summary 

The formation of a micro-damage process zone (MDPZ) ahead 

of cracks in cortical bone increases its fracture resistance. How 

extensive this MDPZ forms, is therefore vital to bone's 

fracture toughness. Using a continuum damage mechanics 

(CDM) approach, a finite element (FE) model was built to 

simulate the MDPZ formation ahead of a crack tip in bovine 

femoral bone and validated against experimental data. It was 

found that CDM provides a reliable means of modelling 

MDPZ formation in cortical bone fracture.  

Introduction 

The formation of a damage zone referred to as the micro-

damage process zone (MDPZ) ahead of cracks in cortical bone 

has been found to be vital to its fracture resistance [1]. This 

MDPZ precedes visible crack growth, decreases stresses at the 

crack tip, and dissipates a large amount of energy thereby 

toughening bone [1,2]. Therefore, an in-depth understanding 

into the mechanics governing the formation of the MDPZ and 

how bone quality changes affect its formation may provide 

useful insights towards understanding bone fragility and 

fracture. Consequently, an experimentally validated finite 

element (FE) model was sought to simulate the MDPZ formed 

during cortical bone fracture. 

Methods 

A 2D model of a single edged notched bending (SENB) 

bovine bone specimen was built in the FE software ABAQUS. 

Using a bi-linear continuum damage mechanics (CDM) law, 

the formation of the MDPZ during fracture was simulated. 

The onset of the MDPZ formation was defined in the law 

using Hashin failure criteria while fracture energies controlled 

the rate of MDPZ formation in the specimen post-Hashin 

failure until complete rupture. To model viscoelastic effects 

present in micro-damaged cortical bone, the viscous 

regularisation scheme in ABAQUS was used. 

To validate the CDM model, two SENB specimens were 

machined from the femur of a young steer. A three-point 

bending test was carried out while using a speckle pattern and 

digital image correlation (DIC; Vic2D) to capture the full field 

strain field around the pre-crack which was used to define the 

region of MDPZ formation. The MDPZ geometry was 

compared to its equivalent generated using the CDM model. 

Results and Discussion 

Both the size and shape of the MDPZ generated with the CDM 

model closely matched those measured experimentally using  

the DIC method (figure 1). Further, the CDM model replicated 

the load-deflection and load-crack tip opening displacement 

curves obtained experimentally speaking to the model’s 

validity. The incorporation of viscoelastic effects in the model 

was essential for the extensive formation of the MDPZ 

observed experimentally. This suggests a viscoelastic strain-

rate hardening phenomenon in MDPZ formation. This 

phenomenon slows down crack propagation directly ahead of 

the crack tip thereby allowing the MDPZ to broaden, 

dissipating much more energy [3]. This phenomenon has been 

proposed for other natural composites, such as nacre [3]. 

Although further studies are required, this adds credence to 

how vital bone collagen and proteins are towards bone fracture 

resistance, as shown in a recent study from our lab [4]. 

 

Figure 1: Comparison between MDPZ generated with CDM model 

(left) and experimentally (right) at maximum load. The grey (left) 

and red (right) regions represent the MDPZ for the CDM model and 

experiment respectively. 

Conclusions 

CDM provides a relatively simple yet robust means of 

modelling the MDPZ formation in cortical bone fracture. With 

further development, this CDM model will provide a very 

useful tool in a variety of applications, including modelling 

how bone quality changes (especially during aging and bone 

damaging diseases) and how defects in bone (e.g. resulting 

from surgery) affect whole bone fracture resistance.  
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Summary 

Automated plantar pressure (PP) masking can improve 

reporting time, remove human error/bias, and standardize 

masking methods when used for PP-based gait analysis. 

Twenty participants walked while optical motion capture 

cameras tracked 3-dimensional locations of the markers and a 

PP mat simultaneously recorded steps. Five automated PP 

techniques to identify mask orientation were compared to 

motion capture foot orientation. The general image processing 

and 66% CoP masking techniques had the lowest error when 

determining PP mask orientation in typical walkers.  

Introduction 

Plantar pressures (PP) display pressure distribution under the 

foot while in contact with the ground. PP measurements are 

quick to administer and provide simple gait measures such as 

foot progression angle (FPA) and temporal spatial parameters. 

To aid interpretation, PPs are segmented into regions of 

interest by applying a mask.[1-3] Various types of masks have 

been developed, however many require manual adjustments 

introducing human error[4] or are too complex for atypical 

feet. [1-3] FPA generally determines PP mask orientation. The 

purpose of this study was to evaluate various masking 

techniques by comparing calculated FPA from each mask to 

optical motion capture in subjects free of foot pathology.  

Methods 

A convenience sample of twenty healthy participants walked 

in a motion analysis lab while wearing reflective markers on 

their feet corresponding to the Oxford marker set. Thirteen 

optical motion capture cameras (Vicon Vantage, Oxford, UK) 

tracked 3-dimensional locations of all markers while a plantar 

pressure mat (Novel emed XL, Munich, Germany) 

simultaneously recorded foot pressures in sync at 100 hz. Ten 

trials were collected for each participant as they passed back 

and forth through the motion capture volume and over the PP 

mat. Marker trajectories were labelled, gap-filled, and filtered 

in Vicon Nexus before importing into Matlab (Mathworks, 

Natick, MA). Motion capture steps recorded over the PP mat 

were extracted and matched to the corresponding raw PP data.  

All viable steps were masked using five automated 

techniques. Two types of image processing masks were used 

to identify the centroid and orientation of the PP mask 

(general image processing (GIP) and heel-centroid). Another 

3 masking types used the progression of the center of pressure 

(CoP), generating a linear regression of the full CoP during 

the entire stance phase (Full CoP), the first 66% of stance 

phase (66% CoP), or by identifying regional peaks of the heel 

and forefoot pressure and using the CoP within this inter-peak 

region for orientation definition (CoP IP).  

The optical motion capture FPAs were defined as the angle of 

the heel and 2nd toe markers at mid stance. FPA error was 

calculated as the absolute difference between optical motion 

capture and PP foot progression angles. For each participant, 

the first 6 PP trials with ≥2 consecutive steps were used for 

comparison. Kruskal-Wallis analysis of variance identified 

significant differences between masking errors.  

Results and Discussion 

The GIP (2.48±1.72° {mean±SD}) and 66% CoP (2.84±2.40°) 

variations were more accurate than the Full CoP (3.30±2.04°) 

and Heel-Centroid (3.40±2.25°) methods. The CoP IP method 

(3.40±3.19°) had similar mean FPA error to Heel-Centroid 

and Full CoP, but also showed increased variability. 

Conclusions 

Both the imaging and CoP types of masking methods 

exhibited variations with average FPA errors under 3 degrees. 

The general image processing and 66% CoP methods were 

more accurate than the others. Average orientation errors for 

all methods were similar to what others have reported, [5] and 

were within the average kinematic minimal detectable change 

of ~4°. [6] There may be other ways to identify FPA via 

automated algorithms. Of the 5 methods tested in this study, 

the general image processing and 66% CoP masking 

techniques were the most accurate for determining FPA and 

mask orientation in typical walkers. 
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SUMMARY 

The results obtained using the conventional method of 

measuring the center of pressure (COP) trajectory during gait 

are influenced by the foot progression angle. To correct this, a 

method was developed and differences in measurements 

between the new and conventional methods were identified. 

The subjects were 18 healthy adults. A gait analysis force 

plate was used to determine the COP distribution during gait 

at the rearfoot, midfoot, and forefoot parts, using the 

conventional and new methods. The results were subsequently 

compared. At all planar positions, the new method assessed 

the COP at a more lateral position than the conventional 

method. The new method for quantifying the COP trajectory 

ensures that the foot angle does not affect the results. The 

present results indicated that the COP trajectory is further 

lateral than previous studies. 

INTRODUCTION  

The COP is an important biomechanics parameter in gait 

analysis that is regarded as the point where the floor reaction 

force acts on the sole of the foot. Although the method of 

quantifying the COP trajectory during gait has been reported 

by Motooka et al. [1], it has been pointed out that this method 

is affected by foot progression angle [2]. We therefore devised 

a new quantification method of the COP trajectory which is 

not affected by foot progression angle, and clarified the 

difference with the measured value by conventional method. 

METHODS 

Subjects were 18 healthy young adults (12 males and 6 

females; age 20.4±1.5 years) without history of orthopedic 

disease in lower extremities. 

Using a plantar pressure distribution measurement system 

(FDM, zebris Medical GmbH, Germany; 100Hz), the plantar 

pressure during barefoot gait at comfort speed was measured. 

The COP positions in the rearfoot, midfoot and forefoot were 

quantified by the conventional and proposed new method 

(Figre 1). For the evaluation of the %COP, the conventional 

method was based on the direction of travel, whereas the new 

method was based on the long axis of the foot. 

Difference in %COP between conventional method and 

proposed method were analyzed using paired t-test 

(significance at p<0.05). 

RESULTS AND DISCUSSION 

As a result of comparing the %COP of each part of the 

rearfoot, midfoot and forefoot obtained by the conventional 

and new method, the new method evaluated that the COP is 

more outward compared with the conventional method on all 

positions (Table 1). The reason for this difference is thought to 

be that the level division of the sole in the conventional 

method does not coincide with the actual one. 

CONCLUSIONS 

The COP passed through relatively outside of center of sole 

from rearfoot to midfoot, and drawn a trajectory that goes 

inward at forefoot as per the established theory; however, its 

trajectory was on the lateral side than the conventional report. 
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Table 1: Difference in %COP between conventional method and proposed method 

Right foot Left foot

conventional 

method

proposed 

method
P-value

conventional 

method

proposed 

method
P-value

%COP

Forefoot 40.7 ± 2.1 42.2 ± 1.6 <0.01 42.8 ± 3.1 43.9 ± 2.2 <0.05

Midfoot 50.8 ± 2.8 51.7 ± 2.9 <0.01 52.2 ± 3.1 52.8 ± 2.9 <0.05

Rearfoot 50.3 ± 2.1 51.4 ± 2.2 <0.01 52.1 ± 2.1 52.7 ± 2.2 <0.01

mean±SD, paired t-test (n=18)
 

 

Figure 1: Differences in measurement methods of the COP position 

 (a) Conventional method and (b) proposed new method 
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Summary 

This study characterizes plantar pressure differences between 

hallux valgus patients and healthy controls using statistical 

parametric mapping (SPM). The plantar pressure differences 

are minimal which, combined with previous studies, suggest 

high variability in the plantar pressures of hallux valgus 

patients. 

Introduction 

Hallux valgus is a common and painful foot deformity that 

researchers have recently attempted to characterize using 

plantar pressure measurements [1,2,3]. Unfortunately, these 

studies have shown contradictory results, with plantar pressure 

differences appearing either only in the toes [1], only in the 

hallux and metatarsal 5 [2], or only in the central forefoot [3].  

Region-based plantar pressure analyses, like those performed in 

the articles cited above, are known to be sensitive to region 

boundary definitions [4], and this may explain the differences 

in previous studies. Statistical parametric mapping (SPM) 

methods, like pSPM [5] and STAPP [6], do not have this 

limitation. Therefore, in this study, we use SPM methods to 

characterize group differences between hallux valgus patients 

and controls in an attempt to clarify earlier results. 

Methods 

Thirty hallux valgus patients and 50 healthy controls 

participated in this study and gave their informed consent. Each 

individual had their plantar pressures measured 15 times, at 

their preferred walking speed, using a 1.5m footscan® plate (rs 

scan, Paal, BE, 7.62mm x 5.08mm, 200 Hz). The 15 

measurements were normalized for walking speed, then spatio-

temporally aligned and averaged as described in [6]. 

SPM was performed on peak pressure images using pSPM [5] 

and on the full plantar pressure measurement using STAPP [6]. 

Group differences between hallux valgus patients and healthy 

controls were statistically tested using a linear univariate model: 

𝑝𝑖(𝑥, 𝑦) = 𝑢(𝑥, 𝑦)𝐺𝑖 + 𝑣(𝑥, 𝑦)𝑆𝑖 +  𝑒𝑖(𝑥, 𝑦), 

where 𝑝𝑖(𝑥, 𝑦) is the plantar pressure for subject 𝑖 at pixel 

(𝑥, 𝑦) [or in the case of STAPP, (𝑥, 𝑦, 𝑡)], 𝐺𝑖 is a binary group 

indicator, 𝑆𝑖 are subject factors (age, gender, height, weight, 

shoe size), 𝑢() and 𝑣() are unknown functions, and the 

residuals 𝑒𝑖() are assumed to be independent and normally 

distributed. The resulting t-statistics from 𝑢() were then 

thresholded for significance using random field theory [5,6]. 

Results and Discussion 

Figure 1 shows the pSPM peak pressure group differences as 

well as time points in the stance phase where notable plantar 

pressure group differences were found with STAPP.  

 

Figure 1: Significant t-statistics from pSPM and STAPP. 

pSPM showed decreased pressure in the small toes as a result 

of hallux valgus (t-statistic = -4.81, p-value = 2e-5), while 

STAPP showed decreased pressure in the heel during heel 

loading (duration: 26% of stance phase, t = -3.57, p = 3e-4) and 

in the forefoot during midstance (duration: 16.3%, t = -3.31,       

p = 6e-4). However, pressure differences are minimal. 

Conclusion 

These results, along with those in [1,2,3], suggest that the 

plantar pressures of hallux valgus patients are highly variable 

and it may be more productive to evaluate their plantar 

pressures at the individual level than at the group level.  
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Summary 

Pressure mapping sensors provide portability but to draw valid 

conclusions their accuracy compared to a gold standard force 

platform must be established. This study compared original 

Tekscan readings and those scaled to a neural network (NN) to 

force plate values obtained during walking and jogging. 

Correlations between force plate and both original and scaled 

Tekscan readings were very strong (r > 0.95). Root mean 

square errors (RMSE) were improved from 3.31 N/kg 

(jogging) and 1.37 N/kg (walking) in the original Tekscan 

readings to 0.45 N/kg and 0.21 N/kg, respectively after being 

scaled by the neural network. This study demonstrates that 

with minor post-processing, the Tekscan F-Scan system is an 

accurate and portable tool for measuring ground reaction 

forces (GRF) compared to gold standard force plate 

measurements. 

Introduction 

Although force platforms are the gold standard with respect to 

ground reaction force measurements, they lack portability and 

are often limited to capturing only a single stance phase during 

locomotion. Insole pressure mapping systems, such as the 

Tekscan F-Scan system, offer a portable alternative to force 

platforms, but their accuracy and reliability have been 

questioned [1]. The purpose of this study was to determine the 

accuracy of the Tekscan F-Scan Versatek system with respect 

to the gold standard force platform, and to conclude if a neural 

network would be capable of reducing any discrepancies. 

Methods 

Sixteen healthy young adults participated in this test-retest 

(one week later) study. Upon arrival and completion of 

informed consent, their shoes were outfitted with pressure 

mapping sensors (F-Scan VersaTek with standard sensors, 

Tekscan, USA). Ten walking and five jogging trials were 

performed with the dominant leg in contact with an embedded 

force plate (FP4060, Bertec, USA). The same shoes and 

sensors were used for each participant during both testing 

sessions. 

All data (160 jogging trials and 320 walking trials) were 

analysed in MATLAB where each trial was cut to the stance 

that occurred on the force plate. Tekscan force readings were 

used to predict force plate vertical GRF using a time series 

NN, in which data were randomly split 70/15/15 for 

training/validation/testing. The Levenberg-Marquardt method 

was used for training the 10 hidden neurons that had an input 

delay of 1:1. 

Original and scaled Tekscan force values were compared to 

the gold standard forces through means of Pearson 

correlations and root mean square error calculations.  

Results and Discussion 

The original Tekscan force readings were very strongly 

correlated to the force plate readings for both the jog (r = 0.97) 

and walking (r = 0.95) trials. The neural network slightly 

improved these correlations to r = 0.99 in both tasks. 

There was a magnitude offset (Figure 1) during both the jog 

(RMSE = 3.31 N/kg) and walking (RMSE = 1.37 N/kg) trials 

recording by the original Tekscan readings. These biases were 

removed by the neural networks so that the revised RMSEs 

during the jogging trials were 0.45 N/kg and 0.21 N/kg during 

the walking trials.  

 

Figure 1: Ground reaction forces during a jogging stance phase. 

Conclusions 

Even though the original Tekscan readings were able to 

accurately measure the force profile during walking and 

jogging, they were susceptible to a magnitude bias. This 

variability and bias in the Tekscan readings is likely due to 

different shoe cushioning properties and/or company 

recommended sensor calibration procedures only being 

intended for walking and not jogging trials. The magnitude 

offset however was removed through minimal post-processing 

that included time series NN. Future work will focus on the 

NN’s ability to predict GRF’s for independent participants not 

involved in the NN training over a variety of dynamic tasks. 
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Summary 

In patients with Diabetes, the accurate identification of plantar 

regions with abnormal loading is a crucial issue in the plantar ulcer 

prevention program[1,2]. We designed a peculiar mask to 

complement the validated anatomical mask based on the Oxford 

Foot Model (OFM) with a more specific forefoot regionalisation. 

This study validated and assessed the new mask on a sample of 

diabetic and healthy feet. Preliminary results showed that the new 

mask has at least the same reliability as footprint-based masks, with 

a potentiality to better discriminate lateral forefoot loading. 

Introduction 

Plantar load measurements in regions of interest (ROIs) is an 

important clinical tool to support prevention and treatment of 

plantar ulcers in diabetic neuropathy[1,2]. To identify abnormal 

loading in ROIs two masking algorithms are used: a geometrical 

masking (GM), based on footprint information, and an anatomical 

masking (AM), which integrates information from footprint, 3D 

motion capture system, and a multi-segment foot model [3]. 

Although both techniques are valid and reliable, geometrical 

masking should be used with caution in clinical settings, especially 

when dealing with pathological feet [4]. Diabetic neuropathic 

footprints are usually associated to deformities and it is suggested 

that AM may be more effective to guide the health professional to 

make a treatment decision. Starting from the validated OFM-based 

masking[3], with the only addition of one marker to the OFM 

marker set, we developed a peculiar mask (DIAB mask) to better 

define forefoot ROIs. Main aim of this study was to validate and 

assess the DIAB mask through comparison with the most similar 

GM, with a focus on first (I) and fifth (V) metatarsal loading in 

persons with diabetes, neuropathy, or healthy subjects.   

Methods 

Fifteen participants were assessed: Diabetic group (DG: n=5, 

57.4±9.0yrs), Diabetic neuropathic group (DNG: n=5, 

67.8±4.1yrs), healthy group (CG: n=5, 50.2±7.5yrs). They were 

assessed through plantar pressure (EMED q-100) and kinematics 

(VICON system). The OFM was integrated with an additional 

marker between I and II met heads. Three gait trials in a self-

selected cadence were collected and the I met head marker was not 

removed after static calibration. After system integration and 

marker projection onto the footprint, the DIAB mask was applied to 

define 7 ROIs: hindfoot and midfoot, as in the OFM-based AM 

(the former resulting from the union of medial and lateral hindfoot); 

lateral forefoot (VM), central mets, medial forefoot (IM), hallux 

and 2-5 toes were defined on the basis of the forefoot markers and 

of 7 virtual markers based on specific relative distances from the 

former (Fig.1). All parameters were calculated for each ROI and 

averaged for each foot for the DIAB mask and for the most similar 

GM obtained by collapsing the met 2, 3 and 4 ROIs of the Novel® 

standard 10-ROIs mask (GM, Fig.1B). Peak pressure (PP) and 

mean force (MF) were investigated under the total foot and the two 

ROIs (IM and VM). ANOVA with Bonferroni-Holm correction 

(adjusted p<0.05) and paired t-test were applied to all parameters 

and groups. 

Results and Discussion 

Intra-subject variability of DIAB mask and GM did not show 

significant differences for both variables (ANOVA p: 0.44 for PP 

and 0.84 for MF). Differences in ROI boundary definition of VM 

were detectable in almost all footprints, while IM ROI boundaries 

differed in few severely altered footprints (Fig.1C). Paired 

comparisons showed that masks performed similarly (p=0.08) only 

for PP in IM, while they statistically differed (p<0.001) for MF in 

IM and for PP and MF in VM. Between-groups analysis showed 

that the masks did not differ in discriminating groups as for IM 

loading: in both cases, DNG showed higher (adjusted p<0.05) PP 

and MF than DG and CG, with no significant difference between 

DG and CG. However, they performed differently with respect to 

VM, where DIAB mask showed a difference between DG and CG, 

which was not retrievable by using Novel standard mask (GM).  

Figure 1: DIAB and Novel mask of pressure footprint 

Conclusions 

The new DIAB mask seems applicable and reliable in investigating 

Diabetic forefoot, and allows a better identification of the load 

experienced by the whole V metatarsal region. Despite bigger 

samples are needed for clear evidence, preliminary results show 

that it may have clinical relevance especially for the lateral forefoot 

loading. 
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Summary 

Extensive research goes into developing assistive technology 
that can replicate biological function after severe lower limb 
trauma. The assistive technology we put on a patient can be 
most advantageous when we also invest in what we put in a 
patient. Considering the needs and challenges of the end user 
is a critical aspect of device development and evaluation that 
may sometimes prompt the scientifically-minded to reconsider 
what they thought they knew. 

Changing the narrative 

Research paradigms develop from years of substantiating 
evidence from numerous different research teams. The 
paradigm that amputation resulted in an energy inefficient gait 
was broadly accepted and unchallenged. It seems logical that 
the loss of a limb and use of a passive prosthesis would only 
have negative biomechanical and metabolic consequences. 
However, less discussed are the advantages that the loss of 
distal mass and energy consuming musculature provides when 
using a lightweight, passive device. Through musculoskeletal 
modelling and simulation we have been able to test scenarios 
not possible in human subjects to determine how the 
parameters of the person interplay with the parameters of the 
device to include outcomes (1). 

The outcomes by which we assess successful performance 
when using assistive technology also have their shortcomings. 
We often borrow outcomes assessments and performance tests 
from other fields and try to make them applicable for 
prosthetic and orthotic users.  However, some of these metrics 
are outdated. As we develop new tools by which to evaluate 
successes and failures of assistive devices, we can better 
accommodate the needs, limitations, and deficiencies of the 
end user.  
 
Thinking outside the box 

Creativity goes a long way in the development of new designs 
of wearable technology. For example, numerous failed 
attempts to create a high heeled prosthetic design using both 
custom and standardized prosthetic feet resulted in the creative 
design shown in Figure 1. The patient claimed to walk better 
in this design of high heel than in flat, athletic shoes and we 
were able to substantiate some of her claims through 
biomechanical measures. When we prioritize the needs, 
challenges, and limitations of the end user, even if they are at 
odds with our established biomechanical measures, we can 
begin to realize a greater clinical and real-world impact. 
Through a series of trial and error, we continually shift our 
rank ordering of which outcomes to prioritize. 

Conclusions 

Wearable assistive technology in the orthotics and prosthetics 
realms are essential means of promoting patient function and 
mobility. It is both challenging and rewarding to go against the 
grain of established thought on what biomechanical benefits 
wearable assistive technology should offer the user and 
uncover new paradigms. When we also prioritize the end user, 
and the biomechanical measures by which we evaluate him or 
her, we may shift our ways of thinking and discover new areas 
of exploration. It is through the collaborative and constructive 
failures of ourselves and our colleagues that we advance the 
field forward. “I have not failed. I’ve just found 10,000 ways 
that won’t work” –Thomas Edison. 
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Figure 1. A creative example of “outside the box” 
thinking for prosthetic foot selection. This pediatric 
running foot was modified to meet the mobility requests of 
the end user and evaluated biomechanically. 
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Summary 
Wearable devices have enormous potential to enhance human 
performance and health if the devices are evidence-based and 
developed to meet a true need. An essential ingredient in 
developing these novel concepts has been biomechanists 
working in close collaboration with colleagues in materials 
science and related disciplines. Despite extensive 
technological advancements, there are still many challenges 
associated with developing robust, useful, valid and reliable 
wearable devices. For those keen to pursue device 
development as a career pathway, be ready to embrace failure 
as a valuable “mentor” to shape your future career. 

Introduction 
Extensive advancements in technology and material science 
over the past decades have provided opportunities for sensors 
and actuators to be integrated into a variety of host fabrics. 
This has created the opportunity to develop wearable devices 
that offer novel biomonitoring and responsive options. In fact, 
wearable devices form one of the fastest growing technology 
markets globally, with smart clothing predicted to form a 
major component of this market. Smart clothing includes those 
garments that can sense and monitor specific biophysical 
signals, including human motion, as well as those items that 
can respond to these signals for a given purpose. These items 
have enormous potential to enhance human performance and 
health. However, the plethora of claims by those marketing 
some of the latest wearable devices to improve human health 
need close scrutiny.  

Evidence-based Wearable Devices 
To have a meaningful purpose and to be effective as assistive 
technology, it is imperative that wearable devices are 
developed based on evidence rather than merely serving as 
gimmicks. Furthermore, to be comfortably wearable the 
devices must suit the individuals for which they are designed, 
particularly considering the structure and function of the 
human body and the forces involves in an activity. For this 
reason, biomechanics plays a key role in developing 
meaningful wearable technologies and smart clothing. 
Unfortunately, despite the potential usefulness of wearable 
devices as assistive technology, many of the proposed devices 
have proven to be mere gimmicks or more conceptual rather 
than reality. 

Long-term Lessons Learned 
Over the past two decades we have expended extensive time, 
effort and resources towards developing two unique items of 
wearable technology: The “Intelligent Knee Sleeve” [1] and 

the “Bionic Bra” [2]. An essential ingredient in developing 
these novel concepts has been biomechanists working in close 
collaboration with colleagues in materials science and related 
disciplines. This long-term roller coaster journey of device 
development has involved “fabulous failures”, as well as 
exposed valuable lessons for all involved.  

Despite extensive technological advancements, there are still 
many challenges associated with developing robust, useful, 
valid and reliable wearable devices. These challenges include 
developing stable sensors and functioning actuators, which are 
truly integrated into devices that can be easily used without 
specialist expertise. We need devices that can reliably work 
when switched on, are washable, and truly wearable. In 
addition to device-specific challenges, team members were 
often exposed to unexpected career opportunities, as well as 
career obstacles, that shaped their future research directions.   

 
Figure 1: Working in a collaborative team to developing a prototype 

of the “Bionic Bra” [Source: Paul Jones, UOW]. 

Conclusions 
Wearable devices have enormous potential to enhance human 
performance and health if the devices are evidence-based and 
developed to meet a true need. For those keen to pursue device 
development as a career pathway, be ready to embrace failure 
as a valuable “mentor” to shape your future career.  
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Summary 
Traditionally, sensors used to control powered prostheses have 
either been incorporated into the residual limb or built into the 
socket that is worn by the user—no additional instrumentation 
is required to control the prosthesis. Minimizing 
instrumentation was viewed as a requirement for clinical 
viability. However, improvements in wireless connectivity and 
low power electronics may allow for a reconsideration of this 
viewpoint.  

Introduction 
Powered arms have been used clinically for decades, and 
relatively recently, powered prosthetic legs have become 
clinically available. Typically, powered arms are controlled 
using decoded electromyographic (EMG) signals, recorded 
from the user’s residual limb by skin-surface electrodes 
embedded in the wall of a custom-fabricated socket. 
Consequently, when the patient dons the prosthesis, no 
additional instrumentation is required to begin using the 
device. Some early control approaches for powered legs, 
namely echo control, required an instrumented orthotic to be 
worn on the sound side to measure kinematic trajectories that 
could then be generated by the device [1]. However, the 
requirement for a secondary piece of instrumentation was 
often viewed as a barrier to clinical acceptance. Powered 
prosthetic legs now often use sensors that are incorporated into 
the device (e.g., load sensors, joint position sensors, inertial 
sensors etc.) to assist in control, but adding EMG signals 
measured from the user’s residual limb may further improve 
control [2].  

Advances in wireless communication, MEMS technology, and 
mobile computing has enabled the creation of wireless body 
area networks, comprising low power sensor nodes that may 
be placed on, around, or within an individual. Such networks 
provide the opportunity to seamlessly measure much more 
information from a user than would be possible using only an 
instrumented powered prosthesis. This information could help 
determine user intent to improve control of the device. 

Methods 
To demonstrate the proof-of-concept of using a body area 
network to improve prosthesis control, two pilot studies were 
completed in which sensors that were not attached to the 
socket or prosthesis were used to provide supplementary 

control information. In the first pilot study, the contralateral 
limb of a subject wearing a powered knee-ankle prosthesis 
was instrumented to measure EMG signals, joint movements 
(using an inertial measurement unit), and joint angles (using 
goniometers placed at the knee and ankle joints) [3]. Bilateral 
sensor fusion reduced classification errors by 32% compared 
to only using sensors attached to the powered prosthesis. In a 
second preliminary study, information from a depth-sensing 
camera, placed on the user’s belt, was used to detect stairs 
within the environment while the subject was walking [4]. 
Using this single sensor, stairs could be recognized with 98.8 
% classification accuracy. 

Results and Discussion 

Incorporating additional sensors—i.e., those not attached to 
the prosthesis or socket—has generally been viewed as a 
barrier to clinical acceptance. Many factors likely contributed 
to this viewpoint, including small gains in performance from 
use of additional instrumentation, use of large, unreliable 
sensors, and a general sense that use of advanced technologies 
would intimidate the average prosthesis user. However, many 
devices now have advanced capabilities that might only be 
accessed by considering other sensing sources, and the 
potential for improvement in control or function is much 
larger—for example, instead of single degree-of-freedom 
devices, multifunction hands with individually articulated 
fingers are now available. Sensors are now very small, 
efficient, capable of wireless telemetry, and robust; nearly 
everyone now uses a smart mobile device; and many use 
smartwatches that need to be charged daily. Attaching 
additional sensors, away from the socket or prosthetic limb is 
now desirable, feasible, and, with careful planning, could be 
clinically viable.  
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Summary 

Commercially available ankle prostheses are predominantly 
passive-elastic devices which cannot perform positive net 
work, and only produce about an eighth the power of the intact 
plantarflexors. To address this deficit, recent research has 
focused on the design of devices capable of supplying 
additional power for push-off.  While technology continues to 
advance in the direction of increased power, it is unclear who 
benefits and how to best optimize performance with this 
technology. This talk will focus on the knowledge gained from 
a series of studies exploring how people with lower limb loss 
use prosthetic ankle power.  

Introduction 

People with transtibial amputation lack the ankle musculature 
to produce positive work, so they must rely on their prosthesis 
to provide that energy or their residual limb to compensate.  
By adding external work to the ankle, one might expect that 
this would decrease the amount of metabolic work required by 
the wearer.  However, this link is not clear.  In fact, while 
dynamic response feet can return up to five times the total 
energy returned by SACH feet, several studies have not found 
differences in metabolic costs between SACH and ESR feet 
[1,2]. It is possible that the increase in work is not sufficient to 
decrease metabolic cost in all individuals. Powered prostheses, 
such as the BiOM, provide significantly more mechanical 
work than any passive device and correspondingly, one study 
found they significantly reduced metabolic costs.  In a series 
of studies, we tested whether 1) this benefit was related to the 
person’s functional level [3], 2) how much power was 
required to reduce energetic costs [4], and 3) how prosthetic 
ankle power affected activity in everyday life.   

Methods 

A total of 10, 10 and 8 participants with transtibial amputation 
participated in studies 1-3, respectively.  All participants were 
classified as K3 or K4 on Medicare’s 5-level functional 
classification scale (K0 to K4). 

Results and Discussion 

Study 1: There were no significant differences in energetic 
costs or preferred walking speed when walking on a level 
surface with a powered ankle compared to a non-powered 
ankle.  Participants who were classified as K4 functional level 
(unlimited community ambulators) were more likely to benefit 
than those who were K3 (p = 0.014) [3].  Importantly, this was 
a single session experiment with a short (~30 min) 
accommodation time.  

Study 2. There is an open question regarding how much power 
the prosthesis should provide, and whether approximating 

biological ankle kinetics is optimal to reduce the energetic cost 
of users. Participants walked on a treadmill wearing the BiOM 
programmed with six different power settings, including a 
prosthetist-chosen setting, chosen to approximate biological 
ankle kinetics [4]. The relationship between power setting, 
metabolic cost, and peak ankle power varied considerably 
between subjects. For all subjects, the energetically optimal 
power setting was higher than the prosthetist-chosen setting. 
Thus, individuals with transtibial amputation may benefit from 
prescribed ankle power that exceeds biological norms. 

Study 3. Level walking metabolic costs alone do not 
encompass the benefit of new technology as people perform a 
range of activities. Here we how powered prostheses altered 
behaviour and patient perceptions during two-week periods. 
Of the eight participants, five felt that it was easier to walk in 
general and on slopes, and six felt it was easier to walk up 
stairs.  Four felt walking down stairs was more difficult, three 
had difficulty with uneven terrain, and two with driving. 
Preliminary data show that there are no differences in the total 
activity (number of steps), number of steps taken outside the 
home, or walking speeds when wearing a powered prosthesis 
compared to an unpowered device (p > 0.05).  There was, 
however, considerable variability across study participants.  
Additionally, patient preference did not correspond to changes 
in metabolic costs.  

Conclusions 

Powered ankles can improve energetics, but maybe not for 
everyone and not without ample time for training.  However, 
the appropriate training paradigm is still unknown.  It is also 
important to note that prosthetic users care about a variety of 
things, not just metabolic effort when deciding on a prosthesis. 
Monitoring behaviour in daily life can provide additional 
insight to how people use their devices and potential benefits 
of new technology. This may help with reimbursement of such 
technology in the future, but more work is needed to 
determine normal variation in activity patterns and what level 
of change is meaningful.  
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Summary 

The potential for use of magneto-inertial sensors into an in-

field sport setting is highlighted by providing a general 

overview of the spreading in their use through different sports 

disciplines and applications. Information is given on risk 

profile assessment (e.g. studying injury mechanisms to 

highlight movement styles at risk of injury or to provide 

insight in post-injury training behaviour). Possible 

performance indicators and capacity assessments are described 

(e.g. temporal, kinematic and dynamic parameters; highest 

possible level of functioning of the athlete in exerting maximal 

velocity or strength in a standardized environment; physical 

demand). Pillars to good practice are discussed to take in due 

account sensors limitations and to better exploit their potential. 

Overview 

A successful athlete can be supported by useful and timely 

feedbacks to target performance defects and reliable detection 

of parameters that characterize their risk profile to protect him\ 

her from injuries. A systematic, objective and reliable athlete 

monitoring and evaluation, performed by means of qualitative 

and quantitative analysis of mechanical variables, can 

reinforce the link between research and coaching practice, 

especially in élite sports. As an alternative to laboratory-based 

assessments, magneto-inertial measurement unit (MIMU) 

sensing, as an inexpensive, wearable and easy-to-use 

technology, is today the most used to monitor real activities, 

measure movement-related data to estimate temporal, 

kinematic, and dynamic parameters. 

Systematic review of the literature through performance- or 

risk of injury-related queries is used to provide a general 

overview of the spreading in their use through different sports 

disciplines and applications. Examples of possible assessments 

of athletes’ risk of injury profile or motor capacity and 

performance indicators will be provided. Special emphasis 

will be placed on the challenge of taking in due account 

sensors limitations (static bias, drift, sensors-to-body 

movements), and on pillars to good practice for a better 

exploitation of their potential. 

As regards risk profile assessment, MIMU sensors are mainly 

used to study injury mechanisms in relation to head impacts to 

prevent concussion, or in relation to vertical decelerations, 

such as in landing, or horizontal abrupt decelerations, such as 

in changes of direction, to describe their effects in terms of 

propagation of the impact up the kinetic chain, affecting the 

ankle, causing tibial shock, risk of ACL injury, and 

consequences at the back or up to the head. Therefore, they 

carry the potential to highlight movement styles at risk of 

injury or to provide insight in post-injury training behaviour.  

An overview of sensor-based performance indicators currently 

available in several sport domains to assess motor capacity 

(i.e., the highest possible level of functioning of the athlete in 

exerting maximal velocity or strength in a standardized 

environment), analyse technique, perform match analysis and 

assess physical demands during training sessions/competitions 

will also be provided [1]. 

 

Figure 1. Pillars (sensors and good practices) for the athlete’s 

care through assessment of his\ her risk of injury profile, 

capacity and performance. 
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Summary 
Most running studies are conducted in laboratories  and 
lack ecologic validity. Purpose 1. compare landing 
impacts between footstrike patterns (FSPs) during a 
marathon and 2. assess the relationship between speed 
and landing impacts across FSPs. Methods: Tibial 
shock of 226 M+F individuals (44.3±11.1yrs) was 
collected during a marathon. Habitual FSPs were 
screened prior to the race (169 RFS, 32 MFS, 23 FFS). 
Peak tibial shock (TS) was calculated at the 10km point 
of the marathon. TS was correlated to speed across 
FSPs. Results: Peak TS(g) was highest and similar in 
RFS and MFS, and lowest in FFS.  TS was positively 
correlated to speed for RFS and MFS groups (p<0.02), 
but not for the FFS group (p=0.83). Conclusions: RFS 
and MFS runners exhibit similar impact loading that is 
higher than FFS runners.   
Introduction 
Rearfoot strike (RFS) force patterns have an impact 
transient that is associated with running injuries.1 These 
impact transients are not present in FFS patterns.2 
Midfoot strike (MFS) and FFS runners are often grouped 
together in studies as they are both non-heel strike 
patterns and are assumed to be similar. However, this 
has not been tested. Tibial shock (TS) provides a 
measure of impacts and can be easily assessed in the 
field. The purpose of this study was to compare TS 
among differing FSPs measured during a marathon 
race.  We hypothesized that MFS runners would have 
greater impacts than FFS, but lower than RFS runners. 
We also aimed to examine how impacts vary across 
speeds.  We expected that impacts would increase with 
speed similarly in RFS, MFS and FFS runners. 
Methods 
224 healthy runners (119 M, 105 F; 44.1±10.8 yrs) 
running a 2016 marathon race volunteered for the study. 
1-3 days prior to the race, participants ran on a treadmill 
to determine their habitual footstrike pattern (169 RFS, 

32 MFS, 23 FFS).  On race day, they ran the course 
wearing an accelerometer strapped onto their right 
medial ankle. The average peak TS recorded between 
the 5km and 10 km point of the race (location with a flat 
gradient) was recorded and compared between the 
three FSPs using an ANOVA (p<0.05). A regression 
analysis was used to determine the interaction of FSP 
and speed for each FSP using individual marathon 
runner data points. An ANOVA (p<0.05) was used to 
assess significance of the regression. 
Results 
TS in RFS and MFS runners was significantly higher 
than in FFS (P=0.01), but similar between each other 
(P=0.49) (Figure 1).. When examining the relationship 
between TS and speed, a significant positive correlation 
was noted for RFS (r= 0.54, p=0.01).  and MFS (r=o.42, 
p=0.02), but not for FFS (r=0.05, p=0.83) (Figure 2).  
Conclusion 
In contrast to common belief, MFS runners exhibit 
impacts that are similar to RFS runners, with both being 
higher than FFS runners. This suggests that MFS 
runners should be grouped with RFS runners, and not 
FFS runners, when assessing impacts.  Also, both RFS 
and MFS runners exhibited greater impacts as speed 
increased.  However, FFS runners appear to be able to 
maintain constant impacts as speeds increase. This 
may be due to greater calf activation, mitigating the 
effect of increasing speed on impacts.  This may offer 
protection from impact-related injuries in FFS runners. 
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Summary 
This paper discusses challenges and opportunities for 
biomechanics researchers who are integrating wearable sensor 
data with biomechanical modelling or machine learning 
approaches in the context of understanding injury 
mechanisms. Example applications include a framework for 
integrating body worn inertial measurement units (IMUs) with 
musculoskeletal models of bone to investigate lower limb 
bone health in basketball players.  
Introduction 
Mechanical loads play a critical role in the development, 
maintenance, and regeneration of musculoskeletal tissue [1]. 
Knowledge of musculoskeletal tissue loads during activities of 
everyday living or during sport is critical to prescribe 
appropriate interventions or identify mechanisms of injury. 
Biomechanical models are necessary to obtain estimates of 
muscle and joint forces, and understand how these forces are 
distributed amongst musculoskeletal tissue. The complexity of 
these models depends upon the research question and the 
fidelity of the input data available. This presents challenges 
for biomechanics researchers in terms of defining an 
appropriate model and input data to obtain reasonable 
estimates of key mechanical parameters.    
Traditional methods to estimate internal loads have been 
constrained to laboratory environments, thus raising questions 
regarding ecological validity. Wearable sensors, coupled with 
biomechanical models and/or machine learning approaches, 
provide interesting opportunities to obtain surrogate measures 
of tissue loading in the real world over a long time frame. 

Methods 
We present a workflow that integrates musculoskeletal and FE 
models of the lower limb with body-worn IMUs to obtain 
knowledge of tissue load exposure in athletes who experience 
repetitive, impact loads (Figure 1). An example of bone stress 
injury is given, in which we estimate muscle and joint forces 
on the tibia using a musculoskeletal model and subsequent 

bone strain using an FE model. Surrogate measures of 
movement patterns and loading behaviour using IMUs then 
enable real-world estimates of tissue loading. 

 
Figure 1. Workflow that integrates musculoskeletal and FE 
model (Mechanistic Model) with raw sensor data from an 
IMU (Surrogate Model). These data are then taken in the 
context of an understanding of mechanobiology to determine 
cumulative load. 
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Summary 
There is a gap between the understanding of the mechanisms 
of sporting injury and the ability to monitor these risk 
parameters during a game. A wearable solution in place of 
captive laboratory biomechanical instrumentation would be a 
breakthrough for ecological validity and facilitate on-field 
monitoring of athlete performance and safety. 

Introduction 
The hypothesis was that deep learning models could be trained 
(or fine-tuned) in common biomechanical systematic 
relationships, beginning with marker-based motion capture 
and subsequently with wearable sensor accelerations as input, 
and with ground reaction and joint kinetics as output. 

Methods 
The first of a new combination of data science techniques was 
instrumental, that of fine-tuning existing convolutional neural 
network (CNN) models rather than attempt to train from 
scratch. Fine-tuning required more data preparation up-front, 
to flatten the space-time input data, but meant only thousands 
of samples were necessary, not millions. Under-the-hood CNN 
architecture reconfiguration converted the new model from a 
classifier to a multivariate regression network. A double-
cascade of multiple related pre-trained models made the 
output more robust and accurate, particularly for joint kinetics. 
Finally, simulating accelerations from marker trajectories, plus 

automatic orientation of acceleration coordinate systems, 
facilitated driving the model from wearable sensors. 

Results and Discussion 
From marker-based motion capture (eight marker locations, 
sidestepping average of both stance limbs), 3D knee joint 
moments were predicted with mean correlations to source 
calculations above 0.88.  From a sacrum-mounted 
accelerometer (right-directed sidesteps off the left stance foot), 
multidimensional ground reaction forces were predicted with 
mean correlations to ground truth above 0.87.  The hypothesis, 
whether it is possible to replace force plates with deep 
learning models, and to drive these models from wearable 
sensor accelerations, was supported. 

Conclusions 
These findings present a new path for researchers to follow 
armed with the knowledge that precedents of successful non-
linear models for biomechanical systems exist. The success of 
these two studies indicates a future fusion approach, that the 
prediction of knee joint moments from wearable sensor 
accelerations, is possible. The application of deep learning to 
biomechanics can create the opportunity for sports and clinical 
researchers to extract value from their captive data, and has 
the potential to convert other spatio-temporal use-cases from 
science fiction into reality. 
 

 

Figure 1: Deep learning workbench for biomechanics. 
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Summary 

In order to better understand the biomechanics of stumbling 

and inform fall prevention strategies, seven individuals were 

tripped at a range of different times during leg swing. 

Kinematics and kinetics of their recoveries were analyzed. We 
identified the region in swing phase that elicited the most 

trunk deflection as well as highest recovery strategy variance. 

Introduction 

Falls and subsequent injury are commonly caused by 
tripping/stumbling over obstacles [1]. Studying how people 

recover from stumbling provides insight on fall prevention 

strategies and interventions. Previous research has identified 

three strategies that healthy individuals employ to recover 

from a stumble perturbation. Typically, the elevating strategy 

is used to recover from early-swing perturbations, the 

lowering strategy is used for late-swing perturbations, and the 

delayed lowering strategy is used for mid- to late-swing 
perturbations [2]. However, no obstacle perturbation study has 

investigated recovery strategy and associated kinematic/ 

kinetic characteristics with higher resolution than three bins of 

swing phase (i.e., early-, mid-, and late-swing). Analyzing 

such responses as a function of swing phase with higher 

temporal resolution could provide insight into several 

unknowns regarding stumble recovery, such as (i) precisely 

when and why healthy individuals transition between 
strategies and (ii) when a perturbation causes the greatest 

disturbance to individuals (i.e., when people are most likely to 

fall). Other unknowns include questions such as (iii) how 

these recovery strategies and associated biomechanics are 

altered in people with physical disabilities (e.g., leg 

amputation), and (iv) how to design better interventions (e.g., 

prostheses) to prevent falls. The overarching goal of this 

project is to address these knowledge gaps. The specific 
objective of this Abstract is to summarize progress related to 

questions (i) and (ii), which we accomplish using a custom 

stumble perturbation system (Figure 1) that we have designed, 

built and validated [3] to systematically perturb swing phase. 

Methods 

Seven healthy subjects participated in the study, and each gave 

written informed consent. Subjects walked on a force-

instrumented treadmill at 1.1 m/s. A steel block was 

introduced onto the treadmill belt via a custom ramp so that 

the obstacle contacted the subject’s foot at a targeted 

percentage of swing phase (Figure 1). Each subject was 

perturbed 28 times, targeted from 10% to 75% of swing phase 
in 5% increments, in randomized order. Ground reaction 

forces and full-body kinematics were collected. Joint-level 

kinematics/kinetics were estimated using inverse dynamics. 

Peak trunk deflection angle after perturbation was computed 

as one metric related to the size of the disturbance, which may 

provide insight on fall susceptibility. Recovery strategy and 

swing percentage of perturbation were identified for each trial. 

 

Figure 1: Schematic of custom stumble perturbation system. 

Results and Discussion 

The study yielded 188 successful perturbations (across all 

subjects), resulting in 127 elevating strategies, 34 lowering 

strategies, and 27 delayed lowering strategies (Figure 2). The 

largest trunk deflections after perturbation were observed 

when perturbations occurred between 50% and 69% swing 

phase, suggesting this may be the portion of swing phase when 
people are particularly susceptible to falling. Notably, this 

region was also marked by the most variance in recovery 

strategy chosen. Complementary biomechanical metrics and 

further analysis will also be presented at the conference. 

 

Figure 2. Stumble recovery strategy as a function of perturbation 
timing during swing phase (0% swing corresponds to toe lift off the 
ground, 100% to foot contact). 

Conclusions 

This work presents the first systematic analysis of obstacle 
perturbation stumble recovery as a function of percent swing. 

The region of 50-69% swing was identified as causing the 

greatest disturbance to subjects, in terms of trunk deflection 

angle.  This region of interest warrants further study. 
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Figure 1.  Setup (top) and EMG anal-

ysis for GAS (bottom); red: mean and 

95% CI (--) for gait; blue: trip trial 

The effect of postural threat on fall-recovery following a lab-induced trip 
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Summary. The mechanisms by which fear of falling (FoF) 
increases fall risk are not well understood. While increased 
arousal and anxiety in response to perceived postural threat is 
known to affect postural control during standing and following 
non-stepping perturbations, the effect on stepping responses 
remains unknown. The purpose of this study was to compare 
neuromechanics of fall recovery between groups of healthy 
young that responded to a trip on level ground or on a raised 
platform. Reaction time and activity of the soleus was reduced 
following a trip on a raised platform. While certain aspects of 
the trip-recovery response may be impacted by increased pos-
tural threat, future work is needed to quantify the effects on 
fall-recovery in older adults or those with FoF. 
 

Introduction. FoF effects ~35% of adults >60 years of age 
and increases fall risk. In many cases FoF can lead to avoid-
ance of activities and in turn deconditioning, which can pre-
cipitate falls. Certain affects associated with FoF may also 
increase fall risk. Older adults with FoF may perceive every-
day environmental challenges, e.g., small obstacles, as more 
threatening to posture and balance than would a non-fearful 
older adult, which may incite excessive anxiety and stiffening 
behavior [1]. One way to isolate the effects of perceived threat 
on posture and balance is to have young adults perform tasks 
on a raised surface. When standing at a height, young adults 
impart greater volitional control over posture, increasing ankle 
stiffness and reducing body sway [2]. Stiffening, and con-
comitant increase in leg muscle activity are also observed in 
response to changes in the orientation of the base of support 
while standing at a height; increased threat alters neuromuscu-
lar control of standing postural [3]. However, the majority of 
falls occur during gait, most commonly from a trip. Stiffening 
in responses to postural threats could negatively impact recov-
ery responses following a trip by altering trunk control or de-
laying the early onset (within 100 ms) of the plantar flexors, 
an important aspect of successful recovery [4]. The purpose of 
this study was to compare neuromechanics of fall-recovery 
between groups of healthy young that responded to a trip on 
level ground and on a raised platform. 
 

Methods. 41 young adults were randomized to a control or 
experimental group. Participants donned a safety harness after 
which wireless EMG sensors were placed bilaterally on the 
gastrocnemius (GAS), soleus (SOL), and tibialis anterior mus-
cles (TA) and reflective markers were placed on the body ac-
cording to the full plug in gait model. Subjects walked across 
the lab floor (control) or a raised platform (experimental) at a 
self-selected pace. During one of the trials an obstacle was 
manually triggered to induce an unexpected trip (Figures 1). 
Data was analysed from 17 control and 11 experimental sub-
jects who were successfully tripped and used an elevating 
strategy, given the role of early EMG for this response [4]. 
 The following kinematics were extracted from the trip 

trial given their role in determining the success of the re-

sponse: angle and angular velocity of the trunk at the instant   
the recovery foot (first over obstacle) contacted the ground;  

 

tance between the center of mass (COM) and toe marker of the 
recovery foot and the same instant; reaction time (RT) – i.e.,  
time between trip onset and recovery-foot ground-contact. 
EMG from the walking and trip trials was rectified, filtered 

and normalized to the 
peak value obtained 
during all walking 
trials. EMG onset of 
the recovery limb 
muscles during the trip 
trial was defined as the 
time (relative to trip) 
that EMG exceeded 
the 95% confidence 
interval (CI) of the 
walking trials (Figure 
1). Onset times >200 
ms were excluded 
from further analysis. 
Normalized EMG was 
integrated (iEMG) 

over the first 300ms after the trip. Data was compared between 
groups using independent samples t-test. Correlational anal-
yses were also performed to better understand the data. 
 

Results and Discussion. No subjects fell following the trip. 
Only RT was significantly different between groups and was 
surprisingly faster under conditions of increased threat. How-
ever, faster RT may indicate intentional shortening of the re-
covery step (r=0.60, p=0.02, COM foot distance vs. RT). 
While onset times were not different between groups, several 
experimental subjects did not show clear EMG onset within 

the 200 ms 
window 
analysed. 
Overall 
activity of 
SOL dur-
ing trip 
recovery 
was re-

duced under threatening conditions (p=0.01), with reduced 
SOL iEMG associated with shorter RT (r=0.72, p<.01).  
 

Conclusions. Postural threat may not promote stiffening dur-

ing trip recovery, i.e. no changes in trunk motion or early co-

activation of plantar and dorsiflexors, but may alter certain 

aspects of the response. Future work on older adults and those 

with FoF is needed  
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lyzed after removing data with onset >200 ms 
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Summary 

The objective of this study was to measure the sensitivity of 

outside assessments compared to in-lab measures in older 

adults with history of falls. Participants performed indoor and 

outdoor walking trials. Motion capture and accelerometers 

were used to measure gait. Only Lyapunov Exponent (LyE) of 

M/L pelvis sway showed differences between the two groups. 

No relationships were found between the two systems. From 

our initial findings, accelerometer data was unable to 

differentiate between fallers and non-fallers during both 

indoor and outdoor trials. 

Introduction 

Maintaining postural stability during locomotion is essential to 

perform activity of daily living safely and efficiently, both 

indoors and outdoors. Previous studies have investigated the 

use of accelerometers to measure both static and dynamic 

balance between fallers and non-fallers indoors, which showed 

significant predictability with clinical balance tests1 and 

motion capture (only on static balance)2, in addition of being 

affective in identifying fallers from non-fallers during multi-

task Timed-up-and-go.3 Variability measures have been used 

to assess stability in different environments only for young 

healthy4, or between fallers and non-fallers during static 

balance but not during locomotion5. Despite the promising 

literature, limited research has investigated the effects of 

stability measures on identifying fallers safely within different 

environments. Therefore, the purpose of this study was to 

assess the sensitivity of outside motion measures relative to 

the in-lab motion measures using different stability 

assessments in older adults with history of falls.  

Methods 

Four participants with a history of falling and six age-matched 

community dwelling participants were recruited (Table 1). 

Participants performed a 6-minute treadmill walk test indoors, 

and a 3-minute walk test on paved surface outdoors during 

self-selected (SS) speed. Participants were asked to not use the 

handrails during indoor trials unless necessary. A split-belt 

treadmill (Bertec) and motion capture system (16 camera 
Vicon) were used to collect biomechanical data indoors. An 

IMU-based system (Xsens,) was used to collect biomechanical 

data indoors and outdoors. Xsens and Vicon systems were 

synchronized during indoor trials. Maximum voluntary 

isometric contraction was used to determine stronger and 

weaker limb (Biodex).  

Two methods were used to assess stability. A/P and M/L 

Margin of Stability (MOS)6 at heel strike for each limb were 

calculated with motion capture data. LyE7 of M/L pelvis sway 

and pelvis acceleration, for motion capture and accelerometer 

data respectively, were used as a measure of gait stability. 

Independent t-test was used to measure the difference in 

stability measures between fallers and non-fallers groups. 

Regression analysis was to determine relationships between 

LyE pelvis sway (Mocap) and acceleration (Xsens).  

Results and Discussion 

LyE showed significant differences in ML pelvis sway 

(p<0.05) (Table 1) but did not show significance in ML pelvis 

acceleration during indoor treadmill trials (p=0.84). Moreover, 

LyE ML pelvis acceleration did not show significant 

differences during outdoor paved trials (p=0.41). No 

differences were seen between fallers and non-fallers in AP 

and ML MOS at HS of both stronger and weaker limbs. Only 

minimum ML MOS of weaker limb approached significance 

(p=0.05). No correlations were seen between LyE pelvis sway 

and LyE pelvis acceleration in fallers and non-fallers. 

Conclusions 

Our main finding indicates LyE of ML pelvis sway using 

motion capture may to distinguish older adults with a history 

of falls during indoor self-selected gait, which could be due to 

its ability to measure variability of pelvis sway sing a more 

precise measure of motion. From our initial findings, 

accelerometer data was unable to differentiate between fallers 

and non-fallers during both indoor and outdoor trials.  
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Table 1:  Participant Demographic & LyE results

BMI=Body Mass Index; SS= Self-Selected. * p<0.05 

Participants  

 

 Last Fall 

(months) 

Age (years) Height (m) Weight (kg) BMI (kg/m2) SS Speed 

(m/s) 

Gender  LyE ML 

Pelvis Sway 

Fallers (4) 9 ± 6 67 ± 6  1.65 ± 0.06 68.34 ± 16.92 24.68 ± 5.33 0.91 ± 0.26  3 F 1M * 1.55 ± 0.43 

Non-Fallers (6) - 67  3 1.73  0.12 83.07  16.17 27.52  3.48 1.06 ± 0.09 4 F 2M    0.93 ± 0.35 
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Summary 

Falls among the elderly (aged ≥ 65) occur frequently and result 

in high injury and mortality rates. To reduce falls, it is critical 

to understand how older adults regulate stepping to maintain 

lateral balance while walking. Here, we compared how healthy 

young and older adults regulate stepping movements to main-

tain lateral stability in various destabilizing environments.  

Introduction 

Older adults are at a greater risk for falling.  Most falls occur 

while walking and walking humans are inherently less stable 

laterally [1-2].  Increased fall risk in older adults may be at-

tributed to decreased ability to effectively regulate stepping in 

walking situations that involve perturbations [3]. Healthy 

young populations adjust stepping regulation in response to vis-

ual and treadmill platform perturbations [3]. It is not known 

how such perturbations may affect stepping regulation of older 

adults, who may adopt different stepping strategies than young 

adults. Here, we characterized lateral stepping regulation strat-

egies of young and older adults while walking unperturbed and 

in various laterally destabilizing environments.  

Methods 

17 healthy Older adults (OH; aged ≥ 60) and 17 healthy Young 

adult controls (YH; aged 18-31) walked in a virtual environ-

ment and completed two, 3-minute trials for each of three con-

ditions: walking with no perturbations (NOP), or with pseu-

dorandom, lateral oscillations of either the visual field (VIS) or 

the treadmill platform (PLA)[3]. For each trial, step-to-step 

time series of step width (w) and absolute lateral body position 

(zB) were computed from motion capture data. Step-to-step con-

trol was quantified using Detrended Fluctuation Analysis 

(DFA), indicating the level of statistical persistence for w and 

zB [4]. We also quantified how deviations from mean w and zB 

values were corrected directly on subsequent steps using linear 

slopes and strength of correlation (R2) for the relationships be-

tween deviations from the mean and a corresponding direction 

change for both w and zB [5]. Slopes close to -1 and strong cor-

relations indicate “perfect” error correction in one step [5]. 

Results and Discussion 

Across conditions and groups, DFA exponents were smaller 

(and closer to 0.5) for w than for zB (Fig. 1). Participants in both 

groups corrected deviations in w more strongly than deviations 

in zB across all conditions. DFA exponents for w and zB were 

significantly lower (p < 0.0005) for VIS and PLA perturbations, 

compared to NOP. Thus, participants in both groups also more 

strongly corrected deviations in both zB and w (p < 0.0005) in 

the presence of perturbations. There were no group differences 

for w (p = 0.80) or zB (p = 0.31) (Fig. 1). This indicates similar 

step-to-step regulation strategies of OH and YH adults during 

normal walking and in the presence of perturbations.  

In general, correction slopes were closer to -1 and correlations 

were closer to 1 for w, compared to zB  (Fig. 1). For both groups, 

w was of greater priority for correction than zB. For control of 

w and zB, for all conditions (Fig. 1), there were no significant 

differences between OH and YH for slope or R2. Again, this 

indicates that healthy older and young adults adopt similar step-

ping regulation strategies in all of the presented conditions. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Conclusion 

All participants tightly corrected deviations in step width (w), 

and weakly corrected deviations in lateral position (zB). All par-

ticipants controlled both w and zB more tightly when perturbed. 

Across all conditions, healthy older adults adopted approxi-

mately the same control strategies as healthy young adults.  
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Figure 1: Box plots of DFA(α), correction slope and R2 of step 

width (w) and lateral position (zB)  of step width (w) and absolute 

lateral position (zB) for YH (Blue) and OH (Red) in all conditions. 
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Summary 

Reactive balance training (RBT) using trip-like perturbations 

on a treadmill was implemented for four weeks among 

independent older adult residents of retirement communities.  

Training-induced improvements in trunk kinematics could be 

predicted from only trunk kinematics following trip-like 

perturbation tests prior to training. Although limited to this 

small sample and training method, these results could have 

clinical implications by helping to identify individuals who 

can benefit from such training.  

Introduction 

Up to 50% of falls among independent-living older adults 

occur due to tripping [1]. Reactive balance training (RBT) is 

a task-specific, perturbation-based balance training method 

that can improve trunk kinematics after trip-like perturbations 

[2] and reduce falls [3] among older adults. The purpose of 

this pilot study was to explore the ability to predict training-

induced improvements in trunk kinematics using 1) baseline 

participant characteristics, and 2) participant performance 

during RBT. We used maximum trunk angle as a measure of 

trunk kinematics due to its importance in fall prevention after 

tripping and trip-like perturbations [4]. 

Methods 

As detailed elsewhere [2], 16 residents of retirement 

communities (age 70-91 years, 12 females) passed a medical 

screening and completed on-site training sessions of RBT 

three times a week for four weeks. Each 30-minute RBT 

session consisted of exposing participants to approximately 

40 trip-like perturbations on a modified treadmill. Starting in 

quiet stance, participants were subjected to a sudden treadmill 

belt acceleration from 0.5-2.4 mph (covering the ranges of 

walking speed) over ~40msec, thereby inducing a trip-like 

forward loss of balance. Participants were asked to step to 

maintain balance and establish a stable walking pattern. 

Perturbation speeds were varied pseudo-randomly to 

minimize anticipation and induce motor learning. These 

speeds were also individualized according to participant 

capability to respond, progressively increasing to provide a 

greater challenge as performance improved with training.  

Maximum trunk angle following the treadmill perturbations 

was evaluated during separate testing sessions before 

(baseline) and one week after RBT. Pearson correlation (r) 

was used to determine the relationship between training-

induced improvements in maximum trunk angle and: 1) 

baseline participant characteristics (e.g. anthropometrics, 

reactive balance, clinical balance tests); as well as 2) 

participant performance during RBT (e.g. treadmill speeds 

and recovery kinematics) described in detail elsewhere [2].  

Variables exhibiting r ≥ .5 were entered into a forward step-

wise multiple regression to identify predictors of training-

induced improvements in maximum trunk angle.  

Results and Discussion 

Following RBT, group mean (SD) maximum trunk angle 

declined 14 (9) degrees, and this reduction was highly 

correlated with baseline maximum trunk angle (prior to 

RBT): r2 = .82; p < .001). Those with the highest baseline 

trunk angle (indicating poorer performance) improved the 

most, while those with low baseline trunk angle (indicating 

better performance) demonstrated minimal decline (Figure 

1). Step-wise regression did not identify any other 

statistically significant predictor variables. 

Figure 1. Maximum trunk angle before and one week after RBT for 

each of the 16 participants. 

 

How these results generalize beyond the small sample and 

training investigated here, as well as to actual falls, is unclear.  

However, it is notable that this reduction in maximum trunk 

angle was comparable to the 14-degree difference in 

maximum trunk angle between successful and failed 

recoveries after similar treadmill perturbations [4].   

Conclusions 

Maximum trunk angle prior to RBT predicts training-induced 

improvements in maximum trunk angle. This may have 

clinical value by eliminating the need for measurements 

during/after training to quantify training benefits, and to 

identify individuals who can benefit from such training.   
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Summary 

Concussions in youth sport are predictable and preventable.  

Research evaluating concussion prevention strategies to 

reduce the burden of injury in youth sport will be presented. 

Research presented will include original research findings 

evaluating prevention strategies in youth sport and highlights 

from the International Consensus on Concussion in Sport.1 

Targets for concussion prevention in youth sport include rule 

changes, equipment recommendations, and training strategies.2 

The opportunities for research examining mechanisms of 

injury through biomechanics to inform concussion prevention 

strategies will be highlighted. 

Background                                                                    

Concussion is a traumatic brain injury induced by 

biomechanical forces, with a 1 in 5 lifetime risk and 60% of 

concussions in youth (ages 10-19) are sustained in sport. Each 

year, over 3 million people (50% youth) sustain a concussion 

in North America (NA), 30% of which are recurrent, and up to 

30% remain symptomatic for months.3,4 Concussion poses a 

major economic burden with yearly estimated medical costs in 

the billions in NA. In Alberta, 1 in 10 youth sustain a sport-

related concussion each year.5 Concussion can result in acute 

catastrophic injury acutely and may have longer-term 

consequences associated with post-concussion syndrome. Our 

current understanding of youth concussion comes largely from 

adult studies. In youth, we are less able to predict outcomes 

and have little understanding about long-term effects. The best 

treatment for concussion is prevention, which occurs across 

the continuum of care: 1) primary prevention to stop the 

occurrence of injury, 2) secondary prevention requires through 

prompt diagnosis, before progression occurs, and 3) tertiary 

prevention (rehabilitation) to ensure full recovery and 

prevention of re-injury. Concussions in youth sport are 

predictable and preventable. As such, research evaluating risk 

factors for concussion and concussion prevention strategies to 

reduce the burden of injury in youth sport including healthcare 

cost savings is critical to reduce the public health burden of 

concussion in youth sport. Targets for concussion prevention 

in youth sport include rule changes (e.g., body checking in 

youth ice hockey), equipment recommendations (e.g., mouth  

 

 

 

guards, helmet fit), and training strategies (e.g., neuromuscular 

training programs, tackle training).2 The need for a greater 

understanding of mechanisms of injury through biomechanical 

contribution to the field will inform the further development 

and evaluation of concussion prevention strategies to have the 

greatest public health impact. A significant paradigm shift 

from the current approach of managing health, away from 

treatment and towards concussion prevention, is critical to 

improving the health and quality of life of youth.  

Symposium Presentation 

Evidence informing practice and policy in youth sport and will 

include original research findings in youth sport and highlights 

from the International Consensus on Concussion in Sport. This 

presentation will summarize targets for concussion prevention 

in youth sport include rule changes, equipment 

recommendations, and training strategies.  Future research 

considerations will include opportunities for collaborative 

approaches to concussion prevention, including a greater 

understanding of mechanisms of in youth sport.       
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Summary 

This presentation will focus on technological approaches that 
are applied in biomechanical research on head injury and in 
assessment of protective headgear. Both physical surrogate 
models that are designed to mimic the biomechanics of living 
humans, and instrumentation that quantifies exposure to 
injurious mechanics, will be covered. Examples taken from 
current research efforts at the University of Alberta, focused 
on head injury in sport and military/defence contexts will be 
highlighted. 

Background 

Research on head injury requires scientific approaches that 
allow the researcher to understand causes. Stated another way, 
scientific approaches that quantify key variables that lead to an 
injury and that can quantify the severity and extent of the 
resulting head injury, are needed. Contemporary research 
methods applied to understanding causes of head injury use 
living subjects, post-mortem subjects, animals, physical 
surrogates, and computer simulations. 

Injury research that uses data from living humans typically 
focuses on activities that are of public concern. Data 
comprises the variables that describe the event that led to the 
injury and descriptions of the resulting injury. For example, in 
sport related head injury a researcher might focus on variables 
associated with the injury event (position on the field, type and 
severity of impact, location of impact on the body, and 
presence/absence of protective equipment) and the severity 
and extent of injury.   Statistical approaches applied to such 
data can identify risk factors for increased odds of injury, 
which may ultimately lead to changes in public policy or 
regulations to reduce odds [1].  Findings from statistics often 
indicate effects associated with protective equipment 
including helmets. Statistical findings suggesting the 
importance of helmets in protecting the head, coupled with 
ubiquitous application of helmets in sport, combine to make 
research into helmets and their ability to protect the head a 
major priority.  

Biomechanical evidence suggests helmets protect the human 
by altering the mechanical transfer of energy from an impactor 
(e.g. another athlete, projectiles) into the head. For example, a 
helmet might reduce the amount of head acceleration 
experienced by an athlete (relative to an un-helmeted athlete) 
and most biomechanical studies would suggest acceleration 
reduction to correlate to reduced risk and severity of injury 
[2]. The design attributes of helmets that lead to effective 
protection are a source of intense research. Aspects of helmet 
geometry, inertial properties, helmet material mechanical 
properties, among other factors, are all relevant. Because of  

 

 

 

the large number of factors that can affect impact performance 
of helmets, rigorous studies can require a large number of 
repeated experiments so that the researcher can appropriately 
ascertain statistically significant factors. The need for large 
numbers of experimental repetitions, combined with desire to 
limit variances in measured data, are primary reasons leading 
researchers in the field of biomechanics to develop physical 
surrogate models.  

Physical surrogates comprising synthetic materials are 
designed to mimic the mechanics of the human [3]. These 
surrogates can be used in place of living subjects and animals 
and thereby address ethical concerns that can arise when using 
living humans and animals in injury research. Surrogates can 
also replace cadaveric tissue that can be difficult to procure, 
exhibit variance in properties, and in some cases be used in a 
limited number of repeat experiments.  Physical surrogates can 
be used repetitively and allow the researcher to generate large 
samples of repeated measures with a single physical model. 
Physical surrogates, and the instrumentation (sensors, 
transducers) that are built into them can be applied to examine 
mechanics of head injury and the role head protection plays in 
altering mechanics. 

Symposium Presentation 

This presentation will focus on efforts at the University of 
Alberta on development of physical surrogates and on 
instrumentation for head injury biomechanics and helmet 
assessment. Emphasis will be placed on under-development 
surrogates of the human neck and head and additionally on 
research that applies wearable instrumentation (sensors) to 
study impact to athletes.  
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Summary 

The current standard of care in concussion management 

involves removal from participation and recovery monitoring 

via a multifaceted array of measurements. Several established 

and commonly used methods are used to quantify balance 

dysfunction after concussion. Emerging research suggests 

than in addition to static balance observation, gait evaluations 

can be useful. In particular, dual-task gait paradigms can 

augment clinical examinations, where an athlete 

simultaneously completes a gait and cognitive task. This may 

help to make the test more like an athletic environment, as 

athletes frequently need to make rapid decisions while 

engaging in high speed motor tasks.  

Introduction 

Along with increased symptom burden, a commonly 

identified deficit following concussion is executive 

dysfunction, which may manifest as difficulty executing a 

concurrent motor and cognitive task [1]. Dual-task gait 

evaluations have been used to probe these abilities and 

identify persistent motor impairments [2].   

In addition to persistent dual-task deficits, recent studies 

indicate an increased risk of musculoskeletal injury during the 

year after athletes return to play (RTP) following concussion 

[3]. Despite the clear emergence of this deleterious outcome 

for athletes in recent years, however, little is known about the 

mechanisms responsible for this risk.  

One theory hypothesized to relate to increased injury risk after 

concussion RTP is that despite full recovery on traditional 

concussion measures (e.g. symptom inventory, static balance, 

and neurocognitive tests), athletes still possess neurological 

impairments that are not detected at the clinical level. Thus, 

athletes may RTP prior to full recovery and be vulnerable to 

further injury. As neuromuscular control and/or attentional 

deficits relate to an increased risk of acute injury in the 

absence of a concussion, failure to identify such deficits after 

concussion may result in an increased risk of sport-related 

injury after RTP. 

Methods 

Previously, in order to examine dynamic dual-task deficits 

among pediatric athletes, we have longitudinally monitored 

recovery patterns using a variety of different experimental 

paradigms and outcome measures. We noted deficits after 

concussion using measures such as medial-lateral sway during 

dual-task gait (i.e. gait stability), as well as average walking 

speed, stride length, and cadence during steady state gait 

[1,4,5]. In addition, we have used the dual-task tandem gait 

test to investigate persistent post-concussion deficits without 

the reliance on technology with high time, cost, and feasibility 

concerns [6]. To assess the theoretical link between persistent 

dual-task deficits and subsequent injury risk [7], we also 

examined how dual-task gait during concussion recovery was 

associated with whether athletes sustained a time-loss injury 

during sports over the following year.  

Results and Discussion 

We have observed that dual-task gait deficits continue to 

persist despite the resolution of other commonly used 

concussion assessments, including concussion symptom 

inventories [6], single-task gait [8], neurocognitive tests [4], 

and quiet stance [8]. This suggests that dual-task dynamic 

movement quantification provides a sensitive measure for 

detecting persistent concussion-related alterations. 

Furthermore, a recent meta-analysis identified that athletes 

who sustained a concussion had two times greater odds of 

sustaining a subsequent injury than athletes without a 

concussion [3].  

Finally, we observed that athletes who recovered from a 

concussion and returned to full sport participation 

demonstrated a worsening in their dual-task gait performance 

from the time of injury until RTP, while those who did not 

maintained stable performance across recovery [9]. 

Conclusions 

Dual-task dynamic gait deficits may continue to exist after 

patients report resolution of concussion symptoms, or perform 

normally on other tests. Therefore, while persistent motor 

system and attentional deficits also seem to exist after a 

concussion, musculoskeletal injury risk also appears to 

increase following a concussion. Continued development of 

clinically viable tests aimed at identifying subtle movement 

deficits may assist with the detection of an increased 

musculoskeletal injury risk, while the implementation of 

movement-based activities during concussion recovery may 

aid athletes in safely returning to play. 
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Summary 
Wearable head impact sensors have the potential to generate 
field data that can be used to improve our understanding of 
concussive brain injury. This study explores some sources of 
variability that need to be considered when using these data to 
create injury risk functions, improve safety equipment, and 
change game rules. 

Introduction 
Wearable head impact sensors expand the arena of brain injury 
research beyond the laboratory and into the realm of real 
living people suffering real traumatic injuries. This expanded 
source of data has immense potential to improve injury 
prevention through a better understanding of injury 
mechanics, better design of safety equipment, and changes to 
sport rules that aim to reduce the likelihood and severity of 
head impacts. These new data, however, come with new 
limitations, including variable sensor quality, variable impact 
conditions, and variable diagnoses, all of which influence the 
quality of the knowledge that can be derived from these data. 
The goal of this study is to explore this variability in the 
context of concussion detection and prevention. 

Methods 
Variability in sensors, impact conditions and diagnostic 
accuracy were evaluated using a combination of laboratory 
and field testing. Laboratory tests used a linear impactor or 
free-fall drops to compare sensor-reported head kinematics to 
reference sensors in the headform for impact speeds ranging 
from 3.6 to 11.2 m/s at multiple impact locations [1,2]. 
Helmet-mounted, mouthguard and skin-mounted wearable 
sensors were evaluated. Field testing involved collegiate 
football players wearing skin-mounted sensors and undergoing 
weekly SCAT3 test batteries over two football seasons. Impact 
detection by the sensor was compared to video, and diagnostic 
performance of the sub-test scores was evaluated against 
concussion diagnoses rendered by the team physician [3]. 

Results and Discussion 
The most basic sensor function is impact detection. We found 
that the helmet-based sensor and the mouthguard sensor both 
detected about 96% of impacts (sensitivity = 0.96). Compared 
to on-field video, we found that a skin-based sensor had a 
sensitivity of 82% and a specificity of 75%. All of the sensors 
had difficulty accurately estimating impact direction at some 
impact locations (typically 5° to 50°), which suggests that 
some components of the acceleration were not being 
accurately captured. Median absolute errors varied from 9 to 
60% for peak resultant linear accelerations and from 22 to 
>100% for peak angular acceleration. The poorer performance 
for angular kinematics contrasts with its relative importance in 
generating strains in brain tissues [4] (Figure 1). 

 
Figure 1: The contrast between the accuracy and relevance of linear 
and angular acceleration in concussion. Top: scatter plots showing 
the linear (left) and angular (right) acceleration of a mouthguard-

based sensor versus reference sensors in a laboratory headform [1]. 
Bottom: the strain developed in a SIMon brain model for linear 

acceleration only (left), combined linear and angular acceleration 
(middle) and angular acceleration only (right) [4].  

Based on a limited number of concussions (n=8), we observed 
diagnostic accuracies (area under the receiver operating 
characteristic curve) varying from 0.49 (about chance) for the 
Standardized Assessment of Concussion (SAC) to 0.93 for the 
severity portion of the Graded Symptom Checklist (GSC). 
Actual diagnostic accuracy could not be evaluated because 
there is no objective test for concussion. 

Conclusions 
In addition to individual variability in concussion tolerance, 
there are other potentially large sources of variability in the 
data generated by the widespread adoption of wearable head 
impact sensor. These limitations and errors need to be 
addressed when attempting to use these data to generate injury 
risk functions and to motivate changes in safety equipment 
design and sport rules. 
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Summary 
Muscles exhibit history-dependence where forces in response 
to stretch are higher if muscle is isometric prior to stretch. 
This short-range stiffness is critical for generating the initial 
stabilizing torques reactive balance after perturbations, before 
sensorimotor muscle responses occur. Moreover, history-
dependent muscles spindle firing can be directly predicted 
from history-dependence force in intrafusal muscle fibers, and 
predicted using cross-bridge model. We show that muscle 
spindles encode intrafusal muscle fiber force and rate change 
in force (dF/dt, or yank), in contrast to the classical concept of 
encoding muscle length and velocity. Many previously 
unexplained phenomena about muscle function, including 
paradoxical muscle spindle firing during isometric contraction 
can be explained by a cross-bridge based muscle spindle 
model. Finally, this new insight led us to a new hypothesis and 
simulations demonstrating the role of history-dependent 
muscle forces and reflexes in spasticity associated with 
cerebral palsy.  

Muscle history-dependence in muscle spindle firing  
We introduce a multiscale muscle spindle model that provides 
a framework to simulate the effects of altered muscle 
properties, neural dynamics, and descending drive on muscle 
spindle sensory feedback during movement A variety of 
studies show non-unique relationships between muscle spindle 
firing rates and muscle kinematics, even in passive conditions. 
Phenomenological muscle spindle models based on highly-
controlled experiments and/or Hill-type muscle models cannot 
broadly predict muscle spindle firing across conditions nor the 
effects of motor commands to intrafusal muscle fibers in the 
muscle spindle.   
Our recent work shows that muscle spindle stretch responses 
in relaxed muscle have a unique relationship with history-
dependent muscle fiber force and its first time derivative, i.e. 
dF/dt, or yank, but not with imposed stretch kinematics [1, 2]. 
Here, we developed a multi-scale simulation based on two-
state acto-myosin kinetics of two half-sarcomeres arranged in 
parallel, to represent one “bag” and one “chain” intrafusal 
muscle fiber. Pseudolinear combinations of intrafusal fiber 
force and yank simulate neuron driving potentials during a 
variety of conditions.  
Ours is the first muscle spindle model to exhibit history-
dependent firing caused by prior movement. Further, classical 
muscle spindle firing properties are emergent from the model, 
such as fractional power scaling to stretch velocity, linear 
scaling of the initial burst to acceleration, and changes in 
muscle spindle sensitivity to gamma motor neuron activation. 
Importantly, we also predicted paradoxical muscle spindle 

firing properties in humans, where muscle spindles increase 
firing during isometric force production.  Our model provides 
a unifying framework and underlying mechanism for a broad 
range of prior findings in muscle spindles, and facilitates 
simulations of proprioceptive feedback in normal and 
impaired sensorimotor control. 

Muscle history-dependence in human sensorimotor control 
We demonstrate the critical role of history-dependent muscle 
forces during stretch for reactive balance responses to 
perturbations.  Short-range stiffness causing rapid increases in 
muscle force before appreciable joint angle changes are 
required to explain joint torques in standing balance 
perturbations before muscle activity changes [2].  
Further, muscle history-dependence explains abnormal muscle 
force and reflexes in spasticity in children with cerebral palsy 
[3]. To dissociate the effects of active muscle properties and 
reflex hyperexcitability on movement, we developed a simple 
model of the pendulum test for spasticity [4]. In the pendulum 
test, the lower leg is dropped from the horizontal position and 
lower leg kinematics are recorded. While spasticity is 
attributed to increased velocity-dependent resistance to 
motion, prior models simulating increased sensorimotor 
feedback of muscle velocity fail to explain key pendulum test 
kinematic outcomes in spastic individuals.  
In a torque-driven single-link pendulum, we simulated muscle 
tone a constant baseline joint torque and included a short-
range stiffness torque proportional to the level of muscle tone. 
Delayed sensory feedback torque to simulate reflex activity 
was based on either muscle velocity or force. Through 
exploratory simulations and model fits to recoded data, we 
demonstrate a primary role of muscle tone and short-range 
stiffness in key pendulum test kinematic outcomes, and the 
need for force- and not velocity-dependent reflexes to explain 
abnormal pendulum test kinematics [4]. 

Conclusions 
A multiscale understanding of muscles and sensory systems 
are critical for understanding normal and impaired movement. 
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Summary 

We present Feasibility Theory, a conceptual and 
computational framework to unify today’s theories of 
neuromuscular control. We begin by describing how the 
musculoskeletal anatomy of the limb, the need to control 
individual tendons, and the physics of a motor task uniquely 
specify the family of all valid muscle activations that 
accomplish it (its ‘feasible activation space’). For our example 
of producing static force with a finger driven by seven 
muscles, computational geometry characterizes—in a 
complete way—the structure of feasible activation spaces as 
3-dimensional polytopes embedded in 7-D. The feasible 
activation space for a given task is the landscape where all 
neuromuscular learning, control, and performance must occur. 
This approach unifies current theories of neuromuscular 
control because the structure of feasible activation spaces can 
be separately approximated as either low-dimensional basis 
functions (synergies), high-dimensional joint probability 
distributions (Bayesian priors), or fitness landscapes (to 
optimize cost functions). 
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large extent, be controlled independently and in different ways, then the overall motor command can be conceptualized as a multi-dimensional 
muscle activation pattern (i.e., a point) in a high-dimensional muscle activation space (Chao and An, 1978; Spoor, 1983; Kuo and Zajac, 1993; 
Valero-Cuevas et al., 1998; Todorov and Jordan, 2002) (c). For that muscle activation pattern to be valid, it has to elicit muscle forces (d) capable 
of satisfying the mechanical constraints of the task—in this case defining a well-directed sub-maximal fingertip force (e). Given the large number 
of muscles in vertebrates, there can be muscle redundancy: where a given task can be accomplished with a large number of valid muscle 
activation patterns. We propose that our novel ability to characterize the high-dimensional structure of feasible activation spaces (i) allows to us 
to compare, contrast, and reconcile today’s three dominant approaches to muscle redundancy in sensorimotor control (f–h). 

Friday, August 02 2019: Morning 1 (0900-1000) 715

Motor Control in Biomechanics



 

 

Using intramuscular coherence to assess cortical contribution to locomotor adaptation 
Julia T. Choi1,2, Sumire Sato2,1 

1Department of Kinesiology, University of Massachusetts, Amherst, MA, USA 
1Neuroscience and Behavior Program, University of Massachusetts, Amherst, MA, USA 

Email: jtchoi@umass.edu 
 

Summary 
We examined the functional role of intramuscular coherence 
in relation to changes in spatiotemporal gait parameters 
during split-belt walking adaptation. We found that 
corticospinal drive measured by intramuscular coherence in 
the tibialis anterior muscle changed with adaptation, and that 
increased coherence is related to greater temporal (but not 
spatial) gait symmetry. This suggests that the corticospinal 
drive may play a specific functional role in adaptation of gait 
symmetry. 

Introduction 
When walking on a split-belt treadmill where one belt moves 
at a different speed than the other, the nervous system 
consistently attempts to maintain or regain symmetry 
between legs, quantified as deviation from baseline double 
support time or step length symmetry [1]. It is known that 
the cerebellum plays a critical role in locomotor adaptation 
[2]. Less is known about the role of corticospinal drive in 
maintaining this type of proprioceptive-driven locomotor 
adaptation. In this study, we used intramuscular coherence at 
13-30 Hz as a marker of corticospinal drive to ankle 
dorsiflexor during split-belt walking [3]. We determined 
whether changes in intramuscular coherence during split-belt 
walking were associated with measures of spatial and 
temporal gait symmetry. 

Methods 
18 healthy participants (24.9 ± 4.0 yrs) adapted and de-
adapted on a split-belt treadmill; 13 out of 18 participants 
repeated the paradigm two more times to examine the effects 
of re-exposure. Each exposure consisted of walking in a 2:1 
split-belt condition (slow belt at 0.5 m/s, fast belt at 1.0 m/s) 
for 10 minutes, followed by a tied-belt condition at the slow 
tied-belt (0.5 m/s) for 10 minutes.  
Lower limb kinematics and ground reaction forces were 
recorded at 100 and 1000 Hz, respectively. Double support 
time was calculated as the duration when both legs are on the 
ground. Step length was calculated as the anterior-posterior 
distance between the ankle markers at time of heel strike. 
Double support time and step length symmetry were defined 
as the normalized difference between legs. 
Electromyography was collected from the left and right 
tibialis anterior (TA) muscles using surface electrodes. One 
pair of electrodes with inter-electrode distance of 2 cm was 
placed on the proximal muscle belly (TAprox), and another 
pair was placed on the distal muscle belly (TAdist). 
Coherence analysis was used to quantify the coupling 
between TAprox and TAdist, within the beta (13-30 Hz) 
frequencies, as markers of corticospinal drive during the 
swing phase of walking [3]. 

Results and Discussion 
During split-belt adaptation, beta coherence in the slow leg 
showed a significant effect of time (F(1,12) = 4.98, p = 
0.045), and exposure (F(2,24) = 4.32, p = 0.025). Post-hoc 

comparisons showed that beta coherence in the slow leg is 
higher during early split-belt compared to late split-belt (p = 
0.045), and is highest during first split-belt exposure. During 
de-adaptation, the main effect of time (F(1,12) = 0.17, p = 
0.691) and exposure (F(1.21, 14.48) = 1.85, p = 0.196), not 
statistically significant. 
Beta coherence in the fast leg showed a significant effect of 
time (F(1,12) =17.01, p =0.001) and exposure (F(2,24) = 
6.46, p =0.006) during split-belt adaptation. Post-hoc 
comparisons showed that beta coherence in the fast leg 
during early split-belt was greater compared to late split-belt 
(p = 0.001), and that beta coherence during first split-belt 
exposure was larger compared to re-exposures. During de-
adaptation, there were no after-effects in beta coherence 
values, and the effect of time (F(1,12) = 2.33, p =0.153) and 
exposure (F(2,24) = 1.88, p =0.175) were not statistically 
insignificant. 
Correlation analyses revealed that higher intramuscular 
coherence in the slow leg TA during early split-belt 
adaptation is associated with greater double support 
symmetry (Figure 1), that was and repeatable across 3 split-
belt exposures.  Our results suggest that corticospinal drive 
plays an important functional role in the adaptation of gait 
symmetry during split-belt treadmill walking.   

 
Figure 1: Double support symmetry vs. the natural 

logarithm of the cumulative sum of beta intramuscular 
coherence during early split-belt walking. Zero indicates 

perfect double support symmetry. Linear regression shown 
for 1st – black,  2nd – blue, and 3rd – red exposure. 

Conclusions 

We have shown that corticospinal drive measured by 
intramuscular coherence in the TA is modulated with split-
belt treadmill adaptation, and TA intramuscular coherence in 
the slow leg during early-split is associated with temporal 
symmetry of gait. 
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Summary 

Finite Element (FE) modeling can be used to simulate knee 

joint mechanics and estimate failure sites. Computed 

tomography (CT) has been underused in the model generation 

due to difficulties in soft tissue visualisation and consequent 

segmentation; hence, magnetic resonance imaging (MRI) has 

been the gold standard. A recently developed atlas-based 

model generation method can be used without information 

about the soft tissues in the knee joint. Thus, the aim was to 

compare the differences between the atlas-based FE modeling 

of the knee generated from CT and MR images (n = 9). The 

models generated from both imaging modalities produced 

similar (p = 0.1-0.9) cartilage stresses and strains. 

Introduction 

Finite Element (FE) modeling is a well-established method to 

estimate joint and tissue mechanics and possible failure sites 

[1]. Due to the sensitivity to soft tissues, magnetic resonance 

imaging (MRI) is the most widely applied clinical imaging 

method for FE model generation. Computed tomography 

(CT), on the other hand, benefits from higher resolution, short 

imaging acquisition time and lower costs. However, its use in 

FE model generation is limited due to the inability to visualise 

soft tissues without contrast agents. Recently, FE models 

generated by an atlas-based method, i.e. deforming an existing 

template to match certain anatomical landmarks, was shown to 

provide a good agreement with subject-specific FE models [2]. 

This method can be used without any information about the 

soft tissues in the knee joint, however, it has not been tested 

with CT. Thus, the aim of the study was to compare the results 

of the atlas-based FE models generated by CT and MRI.  

Methods 

Nine patients (50–68 years of age) were enrolled in the study. 

The knee joints were imaged using a clinical CT-scanner (GE 

Medical Systems, USA) and a 3T MRI scanner (Siemens 

Skyra, Germany). To perform FE modeling, the previously 

presented atlas-based method was employed for MRI and CT 

images [2]. Accordingly, the anatomical dimensions of the 

distal femur and tibiofemoral joint space width were measured 

from both imaging modalities (Figure 1A). Thereafter, the 

most similar template was selected among 20 templates and 

the template was scaled to match with anatomical dimensions 

of a subject of interest (Figure 1B). Cartilages were considered 

as fibril reinforced poroviscoelastic [3] and a simplified gait 

was simulated [2]. All FE simulations were performed with 

Abaqus (v6.13-3, Dassault Systèmes, USA). Finally, statistical 

differences in the peak and average stresses and strains of 

cartilage between the CT- and MRI-based models were 

evaluated. Average values were calculated over the cartilage-

cartilage contact area at ~20% or ~80% of the stance phase. 

Results and Discussion 

There were no statistically significant differences in average 

and peak values of the maximum principal stresses and strains 

between the CT- and MRI-based FE models (Figure 1C and 

1D, p = 0.1-0.9). 

 

Figure 1: (A, B) Workflow of the atlas-based method for model 

generation, (C) the simulated maximum principal stress and strain 

distributions of a subject using both CT and MRI, (D) the peak and 

average maximum principal stresses and strains (mean ± SD). 

Though MRI offers an undisputed soft tissue contrast, our 

results suggest that the atlas-based FE modeling approach can 

produce accurate biomechanical results from CT images. This 

was possible even without a contrast agent since in this 

method an existing template with femoral and tibial cartilage 

is scaled to match joint dimensions of a subject. The atlas-

based modeling approach also reduces the amount of manual 

work, because only a few dimensions are needed to be 

measured. Further studies with follow-up data are still needed 

to show the real capability of the method. 

Conclusions 

We suggest that the atlas-based knee joint modeling approach 

can be used with CT images. Clinically, this would offer a fast 

and more cost-effective option for evaluation of failure sites in 

the knee joint. 
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Summary 

The present study aims to develop a dynamics model based on 

the multibody dynamics methodology to study the influence of 

ligamentous insufficiency on damage estimation, i.e. wear and 

creep, of total knee arthroplasty. The anterior cruciate ligament 

is assumed sacrificed during the knee surgery while the medial 

and lateral collateral ligaments (MCL and LCL) and posterior 

cruciate ligament (PCL) stabilise the knee. Insufficient PCL 

leads to an increase in linear wear rates observed on the medial 

condyle whereas insufficient MCL-LCL results in the 

maximum damage. Including both insufficient MCL-LCL and 

PCL lead to lower linear damage than MCL-LCL alone. It can 

be concluded that the ligamentous insufficiency affects damage 

observed on the polyethylene bearing surface but an increase in 

laxity does not necessarily lead to an increase in damage.  

Introduction 

Total knee arthroplasty (TKA) is known as one of the most 

successful surgical interventions with a survival rate of 90% 

ten years post-implantation. Polyethylene wear can be of 

paramount importance in short- and midterm (< 5 years) TKA 

failure due to malalignment and laxity [1]. Ligamentous 

insufficiency is one of the reasons leading to joint instability, 

which is one of the most common failure mechanisms in TKAs 

[1]. The present study, thus, aims to study the effect of knee 

laxity due to ligamentous insufficiency on wear prediction in 

TKAs.  

Methods 

A forward dynamics methodology is developed to simulate the 

motion, forces, wear and creep of the tibiofemoral joint with 

MCL, LCL and PCL ligaments that control such a motion. The 

real geometry of bearing surfaces is used for the numerical 

computation and contact mechanics from the stl CAD files. 

Moreover, the contact occurrence between articulating bodies 

is detected and a continuous contact model computes contact 

stresses at each node engaged in the contact. Ligaments are 

also modelled using a nonlinear elastic model accounting for a 

realistic asymmetric nonlinear ligament behavior.  

The constitutive equations of the motion of tibiofemoral joints 

can be written based on the general linear and angular 

momentum equations, which can be written as follows: 

 (1) 

in which M is the mass matrix of knee components while  

represents the acceleration vector and the term on the right side 

denotes the force vector containing both forces and moments 

applied on the femoral bone. In order to determine external 

loads, due to the presence of muscles and the hip joint 

reactions, imposed to the femur during a walking cycle, 

musculoskeletal modeling is applied from which the knee 

flexion angle is also extracted [2]. Moreover, Archard’s wear 

model is used to estimate wear in a knee prosthesis while an 

experimental creep model is employed to predict creep 

deformation of the polyethylene insert [3].  

Results and Discussion 

The developed model is used to predict damage, i.e. wear and 

creep, on polyethylene tibia. Four case studies are defined as 

follows: (1) normal ligaments; (2) insufficient PCL; (3) 

insufficient MCL and LCL; and (4) insufficient MCL, LCL and 

PCL. Table 1 lists obtained outcomes associated with all 

aforementioned case studies. It can be seen that insufficient 

PCL leads to an increase in linear wear rates estimated on 

medial condyle. Moreover, the case study 3 shows the 

maximum damage rate among others. It is worth noting that 

damage decreases when an insufficiency is also introduced in 

PCL associated with the case study 4. This results show that 

ligaments play a very important role in wear occurrence on the 

polyethylene tibia and it is observed that the knee implant with 

insufficient MCL, LCL and PCL works better than that with 

insufficient MCL-LCL.  

Conclusions 

A forward dynamics approach is developed to study 

ligamentous insufficiency on damage prediction in knee 

arthroplasties. It can be concluded that an insufficiency in 

MCL-LCL alone results in a higher damage of polyethylene 

bearing surface among others.  
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Table 1. A comparison of wear and damage results of the four case studies  

Case study 

no. 

 Medial linear wear 

(mm/mc) 

 Lateral linear wear 

(mm/mc) 

 volumetric wear 

(mm3/mc) 

 Maximum linear 

damage (mm/5mc) 

1  0.038  0.057  5.65  0.85 

2  0.053  0.048  5.79  0.87 

3  0.036  0.052  5.83  1.10 

4  0.0565  0.050  5.81  0.89 
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Summary 

We present an automatic workflow for generating patient 
specific finite element models of the knee from MRI. A neural 
network was trained on 20 segmented MRI, and tested on 5 
MRIs. A custom python workflow was used to automatically 
create FE models. The workflow had a mean error of 0.83 mm, 
and on average produced a FE model in under 20 minutes. The 
workflow shows promise in reducing human error. 

Introduction 

Computational models are routinely used in academic research 
and to provide patient specific clinical care in orthopaedics. 
However, the reproducibility of these simulation results are 
questionable. Therefore, it is important to identify and 
minimize subjective components in modelling and simulation 
workflows, such as sources of human error. Manual 
segmentation of 3D images is not only time-consuming, but 
segmentation accuracy depends highly on the experience of the 
person performing segmentation. Here we present an automatic 
workflow for generating patient specific finite element (FE) 
models of the knee from MRI.  

Methods 

MRI data (n = 25) of healthy adult knees (mean age = 28.6 ± 
4.0 years) were obtained from a study on patellofemoral 
pain [1] and randomly separated into a set of training data 
(n = 20) and test data (n = 5). The bones and their corresponding 
cartilages were manually segmented in Stradwin (Machine 
Intelligence Laboratory, University of Cambridge) to produce 
triangulated point clouds (n=25). DeepSeg (Formus Labs, New 
Zealand) was used to train a neural network on the training set 
point clouds for segmenting knee MRI data, and used to 
automatically segment the test data set. Automatic 
segmentation accuracy was evaluated against manual 
segmentation using the DICE score. A previously established 
workflow [2] that uses the MAPClient [3] and custom Python 
code was used to generate FE models of the knee from both 
automatically and manually segmented knee MRIs. Mean error, 
and time cost were evaluated between FE models generated  
from automatically and manually segmented MRIs.    

Results and Discussion 

The mean error in the FE model generated (Figure 1) from 
automatically segmented data was 0.83 ± 0.91 mm. DeepSeg 
DICE scores were good despite a small training set. Mean total 
time taken to generate FE models from unsegmented MRI data 
was 19m 42s, compared with over 6 hours manually (Table 1).  

 

Figure 1: Exemplary FE model generated from automatically 
segmented data (left) and corresponding error distribution (right). 

Conclusions 

The results show promise for a fully automatic tool that 
improves both the reproducibility and speed of musculoskeletal 
modelling workflows. In the future we plan to extend the 
training set to improve the capabilities of the workflow.  
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Table 1: Summary of comparisons showing mean errors between FE meshes generated from automatic and manually segmented data, DICE 
scores between automatically and segmented data, and approximate time taken to generate the FE knee model. 

 Test case 1 Test case 2 Test case 3 Test case 4 Test case 5 Average 

FE mesh mean error ± std (mm) 0.80 ± 0.64  0.79 ± 0.74 1.07 ± 1.33 0.54 ± 0.3 0.96 ± 1.14 0.83 ± 0.91 

DeepSeg mean DICE score bone 0.940 0.955 0.919 0.974 0.936 0.945 

DeepSeg mean DICE score cartilage 0.774 0.735 0.785 0.763 0.708 0.753 

DeepSeg segmentation time  02m 25s 01m 56s 02m 14s 03m 27s 03m 27s 02m 42s 

FE mesh generation time 16m 6s 16m 43s 18m 16s 17m 31s 16m 23s 17m 00s 
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Summary 
The in-vivo dynamic characteristic of normal knee joint is 
valuable for the cure of knee osteoarthritis and knee prosthesis 
design. In this study, a unique in-vivo experimental evaluated 
subject-specific finite element musculoskeletal (FE-MS) 
model with high accuracy intact knee was created and used to 
investigate the mechanics of knee joint during gait cycle. The 
predicted results on tibiofemoral and patellofemoral joints 
could provide the theoretical basis for the treatment of knee 
joint diseases and knee prosthesis design. 
Introduction 
Mechanical loading, particularly dynamic loading, is believed 
to play a major role in the development and progression of 
knee joint osteoarthritis. Furthermore, motion (i.e., 
kinematics) and loading (i.e., contact pressures) appear to have 
an interactive effect on disease progression. Although in vivo 
experimental analysis has been implemented using 
instrumented knee prostheses and fluoroscopic measurement 
during daily activities in a limited number of patients, these 
implementations are invasive, expensive, and could not be 
used to investigate the performance of intact knee. Thus, it is 
necessary to study in-vivo joint motion and loading during 
functional activities on intact knee to improve our 
understanding of knee joint degeneration and restoration.  
Methods 
A subject-specific lower limber finite element-musculoskeletal 
(FE-MS) model was created to analyse the normal knee joint 
kinematics and contact mechanics during the gait cycle. The 
accuracy of the FE-MS model was firstly evaluated on a 
subject with instrumented knee prosthesis from Ground 
Challenge Database and a good consistent was found [1]. The 
intact knee model was created based on Open Knee project on 
Simtk.org, including bone, cartilage, meniscus, and patellar 
tendon. The articular cartilage was modelled as nonlinear Neo-
Hookean hyperelastic isotropic material [2]. Medial and lateral 
meniscus were considered as transversely hyperplastic 
isotropic materials, which were implemented using the 

Holzapfel-Gesser-Ogden (HGO) model [3]. All the ligaments 
were simplified as 1D nonlinear spring. A gait from a healthy 
male subject (BW-65 Kg, Height-183cm) was applied to 
demonstrate the kinematics and contact mechanics on intact 
knee joint. The detailed workflow is shown in Fig.1. 
Results and Discussion 
A medial pivot motion with external rotation (8.2°) is 
observed during the end of the stance phase, as shown in 
Fig.1.(d), which is similar with the in-vivo fluoroscopic results 
[4]. A medial pivot motion with external rotation (8.2°) is 
found in the stance phase, while a large parallel anterior 
translation (7.0 mm) is observed on both medial and lateral 
side of femur during the swing phase. As to the contact 
mechanics, a much larger contact pressure (12.5MPa) is found 
on the lateral meniscus than that on the medial meniscus 
(9.9MPa), while the contact pressure on both side of tibial 
cartilage (8.2MPa) is almost similar. The results also figure 
out the cartilage bore most of joint load (76.3%) compared to 
that on the meniscus (23.7%). In addition, the maximum 
contact pressure (5.4MPa) is found during the swing phase on 
the patellofemoral joint. 
Conclusions 
This study proposes a subject-specific FE-MS model, which 
could simultaneously predict the kinematics and contact 
mechanics on intact knee joint. The approach outlines a high-
precision knee joint biomechanics analysis and provides an in-
vivo method for understanding knee joint degeneration and 
restoration. 
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Fig.1.(a) Motion capture experiment during the gait cycle, (b) flexion-extension rotation of knee during the gait cycle, (c) finite 
element musculoskeletal lower limb model with intact knee model, (d) kinematic pattern and stress contour during the gait cycle. 
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Summary 
Patient-specific computational models of the knee joint have 
the potential to diagnose the early onset of osteoarthritis and 
help surgeons in identifying the appropriate intervention to 
mitigate or prevent disease progression. An in vitro subject-
specific finite element model of a human knee joint was 
developed from MRI scans. The effect of initial strain and 
fibre orientation in cruciate and collateral ligaments on the 
knee kinematics and kinetics was investigated by employing 
Holpzapfel-Gesser-Ogden (HGO) hyperelastic material model. 
The inclusion of initial strain in the ligaments altered the 
contact pressure by up to 12%.   

Introduction 

Osteoarthritis (OA) is a disease affecting all of the tissues 
within the diarthrodial joint and is among the leading causes 
of disability. Finite element (FE) models of the knee joint have 
been developed to investigate the initiation, progression and 
treatment of OA. Three-dimensional continuum representation 
of the knee ligaments have been shown to predict knee joint 
kinematics and contact mechanics better than the one 
dimensional spring elements [1]. The combined effect of 
collagen fiber stiffness, initial strain, and alignment in the 
ligaments on knee joint kinematics was recently reported [1]. 
Collagen fiber orientation and strain have been shown to vary 
among different ligaments and cadaveric specimens [2]. The 
aim of this study is to investigate the role of initial strain and 
fiber alignment in knee ligaments upon knee joint mechanics 
using subject-specific knee FE models. 

Methods 

Subject-specific FE model of a cadaveric knee was developed 
using the following modelling pipeline. The geometries of the 
distal femur, proximal tibia, cartilage, meniscus and ligaments 
(medial/lateral collateral ligaments and anterior/posterior 
cruciate ligaments) were segmented from MRI scans, 
converted into 10-node tetrahedral mesh (average mesh size 1 
mm), using MIMICS, and exported into ABAQUS. Bones 
were modeled as linear elastic material, while cartilage was 
modeled as neo-Hookean material. The Holpzapfel-Gesser-
Ogden (HGO) hyperelastic material model was implemented 
to represent ligaments, whereby the ground substance was 
defined using Neo-Hookean parameters (C10 & D), collagen 
fiber stiffness (k1 & k2), and fiber alignment (К) parameters. 
К varies between 0 and 1/3 where 0 represent perfect 
alignment while 1/3 represent randomly arranged fibers. К 
values of 0, 0.005, 0.05 & 0.1 were used, as the fibers are 
known to be aligned longitudinally within the knee ligaments. 
All material properties were adapted from the literature [1]. 
Thermal loading, in conjunction with the negative expansion 

coefficient, was used to simulate uniform initial strain in the 
knee ligaments. Initial strain values of 0%, 5%, 10% & 15% 
were simulated in the ligaments. End of weight acceptance 
during level walking was simulated by applying the forces and 
the moments calculated at the knee joint centre. The proximal 
end of the femur was constrained in all degrees of freedom, 
while the tibia was free to move. The corresponding 
flexion/extension, varus/valgus, and internal/external rotations 
were calculated to investigate the effect of initial strain and 
fibre alignment on the knee joint kinematics. The contact 
pressure distribution and magnitude in the tibial cartilage was 
also analysed for each model. 

Results and Discussion 
The resultant rotation decreased by 0.9% when К was changed 
from 0 to 0.1 with a corresponding decrease in the contact 
pressure of 5% (Figure 1). When the initial strain in the 
ligaments was increased from 0% to 15%, the resultant 
rotation and the contact pressure increased by 2.8% and 12% 
respectively (Figure 1).  

 

 
Figure 1: Percentage change in the rotation and the contact pressure 

for different values of fibre alignment and initial strain. 

Conclusions 
The current study demonstrated that the collagen fibre 
alignment К did not have a substantial effect, while the 
inclusion of initial strain influenced knee joint kinematics 
considerably. In light of these results, the ligament material 
properties (collagen fibers stiffness and initial strain) may be 
tuned to validate the FE model predictions against the 
experimental results.  
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INTRODUCTION  
Hip fracture is a common health risk among elderly people 
worldwide. Sideways or lateral fall has been identified as the 
most critical situation for the elderly to develop a hip fracture, 
since the hip is normally covered with a thin layer of soft-
tissue that is inadequate to attenuate the impact force. Fall-
induced impact force is one of the two determinants of hip 
fracture, the other is femur strength.  Fall-induced impact 
force is challenging to determine, because it is subject-
specific and affected by a number of anthropometric variables 
such as body weight, height and body mass index. Protected 
fall test has been adopted in studies of fall dynamics using 
young volunteers, but it is impractical for elderly people. To 
resolve this issue, we developed and validated a subject-
specific whole-body dynamics model to predict impact force 
of elderly people in sideways fall.   

METHODS 
The main challenge in development of a subject-specific 
whole-body dynamics model is the measurement of body 
dynamics parameters such as segment mass, mass centre and 
mass moment inertia. The measurement technique is required 
to be in vivo, safe, accurate and convenient. We constructed 
a three-link whole-body dynamics model from a DXA (dual 
energy X-ray absorptiometry) image of the concerned subject 
(Figure 1). DXA is widely used in clinic for bone mineral 
density testing and for body fat analysis.   

 
Figure 1: Whole-body dynamics model constructed from DXA. 
The model has five degrees of freedom (i.e. the five angles 
𝛼𝛼,𝛽𝛽, 𝛾𝛾, 𝛿𝛿 and 𝜅𝜅 in Figure 1), the three links represent the 
trunk, the thigh and the shank, respectively. Dynamics 
parameters of the links were calculated from the subject’s 
DXA image using a correlation between projected mass 
density and pixel intensity in DXA image. A sideways fall 
from standing height was simulated with the model in two 
stages in tandem, i.e. fall of the body followed by impact of 
the hip with ground. Body kinematics (e.g. hip speed) at the 
end of fall were determined by solving the Lagrange 
equations. The determined body kinematics were applied as 
initial conditions of hip-ground impact modelling to 

determine the impact force. Young volunteers were recruited 
to have a whole-body DXA scan and then participated in 
protected fall tests. The test results were used to validate the 
dynamics and impact model. The validated model was then 
applied, together with a finite element model of the femur that 
was used to determine the femur strength [1], in a cross-
sectional study of hip fracture cases and controls.  

RESULTS AND DISCUSSION 
Simulated and experimentally measured variables such as hip 
speed before impact and peak impact force were in good 
agreement. Figure 2 shows one of the validation results. 
Compared with non-subject-specific dynamics models, our 
model improved the accuracy of predicted peak impact force 
by more than 25% in average.  

 
Figure 2: Simulated vs. experimentally measured impact force. 

A study population consisting of 324 hip fractures and 658 
non-fracture controls was used to test the capacity of our 
model to discriminate fracture cases from controls [2]. Even 
after adjusted for FRAX score, the predicted relative fracture 
risk, expressed in odds ratio (OR) and 95% confidence 
interval (95% CI), at femoral neck (OR 1.36, 95% CI 1.13, 
1.64), intertrochanter (OR 1.81, 95% CI 1.44, 2.27), and 
subtrochanter (OR 2.09, 95% CI 1.68, 2.60) were still 
significantly associated with hip fracture.  

CONCLUSIONS 
FRAX (https://www.sheffield.ac.uk/FRAX/) is currently 
regarded the most reliable clinical tool for assessment of hip 
fracture risk. The study results show that our model is able to 
provide more information for clinicians to improve their 
diagnosis of hip fracture risk. 
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Summary 

The magnitude of hip impact force during a fall on the ground 
(i.e., concrete surface) from standing height was determined. 
We found that this force decreases up to 36%, depending on 
how they land on the ground.  

Introduction 

Risk of hip fractures depends on the strength of bone as well as 
the impact force applied to the hip during falls [1]. While 
clinical measures are available to estimate the bone strength, no 
clinical measures are available to predict the hip impact force 
during a fall from standing height. We have conducted falling 
experiments with humans and used a mathematical model to 
determine the magnitude of hip impact force during a fall on the 
ground from standing height. We have also examined how the 
hip impact force was affected by falling direction, knee 
boundary condition and gender.  

Methods 

Twenty young adults (10 males and 10 females) aged between 
19 and 27 participated. All subjects provided a written informed 
consent form. 

   
Figure 1: Experimental setup. 

Participants self-initiated their falls from standing height and 
landed sideways on a gym mat. During falls, total vertical force 
was measured from a force plate (AMTI, model OR6-7-2000, 
Waltham, USA) securely attached to the wooden board, and 
depression of the mat during a fall was measured from a motion 
capture system (Vicon Motion Systems, Oxford, UK) (Figure 
1a). Trials were acquired with three initial fall directions: 
forward, sideways, and backward. Trials were also acquired 
with three knee positions at the time of hip impact: a. the 
landing-side knee contacted the contralateral knee (“knee 
together”), b. the landing-side knee contacted the mat (“knee on 
the mat”), c. neither the contralateral knee nor the mat was 
contacted by the landing-side knee (“free knee”).  

Outcome variables included body stiffness (kb=
km*  kt

km - kt
, where kt 

= total stiffness, kb = body stiffness, km = mat stiffness) and hip 
impact force (F=v mkb, where m = effective mass, v = impact 

velocity) (Figure 1b). ANOVA was used to test whether these 
outcome variables were associated with falling direction, knee 
boundary condition and gender. 

Results and Discussion 

Hip impact force during a fall on the ground from standing 
height ranged from 1.7 to 12.9 kN. Hip impact force was 
associated with knee condition (F = 22.79, p < 0.005), but not 
associated with fall direction (F = 0.22, p = 0.771). On average, 
hip impact force was 62% greater in “free knee” than in “knee 
on the mat” (4.6 versus 2.9 kN) (Figure 2). Furthermore, there 
was no gender differences in body stiffness and hip impact force 
(F = 0.22, p = 0.65; F = 0.39, p = 0.538, respectively).  

Our finding conflicts with a previous finding that fall direction 
is associated with hip impact force [2]. While our subjects 
initiated their falls with different directions, they had to rotate 
their body to land on the greater trochanter, which might change 
effective body stiffness at impact. Our data also conflicts with 
a previous finding, from a mechanical testing, that forces and 
stresses at the femoral neck during a fall was smallest in “free 
knee” compared to other knee conditions [3]. Contact area is an 
important factor that affects effective stiffness, and depends on 
the landing configuration. While their mechanical testing did 
not address changes in body contact area, we measured the body 
contact area to predict the hip impact force. 

 
Figure 2: Effect of knee position and gender on hip impact force. 

Conclusions 

Our results suggest that hip impact force during a fall on the 
ground from standing height decrease up to 36%, depending on 
how they land on the ground. 
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Summary  

Protective arm reactions were evoked in 12 younger adults to 

determine the effect of delaying deployment of a protective 

response. Participants were supported in a forward-leaning 

position that was released at an unpredictable time. Upon 

release, participants rapidly oriented the arms to prevent 

collision with the support surface. Ground reaction force 

(GRF), elbow angle (arm extension) and hand velocity at 

impact, and co-contraction of the biceps and triceps were 

compared at four initial lean angles. Larger lean angles 

resulted in increased ground reaction force and increased 

elbow extension while hand velocity at impact decreased. 

Delayed impact protection responses when falling may result 

in insufficient elbow extension possibly increasing the risk of 

torso and/or head injury.  

Introduction 

More than 97% of hip fractures result from a fall [1]. Load 

sharing between the hands and hip is thought to reduce an 

individuals’ risk for fall injury [2]. Older adults have difficulty 

avoiding head/trunk/hip contact with the ground even when 

falling on outstretched hands [3]. There is often more time 

between loss of balance and unintentional contact with the 

ground than is required to move the arms into a protective 

position [4,5]. This implies that individuals may have time to 

try and recover balance before deploying a protective arm 

reaction during a fall. Delaying a protective response affects 

an individual’s ability to effectively accept weight via the 

arms and has been predicted to increase impact severity [6]. 

Arm extension, hand velocity at impact, and/or co-activation 

following rapid positioning of the arms, are thought to affect 

the external load at impact and maximum elbow flexion post-

impact. This study characterizes the effectiveness of protective 

arm reaction strategies as a function of fall duration. 

Methods 

Twelve healthy younger adults participated in this IRB 

approved study. Participants were supported in a prone 

position on a custom-built body board that rotated about an 

axis proximal to the subject’s ankles (pendulum). At an 

unpredictable time, the pendulum was released inducing a 

forward fall. Participants were instructed to land as softly as 

possible. Participants were dropped twice from 4 different 

initial lean angles (low (L), medium (M), medium-high (MH), 

and high (H)) that yielded different fall durations (350, 470, 

540, 600 ms). Repeated measures ANOVA was used to 

investigate the effect of initial lean angle on elbow angle and 

hand velocity at impact (GRF>10N) and average co-

contraction of the biceps and triceps 80 ms prior to impact. 

Post-hoc comparisons between the H-angle and other lean 

angles were performed using Tukey LSD. 

Results and Discussion 

Initial lean angle significantly affected maximum GRF, elbow 

angle at impact, and hand velocity at impact (Table 1). Lean 

angle did have a significant effect on co-contraction. Post-hoc 

analysis revealed differences between the L and H lean 

starting angles for maximum GRF, elbow angle at impact and 

hand velocity at impact. The work here demonstrates that 

delaying deployment of a protective arm strategy (simulated 

with shorter fall duration) resulted in greater elbow flexion 

and increased hand velocity at impact. Older adults have been 

shown to require increased elbow extension due to diminished 

energy absorbing capacity in order to prevent buckling [7]. 

Additionally, elbow angle and hand velocity at impact are 

strongly associated with increased impact load [8].  

Conclusions 

These results demonstrate that delays in deploying a protective 

arm reaction strategy reduces elbow extension and hand 

velocity at impact and may increase load at impact and reduce 

an individual’s ability to prevent the arms from buckling 

leading to head/torso injury.   
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Table 1: Mean (std dev) for the dependent variables. Significant post-hoc differences between the high (H) and low (L), medium (M), or 

medium-high (MH) initial lean angles are shown with a * for p<0.05. **Greenhouse-Geisser correction used to correct for violation of sphericity.  

Table Starting Angle L  M  MH  H  p 

Max GRF (%BW) 88.9 (16.2)* 107.2 (25.3)* 120.8 (25.5) 126.3 (24.9) <0.001 

Elbow Angle at Impact (°) 95.6 (19.2)* 116.5 (16.4)* 125.3 (16.2)* 129.7 (16.9) <0.001** 

Hand Velocity at Impact (m/s) 2.15 (0.7)* 1.82 (0.5) 1.50 (0.47) 1.50 (0.57) 0.026** 

Pre-Impact Co-Contraction Index (%) 49.5 (18.5) 54.1 (19.9) 57.6 (17.5) 57.2 (20.3) 0.067 
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Summary

Falling of the elderly has become an important issue in today's
aging society. The key task to prevent falling is the exact
detection of a falling event in Activities of Daily Living
(ADL). However, certain ADL situations are difficult to
classify due to motion and acceleration values of the fall
situation. In this study, a methodology for experiments of the
fall event and ADL is proposed using the accelerometer and
the gyro-sensor. As the results of motion between ADL and
fall situation were compared, the similarities and differences
in the two situations were analysed.

Introduction

As the growth in the elderly population, many injuries were
caused by falls and that become significant social problem.
About 30% of elderly people aged 65 and older experiences
falls once or more times a year [1] and about 15 percent of
falls result serious injury. Fall occurs in a variety of
environments and easy to occur in activities of daily living
(ADL) such as walking and sitting activities. Therefore, it is
necessary to study activities of daily living and movements of
falling, so various forms of research are under way to prevent
fall accidents. In general, the research that distinguishes ADL
from fall has been conducted on algorithms for determining
fall by using 3-axis acceleration sensor and gyro-sensor.
However, it is still insufficient to study the application of
algorithms according to the threshold value to distinguish the
ADL situation and fall situation. In this study, multi-threshold
detection algorithm using multiple sensor was applied to
investigate the algorithm to determine ADL and fall condition.

Methods

21 male subjects participated in the experiment to obtain fall
data. The 3D accelerometer (LIS3DSH, ± 16 g, 0.73 mg/digit),
gyro-sensor (L3G4200D, ± 2000 Deg/sec, 70 mdps/digit), and
compass (HMC5883L, ± 8 Gauss, 5 milli-gauss) were put on
the sacrum of the subjects for the fall experiments during level
walking, sitting down, ascending and descending stairs. In
addition, the 3D kinematics of the lower limbs and upper body
during the locomotion or movements were measured using a
stereo photogrammetric system, which consisted of seven
infrared emitting Charge Coupled Device (CCD) cameras
(Motion Analysis System, USA). The data from the sensors

was transmitted in a wireless manner using Radio Frequency
(RF) (nRF2401+, 2.4GHz). Figure 1 shows the experimental
setups and an example of the fall experiments. A slider was
used to induce a fall perturbation.

Figure 1: The fall and ADL experiments and experimental equipment
(Left) and Threshold range analysis results in ADL (Right)

Results and Discussion

After analysing the data collected from movements in ADL,
the summation of acceleration at the sacrum could detect
almost all movements of fall, such as in the level, stair, slope,
sit up and down, except the falls happening during running.
The pelvic tilt, superior-inferior acceleration, and resultant
angular velocity could discern real falls from all movements in
ADL, except in sit up and down, and lay down cases. In the
case of level walking, the fall onset time after applying the
perturbation by the slider was faster than the lowest peak point
by as much as 0.105 sec. In addition, the fall onset time by the
bump trap was earlier than the lowest peak point by as much
as 0.329 sec. Table (Right of Figure 1) shows threshold ranges
and detecting capabilities of the fall criteria. STS means
motions in the sit down and up.

Conclusions

Experimental results showed that fall situation were not
detected in ADL such as walking, sit down and standing, slope,
stair. As the detections were accurate more than 99.9 % for 5
categories in ADL in Table, the fall and ADL conditions were
clearly distinguished. Further research is required for the
detecting capabilities in case of non-ADL situations.
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Summary 

Falling forward on the outstretched hand is a common cause 

of injuries in older adults. Fall arrest mechanics in women 

have been investigated but sex-related aspects are currently 

unknown. To date, the biomechanics of 22 older adults (11 

females) who completed forward descents on outstretched 

hands have been analysed. Some differences in technique were 

found between sexes but no significant differences were found 

in energy absorption, indicating fall injury prevention 

programs may benefit men as much as women. 

Introduction 

Falls are a leading cause of injuries in older adult populations, 

with forward falls on outstretched hands being one of the most 

common types [1]. Previous research looking at fall arrest 

capacity has shown that older women are less able to absorb 

energy during a controlled forward descent on the arms when 

compared to younger women [2,3]. Although women are at a 

higher risk of some types of fall-related injuries, serious 

trauma such as head injury are equally likely in men and 

women [4]. In older adults, sex-related differences in fall 

arrest capacity are currently unknown as related studies are 

frequently limited to female participants. Our purpose was to 

identify and quantify possible fall arrest capacity differences 

among older men and women. 

Methods 

To date, twenty-two older adult participants (11 females, 

Mage_female=71.2yrs, Mage_male=72.8yrs, Age range: 60-86yrs) 

have been analysed. Using a custom testing apparatus [3], 

participants completed a forward descent motion similar to the 

downward portion of a push-up, starting with a body lean of 

60° from horizontal (Figure 1). The initial pose consisted of 

extended arms, 90° shoulder flexion, hands shoulder width 

apart, keeping a neutral spine, fully extended knees, and feet 

together throughout the descent. Pace was set using an audible 

metronome with a target of 90° of elbow flexion in 1.5 

seconds. Three trials were recorded for each participant and 

average data were used.  

 

Figure 1: Experimental apparatus showing participant performing 

downward descent with hands on the force platforms.  

 

Force platforms (OR6-7, AMTI, Watertown, MA, fs=2000Hz) 

under each hand recorded reaction forces while bilateral 3D 

upper extremity kinematics were captured using an eight-

camera motion capture system (VICON, Centennial, CO, 

fs=200Hz).  
 

Outcome variables included elbow range of motion (ROM), 

elbow moments, reaction forces and energy absorption [2]. 

Independent t-tests were used to compare demographics 

between sexes while separate 2 x 2 (arm x sex) repeated 

measure ANOVAs were used to examine outcome variables. 

Results and Discussion 

The males were significantly taller and heavier but body mass 

index was similar between sexes (M:29.6±3.9m2kg-1, 

F:28.4±5.2m2kg-1, p=0.54). There were no effects of arm, or 

sex by arm interactions on any outcome variables. Elbow 

ROM (M:67.4±4.7°, F:78.1±4.5°, p=0.11) and peak 

normalized elbow extensor moment (M:0.018±0.001, F: 

0.015±0.001, p=0.06) were not different between sexes. Males 

started the movement with a higher percentage of body weight 

on their hands (M:29.5±0.4%BW, F:27.4±0.3%BW, p=0.04). 

Males also completed the movement faster (M: 1.33±0.33s, F: 

1.98±0.70s, p=0.01), consequently leading to greater peak 

force values (M:40.2±0.7%BW, F:36.0±0.6%BW, p=0.03). 

Normalized overall energy absorption was not different 

between sexes (M:2.10±0.12, F:2.14±0.11, p=0.82); however, 

males tended to absorb more energy during the early stages of 

the movement, which may be related to technique differences.  

Conclusions 

The current data shows that older males had some differences 

in forward descent technique (i.e. faster, different weight 

distribution) when compared to older females but were similar 

in elbow mechanics and overall energy absorption. This 

indicates that older men may stand to benefit as much as older 

women from fall injury prevention programs. Analysis of 

more participants in this study is ongoing. 
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Summary 

Non-motorized ‘passive’ exoskeleton designs can reduce the 
metabolic cost of walking by reducing triceps surae activity. 
We evaluated the consequences of submaximal voluntary 
activation on the plantar flexion torque-ankle angle 
relationship. Our preliminary results indicate that this 
relationship is shifted towards shorter muscle-tendon unit 
(MTU) lengths as activity level is reduced. Future work will 
involve quantifying triceps surae fascicle behavior at the 
various activity levels.  

Introduction 

Non-motorized ‘passive’ exoskeleton designs can reduce the 
metabolic cost of walking by reducing triceps surae activity 
[1]. A couple of studies found an ~18% reduction in soleus 
activity while a passive exoskeleton was worn, which had 
significant consequences for MTU mechanics during walking 
[1,2]. We present preliminary data that expands on these 
studies by carefully controlling ankle joint kinematics at 
activity levels typically seen during walking with and without 
a passive exoskeleton. By measuring MTU dynamics on a 
dynamometer while controlling voluntary muscle activity, it is 
possible to infer any activity level changes to the force-length 
relationship. Because these properties are activation-
dependent, we predicted that the torque-angle relationship 
would be affected by a reduction in activation level. However, 
because the activity difference between the conditions is so 
small, it was not clear if the change would be biologically 
relevant.   

Methods 

Study protocols were approved by the Faculty’s ethics 
committee. This pilot study was performed on the right triceps 
surae of healthy subjects (n = 5) while the ankle was secured 
on a dynamometer footplate (IsoMed2000, D.&R. Ferstl 
GmbH, Germany) so that the right ankle torque could be 
measured at different ankle angles. Electromyography (EMG) 
signals of the right leg’s soleus were recorded and processed 
similar to others [3]. Activity level was normalized to the level 
produced during a maximal voluntary contraction (MVC) at 0° 
ankle angle (90° foot-shank). Submaximal activation levels 
were based on previous studies that indicated the average 
soleus EMG was reduced from an activity of ~30% MVC to a 
~22% MVC during walking with an exoskeleton [1, 2]. 
Muscle activity control was achieved by having participants 
match visual feedback of their EMG level (moving 0.25-s 
root-mean-square amplitude) to within ±5% of our predefined 
levels via a monitor positioned in front of them [3]. We 
measured ankle plantar flexor torque at predefined ankle 
angles (-10° (plantar flexion), 0°, 5°, 10°, 15°, 20°, 25°, 30° if 
possible, 35° if possible) and activity levels (0% (i.e. passive), 

22%, 30%, 100% MVC). 2nd order polynomials were fit to the 
torque-ankle relationship data at each activation level to find 
the optimal angle at peak active torque. Optimal angle data 
was compared between activity levels and angles with a 
repeated-measures ANOVA and a post hoc Tukey HSD 
analysis. 

Results and Discussion 

Preliminary data (Fig. 1) indicate a shift in optimal joint angle 
to more plantar flexed angles with reduced activation (P < 
0.001), from ~20.12° (100% MVC) to ~12.53° (30% MVC) 
and ~11.82° MVC (Tukey HSD, P < 0.05). Studies on ex vivo 
muscle preparations show a rightward shift of the force-length 
relationship with reduced activation [4]. It is possible that the 
leftward shift we found is caused by MTU compliance. Future 
work will quantify triceps surae fascicle mechanics to help 
identify shifts in the force-length relationships of the soleus 
and lateral gastrocnemius. 

 
Figure 1: The torque-ankle angle relationship at different voluntary 
muscle activity levels. Horizontal bars indicate maximum torque. 

Conclusions 

The results from this study have the potential to enhance our 
knowledge of voluntary MTU biomechanics under 
submaximal activity levels, something in immediate demand, 
and provide novel data that can be used when designing next-
generation exoskeletons or bio-inspired prostheses. 
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Summary 

The force length relation (f-l-r) of the gastrocnemius medialis 

(GM) was assessed at extreme dorsiflexed positions using 

ultrasound, motion capture, electromyography (EMG) and 

dynamometry. Thereby, the beginning of the descending limb 

of the f-l-r was experimentally shown, allowing the 

determination of an optimal fascicle length for the GM. 

Introduction 

The f-l-r is a major characteristic of skeletal muscle. In 

comparison to experiments on isolated muscle fibres, 

anatomical constraints often limit the operating range of 

muscles in vivo. Studies suggested that the GM is limited to 

the ascending limb of the f-l-r [1]. The aim of this study was 

to determine the f-l-r of the GM in extreme dorsiflexed 

positions to estimate an optimal muscle fibre length. 

Methods 

Fourteen mal adults (age: 29±6 years) participated in the 

study. Maximum voluntary plantarflexion contractions (MVC) 

were performed on an isokinetic dynamometer between 30° 

dorsi- and 20° plantarflexion. Surface EMG and motion 

capture was applied. Ultrasound measurements were used to 

track fascicle length of the GM. Achilles tendon moment arm 

was individually determined using the tendon excursion 

method [2]. A one-way measures analysis of variance was 

used to identify differences in muscle activation, peak torque 

and muscle length at tested angular positions. Repeated 

contrasts tested post-hoc the development of torque and 

fascicle length measurements. 

Results and Discussion 

On average the highest plantar flexion torques (285.6±44Nm) 

were measured at 20° dorsi flexion (mean fascicle length of 

40.2±7.7mm) with the individual maximum between 10°-25° 

dorsiflexion. Gastrocnemius medialis muscle fascicle length 

continuously increased with increasing dorsi flexion ankle 

angle from 25.9±3.6mm to 48.1±8.7mm on average (figure 1). 

Tibialis anterior and gastrocnemius lateralis muscle activation 

was not affected by ankle joint position. Soleus activation 

level was reduced in the most plantarflexed position.  

While torque/force values were sound with the literature [1], 

the presence of a plateau and descending limb of the f-l-r has 

yet only been reported for isolated subjects [3,4]. EMG 

indicated that the decreasing forces beyond optimum of f-l-

rare not due to the inability to properly activate the muscle in 

extreme joint positions. Individual GM f-l-r varied regarding 

force capacity, optimal fascicle length and slope of the 

parabolic shape (figure 2). 

 

Figure 1: Mean normalized GM f-l-r with ascending limb (a), plateau 

region (b) and descending limb (c). *significant differences (repeated 

contrasts) in muscle force between adjacent ankle conditions. 

 

Figure 2: Exemplary individual f-l-r for five subjects. 

Conclusions 

The parabolic shape of GM f-l-r can be shown experimentally 

if extreme dorsiflexed positions are reached. The f-l-r seems to 

be highly individual and should be taken into account when 

investigating the operating range of muscle fascicles in human 

movement. 
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Summary 

Misalignment between optimal lengths of individual muscles 

will affect the force-length (F-L) properties of a group of 

muscles acting synergistically at a joint. This misalignment 

can arise from differences in the properties of the muscles and 

of their tendons. To show how misalignment affects the group 

F-L properties, we measured the in situ F-L properties of 

kangaroo rat (k-rat) plantarflexors, both of the individual 

muscles and of the group. We performed sensitivity analyses 

to quantify how misalignment influences the maximal force 

and the width of the group F-L curve, two characteristics 

which vary inversely as misalignment changes. Misalignment 

between the k-rat plantaris and gastrocnemius was equal to 1.8 

mm, which corresponded to nearly the greatest combined 

maximal force possible. The study outcomes can be applied 

more generally to a group that contains both uni- and bi-

articular muscles, such as the human plantarflexors. 

Introduction 

Multiple muscles spanning a specific joint are often activated 

together as a group, such as the ankle plantarflexors. Because 

the forces of the individual muscle-tendon units are combined 

together as a group within the Achilles tendon, it is important 

to understand in what way the contractile properties of the 

individual muscles contribute to the group properties to better 

understand how the individual muscles work together. 

There are substantial differences amongst the properties of 

individual plantarflexor muscles and their tendons [1]. This 

means that the optimum lengths of the muscles may not be 

aligned. In other words, the plantarflexor muscles might 

operate on different parts of their F-L curves and have 

different contributions to the group force. The objective of this 

study was to determine the contributions of individual 

plantarflexors to the plantarflexor group properties in k-rats. 

Methods 

All procedures completed were approved by the Institutional 

Animal Care and Use Committee at WSU. Experiments were 

performed with 6 wild-caught adult k-rats (Dipodomys 

deserti). The plantarflexors except for the small soleus (2% of 

plantarflexor mass) were isolated in situ. Sonometric (SONO) 

crystals were placed on the medial and lateral gastrocnemii 

and plantaris (MG, LG, and PL respectively). The muscles 

were maintained at 37°C and electrically stimulated via the 

sciatic nerve. Group musculotendon (MT) length was 

controlled by a servo motor which also measured the force in 

the combined tendons of the MG, LG, and PL. 

Maximum isometric force from the group was elicited at 7 

different MT lengths. The data collection was repeated after 

removing the PL and its tendon so that we could measure the 

F-L curve of just the LG and MG together (GAS), which have 

an integrated tendon in the k-rat. With the two F-L data sets 

and the SONO measurements, we were able to estimate the F-

L curves for each muscle (GAS and PL) individually as well 

as in relation to a length scale relative to the group MT length.  

Results and Discussion 

The F-L curves showed that the operating range of the 

individual muscles did not align relative the group properties 

(Figure 1). There was a significant difference between optimal 

lengths of the GAS and PL (P=0.03), which was equal to 1.8 

mm. Sensitivity analyses of the misalignment amount showed 

that this experimental value produced a maximal force that 

was within 5% of the greatest maximal force (when the 

optimal lengths are aligned). This suggests that the F-L curves 

of the two muscles have properties that combine to generate 

the greatest force possible rather than extend the length range 

of force generation (when the optimal lengths are more 

misaligned). Similar analyses for human plantarflexors would 

consider how changes in both ankle and knee angles would 

affect the alignment of the muscle’s F-L curves. 

 

Figure 1: The group and individual F-L curves with force normalized 

to group isometric force ( ) and length relative to the optimal 

length of the group F-L curve of the MT ( ). 

Conclusions 

We found that the F-L curves of individual k-rat plantarflexors 

did not align, but the amount of misalignment still generated 

close to the greatest maximal force for the combined muscles.  
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Summary 

Botulinum toxin type A (BTX-A) is widely used for spasticity 

management in cerebral palsy. However, recent animal 

experiments indicate more involved effects of BTX-A on 
muscular mechanics than just weakening of the injected 

muscle. Acutely, BTX-A was shown to elevate passive forces 

and decrease length range of force exertion of the muscles 

exposed (via injection or diffusion into non-injected muscles). 

The current study assessed experimentally and showed that 

those unintended effects of BTX-A on muscular mechanics 

persist in the long-term. 

Introduction 

Administration of BTX-A in patients with spastic cerebral 

palsy (CP) is widely used for spasticity management. 

Mechanically, the treatment aims at decreasing the passive 

resistance at the joint and increasing the joint range of 

movement. However, previous experiments in the rat 

addressing those showed acutely that BTX-A causes elevated 

passive forces and decreased length range of force exertion 

(Lrange) of the muscles exposed i.e., the target and also non-

injected synergistic muscles [1-2]. Whether those effects 

persist in the long-term is unknown, but very important. We 

tested the hypothesis that BTX-A administration in the tibialis 

anterior (TA) muscle of the rat causes in the long-term not 

only force drops for the target muscle but also changes to the 

active and passive forces exerted proximally and distally in the 

bi-articular extensor digitorum longus (EDL) muscle.  

Methods 

Male Wistar rats were divided into two groups: BTX-A (n=6, 
0.1U/20µl of BTX-A injected into the mid-belly of TA), 

Control (n=6, 20µl of saline injected). 1-month post injection, 

the isometric forces of the TA as well as the distal and 

proximal forces of the EDL muscle (EDLd and EDLp, 

respectively) were measured simultaneously after either distal 

or proximal lengthening of the EDL. The TA length was kept 

constant. Two-way ANOVA (factors: EDL length and animal 

group) was used to assess BTX-A effects on muscle forces. 

Lrange values calculated for the two groups were compared 

using unpaired-t or Mann-Whitney U test, where appropriate. 

Differences were considered significant at p<0.05. 

Results and Discussion 

Effects on the TA: ANOVA showed significant main effects of 

only BTX-A injection on forces of restrained TA. Active TA 

forces decreased significantly (on average by 38.9% and 

43.0%) and passive TA force increased significantly (on 

average by 35.6% and 36.6%), for distal and proximal EDL 

lengthening conditions, respectively.  

Effects on the EDL: Fig. 1 shows active and passive isometric 

EDL forces (mean (SD)) for distal and proximal lengthening 

conditions. EDLd after distal lengthening: ANOVA showed 

significant main effects of both factors and a significant 
interaction. In the BTX-A group, (i) active force drops were 

muscle length dependent (increase from 63.8% to 78.4% with 

decreasing lengths), (ii) Lrange decreased significantly (by 

10.8%) and (iii) passive forces increased (from 8.5% to 99.2% 

being more pronounced at longer lengths). EDLp after 

proximal lengthening: ANOVA showed significant main 

effects of both factors, and a significant interaction. In the 

BTX-A group, (i) active force drops were muscle length 

dependent (varied between 58.0% and 67.6%), (ii) Lrange 

decreased significantly (by 36.7%), (iii) passive forces 

increased by 100.2%.  

 

Figure 1: The effects of BTX-A on length-force characteristics of the 

EDL (* and +: localized significant interaction effects). 

Our hypothesis is confirmed. Recent finite element modelling 

simulation of the treatment course of BTX-A predicted that 

effects of BTX-A on muscular mechanics would be persistent 

also in the long-term, explained by a stiffening of the muscle’s 

extracellular matrix [3]. This will be assessed by testing e.g., 

the hydroxyproline content of the muscles studied. The model 

also predicted that some effects would be permanent, post-

treatment. This should also be tested experimentally.  

Conclusions 

The present findings show that the recently reported acute and 

unintended effects of BTX-A exposure on muscular 

mechanics are persistent also for the long-term. This can be 

important clinically, which should be studied in patients with 

CP. 
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Summary 
The sarcomere force-length (FL) relationship can be derived 
theoretically using thick and thin filament lengths. Here, we 
determined the mean sarcomere FL curve using directly- 
measured sarcomere lengths (SL) and muscle forces in an
intact muscle and compared it to the theoretical FL curve. 
Tibialis anterior muscles of six mice were used. Muscle forces
were measured for maximal contractions using an 
instrumented micro-manipulator and in situ SL were 
quantified by second harmonic generation microscopy. We 
found that the experimental FL curve was shifted to the left of 
the theoretical curve. Therefore, the practice of using mean SL 
to predict muscle forces in vivo may lead to erroneous 
predictions of the functional properties of skeletal muscles.  

Introduction 
Based on the classic ‘cross-bridge’ theory, the maximal, 
steady-state, isometric force of a muscle depends on the 
sarcomere length (SL) and can be predicted from the thick and 
thin filament lengths. The theoretical force-length (FL) curve 
has been validated experimentally for single fibers [1] and 
myofibrils [2], but not for whole muscles. Due to the difficulty 
of visualizing single sarcomeres in activated muscles, the 
average SLs in resting muscles have been used to infer the 
maximal isometric force capacity of a muscle. Here, we 
examined if in situ SLs and forces measured in intact whole 
muscles reflect the theoretical FL curve. 

Methods 
Mice (n=6) were anaesthetized, and the skin overlying the left 
tibialis anterior (TA) was removed. The distal tendon of the 
TA was removed from the foot and attached to an 
instrumented micro-manipulator that allowed for automated 
control of TA length and TA force measurement. After 
identifying a consistent reference length (Lr), the TA was 
stretched to five different lengths (L1: Lr+0.5mm; L2: 
Lr+1.5mm; L3: Lr+2.0mm; L4: Lr+3.0mm; L5: Lr+4.0mm). 
The TA was then supra-maximally stimulated. Muscle forces 
were measured and sarcomeres were imaged using second 
harmonic generation (SHG) microscopy for active and passive 
conditions at the five defined muscle lengths (L1–5). The 
resulting passive force–SL data were best-fitted to an 
exponential curve. The active force was derived by subtracting 
the passive force from the total force while taking into account 
the activation-induced shortening of the parallel elastic 
components [3]. SLs were measured from the SHG images 
acquired from the mid-TA over an area of 160x3μm2.  

Results and Discussion 
Sarcomere lengths were not uniform at the five tested muscle 
lengths, as reflected by the horizontal error bars (± 1 standard 
deviation, SD) associated with each data point. Muscle 

activation produced a distinct sarcomere shortening and an
increase in SL non-uniformities, as shown by the leftward 
shift and increased dispersion of the active compared to the 
passive mean SL and standard deviations. In general, the 
experimentally-measured FL curve was shifted to the left of 
the theoretical FL curve (thin filament = 1.1μm; thick filament 
= 1.6μm [4, 5]). The average slope and the x-intercept 
calculated from the experimental data were, respectively, 
-0.63 ± 0.18 μm-1 (SD) and 3.75 ± 0.30 μm, which were 
smaller than that of the theoretical descending limb (slope = 
-0.70 μm-1 and 3.90 μm). These results suggest that the thin 
filaments may be shorter than the published literature value of 
1.1μm, or that SL non-uniformity in whole muscle produces a 
leftward shift of the FL curve.  

Figure 1: Representative sarcomere force-length relationship for one 
animal. The theoretical FL curve is shown by the black solid line. 
Points with error bars (SD) are the mean active forces, while points 
without error bars are the mean passive forces at the corresponding 
muscle lengths. The dotted grey line is a best best-fit passive force –
SL curve, and the bold red line is the best-fit line to data measured at 
L3–5, representing the descending limb of the FL curve. 

Conclusions 
The experimentally measured sarcomere FL curve was found 
to be shifted to the left of the theoretical FL curve. It is not 
clear if this is caused by erroneous assumptions of 
myofilament lengths or by the sarcomere length non-
uniformities in whole muscles. But whatever the detailed 
reasons for the difference, the findings of this study suggest 
that measuring SL and inferring isometric force in whole 
muscles may lead to substantial errors. 
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SUMMARY 
Here we present a mathematical model that predicts the 
mechanical power of outdoor cycling measured in the crank 
arm. We derive this model from first principles to prescribe 
mechanical power as a function of speed and acceleration, 
which are described by a combination of cadence and gear ratio. 
In outdoor experiments, we provide subjects with a range of 
prescribed cadences and measure the underlying power output. 
We use this data to parameterize the model using non-linear 
regression. With this model we will design a high-performance 
feedback controller, that accurately controls the power in 
cycling by commanding cadence.  

INTRODUCTION 
Wearable sensors quantify people’s everyday lives, counting 
their steps, calories, heartbeats, and more [1]. Our central goal 
is to combine wearable sensing with control algorithms to 
provide users with high-performance real-time control to better 
attain their physiological goals. Our lab recently showed that 
running speed could be quickly and accurately controlled with 
the real-time adjustment of commanded step frequency [2]. Our 
long-term goal is to test the generality of this control approach 
by determining whether we can control mechanical power in 
cycling. The first step towards this goal is to create a dynamic 
model of mechanical power in outdoor cycling and test this 
model for its accuracy by presenting subjects with a variety of 
cadences and measuring the power output.   

METHODS 
To identify the dynamics that underlie power selection 
following changes in cadence we have subjects cycle for 16 
minutes on an outdoor bike, while a metronome commands step 
changes in cadence. The step changes are ±7.5% of their 
preferred cadence for a duration of 60s each. A Teensy 
microcontroller (Teensy 3.1, Pjrccom Llc) controls the 
metronome frequency of the subject’s earphones. It also reads 
the torque and angular velocity from an SRMtm powermeter 
(Dura-Ace, SRM GmbH) and calculates the applied power. We 
treat the subjects as a dynamic system that can be identified by 
providing controlled inputs (commanded cadence) to the 
system and measuring its dynamic response (measured power). 
We assume the sum of the forces acting on a point-mass m to 
be the forward force 𝐹" that the cyclist applies while pedalling 
and some counteracting air resistance force 𝐹#$. By using 
Newton’s second law we get the following equation: 

mẍ=Fs-Far  (1) 

We then derive the following equation that describes the 
mechanical power generated at the pedals with 𝑟/ being the 
radius of the wheel, 𝑙1# the length of the crankarm, GR the gear 
ratio, v the speed, �̇� the acceleration, and c the drag number:  

P=
rw
lca
∙GR∙m∙v∙v̇+

rw
lca
∙GR∙c∙v3 (2) 

We calculate speed as a function of cadence, cad, measured in 
revolutions per minute: 

v=
2π∙rw∙GR∙cad

60  
(3) 

We take the derivative with respect to time to get v̇ and by 
substituting v and v̇ into equation (2) we get the power as a 
function of cadence. We then use a Levenberg-Marquardt 
optimization algorithm, implemented in Matlab’s nlinfit 
function, to estimate the drag number that best fits the predicted 
power to the measured power [3].  

RESULTS AND DISCUSSION 
Pilot data from one subject is shown in Figure 1. The fitted 
value for c was 0.3. The literature suggests values between 0.15 
and 0.24 depending on the frontal area of the cyclist and air 
density [4]. The predicted  power (blue dashed line) explains 
82% of the variance in the measured power (blue solid line), but 
slightly overestimates the maxima and minima.  

   
Figure 1: Changes in measured and predicted power as the subject 
adjusts the measured cadence to the step changes and magnitudes of 

the target cadence commanded by the metronome. 

CONCLUSION 
A simple, parameterized model of cycling predicts much of the 
variation in mechanical power. Our next step will be to optimize 
for c with a higher number of subjects to evaluate whether our 
model is of sufficient accuracy to meet the requirements for 
designing a closed-loop feedback control system.  
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Summary 
Bicycle saddle height is implicated in musculoskeletal injuries. 
A typical goal for setting saddle height is a minimum knee 
flexion angle of 30-40° during bicycling; yet dynamic analyses 
are unattainable in most circumstances. This investigation 
yielded a predictive equation, from inputs such as bicycle seat 
tube angle and rider inseam height, which would define the 
saddle height that results in a minimum knee flexion angle that 
is prescribed by a professional.  

Introduction 
Cyclists commonly report musculoskeletal injury, particularly 
to the knee [1]. Because saddle position affects forces at the 
knee [2], these injuries have been attributed to “bicycle-fit” [1]. 
The foremost parameter is saddle height, which is defined as 
the distance from the pedal spindle to the top of the saddle. 
Recent literature recommends setting saddle height that elicits 
a minimum knee flexion of 30-40° during dynamic cycling [2]. 
However, most cyclists, bicycle shops, and clinicians do not 
have the equipment necessary for dynamic analyses. 
The purpose of this study was to identify equations to predict 
saddle height given inputs of: a user-desired minimum knee 
flexion angle, seat tube angle, and anthropometrics. These 
equations will be useful in prescribing saddle height to 
minimize injury risk during bicycling. 

Methods 
Forty-one healthy men and women completed one study visit. 
Presented is a preliminary analysis from data acquired on 10 
participants (4M/6F, 24.3±2.9 y, 1.72±0.08 m, 73.7±13.3 kg). 
In barefeet, anthropometrics were obtained from both legs: 
height, inseam (perineum) height, lateral malleolar height, 
lateral femoral condyle height, and greater trochanter height 
were measured as the distance from the floor to the anatomical 
structure. Foot length was the distance from the heel to the 
longest toe.  
Each participant completed 18 three-minute bicycling bouts. 
Participants bicycled under all combinations of 3 saddle 
horizontal positions (X), 3 saddle vertical positions (Y) and 2 
crank arm lengths.  One of each parameter was based on a 
reference bicycle-fit: saddle height at 109% of inseam12, crank 
arm length of 172.5 mm, and seat tube angle of 73.7°. Seat tube 
angle was defined as q = arctan(Y÷X) and was calculated for 
every position. The remaining saddle X and Y positions were 
randomly selected for X (+/- 10%) and Y (+/-5%). Participants 
were randomly assigned a second crank arm length (170 or 
175mm). Bicycling bouts were completed at self-selected 
cadence and power that elicited a heart rate of 70-75% of age-
predicted maximum. All bicycling was done on a professional 
quality fit bike (Fit Bike Pro 1, Purely Custom, USA).  

Participants were outfitted with full-body retroreflective 
markers collected at 112.5 Hz using 12 infrared cameras 
(Raptor-4, Motional Analysis Corp, USA). Marker data were 
filtered at 6 Hz (dual pass 2nd order Butterworth). Joint 
kinematics were calculated using OpenSim (Stanford 
University, USA). For each bicycling bout, minimum knee 
flexion angle was calculated as the average of the minimum 
angles from all revolutions during the last minute. Minimum 
knee flexion was obtained during each of the 18 bicycle 
configurations, for each participant.  
To account for correlations between repeated measurements, 
mixed-effects (random intercept) models were used to find the 
most parsimonious model (from the anthropometrics, seat tube 
angle and minimum knee flexion angle) that predicted saddle 
height. Models were fit using maximum likelihood estimation.   

Results 
The best model was determined to be Eqn 1 (p <0.0001, root 
mean squared error [RMSE]: 1.12cm). To ease general use, a 
simplified version (Eqn 2) that omitted exponentiation and 
interactions was generated (p<0.0001, RMSE: 1.20 cm).  Fig 1 
illustrates the relationships of saddle height and the predictors. 

 
Fig 1: Effect of minimum knee flexion and inseam on saddle height.  

Conclusions 
To avoid injury, cyclists, clinicians and bicycle fitters aim for a 
range of minimum knee flexion angles during bicycling. This 
study yielded an equation that defines the appropriate saddle 
height that can be predicted using only inseam. Future work 
must identify the ideal minimum knee flexion range that is 
associated with reduced risk of a specific knee pathology (such 
as patellofemoral pain and iliotibial band syndrome).  
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Summary 

Lower limbs muscle force capabilities can be determined 

during all-out sprints, but the method is accurate only if the 

testing protocol provides a good fit of the data in the torque-

velocity (T-V) and power-velocity (P-V) relationship curves. 

This study compared the goodness of fit from single all-out 

sprints performed against the traditional (TRAD) load [7.5% of 

the body mass (BM)] vs an individualized optimal (OPT) load 

calculated based on the force production capacity. OPT load 

provided an overall better T-V and P-V relationship goodness 

of fit than TRAD, suggesting that single all-out sprints against 

an OPT load provides a more accurate representation of the 

muscle capabilities. Thus, sprints load assignment should 

consider muscle force production capacities rather than BM.  

Introduction 

Most studies conduct torque-velocity (T-V) relationship tests 

on Monark ergometers using the traditional (TRAD) load 

equivalent to 7.5% of the body mass (BM) [1]. However, when 

using the single-sprint method, the TRAD load may not 

provide a good fit of the data in the T-V and power-velocity (P-

V) relationship curves for all ergometers and individuals [2]. A 

good fit of the data is important to accurately determine the 

force production capabilities [e.g. maximal power (Pmax), 

velocity and torque] during all-out sprint. This study proposed 

a method to determine an individualized optimal (OPT) load 

considering the specificities of the ergometer used and the 

muscle capabilities of the subject. The aim was to compare the 

T-V and P-V relationship goodness of fit between all-out 

sprints performed against either the TRAD or OPT load.  

Methods 

Thirteen individuals participated in this study [age (mean ± 

SD): 26 ± 4 years; height: 174 ± 8 cm; BM: 67 ± 8 kg]. 

Individuals performed a cycling warm-up followed by two 

randomly assigned 7-s all-out sprints at 4 and 8% BM. From 

the latter, the individual OPT load was computed using a 

biomechanical model (based on the exponential shape of the 

velocity-time curve of whom parameters change according to 

the load) that allows Pmax to be reached at 50% of the 

acceleration phase to optimize the distribution of the 

experimental points along the T-V and P-V curves. Then, two 

7-s all-out sprints were performed against either TRAD (i.e. 

7.5% BM) or OPT load on a Monark (model 818E, 

instrumented with a strain gauge and an optical encoder) on 

different days. T-V relationship was determined from averaged 

pedal downstroke values using least-square linear regression 

[3]. The T-V and P-V relationship goodness of fit was assessed 

through: coefficients of determination (R2) (> 0.9), range of 

velocity spectrum, range of points distributed on both sides of 

the P-V curve (expressed in percentage of points left to Pmax), 

and acceleration time (to limit fatigue effect) [4].  

Results and Discussion 

Time to reach Pmax (Figure 1A) and the range of points (left) 

of the P-V curve (Figure 1B) were closer to 50% of the 

acceleration phase in the OPT (7.2 ± 1% BM) when compared 

with the TRAD load sprints. This supports that the model used 

to compute OPT load works. The R2 of the T-V relationship 

was > 0.9 and greater in the OPT than in the TRAD load 

sprints (Figure 1C), which enables more valid assessments [4]. 

 
Figure 1: T-V and P-V goodness of fit with the TRAD (blue) vs OPT 

load (green). (A) Time to reach Pmax; (B) Range of points (left); (C) 

R2 T-V relationship; (D) R2 P-V relationship; (E) Acceleration time; 

and (F) Range of spectrum. 

Conclusions 

The use of OPT load provides an overall better fit of data in the 

T-V and P-V curves when compared with the TRAD load. 

Future studies should consider assigning all-out sprints load 

based on the individual force production capacities. 
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Summary 

A computer simulation for pedaling movements was 
conducted. The computer model had the muscles on the lower 
extremities including the bi-articular muscles, and a neural 
oscillator controlled the activity of the muscles resulted in 
joint movements periodically. As a result, the bi-articular 
muscles control the directions of the pedaling force depending 
on the crank angles. Especially in the upper half of the crank 
angle, there should be many combinations of the muscles to 
generate pedaling force rotating the crank efficiently. On the 
other hand, in the lower of the crank angle, the specific muscle 
could be work in the adequate timing. Thus, the bi-articular 
muscles should be activated with selecting and combining the 
other active muscles as a part of efficient pedaling skills. 

Introduction 

In pedaling movements, the bi-articular muscles on the lower 
extremities are required complicated activity patterns because 
those muscles have to generate large forces and control the 
force direction to rotate a crank. To keep mechanical 
efficiency and achieve high performance, it is important to 
understand the function and activities of the bi-articular 
muscles. In this study, pedaling simulation with the muscles 
on the lower extremities was conducted, and the activities of 
the bi-articular muscles were evaluated on each pedaling phase. 

Methods 

The lower extremity and cranks were consisted of nine rigid 
bodies, and the femur and the shank bodies were surrounded 
by the major muscles, e.g., the iliacus (IL), vastus (VAS), 
gluteus maximus (GMAX), biceps femoral (BF), rectus 
femoris (RF) muscles and hamstrings (HAM) [1]. The muscle 
activities were generated by the neural oscillator model 
proposed by Matsuoka [2]. The neural oscillator model 
consisted of two neurons, and they inhibited their activity 

mutually. Therefore, the neural oscillator model repeated 
activation and inactivation and then generated periodic signals. 
To adapt the muscle activities to pedaling motion, the 
coefficient parameters in the neural oscillators were decided 
by genetic algorithm. Moreover, the parameters were 
optimized to increase angular velocity and decrease kinetic 
energy. In the rigid-body model, the contraction of the muscle 
rotates the joint, and generates the pedaling force. The force 
direction is dependent on the rotational direction by the 
contraction and specific to the posture of the lower extremity. 
In this study, pedaling forces to the crank were divided into 
the contribution of the muscles along the directions dependent 
on the direction of the joint movements by the muscles. 

Results and Discussion 

As the result of our simulation, the lower extremities showed 
periodical movements and rotated the cranks with constant 
angular velocity. Also, the activity patterns of the muscles 
showed a good agreement with previous report [1]. Thus, our 
rigid body model and the control method using the neural 
oscillator were valid to reproduce pedaling movements. 

Figure 1 shows the muscles generate the forces along different 
directions. IL, VAS, GMAX and BF as the mono-articular 
muscles almost keep relative directions to each other during 
the pedaling. On the other hand, RF and HAM as the bi-
articular muscles vary the directions relative to the other 
muscles. Especially when the crank is in the upper half of the 
angle, RF and HAM shows different directions apart from the 
other muscle directions, while the directions of RF and HAM 
get closer to the other muscle directions. This means that there 
should be many combinations of the muscles to generate a 
pedaling force to rotate efficiently the crank in the upper half 
of the crank angle. However, in the lower half of the angle, the 
specific muscle could work to generate the efficient forces 
because only fewer combinations of the muscles could rotate 
the pedal efficiently. Also, the direction of RF is close to a 
tangential direction of the crank from 0 to 30 degrees, while 
the HAM is close to it from 210 to 240 degrees. Thus, both of 
the left and right cranks are suffered from the forces of RF and 
HAM almost simultaneously. This implies the bi-articular 
muscles should adjust the force direction to the crank in the 
pedaling movements, and to switch and to combine active 
muscles are the pedaling skills. 

Conclusions 

A computer simulation was conducted to reproduce pedaling 
movements. As a result, the bi-articular muscles control the 
directions of the pedaling force and the both of them could 
work simultaneously to rotate the pedal efficiently. 
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Figure 1: Contribution of each muscle to pedaling forces in typical 
crank angles. In this figure, the crank rotates clockwisely. Each of 
the muscles generates the contraction forces along the own 
directions. Magnitude of the muscle forces is defined as a relative 
force to maximal voluntary contraction force. 
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Summary 

Elliptical chainrings have been designed to manipulate the 

radius as a function of crank angle, consequently altering the 

crank angular velocity profile experienced through the 

pedal cycle.  We tested chainrings with varying levels of 

eccentricity and crank orientations to drive a 

musculoskeletal model in OpenSim and quantify joint 

angles and muscle-tendon unit responses to alterations in 

the task mechanics.  Results showed significant alterations 

in joint ranges of motion of the lower limb and shortening 

velocities of the medial gastrocnemius. 

 

INTRODUCTION 

Optimisation of movement strategies during cycling is an 

area which has gathered a lot of attention over the past 

decade [4].  Resolutions to augment performance have 

involved manipulations of bicycle mechanics, including 

chainring geometries.  Elliptical chainrings are proposed to 

provide a greater effective diameter during the downstroke, 

manipulating mechanical leverage and resulting in greater 

power production during this period [4]. 

The ability of the muscle to exert power can be dependent 

on its intrinsic properties, thus, implementing a method of 

manipulating the timing of muscle activation and 

deactivation, and consequently muscle force and velocity 

could augment the muscle’s capacity to produce power. This 

study aims to identify how behaviour of the muscle-tendon 

units (MTU) change during cycling on a range of different 

chainrings, designed to alter the phase and variation of crank 

angular velocity. 

  

METHODS 

Eight well-trained road cyclists with no experience using 

elliptical chainrings volunteered to take part in this 

investigation (4 females 4 males, age: 37.8 ± 15.3 years, 

mass: 70.1 ± 12.5 kg, height: 176.1 ± 12.2 cm). Participants 

were presented with four different testing conditions using  

elliptical chainrings of two different levels of eccentricity 

(the ratio of major to minor axes lengths), and fitted at two 

different orientations to the crank arm (Figure 1), in addition 

to measurements conducted on a circular chainring. 

Participants trials varying in cadence and resistance on an 

indoor cycle ergometer (SRM, Jülich, Germany). Three-

dimensional kinematic data were acquired (100 Hz, Vicon, 

Oxford, UK).  Data were scaled to subject-specific 

musculoskeletal models [2] in OpenSim [1].  We then 

calculated joint angles and medial gastrocnemius (MG) MTU 

lengths and velocities.  Principal component (PC) analysis 

was used to identify features of joint angles and MTU lengths 

and velocities.  The influence of chainring eccentricity and 

crank orientation,  was determined with general linear 

model analyses of variance using the first 3 PC loading 

scores.  

Figure 1. Geometries of the elliptical chainrings highlighting 

eccentricities and crank orientations. A & B. NC1 has an eccentricity 

of 1.13. C & D. NC2 has an eccentricity of 1.34. 

RESULTS AND DISCUSSION 

Reconstructions of the PC loading scores revealed that 

participants displayed a larger range of motion (ROM) when 

using the elliptical chainrings in comparison to the circular.  

Elliptical chainrings resulted in a larger dorsiflexed ankle 

angle in chainrings Figure 1A and C, and to a more 

exaggerated extent Figure 1B and D, than a circular ring. The 

elliptical chainrings also presented a larger extension phase 

in hip joint angle across all conditions.  The MG MTU 

operated at similar lengths between conditions, however, 

shortening velocities were found to significantly shift in both 

phase and magnitude depending on the eccentricity and 

orientation of the chainring.  Additionally, NC1 and NC2 

(Figure 1) reduced the isometric contraction present at the 

top of pedal cycle in the circular chainring.  Given the close 

relationship between the contractile properties of the MTU 

and power output, these findings can have important 

implications for cycling performance related to the role the 

MG plays in power transference to the crank during cycling 

[3]. 

CONCLUSION 

Elliptical chainrings with eccentricity greater than 1.13 

invoke a large enough perturbation in ankle joint kinematics 

to significantly alter MTU velocities of MG.  Future work 

should also consider potential effects on fascicle behaviour 

and  muscle excitation dynamics. 
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Summary 

CT-based finite element (FE) modelling can be used to assess 

bone fragility around the knee after spinal cord injury (SCI), 

but models must be validated using realistic loading scenarios. 

Activities such as wheelchair transfer are likely associated 

with biaxial loads (e.g., compression + torsion), however no 

published FE models have been validated under these 

conditions. In this work, we adapted a previously developed 

FE workflow and assessed its accuracy in predicting fracture 

strength of the proximal tibia and distal femur under biaxial 

loading. 

Introduction 

Individuals with SCI experience profound bone loss at the 

knee resulting in substantially increased fracture risk. To 

assess disease progression and the efficacy of proposed 

treatments, it is necessary to have accurate and non-invasive 

tools to assess bone fragility at the distal femur and proximal 

tibia. This can be done with CT-based FE modelling, but 

models must be validated to ensure accuracy under clinically 

relevant loading conditions. Spiral fractures are commonly 

reported after SCI, implicating torsion as an important failure 

mode. Our group recently developed and validated an FE 

model of the tibia to predict fracture load under simple torsion 

[1].  However, fractures during activities such as wheelchair 

transfer likely result from more complex biaxial loading 

(compression + torsion). Thus, the purpose of this work was to 

assess the accuracy of our previously developed FE technique 

to predict stiffness and strength at the proximal tibia and distal 

femur under biaxial loading  

Methods 

Seven fresh-frozen cadaveric bones (4 distal femurs, 3 

proximal tibia; mean age 82 yrs; 15 cm length) were potted in 

2 cm of PMMA and CT scanned prior to mechanical testing. 

Each bone was loaded in force control to 300N of axial 

compression. Axial displacement was then held constant while 

a ramped torsional displacement (internal rotation) was 

applied until rupture. The highest torque during the test (Tult; 

N‧m) and stiffness (K; N‧m/degree) from the linear portion of 

the torsional ramp to failure was measured. 

CT scans were used to develop subject-specific FE models, 

following previously validated methodology [1]. Bone and 

PMMA were segmented semi-manually and meshed with 1.5 

mm hexahedral elements. Bone was assigned heterogeneous, 

orthotropic material properties based on CT intensity at each 

element location, while PMMA was assigned a uniform 

isotropic stiffness of 2.5 GPa. A bilinear elasto-plastic model, 

with yield based on Hill’s conventional criteria, was used to 

simulate bone failure. Tult was predicted as the load which 

caused 10% of surface elements to fail [1], while K was 

measured from the initial slope of torque vs. rotation angle. 

Results and Discussion 

Error between FE predicted strength and stiffness was 

somewhat large, with an average error of 55% and 34% 

respectively. However, as shown in Figure 1, we observed 

strong correlations between FE predicted and experimental 

measurements of K (R2 = 0.95) and Tult (R2 = 0.86). At this 

current stage, the model will still have valuable utility in 

clinical assessment of relative strength between patients, or 

within individuals over time.  

The FE failure criteria was originally cross validated with only 

formalin-fixed proximal tibiae under simple torsion. The 

criterion is likely not robust to different bones (distal femurs) 

or loading conditions (biaxial loading). We are currently 

testing additional specimens in order to develop a more robust 

failure model. Model refinements to better reflect the 

experimental condition may also yield improved accuracy. 

 

Figure 1: Experimental measurement vs. FE prediction of Tult 
[LEFT] and K [RIGHT] 

Conclusions 

FE predictions of torsional stiffness and ultimate load were 

strongly correlated to experimental measures. Refinements to 

the model, to better reflect the experimental condition, may 

further improve accuracy.  
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Summary

A framework is proposed to develop an inhomogeneous Finite-
Element  (FE)  model  of  a  human proximal  humerus  fracture
(PHF) with an osteosynthesis device in order to characterize
the  overall  stiffness  and  load  to  failure  properties  under
physiological-like loading/test conditions. An experimental set-
up is presented as well and used to validate the FE predictions.

Introduction

Unstable PHF are a  common injury among the elder  people
(+65 years old) and yet the choice of the osteosynthesis device
remains controversial [1,2,3]. In order to take a further insight
on the matter, two strategies are actually converging to deepen
into  the  characterization  of  the  biomechanical  properties  of
such  PHF  osteosynthesis  devices:  in  vitro and  in  silico
mechanical testing [3,4].  Hence, the purpose of this study is to
establish a level-wise framework able to validate a FE model
by means of in vitro physiological-like mechanical tests.

Methods

A generic proximal humerus FE model  is developed using the
CT-scan images  from the Visible Human Project© database,
freely  available  online.  The  cancellous  and  cortical  bone
segmentation are done using the open-source 3D-Slicer (4.8)
software  for  each  bone  layer,  then  advancing-front  meshed
using  quadratic  tetrahedral  elements  with  the  HyperMesh©
(14.0) software and finally the FE mesh is imported into the
Abaqus© software (6.14-4) to run the quasi-static simulations.

In parallel, a fixture device was designed (Figure 1A) for an
Instron© 8500 series universal testing machine, able to load the
humerus  in  pulling  (to  mimic  the  rotator  cuff  muscles),  in
compression (to mimic the glenoid fossa charge) or in both [2].
The osteosynthesis device to be characterized is the Aequalis©
Intramedullary Nail (IMN) [1] for PHF (Figure 1B).  

Figure 1: A. Fixture device for testing the humerus bones. B. The
osteosynthesis device tested in this study. 

The  framework  consist  on  a  step-by-step  validation  of  the
numerical  model,  starting  with  15  artificial  humeral
Sawbones© 4th gen (divided into three groups of five bones:
no  fracture  in  pulling  load,  2-parts  fracture  with  IMN  in
compressive  load  and  4-parts  fracture  with  IMN  in  both

pulling/compressive)  and then proceeding  with 5 cadaverous
humeral  bones  for  a  4-parts  fracture  with  IMN  in  both
pulling/compressive load. The stiffness of the machine with the
fixture   (Kfixture)   and  with  the  pulling  rope  (Krope)  were
characterized  beforehand.  FE  simulations  were  also  run
applying the same boundary and loading conditions using both
homogeneous  Sawbone©  and  inhomogeneous  human  bone
properties  (modulus and strength) fitted from the Hounsfield
Units out of the CT-Scans of the cadaverous humeri [5].

Results and Discussion

We found  that  the  testing  machine stiffness characterization
was  essential  to  establish  a  good  agreement  in  the  overall
stiffness  of  the  bone-only  (Kbone)  and  bone-IMN  assembly
(KIMN) when tested for both homogeneous and inhomogeneous
bone properties. The localization of the failure zone on the in
silico model  complied with the experimental  results  (around
the screws, in a pulling-off failure mode, see Figure 2).  

Figure 2: Predicted failure zone around the screw holes.

Conclusions

Even if  geometrical  differences  and  varying  bone properties
were  visible  among  the  validation  models  (Sawbone©  and
cadaverous  bones)  we  reached  an  acceptable  agreement  in
terms of stiffness, load to failure and failure zone. Therefore,
this study proves that the proposed strategy might work as a
characterization tool for osteosynthesis devices. 
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Summary 

Deformation and fracture behaviors of five femoral specimens 

were studied under a stance-type slanted loading orientation, 

under which the specimens were expected to show relatively 

low stiffness and large deflection.  The proximal femurs were 

loaded using a specially designed fixture, mounted inside a 

mechanical testing machine.  The observed fracture patterns 

were recognized as typical transcervical and intertrochanteric, 

plus a unique type of subtrochanteric fracture with specific 

crack paths at the posterior and anterior sides.  A combination 

of finite element method and fractography was used to analyze 

the stress/strain distributions and specific fracture paths on 

different anatomic regions of the femoral shaft. 

Introduction 

The fracture analysis of human femur is challenging because of 

the complex geometry and inhomogeneous mechanical 

properties. The deformation and fracture behavior of proximal 

femur under various loading conditions have been studied 

before [1-3]. It has also been shown that the (QCT)-based finite 

element method can provide reliable results through creation of 

very accurate 3D solid models of the femur [1-3].  The aim of 

this study was to use the above tools to analyse the variation in 

fracture behavior of human proximal femur under a single 

slanted loading direction. 

Methods 

Five fresh-frozen human femora were modelled, analysed, and 

destructively tested using a specially-designed gripping fixture 

at a specific slanted loading orientation (α = -15°, β = -15°) (see 

Table 1 and Fig.1).  The details of mechanical testing and stress 

analysis are reported elsewhere [2,3].  

Results and Discussion 

Fig.1 depicts that three specimens had similar subtrochanteric 

fractures while the patterns of the other two were transcervical 

and intertrochantric. The interesting point is that all the 

observed fracture locations corresponded to the high-risk-factor 

(RF) regions (RF: ratio of strain energy density to the yield 

strain energy density) [2,3]. The subtrochantric fracture 

patterns, which occurred in the samples of younger donors, 

needs extra elaboration. At this loading orientation, the femoral 

shaft experiences a combined stress state caused by bending and 

torsion.  The large tensile stress due to bending of the lateral 

region causes the crack initiation at this region, and an initial 

growth occurs perpendicular to the shaft axis.  However, since 

the torsion of the shaft induces additional tensile stresses on the 

planes which are oriented at 45 degrees with respect to the shaft 

axis, the crack growth on the posterior side (which also 

experiences bending tensile stresses) continues in an oblique 

direction.  Although the osteons naturally tend to deflect the 

transverse cracks towards the longitudinal weak planes, the 

tensile stresses on the oblique planes of the posterior side are 

high enough to dictate the crack growth plane and direction.  

The situation is quite different on the anterior side, where the 

applied loading direction causes a combination of compression 

and bending.    

 

Figure 1: (a) Loading setup. (b) Definition of loading angles. (c-g) 
Different observed femoral fractures.  

In the absence of significant tensile stresses, the preferred crack 

growth path is dictated by the weak planes (parallel to the 

osteons) and the crack grows in the longitudinal direction.  

However, since the osteons on the anterior sides are not well-

developed, the occasional transverse growth can also be 

observed at this region (Fig. 1, e-g).    

Conclusions 

The specific loading orientation of this study can result from 

accidents or extreme loading conditions that may occur in sport 

activities.  Although the overall stress/strain distribution can 

generally be specified by the loading direction and boundary 

conditions, the densitometric heterogeneity and microstructural 

characteristics have significant effects on the specific fracture 

behavior of each femur. The strain energy-based RF can 

represent the above effects to a large extent.  
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Table 1: Gender, age, side, fracture type, and fracture load for 5 specimens tested under a single slanted loading orientation. 

Female  20 Right  Subtrochanteric (Fig.1 g)  2661 N   Male 44 Right Intertrochanteric (Fig.1 c) 4540 N 

Male  18 Left  Subtrochanteric (Fig.1 f) 5112 N  Male 58 Right Transcervical      (Fig.1 d) 3800 N 

Male  27 Left  Subtrochanteric (Fig.1 e) 7089 N       
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Summary 

Pelvic fracture is a disruption of the bony structures of the 

pelvis. Pelvic fracture fixations are needed to restore the 

original position. The present study investigated the strengths 

and limitations of different treatment strategies for vertically 

unstable pelvic fractures using a three-dimensional 

musculoskeletal finite element model with various 

physiological spinal movements. The fixation stability, 

implant stress, and bone stress of each treatment were 

calculated and discussed. The biomechanical performances of 

the fixation strategies could be effectively evaluated using the 

numerical finite element models. The present study can 

provide engineers and surgeons with the understanding of the 

biomechanics of various fixation techniques for the treatment 

of vertically unstable pelvic fractures. 

Introduction 

Pelvic fractures usually result from high energy trauma, and 

an unstable pelvis requires immediate treatment [1]. Past 

studies have investigated the biomechanical performances of 

fixation strategies using in-intro or in-vivo experiments [2-3]. 

However, it may be difficult to evaluate each treatment due to 

variations in bone anatomy, bone density, fracture type, and 

fixation technique. A computational approach is one useful 

technique that avoids these variations. Unfortunately, most 

previous studies neglected the effects of femurs and spine 

when they investigated the biomechanics of pelvises [3-4]. 

Thus, the purpose of this study was to evaluate the 

biomechanical performances of intact pelvis, vertically 

unstable pelvis, and treated pelvises on seven types of 

physiological spinal movements using a musculoskeletal finite 

element model. 

Methods 

The intact spine-pelvis-femur complex consisted of the T11-

S5 multilevel spine, full pelvis, and right and left femurs. The 

finite element models with and without muscles and ligaments 

were developed using ANSYS Workbench. The intact pelvis 

(INT), the vertically unstable pelvis (FRA), and six types of 

the fracture treatments were evaluated and discussed. The 

fracture treatments included the upper screw (US) fixation, 

lower screw (LS) fixation, two screw (TS) fixation, upper 

locking plate (ULP) fixation, lower locking plate (LLP) 

fixation, and two locking plate (TLP) fixation (Fig. 1). The 

effects of different physiological spinal movements were also 

considered including standing, flexion, extension, right lateral 

bending, left lateral bending, right axial rotation, and left axial 

rotation. In postprocessing, the fixation stability, the implant 

stress, and the bone stress were calculated. 

 

Figure 1: Fixation strategies for vertically unstable pelvic fractures. 

Results and Discussion 

All the biomechanical performances of the intact, injured, and 

treated pelvises converged adequately. The screw fixations 

had better fixation stability than the locking plate fixations. 

Fortunately, all the fixation techniques could improve the 

instability of the unstable pelvis. Although the screw fixations 

revealed the better fixation stability, the locking plate fixations 

had lower implant stress and pelvic stress than the screw 

fixations. 

From the results of different physiological movements, the 

movements of flexion, right lateral bending, and left lateral 

bending revealed instability, higher implant stress, and higher 

pelvic stress. So, those physiological movements were not 

recommended for patients with vertically unstable fractures. 

Conclusions 

The biomechanics of the intact pelvis, vertically unstable 

pelvis, and six types of fixation strategies could be 

investigated using finite element method. The screw fixations 

revealed the acceptable fixation stability, but the locking plate 

fixations had lower implant stress and pelvic stress than the 

screw fixations. This study can help surgeons and engineers 

understand the biomechanics of intact pelvis, vertically 

unstable pelvis, and treated pelvises. 
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Summary 

The mechanical nature of factors influencing hip fracture rates 

are not fully understood. This study evaluated the influence of 

fall simulation paradigm (FSP), sex, and trochanteric soft tissue 

thickness (TSTT) on femoral neck stresses and fracture risk. 

Through coupling of experimental FSP and tissue level 

modelling this analysis was sensitive to differences in both 

skin-surface impact dynamics and underlying femur 

morphology. FSP incorporating a lateral motion elicited greater 

impact energy, stresses and fracture risk. Across FSP, impact 

vector orientation interacted with femur geometry to influence 

stress distribution. While males experienced greater impact 

force over the greater trochanter, differences in femur 

morphology resulted in no differences in stresses nor fracture 

risk compared to females. In contrast, femur morphology in 

high-TSTT resulted in lower stresses and fracture risk, despite 

no differences in skin-surface loading compared to low-TSTT. 

These results highlight the importance of impact dynamics and 

bone morphology during fracture risk assessment. 

Introduction 

Hip fracture risk during a fall can be modulated through impact 

dynamics and/or underlying femur morphology; however, risk 

assessment efforts have focused on the latter. An approach 

sensitive to both skin-surface impact dynamics as well as 

underlying femur morphology could provide additional insight 

into the mechanical nature of clinical risk factors. The purpose 

of this study was to evaluate the influence of FSP, sex, and 

TSTT on femoral neck stresses and fracture risk. Insights 

gained through coupling of experimental data and tissue-level 

models could inform the development of protective devices and 

increase the accuracy of clinical screening tools. 

Methods 

Transverse plane TSTT ultrasound images from 33 healthy, 

young adult participants (17 female) were stratified into low-, 

mid-, and high-TSTT groups based on values observed in an 

older adult population [1]. Participants completed a series of 

FSP ranging from highly controlled vertical drops (pelvis 

release) to kneeling and squat releases, which more closely 

resemble falls observed in long term care settings [1]. In each 

FSP, participants impacted their left hip on a RSscan pressure 

plate and an in-series force platform.  Kinematics of the 

impacting thigh were collected using an Optotrak Certus 

system. At the instant of peak force, the net impact vector 

orientation and anatomical point of application, and local force 

magnitude over the greater trochanter (circular r=5 cm) were 

extracted. Participants subsequently underwent left (impacting) 

hip dual-energy X-ray absorptiometry imaging. Participant-

specific beam models were generated through extraction of 

femur morphology [2] and application of experimental loading 

conditions. Femoral neck stresses at the superior-lateral (SL) 

and inferior-medial (IM) cortices, as well as a cross-sectional 

fracture risk index (FRI) were calculated for each experimental 

fall simulation. 

Results and Discussion 

Pelvis release, which had lower resultant impact force, elicited 

lower femoral stresses (Figure 1) and FRI than FSP 

incorporating lateral motion (all p<0.01). Kneeling release 

loading was directed more perpendicularly to the femoral shaft 

and elicited greater SL compressive stresses, and lower IM 

tensile stresses, than squat release (all p<0.05); however, FRI 

did not differ between kneeling and squat release (p=0.960). 

Despite greater and more localized impact force in males (both 

p<0.01) than females, no differences in stresses (Figure 1) or 

FRI were observed (p>0.484). Secondary analysis revealed 

males had greater resistance to stress generation and yield stress 

than females (all p<0.05).  

Greater force magnitudes were observed for higher-TSTT 

participants; however, these loads were applied peripherally 

from the greater trochanter (both p<0.01). Although no 

differences in force applied directly over the proximal femur 

were observed, low-TSTT participants had greater stresses 

(Figure 1) and FRI than high-TSTT due to differences in femur 

morphology (all p<0.05). 

 

Figure 1: Stresses (+ compression) at the superior-lateral (SL) and 

inferior-medial (IM) cortices across FSP, sex, and TSTT (*significant 

main effect; letters refer to significant pairwise differences at α = 0.05) 

Conclusions 

We found that FSP, sex and TSTT had independent effects on 

metrics of impact severity and femur strength. Towards 

mirroring contributing factors, hip fracture risk analyses should 

consider both impact dynamics and femur morphology. 
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Summary 

Dynamic in vivo tracking of foot bone motion is challenging 
due to occlusions of the many small, close-packed bones. In 
this study, we investigated image resolution of dynamic 
biplanar videoradiography data and whether it affects the 
performance of bone tracking when using CT-derived models. 
Downsampling the dynamic images caused the largest 
tracking improvement, model upsampling and high-resolution 
images did not, when compared to manual rotoscoping. 

Introduction 

Measuring the in vivo six-degree-of-freedom motions of foot 
bones is a known challenge. Biplanar Videoradiography 
(BVR) is a promising approach to resolve these complex 
motions [2]. BVR tracking of long bones (e.g., femur, tibia) 
have cited accuracies of < 0.1 mm and 0.1°, but it is unknown 
if similar accuracies can be expected for foot images due to 
the complications caused by bony occlusions. Current 
approaches in markerless tracking use manual tracking 
(scientific rotoscoping) or perform global optimization that 
matches a digitally reconstructed radiograph to the calibrated 
X-ray images. The automated approaches are promising, but 
many parameters can be adjusted. For example, it is common 
practice to downsample the X-ray images to better match the 
resolution of the partial volume (PV). 

The purpose of this study was to determine the accuracy of 
tracking the talus during hopping using manual rotoscoping 
and simulated annealing. We also tested whether 
downsampling the images improved accuracy. Finally, we 
assessed the accuracy of tracking with a PV created from a 3D 
surface file. We tested the accuracy against a rare dyanamic 
dataset where the participant had previously implanted 
tantalum beads in many of his foot bones. 

Methods 

After IRB approval and informed consent, we acquired CT 
images (0.44x0.44x0.625) of an individual with 0.8 mm 
tantalum beads that were previously surgically implanted in 
their tibia, fibula, talus, calcaneus, medial cuneiform, cuboid, 
and first metatarsal. The volumes were segmented using 
Mimics 19.0 (Materialize Inc., Leuven, BE) to identify the 3D 
coordinates of the bead centres, create 3D surfaces of the 

bones, and two PVs: one of the whole bone, the other of only 
the inner and outer cortex. BVR data of the same individual 
was obtained performing a hopping task (2048x2048 px @ 
250 Hz). BVR bead locations were identified using XMALab 
[1]. The bead-based transforms were considered ground truth. 

Using the bead coordinates, each respective image set was 
post-processed using a custom Adobe® Photoshop® script to 
remove the beads. This process generated an equivalent 
beadless dataset for rotoscoping without any visible markers. 

Manual rotoscoping produced positional errors (rms ± sd) of 
1.09 ± 0.24 mm and angular errors of 0.71 ± 0.32°, 4.25 ± 
3.57°, and 2.70 ± 2.15° in X, Y, and Z, respectively. 

The beadless hopping data was tracked using DSX (C-Motion 
Inc., Germantown, MD) to generate CT-to-BVR transforms 
for the talus, which was compared to the bead-based 
transforms. Using the built-in simulated annealing pose 
optimization of DSX, three workflows were performed for 
each CT model for a total of six: registration using 
downsampled 1024x1024 px images, full-resolution images 
(2048x2048 px), and the full-resolution images with an 
upsampled model to match the full-resolution image pixel 
size. Each workflow was run for 10000 iterations per frame 
with a search space of 3 mm and 3° using scientific 
rotoscoping as the initial guess.   

Results and Discussion 

Downsampling the images and tracking with the full PV led to 
significant performance increases: position improved 35% and 
angles by 30%, on average (Table 1). Tracking did not 
improve for the upsampled workflow. The cortex-only model 
did not improve tracking compared to manual rotoscoping.  

Conclusions 

Matching the dynamic images to the native resolution of the 
CT model and using the full PV leads to better automated 
markerless tracking. Based on these findings, we recommend 
using the full PV and downsampled images to track the talus.    
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Table 1: Accuracy results (rms + sd) for manual rotoscoping and the six workflow conditions as compared to beaded ground truth. 

 

Manual 
Rotoscoping 

Downsampled, 
Whole Bone 

Downsampled, 
Cortical 

Full-
resolution,  

Whole Bone 

Full-
resolution, 

Cortical 

Full-resolution, 
Upsampled 
Whole Bone 

Full-resolution, 
Upsampled 

Cortical 
Position (mm) 1.09 ± 0.24 0.71 ± 0.27 1.17 ± 0.45 1.62 ± 0.69 1.47 ± 0.68 1.94 ± 0.49 1.60 ± 0.49 

X 
Angle (°)     Y  

Z 

0.71 ± 0.32 
4.25 ± 3.57 
2.70 ± 2.15 

0.55 ± 0.41 
2.08 ± 1.88 
1.85 ± 1.36 

0.92 ± 0.58 
2.73 ± 2.31 
2.40 ± 1.87 

1.43 ± 1.19 
3.36 ± 2.29 
2.82 ± 2.38 

1.15 ± 0.75 
2.79 ± 2.40 
3.13 ± 2.69 

0.94 ± 0.95 
4.23 ± 3.17 
2.61 ± 2.36 

1.23 ± 0.84 
3.56 ± 2.50 
1.00 ± 0.91 
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Summary 

The foot medial-longitudinal arch (MLA) is perhaps the most 

important feature characterizing foot morphology. Current 

MLA models based on skin-markers for motion analysis allow 

non-invasive assessment of foot arch shape and deformation, 

but little is known on their anatomical accuracy and 

repeatability. The aim of this study was to propose novel MLA 

measures based on skin-markers and assess their accuracy and 

repeatability with respect to current clinical definitions. 

Accuracy was tested by comparing double-leg standing static 

MLA angles with radiographic-based measurements. 

Repeatability was assessed in multiple walking and running 

trials in two volunteers. The average error with respect to 

radiographic measurements ranged 3.3 – 23.8 deg across all 

MLA definitions. The inter-session variability was between 

2.9 – 7.7 deg, and the inter-examiner between 3.7 – 9.3 deg 

across all MLA definitions in walking and running. 

Introduction 

Objective assessment of MLA shape and deformation is 

critical for basic biomechanic and energetic analyses of the 

healthy foot, and in clinical assessment of foot morphological 

alterations. While the importance of measuring the foot MLA 

is widely recognized, no consensus has been reached on which 

MLA model used in motion analysis is better representing the 

real foot arch morphology and mechanics. The aim of this 

study was to assess sixteen skin-markers based definitions of 

MLA angle in terms of accuracy with respect to foot anatomy 

and in terms of inter-trial, inter- and intra-examiner reliability 

during walking and running. 

Methods 

Four geometrical definitions of MLA angle (MLA1-MLA4; 

Figure 1, left), and four additional variations (MLA1b-

MLA4b; Figure 1, right) were devised according to skin-

markers located on the calcaneus (CA), sustentaculum tali 

(ST), talo-navicular tuberosity (TN), the two malleoli and head 

(FMH) and base (FMB) of the first metatarsal bone. These 

MLA definitions aimed at replicating the clinical Moreau-

Costa-Bertani angle [1] and the angle between rearfoot and 

first metatarsal inclination [2]. The eight MLA measures were 

implemented in Visual3D (C-Motion, Kingston, ON) as angles 

between two 3-dimensional vectors bounded by pairs of 

markers, and as planar angles after projecting the vectors on 

the sagittal plane of the foot, for a total of sixteen definitions. 

Accuracy of the MLA models was assessed against 

radiography-based MLA measurements in 12 subjects (age 27 

– 75 years; BMI 17 – 28.7 kg/m
2
). Repeatability was assessed 

in two subjects by the average standard deviation error across 

a number of walking and running trials, which were pooled as 

established in [3]. 

 

Results and Discussion 

The highest accuracy was found for MLA4 (error = 3.3 ± 3.5 

deg; p < 0.05) and the lowest for MLA1b (error = 23.8 ± 10.2 

deg; p < 0.05). MLA measurements showed similar variability 

in walking and running. The inter-trial variability was lower 

than 1.0 deg, the inter-session in the range 2.9 – 7.7 deg, and 

the inter-examiner in the range 3.7 – 9.3 deg, across all MLA 

definitions. The sagittal-plane projections showed larger 

variability than the corresponding MLA measures and, in 

general, larger variability was detected for MLA definitions 

based on larger number of markers (e.g. MLA3 and MLA3b 

projected). 

Conclusions 

According to the results of the present investigation, skin-

markers based MLA measures established on minimal marker-

sets, and calculated as actual 3-dimensional angles, are 

recommended in terms of repeatability. Better accuracy with 

respect to standard radiological measures can be obtained by 

tracking the MLA shape using markers on the calcaneus 

tubercle, the talo-navicular apex and the head of the first 

metatarsal bone. Accuracy in measuring MLA deformation in 

different pathological foot populations should be sought in 

future investigations. 
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Summary 

Pathomechanics of diabetic foot ulceration has been largely 
investigated by plantar loading measurements, and recently 
also by human motion analyses [1]. Rarely medical imaging 
has been used, because this is static, and also radiograms are 
in 2D, and standard CT scans are performed in supine, i.e. in 
non-weight-bearing conditions. Modern CT devices now allow 
3D geometrical measurements on the foot under load, finally 
giving access to the full bone architecture in weight bearing. 
The present preliminary study investigates correlations 
between dynamic plantar loading and 3D bone alignments. 

Introduction 

The foot skeleton is a very complex structure, and this changes 
over the progression of a number of pathologies, including the 
critical diabetic foot. Bone alignments also change 
considerably from non-weight- to weight-bearing [2]; only the 
latter offers a realistic representation of this structure during 
daily living activities. Quantification of 3D bone absolute and 
relative alignments are now possible in upright single- or 
double- leg weight-bearing postures by means of the modern 
cone-beam CT (CBCT) [3]. All previous measurements were 
limited to 2D and affected by operator-dependent 
identification of alleged references. The present study aims at 
correlating dynamic plantar pressure measurements with 
corresponding 3D bone alignments from CBCT scans in static 
weight-bearing in type 1-Diabetes patients. 

Methods 

Dicom files of both feet were obtained from CBCT scans in 20 
diabetic foot patients. For the present preliminary analysis, the 
most compromised foot from 6 patients (4M, type 1, 4 with 
neuropathy, 58±16yrs, 26±2kg/cm2, 32±11yrs of disease -
YOD-, Arch Index 0.25±0.02) was segmented, producing 3D 
models of the 30 bones. A software tool (Matlab 2017b) 
performed automatic geometrical calculations based on either 
anatomical landmarks and axes, or on Principal Component 
Analysis (PCA, Figure 1). For the joints, planar angles in all 
three anatomical planes and in 3D were calculated. In this 
preliminary analysis, metatarsal (M 1-5) and phalanx (P 1-5) 
bones were analyzed, for their height from the floor (H_), 
together with absolute (A_) and relative (R_) orientations, i.e. 
phalanx-to-metatarsal, in the sagittal plane only. 

Pressure patterns were acquired (EMED q-100), registered and 
averaged over 5 consistent gait trials for each patient and foot. 
For the above selected feet (mean contact time -CT- 
0.68±0.06s), Peak Pressure (PP) and Pressure-Time Integral 
(PTI) were extracted at hallux and at first (M1), central and 

fifth (M5) metatarsals. Pearson’s correlation analysis (R3.4.3, 
The R Foundation) was conducted on all these parameters. 

 
Figure 1: PCA-based reference frames for all foot bones (top left); 
R_M4P4 angle calculated on relevant 3D bone models (top right). 

Foot model registered on corresponding pressure map (bottom) from 
a representative patient, with relevant values and averages. 

Results and Discussion 

Strong (R2>0.6) and significant (p<0.05) correlations were 
found. Increasing age, BMI and YOD strongly correlated with 
increasing dorsiflexion of lateral phalanxes (A_P4, A_P5, 
R_M4P4 and R_M5P5; R2 0.81-0.94); YOD also affected 
central metatarsals lowering (max btw H_M2, H_M3, and 
H_M4; R2=0.65). Plantar loading increase at M1 – either PP 
or PTI and positively correlated with age (R2=0.88) - strongly 
correlated with the same 3D parameters (R2 0.68-0.84) and 
also with M1 lowering (H_M1; R2=0.78) and M2 elevation 
(H_M2; R2=0.71). Central metatarsal loading increased with 
P5 plantarflexion (A_P5; R2=0.65). PP and PTI strongly 
correlated to each other at every region. 

Conclusions 

Measurements of foot bone architecture can be performed in 
3D and in weight-bearing; the combination of these with 
plantar loading measurements would provide fundamental new 
insights for a thorough assessment of foot complications. A 
relevant software tool has been developed and exploited in 
diabetic feet, showing interesting, though very preliminary, 
correlations between these measurements. Hopefully, if 
confirmed over the whole sample, this will help designing and 
assessing more effectively orthotic or surgical interventions. 
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Summary 
We present methodology to integrate motion capture with a 
plantar/shear stress measurement device. The combined 
system can be used to characterize foot plantar tissue 
deformation and calculate multi-segment foot joint kinetics. 

Introduction 
Force plates and motion capture technology are frequently 
integrated in order to perform inverse dynamics calculations. 
The resulting joint moments and powers are useful in 
identifying muscular and energetic contributions to joint 
movement. When additional insight into the distributed force 
under the foot is desired, plantar pressure mats are also used 
[1]. In this study we describe the integration of a device 
capable of measuring plantar pressure and shear stress 
distributions [2] with a motion capture system. This integrated 
system would allow for: 1) a full description of plantar tissue 
deformation during barefoot movement, and 2) full inverse 
dynamics calculations to be performed for multiple foot 
segments that are simultaneously interacting with the ground. 

Methods 
The integrated system consists of a FootSTEPS plantar/shear 
sensor (ISSI, Inc.) mounted on top of a force plate (AMTI, 
Inc.), and a 10-camera motion capture system (Vicon, Inc.). 
Previous iterations of the FootSTEPS device have been 
described previously [2]. Briefly, it consists of a glass plate 
covered in a reusable surface stress (S3F) film, with a sensing 
area of 42 cm x 27 cm. A camera mounted below the plate 
captures film deformations, which are calibrated to known 
pressure and shear values. 

The start of the motion capture collection was used for time 
synchronization, sending a square wave pulse to the force 
plate amplifier. The offset between motion capture and 
FootSteps start times was recorded. Spatial synchronization 
was accomplished by pushing with a soft-tipped pointer on 
multiple locations on the FootSteps surface and determining 

the mean offset between the center of pressure and tip of the 
point in motion capture coordinates. 

The separate motion capture and pressure/shear output files 
were read into custom LabView (National Instruments, Inc.) 
software for initial data processing. Marker coordinates were 
superimposed onto the pressure data, and foot segments were 
identified manually using the markers and pressure 
distributions, corresponding to a previously published kinetic 
multi-segment foot model [3]. After identifying segment areas, 
pressure and shear distributions were extracted and total area 
forces, centers of pressure, and free moments were calculated. 
These were imported into Visual 3D software (C-Motion, inc.) 
for use in multi-segment foot inverse dynamics calculations. 

Data from one healthy adult subject was used to illustrate 
potential utility. Total shear force in each direction (medial, 
lateral, anterior, posterior) was plotted to show plantar skin 
spreading and energy damping. Inverse dynamics of the 
metatarsophalangeal (MTP) joint was plotted to show negative 
joint work done during late stance. 

Results and Discussion 
There was a small amount of opposing A/P shear forces from 
50-70% of stance during the beginning of the 3rd rocker. This 
represents propulsive energy loss due to tissue spreading 
creating a damping effect. In the M/L direction, fairly 
consistent opposing shear forces can be seen across stance, 
likely helpful for balance. MTP joint power is primarily 
absorptive. 

This integrated system may provide accurate multi-segment 
foot kinetics and aid in insights into foot energetics. Future 
work needs to be done to automate the integration steps.  
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Figure 1: A) Anterior/posterior shear force, B) Medial/lateral shear force, and C) MTP joint power for one subject, all displayed vs % stance. 
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Summary 

This work outlines the development and performance of a 3D 
scanning system incorporating multiple Intel RealSense Depth 
Cameras. The system can capture time-varying colored 3D 
scans at up to 60 frames-per-second.  Software was developed 
to align and process images from multiple cameras into a 
pointcloud representation. Performance of the system was 
evaluated by collecting dynamic 3D scans of a walking 
motion. Visual inspection of the resultant pointclouds showed 
successful capture of the foot shape with minimal noise. 
However, color data exhibited heavy streaking. The system is 
designed to be flexible, allowing for collection of morphology 
data across the human body.  

Introduction 

Scanning technologies which capture human body shape data 
use a variety of methods, including laser lines, structured light, 
photogrammetry, and millimeter waves[1]. Some of the 
methods can capture high-frame rate dynamic scans of moving 
subjects, but many require large, expensive modules.  

Consumer interest in motion and gesture tracking has resulted 
in the development of technologies such as the Microsoft 
Kinect; the Kinect uses near-infrared structured light patterns 
to capture depth information. The Kinect has successfully 
captured static human body shape data, but not high-resolution 
dynamic scans [2].  

Recently, Intel has released the D415 and D435 RealSense 
Depth Cameras. These cameras provide depth information 
much like the Kinect but in a smaller form factor. This study 
evaluates the performance of using multiple RealSense Depth 
Cameras to capture human body-shape data.  

Methods 

The scanning system combined six Intel RealSense D415 
Cameras. Each camera uses stereo vision from two infrared 
imagers to capture depth information [3]. A color imager 
assigns red-green-blue values to each depth point.  

The cameras collected depth and color frames of a resolution 
of 848x480 pixels at 60 frames-per-second. The frames were 
converted into a pointcloud in the cameras’ local coordinate 
systems. A chessboard of known dimensions is used as the 
calibration target to align the cameras to a global coordinate 
frame. The chessboard corners are detected using OpenCV 
algorithms [4]. The Kabsch algorithm is used to derive each 
camera’s transformation matrix to align its pointcloud to the 
global coordinate frame [5].   

The six cameras were mounted around an area-of-interest 
measuring 25in x 35in. Each of the six cameras was positioned 
around the area-of-interest with slightly overlapping fields-of-
view. The system was used to capture dynamic foot 
morphology during gait to assess its performance.  

Figure 1: Example scans of foot morphology during heel-off 

Results and Discussion 

Figure 1 shows selected frames of the collected pointcloud 
data from the system during the heel-off portion of the gait 
cycle. The scans were post-processed to remove background 
features and the pointcloud was down-sampled. The scans 
allow for assessment of the dynamic morphology of the foot. 
The morphology of the foot appears to have been captured in 
good quality with very little noise and no noticeable 
misalignment from the multiple cameras.  

The color-frames exhibited heavy blurring throughout the 
dynamic scans. Future work will focus on obtaining clearer 
color frames, allowing for colored stickers to be detected as 
anthropometric markers on the scan.  

Conclusions 

This work shows the feasibility of using a system of Intel 
RealSense cameras to capture dynamic 3D scans. The system 
is flexible; the cameras can be positioned to capture any area 
of interest. Data captured from these cameras can aid 
development of parametric models which can predict body 
morphology through dynamic motions. Such models can help 
design for proper accommodation of footwear and clothing to 
the complex movements of the human body.  
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Summary 

In , if a deficit 
existed in one spinal stability system another system is thought 
to compensate to maintain spinal stability. This study 
examined whether those with delayed trunk reflexes did 
modify muscle activation patterns to complete a dynamic 
lifting task while minimizing spinal motion. Results show 
individuals with delayed trunk reflexes had higher antagonist 
co-activation in both the sagittal and frontal plane for this 
lifting task. These patterns provide evidence to support that 
active stiffness of the spine compensates for a delay in 
reflexive adjustments. 

Introduction 

Low back pain (LBP) is common worldwide. While the cause 
is multifactorial, a theoretical model suggests that deficits 
within one of three functional spinal systems: passive, active 
and neural could lead to pain via spinal instability [1]. The 
neural system defines sensory organelles, and neural tissues 
that transmit signals to adjust muscle force. Delays in stretch 
reflex latency have been associated with a risk of LBP [2]. 
However, the other spinal systems could adapt to compensate 
for the stability challenge of delayed reflexes [1]. The purpose 
of this study was to determine whether participants with 
slower reflexes would have different muscle activation 
patterns to complete a controlled dynamic lifting task where 
spinal motion was minimized, and timing was controlled.  

Methods 

Sixty male participants, with no or low LBP (VAS < 3/10) 
volunteered from the Canadian Armed Forces. 
Electromyographic (EMG) data were digitized at 2000Hz 
from 12 bilateral trunk sites [3]. To test reflexes, participants 
were exposed to 14 perturbations from 3  to 
flexion (or visa-versa) at  using a dynamometer. For this 
task the primary outcome measure was reflex latency defined 
as the time from the stimulus to when a muscle reflex was 
observed defined as amplitude greater than the mean±2 
standard deviations of each muscles resting activity. 

To test muscle activation patterns, participants performed 
three controlled right to left lift and replace tasks [3]. EMG 
data were rectified, low pass filtered (6Hz), time normalized to 
100% (lift to lower) and amplitude normalized to voluntary 
isometric contractions (MVIC) [3]. Ensemble average linear 
envelope signals for each participant and musle were entered 
into principal component (PC) analysis models for the 
abdominals and back muscles separately [3]. Each waveform 
could be represented by a PC score for each feature. 

Participants were separated into two groups (Slow or Fast) 
relative to a median split approach of the average reflex 
latency for the pooled back and abdominal muscles. Mixed 

Model ANOVAs (group, muscle) tested for main effects and 
interactions for each PC score (  

Results and Discussion 

Participants in the Slow and Fast group were not different for 
age (37±10years), mass (85±14kg), or height (178±8cm). Five 
PC features (2 abdominals and 3 back) explained >95% of the 
waveform variance. For abdominals, a group main effect 
(p<0.001) in PC1 showed the Slow group had higher 
activation amplitudes than Fast (Figure 1-solid). For back 
extensors, two group main effects were found. For PC1 
(p=0.016) Slow had lower activation amplitudes than Fast. For 
PC2 (p=0.001), less difference between early and late activity 
indicates less responsive to the changing lateral flexion 
moment in Slow versus Fast (Figure 1- dashed). These results 
reflect sustained co-activation in response to the flexion 
moment (PC1 abdominals) or the lateral flexion moment (PC2 
back extensors) produced by the task. Despite our task being 
controlled, Slow participants use a co-activation pattern that 
would increase their baseline intrinsic stiffness [4]. This 
pattern could compensate for sudden unexpected perturbations 
that occur during this controlled task, providing Slow 
participants a margin of safety to unexpected loading.  

Figure 1: Ensemble Average Waveforms of Abdominals (solid) and 
Left Back Extensors (dash). Arrows towards Slow indicate PC1 
(green) or PC2 (black) feature differences in the waveforms. 

Conclusions 

These results support muscle activation pattern differences 
consistent with a deficit in trunk muscle reflexes. Those with 
slower reflexes had a shift towards sustained co-activation and 
increased active stiffness suggesting a compensation for 
delayed reflex stiffness generation during this controlled task. 
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Summary 
Mechanical loading of the spine has shown to be an important 
risk factor for the development of low-back pain. A passive 
flexible beam exoskeleton was tested during static bending 
tasks and during lifting. The EXO reduced back muscle 
activity by 20-40% (i.e. 2-4% MVC) during static bending and 
around 23% (7% MVC) and 15% (4% MVC) during lifting 
from ankle and knee height. 

Introduction 
Mechanical loading of the spine has been shown to be an 
important risk factor for the development of low-back pain 
[1]. To reduce the load on the low back, exoskeletons have 
been developed that generate a support moment to reduce back 
muscle activity. However, user satisfaction is still rather low, 
mainly due to bad fitting, obtrusion of movement and pressure 
points. To improve these issues, a new exoskeleton (EXO) 
was developed using a self-aligning hip joint and a flexible 
beam along the spine [2]. However, to what extent low back 
load is reduced when using this type of exoskeleton is still 
unknown. Therefore, the aim of this study was to evaluate the 
biomechanical effects of a flexible beam exoskeleton during 
static bending and lifting tasks. 

Methods 
Eleven workers from an airport luggage handling unit 
performed static trunk bending tasks (while keeping the legs 
straight) at six hand heights, relative to standing upright 
(100%, 95%, 80%, 60%, 20% and 0%). In addition, dynamical 
lifts were performed from both ankle and knee height, using a 
free lifting technique with a box of 10 kg. All tasks were 
performed without EXO and with EXO. Full-body kinematics, 
ground reaction forces and back and abdominal muscle surface 
electromyography (EMG) were measured. Net moments at the 

L5/S1 joint, generated by the subject plus the EXO (Mtot) 
were calculated using a 3-D bottom-up inverse dynamics 
approach. EMG was averaged over back muscles 
(Longissimus Thoracis, Iliocostalis and Longissimus 
Lumborum) and over abdominal muscles (Rectus Abdominus 
and External Oblique), and expressed as a percentage of 
Maximum Voluntary Contraction (MVC). 

Results and Discussion 
Maximal support torque of the EXO was around 50 Nm and 
was linearly dependent on the beam bending angle. EMG 
activity of the back muscle was reduced by 20-40% (i.e. 2-4% 
MVC) during static bending and around 23% (7% MVC) and 
15% (4% MVC) during lifting from ankle and knee height, 
respectively (Figure 1). Abdominal activity was not affected 
by the EXO and was below 5% MVC except at 0% hand 
height. The EXO did not affect lumbar flexion angles (as % of 
the maximal range of motion) during lifting, but it led to a 
reduction of lumbar flexion by 6 to 16% during static bending.  

Conclusions 
The current flexible beam exoskeleton did reduce mechanical 
loading on the back in both static bending and lifting from 
knee and ankle height.  
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Figure 1: Support moment of the EXO (left) and back muscle activity (right) during both static bending and lifting. For lifting, peaks are 
presented for ankle (A) and knee (K) height and for the pick-up (pu) and put-down (pd) phase of the lifting cycle. A significant (p=0.05) 

difference between two adjacent bars in EMG results is indicated with *. The error bars indicate the standard deviation.  
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Summary 

Dynamic materials handling tasks greatly contribute to low 

back pain cases in the U.S. To biomechanically differentiate 

between techniques, a musculoskeletal model in OpenSim and 

EMG-assisted muscle dynamics estimator, the CEINMS 

software, were used to quantify risk factors for two waste 

collection techniques from experimental data. As expected, the 

EMG-assisted muscle estimator resulted in larger joint loads 

during the more dynamic technique than those estimated using 

conventional static optimization. Despite a greater increase in 

joint reaction loads of the dynamic technique from the EMG-

assisted solver, the quasi-static technique did not result in 

decreased risk of low back pain.  

Introduction 

Low back pain (LBP) continues to be a major cause of 

disability in the United States and is a common result of 

manual materials handling occupations [1]. Peak lumbar 

spinal loading and integrated lumbar moments over a work 

shift have been identified as primary kinetic risk factors of 

LBP [2]. Though many have investigated these risk factors 

during static and quasi-static tasks, little research has focused 

on dynamic tasks, such as waste collection, where active 

throwing of materials occurs. To better understand the 

consequences of dynamic tasks, we hypothesized that the risks 

of LBP from peak lumbar joint reaction forces and integrated 

lumbar moments are reduced by using a symmetric, quasi-

static technique compared to an asymmetric, dynamic 

technique to achieve the same result. 

Methods 

Five healthy male subjects participated in the IRB approved 

study by completing two tossing techniques of a 7 kg 

weighted bag into a simulated dump truck. The quasi-static, 

symmetric technique was accomplished by a symmetric lift of 

the weighted bag, a leftward turn, and a forward toss exerted 

from the center of the torso. The dynamic, asymmetric 

technique was executed by grabbing the top of the bag, 

pivoting on the left foot, and swinging the bag across the 

body. Both of these methods are commonly used in the field. 

Motion capture, ground reaction force, and electromyography 

(EMG) data were recorded using a Vicon motion capture 

system, Bertec force plates, and a Delsys EMG system. Joint 

dynamics were computed in OpenSim using the 

Musculoskeletal Model of the Lumbar Spine with appendage 

geometries from the FBLS model [3-7]. 7 EMG electrodes 

captured muscle activity of the erector spinae (R/L), latissimus 

dorsi (R/L), external oblique (R/L), and rectus abdominis. 

These activations were used in the CEINMS software, an 

EMG-assisted muscle dynamics estimator [8]. Finally, lumbar 

spinal loading was estimated from a joint reaction analysis in 

OpenSim using the computed muscle forces. 

Results and Discussion 

The symmetric, quasi-static technique did not reduce all risk 

factors computed. The dynamic technique resulted in larger 

integrated axial rotation moment and peak compression force 

by 107% and 45% of the quasi-static scenario respectively. 

The quasi-static technique resulted in larger integrated 

flexion/extension moment and peak shear force by 17% and 

135% of the dynamic technique respectively (Figure 1). All 

reported peak force values were computed using the EMG-

assisted solver. This technique reduced RMS error of muscle 

EMG signal by 28% and 19% for the dynamic and quasi-static 

techniques respectively which increased joint reaction loads. 

 

Figure 1: Biological lumbar moments (left) and L5/S1 joint reaction 

forces (right) for both tossing techniques during interaction with 

weight. Peak values of total motion were found within these bounds. 

Conclusions 

The quasi-static, symmetric technique did not reduce all 

investigated risk factors of LBP. Additionally, the EMG-

assisted muscle estimation reduced RMS error of muscle 

EMG, especially during dynamic movements. 
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Summary 

Low back pain is a disabling pathology to which several 

workers are exposed. Our study aimed at finding 

biomechanics driven biomarkers of incorrect lifting postures. 

For this reason two cohort of subjects were analysed (healthy 

and affected by low back pain) through plantar pressure, 

electromyography and motion capture systems while 

performing different lifting task from different heights and 

with different weights. Results indicate that the differences in 

both muscles activation and plantar pressure recorded on the 

pathological subjects may provide interesting insight in the 

analysis of the neuromotor control strategy adopted to stiffen 

the spine. 

Introduction 

Multidimensional nature of low back pain (LBP) onset and its 

complications rise a big question on investigation of risk 

factors and management strategies [1]. LBP patients display 

alterations in trunk and abdominal muscles recruitment 

patterns in meeting lift task demands. However, abnormal foot 

loading patterns have been associated with LBP [2]. It seems 

important to assess the activation patterns by Surface 

Electromyography (sEMG) and plantar pressures during 

lifting tasks. The aim of our study is to find biomechanics 

driven biomarkers of incorrect lifting postures by evaluating 

changes in posture and muscles activation between healthy 

and pathologic subjects while performing different lifting task 

from different heights and with different weights.  

Methods 

 Twenty healthy subjects and 10 subjects affected by LBP 

(table 1) were asked to perform 3 consecutive squat lifts with 

different weighs (4-8-12 kg for female and 8-16-24 kg for 

males) at two different heights (Fig.1A) and by adopting both 

correct (squat) and incorrect (forward bending - only the 

healthy) lifting posture (Fig.1B). Kinematics, kinetics, sEMG 

and plantar pressure analysis were performed through a 

stereophotogrammetric system synchronized with 2 force 

plates, an 8 channels sEMG and insole plantar pressure 

system. The signals from Rectus Femoris (RF), Rectus 

Abdominis (RA), Biceps Femoris and Erector Spine were 

collected bilaterally; Peak of Envelope (PoE) and its 

occurrence within the task were extracted [3]. Peak of Pressure 

(PP), its occurrence in % of the task duration and its location 

Table 1: Subjects’ demographic and clinical data (mean±sd). 

were extracted. Student’s T-test and Pearson correlation 

analysis (p<0.05) were performed across the data (Spss 19). 

Results and Discussion 

Statistical analysis highlighted several differences between 

healthy and pathologic subjects and between correct and 

incorrect lifting, mainly in PoE, PoE occurrence and PP 

location. Pathologic subjects displayed statistically significant 

lower activation of RF and RA if compared to the healthy ones 

(Fig. 1C). With increased load, the pathologic subjects 

increased ES muscle recruitment and PP location shifted to a 

more anterior and medial directions on the plantar aspect of 

the foot. In the forward bending lifting performed by healthy 

subjects, the same behavior of muscle activation pattern was 

highlighted. Moreover, correct and incorrect lifting posture 

showed different muscular activations which leaded to a 

different plantar pressure distribution. Therefore, different 

lifting strategies were highlighted. The healthy subjects 

adopted the squat technique to reduce the vertebral load and 

increase postural control even during the incorrect lifting 

tasks. The pathological subjects unsuccessfully tried to adopt 

the same technique, but their muscles activations and PP were 

comparable to the wrong lifting posture. 

Conclusions 

The study of muscles activation and plantar pressure may 

provide interesting insight in the analysis of the neuromotor 

control strategy adopted to stiffen the spine. 
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Subjects M/F Age (years) BMI (kg/m2) Pain site # episodes/year VAS max Laseague/Wasserman 

Healthy 
10 M 23.6 ± 2.2 22.9 ± 1.2 n.a. n.a. n.a. n.a. 

10 F 23.7 ± 2.4 22 ± 2.4 n.a. n.a. n.a. n.a. 

Pathologic 
7 M 29.6 ± 5.7 23.9 ± 1.5 3 D-L, 3 D, 1 L-S 11 ± 7 5.3 ± 1.4 (-) 

3 F 32.7 ± 14 21.1 ± 2 1 C-L, 1 D-L, 1 L-S 24 ± 14 6 ± 2 (-) 

Figure 1 A-B. Exemplification of lifting tasks. C. Results of T-test 

(*p<0.05) in PoE during loaded descending task. 
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Summary 
This study evaluated the lifting kinematics and muscle 
activation for an occupational lifting task before and after a 
three-hour simulated driving task. No changes in upper body 
lifting kinematics were found however, there were significant 
differences in maximum and mean percent muscle activation 
levels when compared to their 100% maximum voluntary 
contraction. The implications of this study could be an 
indicator of injury risk for personnel working in occupations 
requiring physically demanding work following long driving 
periods, such as emergency medical services, long-haul truck 
drivers and professional movers.  

Introduction 
Sedentary behavior in the workplace has been an area of 
concern due to significant health risks of workers and the 
financial burden for employers. The development of type II 
diabetes, cardiovascular disease and obesity have been directly 
related to prolonged bouts of sitting in the workplace (Owen, 
2008). Prolonged sitting may also have unintended 
consequences on the performance of subsequent work tasks 
like lifting. For example, paramedics are required to perform 
strenuous lifting tasks following prolonged sitting or driving. 
Paramedics are four times more likely to develop a workplace 
injury than the average worker (Maguire, 2013). Prolonged 
sitting is known to change lumbar spine stiffness (Beach et al., 
2005), which may in turn affect the risk of injury. To date, the 
effects of prolonged driving on neuromuscular function during 
lifting performance are not well understood. The purpose of 
this research was to identify changes in muscular activation 
levels and low back injury risk associated with lifting 
performance before and following a prolonged bout of 
sedentary behavior (sitting and driving).  

Methods 
Eleven young, healthy participants (N=11) were recruited for 
this study with a mean age of 25 (±7.2) years of age. 3D 
electromagnetic motion sensors were attached to the 
participant on the bilateral hands, forearm, upper arm and 
thighs as well as three sensors along the spine. They then 
performed 10 box lifts from the floor to a shelf of 0.75 meters 
in height. They were then asked to drive in a driving simulator 
equipped with ambulance software for 140 minutes. The 
custom software allows the simulator to operate like an 
ambulance in regards to handling, braking and accelerating. 
Upon completion of the driving task, participants were then 
asked to repeat the lifting task immediately. Kinematic and 
neuromuscular data was collected during the lifts.  

 

Results and Discussion 

Statistically significant differences were found in kinematic 
lifting waveforms in the bilateral shoulders (p<0.001) when 
comparing pre vs. post drive lifting tasks. There were no 
significant changes in the hips, lumbar and thoracic spine. 
When comparing pre and post drive root mean square (RMS) 
values of the EMG data, it was found that there were 
significant differences in max and mean percent change values 
of both the shoulder and back but non-significant differences 
were found in the biceps. 

 
Figure 1: Mean percent muscle activation during lifting pre- and 

post- driving task. 

Conclusions 
This research study suggests that individuals increased 
shoulder flexion after the drive but still maintained a squat 
technique during the lift. It was also found that lifting requires 
a greater amount of muscle activity when performed after a 
prolonged bout of simulated driving relative to the pre-driving 
condition. Increased activation could increase the risk of 
injury associated with lifting in an occupational setting. 
Further research is needed to advance our understanding of 
musculoskeletal injuries after bouts of sedentary behavior in 
the workplace. 
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Summary 

This study investigated the minimum sensor configuration 
(individual or pair) to achieve the simplest cost-effective sensor 
fusion configuration for robust gait event detection. Five 
sensors were attached to a powered ankle-foot orthosis: foot 
IMU, shank IMU, ankle potentiometer, heel contact sensor, and 
toe contact sensor. Sensor signals were compared to motion 
capture data for five healthy young adults walking on an 
instrumented treadmill. A single IMU on the shank detected the 
most gait events during a gait cycle (eight out of ten). Our 
recommendation is to use a shank IMU and heel contact sensor 
as a failsafe feature for detecting nine out of ten gait events and 
for control of a powered ankle-foot orthosis. 

Introduction 

For successful powered ankle-foot orthosis (AFO) actuation, it 
is essential to receive information from external sensors to 
apply control. While many sensors can be used for gait 
estimation, they also increase system complexity. To our 
knowledge, there has been no systematic study on identifying 
the simplest cost-effective and robust sensor fusion 
configuration for a powered AFO.  

Methods 

Five sensors were attached to the Portable Powered Ankle-Foot 
Orthosis (PPAFO), Figure 1 [1]. Two force resistive sensors 
(FSR) (SEN-09376 ROHS, SparkFun) were embedded between 
the sole and tread and used for detecting foot heel or ball 
contact. A linear magnetic potentiometer (MagnetoPot; Spectra 
Symbol) measured linear translation of two parallel dual-acting 
pneumatic air cylinders (091.092-D; Bimba Manufacturing), 
which converted directly to ankle angle through a custom gear 
train with 4:1 gear ratio at the ankle joint. Two inertial 
measurement units (IMU) (MPU9250; InvenSense) were 
attached to the foot and shank segments (dorsal surface and 
anterior shin) to track segment kinematics.  

To assess performance of single or double sensor 
configurations, sensor-based estimates were compared to “true” 
values through event-based and state-based approaches in terms 
of gait event detection timing (ms) and gait state estimation (% 
gait cycle), respectively [2]. Five healthy male subjects walked 
on an instrumented treadmill (Bertec) wearing the PPAFO and 
motion markers (Vicon) on the right foot for five one-minute 
trials each. Gait cycles were divided into 101 states (0%-100% 
GC) using eight signals to define “true” gait states (ankle and 
shank angle from motion capture data, bilateral vertical ground 
reaction forces, and their derivatives). For the five sensors, gait 
events were detected through a combination of local maxima, 
minima and threshold-crossing methods; then the detected 
events were used to perform gait state estimation [2]. Mean 

absolute error between “true” and estimated values quantified 
sensor configuration performance. 

Results and Discussion 

Using direct and derived signals, ten gait events representing 
initiation or mid-point of the eight gait cycle sub-phases could 
be detected from the sensors. Individually, each FSR detected 
two distinctly different events, while the potentiometer, foot 
IMU and shank IMU detected four, six, and eight, respectively. 
All sensor configurations had errors less than 3.5% GC. 
Configurations that included an IMU had better performance 
than non-IMU configurations. The single IMU configurations 
(on the shank or foot) both outperformed all other 
configurations (mean state estimation error: < 2% GC; mean 
event detection timing error: < 23ms). Since more detectable 
events could improve system robustness (i.e., adjusting to 
variable speeds) by updating estimation more frequently, a 
single shank IMU configuration was recommended. As a 
failsafe feature, a heel FSR can be included to increase event 
detection redundancy.  

Future work is needed to explore the effect of variable walking 
speeds, variable gait environments (e.g., stairs), and gait types 
beyond an able-bodied heel-toe gait pattern. 

 
Figure 1: Gen 3 PPAFO with five sensors for detecting gait events. 

Conclusions 

A single IMU attached to the anterior surface of the shin can 
detect eight out of ten gait events during a gait cycle of a normal 
heel-toe gait pattern. Use of a shank IMU and heel FSR are 
suggested for cost-effective and maximal gait event detection 
for powered AFO control. 
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Summary 
Wearable sensors enable collection of large quantities of data 
from real-world movement, but the variety of behaviors 
recorded makes it challenging to distill generalizable 
knowledge from these data. This research develops a method 
for comparing the effects of mobility interventions on 
frequently-repeated movements in data recorded during 
everyday life. A case study compares gait kinematics from 
week-long data sets using two types of footwear.  

Introduction 
Continuous wearable movement monitoring has the potential to 
reveal the effects of health interventions on everyday mobility. 
But, it is challenging to distill the resulting “big data” into 
generalizable knowledge or clinical decisions. The major 
challenge is behavioral variability: the effects of different 
interventions can be obscured by the varying prevalence of 
different underlying activities in the recorded data set.  

But, certain subsets of a person’s movement pattern are 
frequently repeated. A person may walk the same routes from 
home to a bus stop, or from a workstation to a break room, up 
to several times per day. Movement along these common paths 
has the same location, and often the same conditions and 
purposes, each time it occurs. We hypothesize that these 
specific movement conditions are as repeatable as laboratory 
tests and can be analyzed statistically to compare movement 
changes attributable to specific mobility interventions. Here we 
describe a method for identifying, clustering and analyzing 
frequently repeated movements. We demonstrate its utility 
through real-world comparative analysis of two subtly different 
conditions: walking with athletic shoes and with sandals.  

Methods 
The method builds on techniques for outdoor and indoor 
pedestrian tracking and path reconstruction, combined with 
statistical clustering and feature recognition to identify straight-
line paths. Tracking is accomplished through pedestrian dead-
reckoning in which a foot-mounted inertial measurement unit 
(IMU) is used to reconstruct the wearer’s foot movement, and 
thereby his/her path [1]. Because this reconstruction suffers 
from inherent drift, it is stabilized using GPS signals whenever 
the wearer is outdoors. During indoor periods away from GPS, 
a Kalman Smoother corrects the path using both past and future 
outdoor GPS fixes. Additional assumptions further stabilize the 
indoor trajectory based on known types of motion, such as 
periods of no motion (sitting or standing still) and measured 
altitude changes using a barometric pressure sensor (e.g. in 
elevators). Path reconstruction can be stabilized for up to a few 
hours of indoor movement, depending on IMU quality. The 
result of this process is an estimate of the wearer’s location at 
all times throughout the recorded period.  

To compare interventions, the wearer’s path is separated into 
clusters of matching paths, such as straight-line segments in 
specific locations and directions, which are repeated multiple 
times in all conditions under test. For path clusters containing 
enough total strides, foot motion is reconstructed anew using 
only local data (no GPS updates) and cut into individual strides. 
These strides are used to compute outcomes [2] such as stride 
length, stride width, ground clearance, and any other signals 
recorded concurrently. Finally, strides are grouped according to 
different experimental interventions and compared statistically.  

Results and Discussion 

To demonstrate the method, a single subject wore an IMU+GPS 
system on one foot for two weeks: one week while wearing 
athletic shoes and one week while wearing sandals. The path 
clustering algorithm identified many repeated paths (Fig. 1), of 
which four at or near the subject’s workplace recorded over 300 
strides with each style of footwear. Analysis of Covariance 
(ANCOVA) of strides along these paths found that at matched 
speed, walking with sandals resulted in longer strides (1.47 vs 
1.42 m, P<1e-4) on all paths and increased vertical ground 
clearance (0.035 vs 0.030 m, P<1e-4) on three of four paths.  

Conclusions 
Detection of even subtle differences with high statistical power 
illustrates the value of this repeated-paths method for 
determining the effects of mobility interventions on real-world 
movement. Future work will focus on adding additional 
biomechanical sensors and applying the method to compare the 
effects of prosthetic feet and lower-limb orthoses.   
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Figure 1. Frequently repeated movement paths in a 2-week dataset. 
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Summary 

Wearable devices enables us to monitor human walking in the 
field. There is however technical trade off exists between the 
data richness and the wearable convenience. To extract motion 
information from the limited measurement data, we propose to 
exploit the biomechanical characteristics of human gait 
describable by the spring mechanics. The unmeasured ground 
reaction forces (GRF), joint torques, joint kinematics were 
estimated from a single measurement of the center of mass 
(CoM) using a compliant legged walking model, which is also 
used to improve the accuracy of GRF estimation from 
machine learning despite the small number of training data set. 
Results imply that the use of biomechanical characteristics of 
human gait helped to resolve the trade-off between the 
monitoring performance and the simplicity of wearables. 

Introduction 

GRF is fundamental kinetic data in gait analysis and measured 
by bulky 3D force sensors mostly in the laboratory set up. To 
measure GRF outdoor, technical challenges would be the 
reducing the size and weight of portable 3D force sensors 
while enhancing the accuracy and the durability of sensors. To 
resolve this challenge, we attempted to use the dynamics of 
the CoM in response to the GRF characterized by the spring 
mechanics [1-2]. Specifically, we tried to estimate the 
unmeasured GRF from the measured CoM motion by IMU 
sensors and/or single RGB video image using a spring loaded 
inverted pendulum (SLIP) model simulation. Recent studies 
attempted to apply neural network (NN) to estimate ground 
reaction force (GRF) without force plate measurement [3-4]. 
To relieve the requirement of large training data set for NN to 
better estimate the output, we proposed a mechanics-
implemented NN method.  

Methods 

A CoM is measured from the data of four subjects’ walking on 
the treadmill trials using a single IMU system attached at the 
back of the subjects. Concurrently, an RGB video image of 
sagittal plane was recorded and correlation filter and the point 
tracking method extracted the CoM position. A SLIP model 
[2] is used to estimate GRFs and joint angles from the CoM 
trajectories. Among the collections of 32 steps, 24 steps were 
used for training NN and the remains were used for validation.  

Results  

The estimation showed reasonably good match with the joint 
kinematics and kinetics data from a limited measurement data 
with reduced training data set by incorporating mechanical 
representation of CoM dynamics, the SLIP model.  

 

 
Figure 1: Estimation of unmeasured kinematic and kinetic data 
during walking from a single measurement of the CoM trajectory. 
CoM was measured from a single IMU system (middle column) and 
a single RGB video (right column). 

 

Figure 2: Comparison of the GRF estimation process using a neural 
network (NN) only (upper row) and biomechanics-implement NN.  

Conclusions 

The biomechanical domain knowledge of human walking was 
implemented to estimate the kinematic and kinetic data form a 
limited number of measurement data, implying that the 
biomechanics could help to resolve the trade-off between the 
monitoring performance and the simplicity of wearables. 
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Summary 
A lot of wearable sensor technologies have been developed 
and applied in sports. Many sports teams notice that wearable 
technology is helpful for improving performance, reducing 
injuries and enhancing fan experience. Wearables will more 
develop along with sensor technology. It is also important to 
provide more useful information to athletes and coaches based 
on big data from wearables as well as sensor technology itself. 

Introduction 
Wearable sensor technologies for sports applications have 
been advancing constantly with the aim of reducing the 
sensor’s size and power requirements, improving its data 
memory storage and processing power, providing faster speed 
for wireless data transmit and making them widely available at 
low cost. There are various signals to measure and wearable 
platforms for sensors in sports. The aim of this paper is to 
present the utilization of wearable technology in sports to 
improve performance, to prevent injury and to improve fan 
experience in media. In addition, the future of wearable 
technology in sports is discussed. 
 

Performance Enhancement 
Wearables technology provides information about athletes’ 
physical ability and technique to improve performance. 
Various wearables are already being used in many colleges 
and professional sports, such as NCAA, MLB, NBA, and NFL 
to collect and analyse movement information, as well as more 
sensitive athlete biometric information such as heart rate, skin 
temperature, blood oxygen, and so on. The uncocking motion, 
which is a characteristic movement of the wrist during the golf 
swing, is important in achieving accurate ball hitting and long 
driving distances. However, it is difficult to measure by 
conventional devices like camera. In order to precisely 
compute the wrist angle for uncocking evaluation, we have 
developed a sensor-based intelligent Inertial Measurement 
Unit (IMU) that collects three-dimensional orientation data 
during the golf swing from two IMU sensors placed on the 
forearm and on the golf club (Figure 1). It accurately analysed 
changes in wrist angle to detect uncocking throughout the 
sequence of golf swing motions [1]. 

Injury Prevention 
Wearable technology has been incorporated into virtually 
every piece of sports equipment in order to monitor the safety 
as well as the performance. Cyclic stress is one of the most 
common mechanisms of musculo-skeletal injuries among 
athletes including baseball pitchers. We have developed the 
algorithm monitoring the intensity and counting number of 

pitching motions by wrist wearable band embedded with IMU 
sensors to prevent the cyclic stress induced injury [2]. Number 
of throwing of baseball pitcher is crucial issue for overuse 
injury. Counting number of pitching motions is necessary 
because the number of throwing is crucial issue for overuse 
injury for baseball pitchers. 

 
Figure 1: IMU sensors to compute the wrist angle for 
uncocking evaluation during golf swing 

Media 
The NFL is probably the best example using wearables into 
sports media. NFL players got connected to the internet with 
RFID. RFID is capable of sending back all kinds of statistics 
like position, distance travelled or acceleration in real time. 
Every data coming off the RFID was picked up by the 
receivers have used by broadcasters to show viewers the exact 
location and speed of ever players on the field.  

The Future of Wearable Technology in Sports 
Many hi-tech companies are competitively investigating new 
sensor and wearable technology. Developers are now focusing 
on integrated technology and smart fabrics to make wearable 
technology even easier to use. However, it is also important to 
provide more useful information to athletes and coaches based 
on big data from wearables as well as sensor technology itself. 
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Summary 

Wearable inertial sensors enable the measurement of human 
movement in non-laboratory environments. Because many 
sports movements cannot be accurately replicated inside a 
laboratory, inertial sensors (also known as inertial measurement 
units or IMUs) are one of the best tools for quantifying some of 
the most dynamic and interesting motions that humans are 
capable of producing. However, there are numerous limitations 
and challenges that must be addressed when making use of the 
data from IMUs; measurements from an IMU are very different 
from both traditional biomechanics measurements and the 
visual measurements and cues used by experienced coaches and 
skilled observers. I describe the limitations and challenges that 
must be addressed when using IMUs and present a framework 
for overcoming the disadvantages of IMUs while leveraging 
their advantages for field-based data collections. 

IMUs: What Can They Provide? 

IMUs, which are small wearable sensors that can be easily 
secured to body segments, measure acceleration and angular 
velocity in a sensor-fixed reference frame. These signals are 
very different from the traditional types of measurements used 
in biomechanics (positions, orientations, and forces measured 
in an inertial or lab-fixed reference frame) as well as the types 
of visual measurements and cues that are often used by coaches 
and training staff (observable displacements, orientations, and 
postures). As a result, it can be a challenge to leverage existing 
knowledge (scientific literature or coaching and training staff 
experience) to make sense of raw IMU data. The accelerations 
and angular velocities measured by IMUs can be used to 
estimate the orientations of body segments [1, 2], joint angles 
[3], joint torques [4], gait parameters [2, 5], velocities [2, 6], 
and positions [5, 6]. However, the algorithms used to make 
these estimates are often application and movement specific and 
require making numerous assumptions that may introduce 
uncertainty into the results.  

Limitations and Challenges 

When using IMUs for sports science applications, I consider 
four primary limitations and challenges: 1) accuracy of 
estimated kinematic and kinetic metrics that are calculated from 
the raw IMU data, 2) knowledge base of the end user (coach, 
athlete, training staff, sports scientist), 3) restrictions on sensor 
placement and the data collection process, and 4) the ability to 
create understandable, accurate, and useful (actionable) metrics 
for the end user. Elite athletes are capable of incredibly 
consistent performance and therefore a large amount of 
uncertainty in the outcome metrics will hide existing and real 
variations in performance. Unfortunately, many of the most 
accurate metrics from IMUs (acceleration, angular velocity, and 
orientation) are usually not immediately interpretable by the 
end user. In addition, the environment in which the data is 
collected and the degree to which coaches and athletes are 

willing to alter their native routine to accommodate data 
collections place limitations on where IMUs can be worn and 
what algorithms can be successfully used to generate metrics. 

A Framework for the Use of IMUs in Sports Science 

To overcome the disadvantages, limitations, and challenges of 
IMUs while leveraging their advantages, I developed a 
framework for the use of IMUs in sports science (Figure 1). 
This approach was created through my experiences in applying 
IMUs to measure athletic performance across a wide range of 
activities, including warfighter performance on an obstacle 
course and pitching, hitting, and running performance of elite 
baseball players. 

Figure 1: A framework for the use of IMUs in sports science. 

In this framework, communication between the IMU expert, 
stakeholders (end user, coach, athlete), and domain experts is 
essential. This communication helps define the end user needs, 
measurement goals, required accuracy of the results, and data 
collection constraints. In addition, it allows the IMU expert to 
educate the end user about the limitations of IMU-derived 
metrics. The IMU expert then uses information gained from 
communication to develop the approach, including the protocol 
(number of IMUs, placement of IMUs, functional calibration 
requirements) and algorithms (metrics, drift correction, activity 
identification, feature extraction). The approach yields IMU-
based metrics which may be given context by adding metrics 
from other data sources (e.g. pitch speed and ball spin rate from 
a pitch tracking system). After initial metrics are created, the 
IMU expert shares results with the stakeholders and domain 
experts to gain feedback and to educate the end user(s); 
additional information learned is used to update the protocol or 
algorithms as needed to generate a modified set of metrics. 
Ideally, this process repeats until both the end user(s) and IMU 
expert are satisfied with the results. 
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Summary 

Chiari type I malformations (Chiari I) are congenital 

deformities characterized by migration of the cerebellar tonsils 

through the foramen magnum. The condition is associated 

with headaches, chronic fatigue syndrome, orthostatic 

intolerance, and other neurologic syndromes [1]. Despite 

patients’ describing difficulties with gait and balance, to date 
there have been no biomechanical studies examining postural 

stability in this cohort of patients. 

A postural stability parameter known as the Hurst exponent 

was examined in 15 Chiari patients during quiet upright 

stance, with feet together and eyes open.  A method of average 

wavelet coefficient decomposition was used to examine 
fluctuations in center-of-pressure data.  The results showed 

significant postural impairments (p=0.04) when compared 

with control subjects, reinforcing qualitative reports of 

postural instability in Chiari patients.   

Introduction 

Chiari type I malformations have a prevalence of 1:1000 in the 

USA. Due to the involvement of the cerebellum, the condition 

is associated with postural instabilities, although the nature of 

these have not previously been quantified.  For the current 

study, the focus was on distinguishing random from non-

random trends in center-of-pressure data and identifying the 

persistence of these trends.   

In 1951 the celebrated British hydrologist H.E. Hurst 

published his analysis of long-term storage capacities of 

reservoirs. This work led to statistical approaches for 

distinguishing random from non-random systems. 

This study hypothesizes that Chiari patients have decreased 

postural control, as measured by the Hurst exponent (0≤H≤1) 

where H≥0.5 indicates instability, and H≤0.5 indicates 

stability [3]. Wavelets were used for their ability to directly 

characterize non-stationary signals [4]. Wavelets can identify 

the time in which a frequency change is occurring, an ability 
that other signal processing tools, such as the Fourier 

transform do not have [3]. 

Methods  

Data were collected within a 24 hour period during a Chiari 

conference, in accordance with an IRB-approved protocol.  

The study was conducted in a silent room with controlled 
temperature.  Chiari patients stood on an AMTI force platform 

with their feet together and eyes open, looking at a target 2m 

in front of them at eye level.  Each subject performed five 

postural tasks lasting 30s each.   

While the study was open to both genders, only one male 

volunteered.  However, his data had to be discarded since he 
was unable to maintain balance for a 30 second period.  For 

the remaining 15 female subjects, the average age was 44.3 

±9.9yrs, height 1.6 ±0.06m and weight 78.3 ±24.2kg. 

Center-of-pressure trajectories were analysed by a level 8, 

Daubechie 12 wavelet decomposition in the antero-posterior 

(AP) direction. Log-log plots of the average wavelet 

coefficient at each decomposition level versus aj (j=levels) 
were used to extract Hurst exponents. These values (H = 

slope-1/2) were averaged over the trials for each patient [2,3]. 

Results and Discussion 

As expected, Chiari patients had significantly impaired 

postural stability.  Hurst exponents for Chiari and control 

subjects were 0.52±.18 and 0.43±.09, respectively (p<0.05). 

 

Figure 1: Hurst values were significantly greater for Chiari patients 

The Hurst exponent of 0.52 for Chiari patients is indicative of 

a Brownian time series, whereas the value of 0.43 for control 

subjects is indicative of anti-persistent behavior. In general, 

the closer the value is to 0, the stronger is the tendency for the 

time series to revert to its long-term mean value. 

Conclusions 

The Hurst exponent is a statistical approach that can provide 

insights into the properties of time series data without making 

assumptions about stationarity. Increased scaling exponent 

values in Chiari Malformation patients suggest that there is 

less postural control than in healthy patients. These results 

support the idea that during upright standing, Chiari patients 

do not return to equilibrium as effectively as healthy patients.  
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Summary 
Individuals living with intellectual disability (ID) have reduced 
postural control during tasks of quiet standing, especially in the 
presence of sensorial deficit. Dance interventions have been 
shown to have a positive impact on postural control. Thus, the 
aim of the current project was to evaluate the effects of a dance 
intervention on postural control in individuals living with ID. 
Postural control was assessed pre and post intervention with 
eyes open and closed in both the experimental and control 
group. Results indicated no significant differences for all 
participants pre-post in the eyes open condition. For the eyes 
closed condition, a significant reduction in sway area and CoP 
range was observed in experimental controls, but no differences 
were observed in controls. These findings indicate that a 
semester-long dance intervention can have a positive impact on 
improving postural control in situations of reduced sensory 
feedback in individuals living with ID. 
 
Introduction 
Individuals living with intellectual disability (ID) have reduced 
postural control during tasks of quiet standing, especially when 
sensory information is altered (i.e. with eyes closed) [1]. 
Reduced postural stability (i.e. measured as increased center of 
pressure displacement) has been shown to be associated to an 
increased risk of falls [2]. Dance interventions have been shown 
to have a positive impact on postural control [3]. Thus, the aim 
of the current project was to evaluate the effects of a semester-
long integrative dance intervention on postural stability in 
individuals living with intellectual disability. Integrative dance 
may be defined as dance that encourages the participation of all 
individuals, regardless of ability, supporting and celebrating 
these differences as a community 
  
Methods 
Subjects were recruited from Saratoga Bridges: 7 subjects 
participated in the 12-week dance intervention (41±13 yrs old) 
and 8 subjects acted as controls, not participating in the dance 
intervention (50±13 yrs old). Informed consent and assent was 
provided prior to participation and testing. Prior to and after the 
dance intervention (i.e. week 1 & 12), postural stability was 
assessed using 2 Wii® balance board (WBB) (Nintendo Co. 
Ltd., Japan) for 3- 30 second trials in two conditions: eyes open 
and eyes closed. A non-parametric Wilcoxen analysis of 
variance was carried out for all parameters to establish 
significance (set at p<0.05) using SPSS25 (IBM Corp., NY). 
 
Results and Discussion 
The results indicated no differences between groups prior to 
testing for all parameters and subject characteristics. No 

significant differences were denoted between and pre and post 
testing for all parameters in both groups in the eyes open 
condition. Significant decreases were observed for A/P and 
M/L CoP range of displacement as well as total sway area 
(Figure 1) in those participants having participated in the dance 
intervention in the eyes closed condition when comparing pre 
to post results: no significant differences were observed in the 
control group pre to post in the eyes closed condition. These 
results indicate that a dance intervention can have a positive 
effect on postural stability, specifically in targeting conditions 
with reduced sensory input (i.e. eyes closed) for which those 
individuals living with ID have been reported to have reduced 
postural stability. Lack of significance in some parameters can 
be explained by the heterogeneity of participants. Future studies 
could aim at investigating a more homogenous population.  

 
Figure 1: Bar graph outlining the sway area pre and post dance intervention in 

both testing groups (* denotes significance at p<0.05). 

Conclusions 
These findings indicate that a dance intervention can have a 
positive impact on postural stability in situations of visual 
deficit. The use of the WBB for investigating postural stability 
is as well a feasible, cost efficient and practical. Future research 
should aim at looking at various dance interventions which 
target these sensory reduced conditions and investigate postural 
stability in unilateral stance with the aim of reducing falls and 
improving quality of life in individuals living with ID. 
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Summary 
Cervical myelopathy patients are less stable than a control 
group as determined by analysis of postural stability, through 
measures on center of pressure, and dynamic stability, through 
measures of angular momentum regulation. Stability is 
improved by spinal decompression and stabilization surgery. 

Introduction 
Cervical spondylotic myelopathy (CSM) is a condition caused 
by compression of the spinal cord in the neck that results in 
difficulty walking and sensory loss at the extremities.1 This 
difficulty walking stems from postural and dynamic 
instability, which can result from reduced sensation and motor 
control in the legs due to deterioration of the afferent and 
efferent nerve pathways. To prevent further disability and 
spinal cord deterioration, surgical decompression and 
stabilization of the spinal cord is performed.2 However, in this 
population, the effect of this intervention on the stability of the 
patient is not known and could impact future therapy and 
rehabilitation. The aim of this study is to fully characterize the 
effects of decompressive surgery on the functional recovery of 
patients with CSM, by evaluating changes in postural and 
dynamic stability. 

Methods 
Experimental data was collected for 28 subjects: 13 controls (8 
female and 5 male, 51.4 ± 8.7 y.o.) and 15 subjects with 
cervical myelopathy (5 female and 10 male, 62.9 ± 10.2 y.o.). 
The myelopathy group was tested at -1, 3, and 6 months after 
surgery. Subjects were instructed to complete two tasks: 

(1) Stand as still as possible for 30-seconds 
(2) Walk at a self-selected, comfortable speed 

Walking trials were completed on a 15m walkway at a self-
selected, comfortable walking speed.  A minimum of six trials 
were used for analysis.  Subjects were recorded using 3D 
motion capture and five Bertec force plates. The Plug-in-Gait 
model was used to calculate joint kinematics and exported for 
Matlab analysis.  
       Postural stability was assessed with two methods: path 
length normalized by time, and area of 95% confidence 
ellipses of that path. Path length refers to the path of the center 
of pressure of the subject’s stance on a single force plate as the 
person attempts to stand as still as possible for 30-seconds.  

       Dynamic stability of gait is controlled by angular 
momentum regulation, where greater stability is shown by 
minimizing changes in angular momentum.3 The angular 
momentum of each body segment was computed as the sum of 
its local angular momentum and a transfer term to get each 
segment moving relative to the whole-body center of mass 
(CoM).4 The whole-body angular momentum was taken to be 
the sum of all of the segments. This whole-body angular 
momentum vector was then decomposed into its components 
in the frontal, sagittal, and transverse planes for analysis. 
Excursion in each plane was taken as the difference between 
the maximum and minimum value over one gait cycle.  
       Results between the control and baseline groups were 
compared with a t-test assuming unequal variance. Results 
between the baseline group and three month group, then 
baseline group and six month group were compared using a 
paired t-test. Significance was assumed 0.05 for all statistics. 
Results and Discussion 
Prior to surgery, CSM patients are significantly less stable 
than controls by all measures (p<0.01). Postural stability 
improves significantly by 3-months post-surgery, as shown by 
decreasing path length and 95% confidence ellipse area 
(p<0.05). Dynamic stability trends towards improvement by 6-
months post-surgery, as shown by decreasing angular 
momentum excursion. 
Conclusions 
This study shows that spinal decompression and stabilization 
leads to increased postural and dynamic stability of the 
patients. However, the degree to which patients improved 
varied greatly due to the inhomogeneity of the subject 
population. More patients are being tested to increase our 
ability to discern the effect of time after symptom onset and 
comorbidities on recovery.  
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Table 1: Collected stability data. All comparisons are with respect to baseline. *p<0.05; **p<0.01; ***p<0.001; ’p=.09; ’’p=.10; ’’’p=.11 

 
Postural Dynamic (Angular Momentum Excursion (kg*m2/s) 

Path Length (mm/s) Ellipse Area (mm2) Frontal Sagittal Transverse 
Control 10.3 ± 3.0*** 249 ± 93*** 20.8 ± 6.5** 45.6 ± 8.7** 7.4 ± 2.8** 
Baseline 19.1 ± 10.4 849 ± 677 54.4 ± 36.9 66.3 ± 26.5 13.7 ± 6.7 
3 Month 17.6 ± 8.4* 618 ± 447* 48.9 ± 32.2 64.2 ± 18.2 12.4 ± 5.3 
6 Month 17.8 ± 7.6 541 ± 316* 47.8 ± 36.5’ 61.2 ± 18.3’’’ 11.5 ± 5.3’’ 
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Summary 

Sports related concussions are managed clinically; however, 
recent evidence suggests persistent deficits beyond clinical 
recovery.  Nineteen intercollegiate student-athletes performed 
5 trails of gait initiation (GI) prior to the concussion (baseline) 
and again on the day they returned to participation (RTP).   
The primary outcome variables were the center of pressure 
(COP) displacement in the posterior and lateral directions 
during the anticipatory postural adjustment phase (APA) of GI 
as well as the initial step length and velocity.  There was a 
significant difference in the lateral COP displacement 
(p<0.001) between baseline and RTP.  There were no 
differences in initial step length, step velocity, or posterior 
COP displacement. These results suggest that there are some 
deficits in dynamic postural control which persist beyond 
clinical recovery and RTP.   

Introduction 

Sports related concussions are managed clinically with 
resolution of symptoms and restitution of postural control and 
cognition being core clinical exams.  However, recent 
evidence has emerged suggesting persistent neurological 
deficits despite apparent clinical recovery.1  Gait Initiation 
(GI) is a dynamic postural control task which has successfully 
identified impairments acutely post-concussion, specifically in 
the anticipatory postural adjustment (APA) phase.2    
Therefore, the purpose of this study was to assess dynamic 
postural control in intercollegiate student-athletes who 
suffered concussions on the day they were cleared for full 
unrestricted return to participation (RTP).   

Methods 

There were 19 student athletes (Male: 11, age: 19.1 + 1.1 
years, ht: 176.4 + 16.5 cm, wt: 92.0 + 10.5kg) who provided 
informed consent and participated in the study. All 
participants suffered a sports related concussion and was 
treated in accordance with the existing Concussion in Sport 
Consensus Statement Guidelines.  Briefly, this consisted of 
limited activity until baseline values were achieved on clinical 
exams followed by a six day progression exercise program 
before RTP (10.8 + 3.8 days post-concussion).   

Gait Initiation was collected from 4 embedded force plates 
(Model OR-6, AMTI, Waltham, MA) at 1,000 hz.  The 
participants started with their feet in a self-selected position 
which was then constrained for the remained of the trails.  
Participants initiated gait in response to a verbal cue and 
transversed an 8m walkway.  All participants completed 5 
trails on two occasions: 1) baseline – prior to participation in 
athletics and 2) RTP Day – the day the participant was cleared 

for full unrestricted activity and testing occurred prior to 
practice or game that day. 

The primary outcome measures were the Center of Pressure 
(COP) displacement during the APA phase as well as the 
initial step length and velocity.  The outcomes were compared 
with paired samples t-test. 

Results and Discussion 

There was a significant difference between baseline and RTP 
for the lateral COP displacement (baseline: 5.6 + 2.1cm and 
RTP: 3.9 + 1.9cm, p<0.001, d=0.82).  There were no 
significant differences for posterior COP displacement (5.5 + 
1.8cm and 4.7 + 2.6cm, p=0.21). 

 
Figure 1: COP displacements between baseline and RTP sessions. 

There were no differences between initial step length 
(baseline: 0.67 + 0.11 m and RTP: 0.69m + 0.10 m, p= 0.67) 
or initial step velocity (Baseline: 0.66 + 0.17 m/s and RTP: 
0.71 + 0.15 m/s, p=0.47).  

The APA phase of GI is believed to be regulated by the 
supplementary motor area and this results suggest that 
persistent impairments may exist.  Future research should 
investigate the capabilities of portable accelerometer based 
approaches to translate this findings from the laboratory to 
clinical practice. 

Conclusions 

These results suggest that some persistent deficits in postural 
control are present at RTP despite apparent clinical recovery.   
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Summary 
Following anterior cruciate ligament (ACL) injury, altered joint 
kinematics and moments are often reported, even after long 
rehabilitation programs, which may lead to increased risk of re-
injury. Single leg hop task minimizes the assistance from the 
contralateral side. The aim of the study was to compare knee 
joint angles and moments of the ACLR knee with the 
contralateral limb and with uninjured individuals during single 
leg hopping. Results indicated greater hip flexion and less knee 
flexion compared to the contralateral side during loading and 
landing respectively, along with lower knee flexion moments 
on the injured side compared to the contralateral side and the 
control group Side 1 on landing. A wide range of individual 
asymmetries were shown, highlighting that individualized 
decision making is required in terms of rehabilitation and for 
returning to sports and activity. 

Introduction 
Altered lower limb mechanics are known to persist for a long 
time following ACL injury [1], are considered as a risk for re-
injury in the short-term and may lead to post-traumatic 
osteoarthritis [2] in the long-term. The aim of the study was to 
compare knee joint angles and moments of the ACLR knee with 
the contralateral limb and with uninjured individuals during 
single leg hopping. 

Methods 
Twenty-four participants (13 women) with ACLR 4.6 (2.0) 
years (2 – 10 years) post-surgery and 24 age-matched controls 
were tested during single leg hopping in a gait laboratory. 
Eleven infra-red cameras were used to capture the motion of 
participants. Cortex and Visual 3D software were used to 
estimate bilateral knee angles and external knee moments. 
Repeated measures ANOVAs were used to determine whether 
significant group (ACLR vs controls) and side effects (injured 
vs uninjured; Side 1 vs Side 2) or interactions existed (p>0.05). 
Pairwise post-hoc tests were performed where appropriate. 
Data were randomized for the Control group as Side 1 and Side 
2, while data for injured side were pooled together for ACLR 
group. Self-organizing maps (SOM) were used to explore the 
varied movement patterns among participants. 

Results and Discussion 
During the loading phase of single leg hopping, significant 
interaction effects (group x side)  were found for hip flexion (p= 
0.016) and knee excursion angles (p= 0.005) such that the ACL 
injured side had greater hip flexion and less knee excursion 
compared to the contralateral side. No differences were found 
within the control group.   

During the landing phase, significant side effects were found 
for peak knee flexion angles (p=0.023) such that ACLR side 
had less knee flexion compared to the contralateral side, 

indicating a stiff landing. No significant differences were found 
between sides for controls. Significant group effect (p=0.034), 
side effect (p=0.003), and (group x side) interaction (p=0.06) 
were found for the knee flexion moments such that ACLR side 
had lower knee flexion moments compared to the contralateral 
side and compared to the control Side 1. No significant 
differences for peak knee angles and moments were found 
between and within groups in the frontal and transverse plane. 
The SOM analysis highlighted the individual and high-
dimensional nature of post-ACLR compensatory movements, 
with many participants showing unexpected differences 
between the affected and contralateral limbs. 
Table 1: Angles, moments and spatiotemporal variable during single 

leg hop (Mean and Standard deviation) 

  #Significant Interaction (Group x Side); *Significant Side effect; $: 
group effect 
Conclusions 
Differences in peak angles and moments in participants with 
ACLR compared to Controls suggest asymmetric movement 
patterns following ACLR. Such asymmetries may be either 
protective or compensatory mechanisms, potentially indicating 
risk for re-injury. A wide range of individual asymmetries 
were shown, highlighting that individualized decision making 
is required in terms of rehabilitation and for return to sports 
and activity. 
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 ACLR group Control group 

 Injured side Uninjured 
side 

Side 1 Side 2 

Loading phase (angles; degrees) 
Knee flexion  49.6 

 (5.4) 
50.9 
 (5.5) 

50.3 (4.5) 51.0 
(5.4) 

Hip flexion  38.2  
(11.6)# 

35.2  
(9.2)# 

37.6 
(11.5) 

38.5 
(12.4) 

Landing (angles and moments)  

Knee flexion 43.5  
(8.8)* 

46.9  
(7.2)* 

47.0 (7.5) 48.0 
(5.5) 

Moments (Nm/Kg*m) 

Knee flexion  -0.10    
(0.03)*#$ 

-0.12  
(0.02)*# 

-0.13 
(0.02)#$ 

-0.13 
(0.02) 

Hip 
extension  

-0.19  
(0.04) 

-0.18  
(0.05) 

-0.20 
(0.05) 

-0.20 
(0.06) 
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SUMMARY 

Patellar tendon and hamstring tendon grafts are two most 

common grafts in ACL reconstruction. Biomechanical 

differences of the knee function following ACL 

reconstruction with these grafts are still unclear. This study 

found some differences in sagittal plane kinetics during stair 

climbing.  

INTRODUCTION  

While both bone-patellar tendon-bone autograft (BPTB) and 

hamstring tendon autograft (STG) are widely used grafts in 

ACL reconstruction, knees with STG graft tend to have 

higher hamstring strength deficit and lower quadriceps 

strength deficit than those with BPTB graft [1]. Differences 

in knee strength deficits may induce differences in sagittal 

plane kinetics especially during demanding tasks such as 

stair ascent. Thus, the aim of this study was to test the 

hypothesis that sagittal plane kinetics during stair ascent is 

similar between patients with STG graft and those with 

BPTB graft. 

METHODS 

Thirty-six patients after unilateral single-bundle ACL 

reconstruction (BPBT graft: n = 18, 7F/11M, 10L/8R, age 

20-41; STG graft: n = 18, 10F/8M, 10L/8R, age 18-49) were 

recruited 5-24 months after surgery. Eighteen age- and 

gender- matched healthy controls were also recruited. 

Surgeries were performed using anterior medial portal 

technique. Subjects were asked to ascend a customized 3-

step stair five times at a self-selected speed [2]. A 10-camera 

motion analysis system and two force platforms were used 

to collect motion at 120Hz and ground reaction forces and 

torques at 1200 Hz.  

The flexion-extension moment of ankle, knee and hip joints 

during stair ascent were calculated using inverse dynamics 

and normalized to the product of body weight and height. 

Total support moment was calculated as the summation of 

joint extensor moments [3]. Peak total support moment and 

joint contribution to dynamic body support were also 

quantified. These biomechanical variables were first 

compared between the operated and non-operated sides 

using paired t-test to determine the effect of graft type on 

kinetic asymmetry, and then compared between groups only 

for the operated side. The alpha level was adjusted as 0.017 

to account for the multiple comparisons.  
 

RESULTS AND DISCUSSION 

All three groups took similar time to ascent stairs. BPTB 

group had a normal and symmetrical sagittal plane kinetics. 

Only STG group had lower knee flexion moment, lower 

total support moment, lower knee contribution but higher 

hip contribution to dynamic body support on the operated 

side than on the non-operated side (Table 1).  STG group 

had a lower peak knee flexion moment than the BPTB group 

and healthy controls (Figure 1). 

Hypothesis was rejected. The kinetic comparison may 

depend on the task performed, as the knee is relatively more 

extended to generate extensor torque during hopping and 

stair descent than stair ascent. During hopping, BPTB group 

has asymmetrical knee moment [4, 5]. During stair descent, 

both groups have symmetrical knee moment [6].  
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Figure 1: knee flexion moment pattern of the operated knee during 
stance phase of stair ascent. HS: foot strike; TO: toe-off.  

CONCLUSIONS 

It seems that BPTB graft can provide a better sagittal plane 

kinetics than STG graft during stair climbing. 
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Table 1: Joint flexion moment during stair ascent, unit: % body weight x height (%BW x H). 

Group BPTB  Control  STG  

Side Operated Non-operated Operated Non-operated Operated Non-operated 

peak knee flexion moment -6.61 ± 0.43 -6.75 ± 0.43 -7.54 ± 0.42 -7.49 ± 0.42 -4.80 ± 0.43*, + -7.47 ± 0.43 

Peak total support moment 16.18 ± 0.70 15.60 ± 0.62 15.37 ± 0.68 15.33 ± 0.60 12.97 ± 0.70* 15.08 ± 0.62 

Knee contribution to support moment 41 ± 3% 42 ± 3% 48 ± 3% 48 ± 3% 37 ± 3% 50 ± 3% 

Hip contribution to support moment 42 ± 3% 39 ± 3% 33 ± 2% 33 ± 3% 44 ± 3%+ 34 ± 3% 

    Note: * BPTB-operated vs. STG-operated; +: STG-operated vs. control; Bold font indicates asymmetry. p<0.017 
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Summary 

ACL reconstructions aim to restore knee joint stability and 

decrease knee joint laxity. However, laxity in the frontal plane 

is not often studied during gait. Twenty-four young adults, 

twelve who had an ACL reconstruction, and twelve controls, 

were recruited to perform a maximum of ten gait trials each. No 

significant frontal plane angular differences were found 

between sex or knee status across participants, indicating that 

residual frontal plane laxity is not evident during gait with a 

minimum of 6 months follow-up. This may reflect a selection 

of control strategies used that increases knee joint motion 

variability.  

Introduction 

Anterior cruciate ligament reconstructed (ACLR) knees aim to 

restore joint stability [1]. In this study, we considered restoring 

joint stability to mean decreasing frontal plane range of angular 

knee joint displacement (i.e. ab/adduction range of motion) [1]. 

Residual passive frontal plane laxity has been observed in 

reconstructed knees both intra-operatively and immediately 

following reconstruction [2]. Our previous work [3] indicated 

that passive laxity did not persist 6 months after reconstruction. 

The present study expands that work to an active state (gait). 

The aim of the present study was to compare the frontal plane 

knee range of motion (ROM) during gait between ACLR knees, 

contralateral healthy knees (CHK), and healthy, age- and sex-

matched controls (CONT), in young adults. 

Methods 

Twenty-four participants: twelve participants with one ACLR 

knee and one CHK, and twelve controls were recruited (Table 

1).  Kinematic data was collected at 64 Hz using an 18-camera 

Optotrak motion capturing system (Northern Digital Inc., 

Waterloo, ON, Canada). Participants were instructed to walk a 

7m path at a self-selected pace over a maximum of ten trials. 

Frontal plane ROM was defined as the sum of the absolute 

varus and valgus angular deviation of the tibia with respect to 

the femur during gait for each lower limb. The mean of the 

repeated ROM measures for each participant was used for 

statistical analyses. The limb with the greatest mean ROM 

measured was used for control participants. A two-way analysis 

of variance (α-level of 0.05) was used to determine statistical 

difference between knee status and sex. 

Results and Discussion 

No statistically significant main effects or interactions on ROM 

(Figure 1) were found.  

 

Figure 1: Total maximum mean frontal plane range of motion 

between sexes and knee status during gait. 

Conclusions 

Although residual passive frontal plane laxity between ACLR 

and CHK has been observed intra-operatively and immediately 

following reconstruction [2], this laxity does not persist six 

months after reconstruction [3] and the current study confirmed 

there is no greater  active frontal plane ROM in reconstructed 

knees (compared to contralateral and control knees) during gait 

with a minimum of 6 months follow-up.  
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Table 1: Participant demographics across sex, ACLR knees, and control knees. 

 
Male Female 

ACLR (N=6) Control (N=6) ACLR (N=6) Control (N=6) 

Age (yrs) 21.7 ± 2.3 21.7 ± 2.3 20.5 ± 1.8 20.5 ± 1.8 

Height (m) 1.75 ± 0.05 1.74 ± 0.06 1.71 ± 0.05 1.63 ± 0.06 

Weight (kg) 77.62 ± 10.13 77.0 ± 6.54 77.68 ± 8.46 64.93 ± 8.63 
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Summary 

Rupture of the anterior cruciate ligament (ACL) leads to 

complex knee joint translation and rotation differences that are 

theorized to contribute to the development of post-traumatic 

osteoarthritis (PTOA). The finite helical axis (FHA) is a 

powerful approach to describe post-traumatic alterations in 

knee joint mechanics. Using high-speed biplanar video-

radiography (HSBV) and FHA approaches, this study identified 

distinct differences in FHA parameters between individuals 

who are ACL deficient (ACLD) and those that are ACL intact. 

Introduction 

PTOA places a substantial and increasing burden on healthcare 

systems internationally. Understanding the mechanical 

contributions to PTOA is essential to enable effective secondary 

prevention strategies. Due to the complexity of combined joint 

translation and rotation abnormalities following injury, the 

FHA may be considered a preferable approach to characterize 

the dynamics of the injured knee [1]. Specifically, describing 

knee motion as a rotation and translation along a screw axis may 

better depict multi-planar changes associated with ACLD. 

Accurate FHA description of knee mechanics is further enabled 

through HSBV imaging, using X-rays to directly record bone 

movements. The purpose of this study was to quantify 

differences in FHA parameters for individuals with and without 

ACLD using bone kinematics obtained through HSBV 

imaging. 

Methods 

Six male participants (3 ACL intact and 3 ACLD, age 29-44 

years) participated in this ethics approved study (REB15-0554). 

Femur and tibia bone models of the injured or dominant legs 

were generated (AMIRA, VSG, Germany) using high-

resolution 3T Magnetic Resonance (MR) images. HSBV data 

(120 Hz) were recorded while walking (1.2 ms-1) on an 

instrumented treadmill (Bertec, USA). Bone motions were 

quantified using 2D-3D registration (Autoscoper, Brown 

University, USA). FHA parameters for the femur/tibia were 

calculated at each frame relative to a reference position (90° 

knee flexion) [2]. FHA parameters were computed for heel 

strike to mid-stance using a custom MATLAB program 

(v2018a, MathWorks, USA). FHA outcomes include: location 

- anteroposterior (AP) and proximodistal (PD) intersection of 

FHA and femoral sagittal plane; and dispersion - mean 

deviation of each single FHA from the mean FHA. Means and 

standard deviations (SD) of FHA outcomes were compared 

between ACLD and ACL intact groups. 

Results and Discussion 

ACLD individuals demonstrated, on average, a more anterior 

FHA location (7.3 mm [3.0 mm] vs 4.8 mm [1.7 mm], Table 1). 

In line with literature, this suggests that ACLD individuals have 

greater anterior translation of the tibia due to loss of the ACL 

[3]. No differences were observed for the PD FHA location. 

FHA dispersion was consistently larger for ACLD participants 

(mean 3.8° vs 2.2°, Table 1). Greater FHA dispersion in ACLD 

participants may indicate dynamic knee joint instability/laxity 

as the tibia performs more variable movement. This concept is 

supported by the presence of consistently greater variability in 

the FHA location measures (ACLD: 2.0 mm - 7.0 mm, ACL 

intact: 0.8 mm - 2.5 mm) for ACLD participants. Future studies 

will explore the potential associations between these FHA 

measures and clinically relevant outcomes of joint stability and 

joint tissue structure damage. 

Conclusions 

This study demonstrates initial evidence on the utility of the 

FHA, combined with HSBV imaging, to quantify differences in 

dynamic knee joint mechanics due to rupture of the ACL.  

These FHA measures may lead to new insights into the complex 

multi-planar joint movement abnormalities and enable the 

development of mechanical markers of early PTOA. 
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Table 1: The finite helical axis outcomes (mean [SD]) for the ACL intact and ACL deficient participants. 

 Group 

FHA Measures ACL Intact Average ACLD Average 

Location (AP) (mm) 3.6 (0.8) 5.7 (2.4) 5.26 (1.3) 4.8 (1.7) 2.9 (2.8) 9.0 (2.0) 9.9 (3.8) 7.3 (3.0) 

Location (PD) (mm) 17.6 (1.0) 13.7 (2.5) 7.4 (1.0) 12.9 (1.7) 29.5 (2.4) -2.0 (7.0) 10.1 (6.5) 12.5 (5.7) 

Dispersion (deg) 1.6 2.6 2.3 2.2 3.1  3.6 4.5 3.8 

 

Friday, August 02 2019: Morning 2 (1030-1130) 776

Locomotion following ACL Loss 1



 

 

THE EFFECT OF AUDITORY CUES DURING RUNNING ON IMPACT FORCES OF PEOPLE WITH 

RECONSTRUCTED ANTERIOR CRUCIATE LIGAMENT  

 

Dimitrios Katsavelis1, Derreck Caldez1, Caroline Marnin1, Caleb Franco1, Alyssa Freitas1,  

Kevin Shay1 and Terry L. Grindstaff2. 
1 Department of Exercise Science and Pre-Health Professions, Creighton University, Omaha, NE, USA 

2Physical Therapy Department, Creighton University, Omaha, NE, USA 

Email: DimitriosKatsavelis@creighton.edu  

Summary 

Anterior cruciate ligament (ACL) injury is one of the most 

frequent sports medicine injuries and characterized by reduced 

muscle strength, joint instability, and proprioceptive deficits. 

The long-term effects of these symptoms are excessive impact 

forces that are associated with knee osteoarthritis. The overall 

goal of the present project was to assess the efficacy of a real-

time auditory feedback paradigm for reducing the magnitude 

of ground reaction (impact) forces in people with ACL 

reconstruction (ACLR). Our findings show that there was a 

decrease in impact forces due to feedback, but there was not a 

main effect of groups or interaction. 

Introduction 

Anterior cruciate ligament reconstruction (ACLR) is often 

characterized by reduced local strength, joint instability and 

proprioceptive deficits that persist despite rehabilitation [1]. 

Excessive forces, whether they are caused by increased body 

weight, proprioceptive deficits, or altered joint loading, are 

translated to increased bone-to-bone stresses that have been 

linked to cartilage deterioration and knee osteoarthritis [2-4]. 

Advancement in technology has introduced wearable devices 

that can monitor loading rates and/or ground reaction forces 

that can decrease impact acceleration in runners and thus 

decrease the incidence of stress-related fractures [5-6]. The 

purpose of the present project was to assess the efficacy of a 

real-time auditory feedback paradigm for reducing the 

magnitude of vertical ground reaction forces (vGRF) in people 

with ACLR. 

Methods 

Six subjects with ACLR (age = 23.5±4yr, weight = 83.6±8 kg, 

height = 186.2±4 cm; time since surgery > 1.5yr) and 6 

healthy controls (age = 21.9±2 yr, weight = 78.7±6 kg, height 

= 182.1±5 cm) were asked to perform two, 2-min runs at a 

speed that was 20% faster than their self-selected running pace 

(≈3 m/s). Subjects ran on an instrumented treadmill (Bertec 

Corp., Columbus, OH) that was capable of recording vGRF 

during the support phase of each step. The first condition was 

a baseline run without feedback. During the second condition, 

a sound (real time feedback) was presented to the subjects 

every time they exceeded a certain amount of force (baseline 

average vGRF) that was determined from the baseline run.  

Results and Discussion 

A two-way mixed ANOVA (2 groups x 2 conditions) showed 

that there was a main effect of conditions with feedback 

condition  to elicit  lower  vGRF when  compared  to  baseline. 

 

 

There was no effect on groups, as well as no interaction. 

Having a closer look at the data, there was a 4.5% reduction in 

vGRF in the ACLR group between the baseline and feedback 

conditions (Figure 1), while the corresponding reduction for 

the control group was 1.5%, which may have practical 

implications. More specifically, 4 of the 6 ACLR participants 

were able to decrease impact forces between 4-10%. 

 

 

 

 

 

 

 

 

 

 

Figure 1: Vertical ground reaction forces in participants with ACLR 

and healthy controls during baseline, feedback and retention. 

Conclusions 

Although these data are preliminary, the use of an auditory cue 

had no effect on reducing ground reaction impact forces in 

individuals with ACLR compared to a control group. When 

data from both groups are clustered together there was a 

decrease in vGRF, relative to baseline (main effect of 

condition). It is speculated that small sample size and running 

strategies used by the ACLR subjects to help control for 

impact forces may have masked any benefit of the auditory 

cue. Additionally, future studies should determine 

characteristics of treatment responders. 
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Summary 

A hallmark of human movement is its variability, reflected in 

normal fluctuations in motor performance that occur across 

multiple repetitions of a task (e.g. stride-to-stride, pedal cycle-

to-pedal cycle). To better understand how skeletal muscles are 

recruited for different movement tasks it is therefore necessary 

to consider how excitation and coordination fluctuate across 

repeated movement cycles. This talk will therefore review the 

application of non-linear analysis of individual muscle 

excitation and multi-muscle coordination patterns, to quantify 

the structure (temporal organisation of variability) of muscle 

recruitment. There will be a particular focus on cycling in 

humans, considering responses to alterations in mechanical 

task demands such as pedalling cadence and power output. 

Introduction 

When a human pedals on a bicycle, the required movement 

patterns and reactions forces at the pedal must be generated by 

appropriate joint actions and coordination across the multiple 

limb segments. For each movement the neuromuscular system 

may select from a number of solutions that are available to 

solve the task, all of which provide the same result [1]. The 

number of solutions available may however be influenced by 

the demands of the task (e.g. pedalling cadence and/or crank 

torque). 

For any given pedal cycle there must be coordination of the 

relative timing and duration of excitation and quiescence (duty 

cycle) and the recruitment and firing characteristics of 

activated motor units within muscles and across muscle 

groups. Fluctuations in these characteristics are also likely to 

occur as the motor control system selects from the solutions 

available to solve the pedalling task. While all these features 

should be represented within myoelectric signals, the nature of 

signals recorded during tasks such as pedalling on a bicycle 

make useful quantification of these characteristics challenging. 

Non-linear, entropy based analyses provides a practical 

method of quantifying the complexity of a system and/or the 

signals produced by it [2]. Sample entropy (SampEn) is one 

measure that is suitable for application to non-stationary time 

series, such as myoelectric signals [2]. SampEn measures the 

regularity within a signal by identifying instances of 

similarity. Recently, this metric has been used to provide a 

means of quantifying the time over which short term temporal 

correlations in a signal persist, termed the entropic half-life 

(EnHL) [3]. EnHL is considered to describe the number of 

adjustments in the underlying control process [3, 4] and the 

number of solutions available to, or used by, the motor control 

system during a task [4, 5]. 

Here we therefore review the application of EnHL measures 

across multi-muscle coordination and individual muscle 

excitation patterns. Responses to different load and cadence 

demands during cycling will be evaluated to determine 

potential limits to performance imposed by the neuromuscular 

system. 

Methods 

A number of studies will be summarised within this 

presentation. All studies have used surface electromyography 

to record muscle excitation and/or coordination patterns of 

lower limb muscles of humans cycling on stationary cycle 

ergometers at a range of cadence (40 – 180 r.p.m) and power 

output (100 – 400 W) combinations. 

EnHL of raw EMG signals and the EMG intensity (envelope 

of the raw EMG) have been calculated for individual muscles. 

EnHL of muscle coordination patterns were also quantified, 

with the coordination pattern calculated from the normalised 

EMG intensities using principal component analysis. 

Discussion 

EnHL analysis reveals that there is persistent and non-random 

structure in all levels of the EMG signals analysed. At the 

level of the raw EMG this may reflect the shapes of the motor 

unit action potentials, variability (or lack-of) in motor unit 

firing rates and coherence between different motor units [5].  

The solutions available within the musculoskeletal system that 

can meet the mechanical demands of cycling appear to be 

limited by the pedal cycle duration and these limitations 

predominantly occur at the level of multi-muscle coordination 

patterns. Across cadences where muscle coordination patterns 

are consistent, changes in the solutions available within 

individual muscles are still occurring. Whether this is a skill 

learned through training (i.e. only demonstrated by 

experienced cyclists) or whether it is a general feature of 

motor control that can be found in untrained cyclists and 

during different locomotor activities (e.g. running, swimming) 

is not known, and warrants further investigation. 
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Summary 

Skeletal muscles normally take the form of muscle-tendon unit 

(MTU) where muscle fibers act as activation-driven actuators 

while tendinous tissues act as viscoelastic springs. The 

interaction of the two components can be optimized for 

enhancing motor performance in a mechanically efficient 

manner, and the voluntary control of involved muscles is a key 

factor to achieve this. Some in vivo findings that prove this 

notion are introduced, pointing to the importance of motor 

control in modulating musculotendinous mechanics. 

Introduction 

Human movements are comprised of various joint motions. 

Individual joint performance is greatly affected by the force- 

and power-generating properties of skeletal muscles, which 

are influenced by contractile status of muscle fibers within. 

Skeletal muscle fibers are packed in bundles (fascicles) 

extending from proximal to distal tendinous tissues (tendons 

and aponeuroses). A skeletal muscle therefore should be 

regarded as a muscle-tendon unit (MTU). Fascicles function as 

linear actuators under voluntary control, and tendinous tissues 

act as linear springs in series with fascicles [1].  

In this session examples are provided on how the muscle 

(fascicle)-tendon interactions work and how they are neurally 

controlled to bring out the force- and power-generating 

capacities of MTU. 

Some Findings and Discussion 

Evidence has been provided for the muscle-tendon interaction 

during exercises such as walking [2] and ankle hopping [3, 4]. 

In such exercises as to involve stretch-shortening cycles (SSC) 

of MTU, fascicles are basically responsible for force and 

tendinous tissues for speed [5]. 

Kawakami et al. [3] showed substantial inter-individual 

variation in the hopping performance as well as fascicle 

behavior under conditions with and without a counter-

movement (Fig. 1). This result suggests that the amount of 

fascicle-tendon interactions vary from individual to individual, 

which is associated with their ability to utilize spring 

properties of MTU [5]. 

Later we found that the muscle-tendon interaction can be 

optimized through practice for even greater power [6]. This 

was achieved not by augmented force/power-producing 

capacity of the muscle fibers per se, but by the better control 

of the timing and magnitude of muscle contraction. One learns 

through practice to effectively operate MTU to optimize the 

endowed roles of fascicles and tendinous tissues through 

modulating activation strategy of muscle fibers [6]. 

Furthermore, SSC exercise performance improvement through 

plyometric training, can result from optimization of the 

interaction of muscle fibers and tendinous tissues, with the 

former increasing their peak forces and the letter becoming 

stiffer after training [7]. 
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Figure 1: Changes in plantar flexion torque and gastrocnemius 

fascicle length during ankle hopping with (red) and without (blue) a 

counter-movement [3]. 

Conclusions 

In vivo evidence adds to the importance of motor control in 

modulating muscle-tendon interactions to function effectively 

and powerfully. Neuro-musculo-tendinous approaches will 

promisingly lead to evaluation of “skill,” “know-how,” or 

“knack” of human motor performance. 
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Summary 
This study examined the association between knee joint contact 
forces during gait and 3-year radiographic knee osteoarthritis 
(OA) progression. An EMG-driven model was used to obtain 
muscle and knee joint medial and lateral contact forces for 16 
individuals with knee OA at baseline. Our results demonstrated 
that individuals with increased medial joint space narrowing 
(JSN) from baseline to 3-year follow-up had, at baseline, higher 
medial contact forces and lower vastus lateralis forces 
compared to those who did not show increased medial JSN. 

Introduction 
Knee OA is a progressive joint disease, characterized by JSN, 
pain and impaired mobility. While disease progression is often 
theorized to be, in part the result of knee mechanical loading, it 
remains unclear why knee OA progresses more quickly for 
some individuals. 

High knee adduction moments (KAM) during walking gait 
have been correlated with the joint medial contact force [1] and 
reported to be associated with knee OA structural and clinical 
progression. However, net resultant moments do not account 
for contributions from muscles, and can underestimate contact 
forces when significant muscle co-contraction exists, which is 
often the case with knee OA [2]. Musculoskeletal models may 
provide more accurate estimates of contact forces within the 
joint and may allow further insight into the role of gait 
mechanics in the early progression of OA. 

We have previously found that radiographic progression of 
knee OA in a 3-year period was associated with high KAM and 
abnormal muscle activities during walking [3]. The objective of 
this study was to use an EMG-driven model to obtain knee joint 
contact and muscle forces and examine their relation to 
radiographic progression at 3 years. 

Methods 
27 individuals with moderate, medial compartment knee OA at 
baseline participated. All subjects underwent lab-based gait 
testing; 3D motion capture, ground reaction forces, and EMG 
of seven major knee muscles on the affected limb were 
measured. Knee X-rays were taken at baseline and at a three-
year follow-up. At follow-up, participants were divided into 
progressors and non-progressors, where progressors had at least 
one grade increase in medial JSN from baseline to follow-up 
[4]. Seven subjects progressed, six of whom were analyzed. Ten 
non-progressors were also selected randomly for analysis.  

An EMG-driven model was used to estimate muscle and contact 
forces [5]. EMG data from the quadriceps, hamstrings and 

gastrocnemii were processed to obtain muscle activations.  
Marker positions were used with an anatomical model of each 
subject to find muscle-tendon lengths and moment arms. 
Activations and lengths were used with a Hill-type model for 
knee muscles, with parameters calibrated to minimize the 
difference between knee flexion moment and muscles moment. 
Medial and lateral knee joint contact forces were obtained using 
a frontal plane knee model [6]. Student’s t-tests were used to 
compare baseline group differences in force peaks, with and 
without normalization by bodyweight. 

Results and Discussion 
There was high variability between subjects in the knee joint 
contact forces and muscle forces (Fig. 1). Raw 1st and 2nd peak 
medial forces were higher for the progressor group (p = 0.04 
and p = 0.02). Normalized 2nd peak medial force was also higher 
for the progressors (p = 0.03). The normalized vastus lateralis 
peak force was higher for the non-progressor group (p = 0.04).   

 
Figure 1: Body weight normalized medial contact force (A) and vastus 
lateralis force (B) of all subjects during stance phase. Solid lines show 
progressors and dashed lines show non-progressor members. 

Conclusions 
Medial joint contact forces were associated with 3-year 
structural progression of knee OA. This is consistent with our 
results in [3], where we showed the progressors had higher 
KAM compared to the non-progressors. Lower vastii forces in 
progressors could imply their inability to counteract external 
KAM, which results in lateral joint unloading. 
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Summary 

The effect of trochlear groove depth on lateral patellar stability 
following simulated tibial tubercle osteotomy was investigated 
using a combined statistical shape modelling and 
musculoskeletal simulation approach. Knee models with 
trochlear grooves ranging from shallow to deep were 
generated using a statistical shape model. In a Monte Carlo 
approach, 750 musculoskeletal models were created with 
random medial and anterior patella tendon (PT) transfer 
distances. An overground walking trial was simulated for each 
model with a 200N lateral perturbation force applied to the 
patella in early stance. In knees with deep trochlear grooves, 
lateral patella displacement due to the perturbation decreased 
with medial PT transfer distance, indicating increased lateral 
stability. However, for shallow trochlear grooves, stability 
increased with small transfer distances but decreased with 
larger transfers. These results demonstrate the importance of 
articular geometry to functional surgical outcomes. 

Introduction 

Articular geometry can affect joint function and response to 
interventions. Tibial tubercle osteotomy (TTO) is a treatment 
for lateral patellar instability and pain where the patellar 
tendon (PT) tibial insertion is translated medially and/or 
anteriorly. We previously used a combined statistical shape 
modelling and musculoskeletal simulation approach to show 
that cartilage contact pressure was minimized for PT medial 
transfer of 1 cm, but that knees with shallow trochlear grooves 
were much more sensitive to transfer distance [1]. The goal of 
the current study was to assess how trochlear groove depth 
affects patellar stability following simulated TTO. 

Methods 

A whole knee joint statistical shape model was generated 
based on bone and cartilage surface meshes from 14 
asymptomatic participants. The second principal component 
(PC2), which captured femoral trochlear groove depth, was 
used to generate seven new geometries ranging from a shallow 
(-3SD) to a deep (+3SD) trochlear groove. These were 
incorporated into a lower extremity musculoskeletal model. A 
Monte Carlo approach was used and 750 models were 
generated by randomly selecting one of the 7 trochlear 
geometries and translating the tibial insertion of the PT -1 to 2 
cm medially and 0 to 2 cm anteriorly to simulate TTO. The 
same overground walking trial was simulated for each model 
using the COMAK routine [2]. A 200N (0.33BW) force was 
applied laterally to the patella over 0.1s in early stance and the 
resulting lateral displacement of the patella was measured to 
assess patellar stability. 

Results and Discussion 

For knees with deep trochlear grooves, medial PT transfer 
decreased the patella displacement due to the perturbation 
force, indicating increased lateral stability (Fig. 1). However, 
for shallow trochlear grooves, patella displacement increased 
for larger medial transfers. This is likely due to the patella 
becoming disengaged from the trochlear groove and thus less 
stable. Anterior transfer had minimal effects on stability. 
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Figure 1: Lateral patella displacement due to the lateral perturbation 
force for various trochlear groove depths (-3SD PC2 = shallow, 
+3SD PC2 = deep). A quadratic fit is shown for each geometry. 

Similar to previous findings examining contact pressure, the 
knees with shallow trochlear grooves were more prone to 
potentially detrimental effects with over-medialization. While 
cartilage contact pressure was minimized at ~10 mm of 
medialization, stability was optimal at different transfer 
distances depending on geometry. For the shallowest trochlear 
geometry, stability was optimized at ~1 mm of medialization. 

Conclusions 

Patellofemoral geometry affected the relationship between 
lateral stability and medial PT transfer. In shallow trochlear 
geometries, stability may be reduced with excessive medial 
transfer. The difference in optimal transfer distance between 
contact pressure and stability indicates the importance of 
considering multiple criteria in surgical planning. 
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Summary 

Cartilage defects have been suggested to cause abnormal 

loading of subchondral bone, which may cause an adaptive 

response in the bone. Here, we developed an adaptation 

algorithm for subchondral bone based on maximum shear 

strain. Strains above the physiological level were assumed to 

cause an increase in the Young’s modulus, while the opposite 

was assumed with reduced loading. The adaptive algorithm 

predicted areas of decreased Young’s moduli of subchondral 

bone under the lesions while areas of increased Young’s 

moduli of subchondral bone were observed around the lesions.  

Introduction 

Associations between cartilage injury and bone mineral 

density of underlying subchondral bone have been observed in 

the knee joint [1]. These changes may lead to osteoarthritis 

(OA), which is a huge economic burden for societies. It would 

be important to identify cartilage lesions that cause risk for 

further development of knee OA (e.g. critical sizes or 

locations). Although several computational models have been 

developed for studying bone remodelling in general [2,3], 

none of those models have been used for studying potential 

adaptation of subchondral bone in response to cartilage 

defects. Thus, the aim of this study was to develop a model to 

predict subchondral bone adaptation in the knee joint, in 

response to reduced and increased loading, relative to the 

normal, assumed optimal level of maximum shear strain.  

Methods 

Two human knee joints with femoral cartilage defects were 

imaged with contrast-enhanced cone-beam CT (CBCT). The 

study protocol was approved by the Research Ethics 

Committee of the North Savo Hospital District, Kuopio, 

Finland. Tibial and femoral bones, cartilages and menisci were 

segmented from CBCT images. Finite element (FE) knee joint 

models of both knees were created [4]. Cartilages and menisci 

were modelled as transversely isotropic poroelastic materials 

[5] while bones were considered as isotropic linear elastic [4].  

First, the FE models of intact cartilage (same subjects but 

without the defect) were simulated during the stance phase of 

gait and maximum shear strains were calculated in each bone 

element. Then, the models with cartilage defects were 

simulated and maximum shear strains were again obtained 

from each bone element. 

The subchondral bone adaptation algorithm was based on the 

previous framework [6].  In the algorithm, the maximum shear 

strain difference between the defect and intact model was 

calculated in each bone element (Fig. 1A). The Young’s 

modulus of subchondral bone was updated accordingly and a 

new iteration was started. It ran for 50 iterations.  

Results and Discussion 

The Young’s modulus of subchondral bone was decreased 

directly under the cartilage lesion, while it increased in the 

areas around the lesion (Fig. 1B). These findings are 

consistent with previous studies in which knee cartilage 

damage decreased underlying subchondral trabecular bone 

modulus [1,7]. The Young’s modulus also reached 

homeostasis during simulations, similar to what has been 

shown in experimental animal model studies [8]. 

 

 

Figure 1: A) The proposed algorithm for subchondral bone 

adaptation caused by cartilage defects. B) The predicted changes in 

the elastic modulus due to the cartilage defects. 

Conclusions 

Our novel model predicted changes in subchondral bone 

stiffness due to cartilage defects. With this model, cartilage 

lesions that induce a risk for subchondral bone changes and 

development of OA could be identified patient-specifically. 

The model could be beneficial to assess optimal loading 

conditions.      
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Summary 
Using a probabilistic modelling framework, we demonstrated 
that some combinations of varus-valgus component 
malalignments from the native joint lines during total knee 
arthroplasty caused elevated tibial forces and ligament 
tensions during both level walking and stair climbing. Thus, 
avoiding these cases (e.g., both components malaligned to 
distract the same side of the knee) might help surgeons to 
reduce the risk of pain, stiffness and decreased function post-
operatively. 

Introduction 
Mechanically aligned (MA) total knee arthroplasty (TKA) 
commonly changes the joint lines of the knee from native [1]. 
Up to 25% of patients are not satisfied after MA TKA, 
commonly because of residual pain, stiffness, and decreased 
function [2]. To make strides towards increasing patient 
satisfaction, it is important to understand the cause-effect 
relationship between changes in the joint lines from native and 
changes in biomechanical variables (e.g., tibial contact forces 
and ligament tensions) that are associated with pain, stiffness, 
and decreased function. 

Accordingly, the objective of the present study was to 
determine how joint line changes due to varus-valgus (V-V) 
component malalignments change the tibial contact forces and 
ligament tensions during level walking and stair climbing. 

Methods 
TKA was virtually performed on a validated, 12-degree-of-
freedom computational model of the knee that included 
bundles of non-linear springs for the ligaments and articular 
surface contact [3]. Component geometries were first aligned to 
closely restore the native femoral and tibial joint lines. To 
account for variability in ligament properties within the 
population, 100 reference TKAs were created by randomly 
selecting the stiffness and reference strain of each ligament. 
Eight cases of varus-valgus (V-V) malalignments of the 
femoral and tibial components were then generated, which 
included all combinations of 0±3° of both components. 

In each of the 900 TKA models (100 reference + 800 
malaligned), level walking and stair ascent were simulated. 
The COMAK algorithm was used to estimate muscle forces 
and secondary knee kinematics at each time step [4]. Output 
metrics were the medial and lateral tibiofemoral contact forces 
and the tensions in the medial collateral ligament (MCL) and 
lateral collateral ligament (LCL). 

Results and Discussion 
During both activities, the greatest changes in both the tibial 
forces and ligament tensions were caused by combined 

malalignments of the femoral and tibial components that both 
distracted the same compartment of the knee (Fig 1). Previous 
studies have shown that V-V malalignments can be identified 
intraoperatively based on elevated tibial forces [5]. Thus, it is 
important that V-V malalignments are identified and corrected 
intraoperatively to avoid elevated forces and ligament tensions 
that might lead to pain and stiffness and increase the risk of 
patient dissatisfaction. 

Interestingly, even cases where the malalignments should not 
have distracted either compartment, both the contact forces 
and ligament tensions were elevated (Fig 1). This might be 
due to the abnormal orientation of the joint surface relative to 
the ground, which alters the load balance across the joint [6]. 
This highlights the importance of properly orienting the joint 
line even when neither compartment appears distracted. 

 
Figure 1: Median (points) and 5th to 95th percentile (error bars) of the 
changes in tibial ligament tensions at the first peak of stance during 
level walking. Similar changes were observed during stair climbing. 

Conclusions 
Biomechanical variables that are associated with patient 
satisfaction are highly sensitive to component malalignment. 
These high sensitivities indicate that surgeons should 
incorporate intraoperative checks to identify and correct 
malalignment. 
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Summary 

Using a novel rheological model of anterior cruciate ligament 

(ACL) loading, we estimated ACL force (FACL) in females 

during drop-land-cut and running manoeuvres, as well as the 

loading mechanism. In both tasks, peak loading occurred 

shortly following initial foot contact, but was larger during 

drop-land-cut tasks. Sagittal plane loading mechanism was the 

primary cause of FACL during foot-ground contact phase in 

both tasks. 

Introduction 

Several anatomical, biomechanical, and neuromuscular 

features are proposed contributors to the elevated risk of ACL 

injury in females. However, modelling in vivo ACL loads is 

non-trivial, resulting in a paucity of mechanistic studies 

linking proposed risk factors and ACL loading. The aims of 

this study were to 1) estimate FACL using a novel rheological 

ACL loading model in females during drop-land-cut and 

running manoeuvres, and 2) identify the ACL loading 

mechanisms during these tasks. 

Methods 

Thirty healthy recreationally active females (age: 20 ± 4 years, 

mass: 60.8 ±8.8 kg, height: 160 ± 10 cm) performed drop-land-

cut and running manoeuvres. Three-dimensional whole-body 

kinematics, ground reaction forces, and muscle activation 

patterns from eight lower-limb muscles were collected 

concurrently during both tasks. External biomechanics (i.e., 

rigid-body kinematics and kinetics, as well as muscle tendon 

unit kinematics) were modelled in OpenSim [1] using a scaled 

generic model. 

External biomechanics and muscle activation patterns were 

used in an electromyography- (EMG) informed 

neuromusculoskeletal model [2] to calculate the muscle forces 

from the lower-limb during both tasks. Our model of ACL 

loading (submitted abstract, ISB 2019) was then used to 

estimate FACL (N). Peak FACL and FACL at initial foot contact 

were calculated and compared between two tasks using paired 

t-tests (p<0.05). The timing (% foot-ground contact phase) of 

peak FACL and contribution (raw, % of FACL) of ACL loading 

mechanisms were determined for transverse plane (TP), 

sagittal plane (SP), frontal plane (FP) mechanisms. Force 

values were normalized to body mass. 

Results and Discussion 

Compared to running, the drop-land-cut task resulted in larger 

peak FACL, to which TP and FP loading mechanisms made 

greater relative contributions. For both tasks, the SP loading 

mechanism was the primary contributor to peak FACL (Table 1 

and Figure 1). 

 

Figure 1: Ensemble average of FACL (total) and uni-planar loading 

mechanisms during the foot-ground contact phase of (a) drop-land-
cut and (b) running tasks. 

Conclusions 

The peak FACL was larger in drop-land-cut compared to 

running, due to larger contributions from TP and FP loading 

mechanisms. In both tasks, peak FACL was primarily caused by 

SP loading mechanism. 
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Table 1: Peak and initial foot contact ACL forces (FACL) and contributions from uni-planar loading mechanisms. 

 

Running Drop-land-cut 

Initial contact Peak Initial contact Peak 

Force 

(N.kg-1) 

Contribution 

to FACL (%) 

Force 

(N.kg-1) 

Contribution 

to FACL (%) 

Timing in 

stance (%) 

Force 

(N.kg-1) 

Contribution 

to FACL (%) 

Force 

(N.kg-1) 

Contribution 

to FACL (%) 

Timing in 

stance (%)         

FACL 14.87 NA 21.33 NA 30  4.84 NA 21.71 NA 26  

SP load 23.84 160.28 27.9 130.76 29  8.13 167.98 21.57 99.34 26 

TP load 0.66 4.47 0.79 3.74 90  1.03 21.33 1.5 6.93 18 

FP load 0.71 4.82 3.72 17.45 35  0.36 7.56 4.02 18.53 67 
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Summary 

Virtual reality was used to expose healthy younger and older 

adults to environments anticipated to challenge standing 

balance. Seven VR environments were compared to baseline 

standing. Center of pressure range in the anterior-posterior 
plane (measured by force plate) was significantly increased for 

environments that featured moving surfaces and dynamic 

visual stimuli. However, age was not a significant factor in 

balance response and post VR balance was not affected. 

Introduction 

Balance changes due to aging and challenging environments 

can increase the risk of falls [1]. Challenges can occur due to 

difficult terrain, dynamic perturbations, and visual or auditory 

stimuli [2]. As these environments are difficult to replicate 

experimentally, this study investigates balance response to 

different environments using Virtual Reality (VR). VR has 

proven to be a powerful tool in prior medical experiments [3]. 
If specific VR environments influence balance response, VR 

may become a new physical therapy tool for those with 

balance impairments [4]. This study seeks to determine which 

environments elicit the highest response in standing sway, if 

short VR exposures influence balance, and potential 

differences in response between younger and older adults. 

Methods 

Ten healthy young adult participants aged 19.9 ± 0.7 years 

(mean ± std) and six healthy older adult participants aged 55.0 

± 11.7 years were recruited. Exclusion criteria included any 

neurological disorders, balance related impairments, pain with 

standing, or lower limb injury.  

Participants stood on a Bertec 4080 force plate for 1 minute 

(1500-Hz collection) during each trial. The first two trials 

(eyes open and eyes closed) defined the baseline stance 

behavior prior to VR exposure. Each participant then viewed 

seven VR environments in a randomized order using an HTC 

Vive headset. Boat Day, Boat Night, Train, and Busy Road 

had dynamic (moving) visual stimuli. In Cliff, Office, and Tall 
Building the environments were static. We instructed 

participants to look forward with their hands at their side (test 

position) for 1 minute. Breaks were given between trials. 

Following all VR trials, participants again completed eyes 

open and eyes closed trials (no VR).  

Center of pressure (COP) trajectories from the force plate 

were analyzed in the anterior-posterior (AP) plane to 
determine range and variability (std). A repeated measures 

mixed model with Bonferroni corrections was used, with 

significance set at p<0.05. In the VR to Baseline (Eyes Open) 

comparison, factors were Age (Younger, Older) and Condition 

(Baseline vs Each). In the non-VR comparison, factors were 

Age, Visual Feedback (Open, Closed), and Time (Pre, Post). 

 

Results and Discussion 

In the VR to Baseline comparison, age was not a significant 

factor. Healthy older adults did not have differences in 

standing balance response versus younger adults, and both 

groups respond similarly to VR environments. COP variability 
was significantly different between Eyes Open and Boat Night 

(p=0.002). COP range was significantly lower in the Eyes 

Open condition compared to Boat Day, Boat Night, and Train 

(all p<0.05 * symbol) (Figure 1) and Busy Road suggested a 

trend (p<0.06 † symbol). Features of the Boat Night condition 

(low light, moving platform, dynamic visuals) may have 

contributed to changes in both the range and variability 

responses. Environments with increased range of COP values 
shared features of a moving platform and dynamic visuals. In 

Busy Road the platform is unmoving but has dynamic visuals. 

Figure 1: Box plot of AP COP range. Note break point on the y-axis. 

In the non-VR comparison, the Age and Time factors were not 

significant. This suggests that short exposures to VR do not 

generate any changes in balance for either age group. The 

Closed eyes condition had significantly higher COP variability 

and range compared to Open eyes (both p<0.02) which is 

consistent with normal vestibular function. 

Conclusions 

VR representation of dynamic environments can induce an 

increased sway response during quiet stance. VR may benefit 

individuals with balance impairments by providing safe 

conditions under which to practice balance responses.  

References 

[1] Shaffer SW et al. (2007) Physical Therapy 87.2:193-207.  

[2] Richardson J et al. (2005) Arch. Phys Med & Rehab, 

86(8):1539-1544. 

[3] Putrino D et al. (2015) J Neurosci Methods, 244:68-77. 
[4] Bergeron M et al. (2015) Advances in medicine

Friday, August 02 2019: Morning 3 (1145-1245) 789

Postural Control



 

 

Development of a Body Balance Assessment System with Integrated Virtual Reality Technology;  
Construct Validity Testing in Healthy Older Adults 

 
Y. Imaoka1, N. Saba1, A. Vanhoestenberghe2, E. D. de Bruin1,3 

1Department of Health Sciences and Technology, ETH Zurich, Zurich, Switzerland 
2Institute of Orthopaedics and Musculoskeletal Sciences, University College London, London, United Kingdom 

3Department of Neurobiology, Care Sciences and Society, Karolinska Institutet, Stockholm, Sweden 
Email: imaokay@ethz.ch   

 

Summary 
With the aim of early prediction of dementia, a body balance 
assessment system with integrated virtual reality (VR) has 
been developed and its construct validity was evaluated for the 
first time with 14 healthy older adults (OA). We measured 
their body sway speed in 22 different conditions, intentionally 
provoking movement in anteroposterior (AP) direction. As a 
result, significant differences were observed in AP sway under 
the VR environment (P<.020; effect size>.77) compared to 
baseline without the VR environment. 

Introduction 
OA prone to mild cognitive impairment can express balance 
dysfunction via presence of AP displacement compared with 
OA without cognitive impairment. Balance evaluation with 
added visual challenges can detect small postural instabilities 
in balance [1], which may help in early prediction of 
dementia. We integrated VR technology with a stabilometer to 
provoke measurable balance behavioural reactions with the 
aim to assess the validity of our construct in healthy OA. We 
hypothesised that differences in body balance sway are 
observable between conditions with and without a VR 
environment mainly in AP direction. 

Methods 
14 healthy elderly (mean age 73.3 ± 4.3 years, 6 men / 8 
women) were recruited. All were screened using the Montreal 
Cognitive Assessment (MoCA). Preferred walking gait speed 
was measured on Walkway (MW-1000 by ANIMA). 
Individual preferred speed was used for the speed of visual 
flow experienced in the test-integrated VR environment while 
standing in different positions on a stabilometer (GP-5000 by 
ANIMA). Changes of Centre of Pressure were recorded in 22 
test conditions (3 conditions without VR and 19 conditions 
with VR) to evaluate three main parameters: 1) three different 
VR sceneries (reference, closed, open), 2) two different foot 
positions (tight, wide), and 3) three types of “visual flow” 
walking speed (preferred, increased, decreased) in a VR 
environment. Participants were wearing a VR headset (Oculus 
Rift by Oculus VR) while standing on the stabilometer. The 
measurement took 60 seconds/condition and averaged body 
sway speed was calculated. The order of test conditions was 
partly randomised. 

Results and Discussion 
The participants achieved ≥ 25 MoCA points (27.79 ± 1.89). 
Preferred walking speed was 1.27 ± 0.15 m/s and stride length 
1.30 ± 0.14 m. We compared body sway speed between the 
baseline condition (tight foot position, no VR) and each of the 
other 21 conditions. For AP sway, significant differences were 
found in all comparisons except one (P<.020; effect size>.77) 

(Figure 1). Significant differences were observed in only five 
comparisons for medio-lateral (ML) sway. When comparing 
sway speed between AP and ML directions in each test 
condition, significant differences were observed for all but the 
baseline condition (P<.017; effect size>.53). 

 
Figure 1: [Left] Balance assessment system with VR, [Right] p-

values when comparing sway speed of each direction: AP and ML 
(Baseline vs. [VR scenery] [Foot position] [Walking speed in VR]) 

Conclusions 
The results imply that the test-integrated VR environment 
affected body sway in AP direction as hypothesised. Our 
evaluations showed responses in balance mainly in the AP 
direction in an OA convenience sample. Presence of AP 
displacement can be an early sign of postural control 
impairment in people threatened to develop dementia, and the 
evaluation with added VR might be useful in detecting small 
postural instabilities in early disease stages. The results of this 
study warrant further research and should continue the 
validation process by comparing OA diagnosed with and 
without cognitive deficits.  
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Summary 
Diabetes is a worldwide epidemic that often results in diabetic 
peripheral neuropathy (DPN). DPN may lead to reduced plantar 
pressure variability, and this lower variability may cause 
localized tissue loading and subsequent foot ulceration. The 
purpose of this study was to use anesthetize the plantar foot via 
tibial nerve blocks to examine the role of plantar sensory 
feedback in plantar pressure variability. Plantar pressure 
variability was assessed in 19 healthy individuals with intact 
sensory feedback and with the plantar surface of the foot 
anesthetized via tibial nerve block. The absence of plantar 
sensation resulted in significantly lower variability in the ratio 
of fore- and rear-foot loading, indicating that the absence of 
plantar sensory feedback results in less variable plantar loading. 

Introduction 
Diabetes is a worldwide epidemic that frequently results in 
diabetic peripheral neuropathy (DPN). It has been suggested 
that individuals with DPN have less variable plantar pressure 
than those with intact sensory feedback, and this reduced 
variability may lead to abnormal tissue loading and subsequent 
ulceration [1]. A limited number of studies have evaluated 
plantar pressure variability associated with decreased plantar 
sensation. Cavanagh et al. [2] examined plantar pressure 
variability in DPN patients, finding that neuropathy had no 
effect on plantar pressure variability, whereas Bacarin et al. [3] 
found increased variability of plantar loading in individuals 
with a history of DPN and foot ulceration. These conflicting 
results may be due differences in the clinical presentations of 
the subjects, as well as confounding pathologies, such as 
strength and vascular deficits. Given that diabetic 
complications in the lower extremity can be diverse and 
multifactorial, the purpose of this study was to anesthetize the 
plantar foot via tibial nerve blocks to examine the role of plantar 
sensory feedback in plantar pressure variability.  

Methods 
A total of 19 healthy active subjects (10 female, 9 male); mass: 
65.63+10.7 kg; age: 24+1.8 years participated in this study. 
Plantar pressure variability was measured as the root mean 
square (RMS) and standard deviation (SD) of the center of 
pressure (COP) time series, as well as the SD of the difference 
in forefoot and rearfoot (SD FF/RF) pressure as participants 
performed 30 second trials of bipedal stance on a pressure mat. 
For the anesthetized conditions bilateral tibial nerve blocks 
were performed, which consisted of injecting 3mL of 1% 
lidocaine surrounding the posterior tibial nerve. Paired t-tests 
were performed to compare the plantar pressure variability 

between the normal (NORM) and anesthetized (ANEST) 
conditions. Statistical significance was defined as p < 0.05. 

Results and Discussion 
Participants exhibited a significantly lower SD FF/RF in the 
anesthetized condition (p=0.05), indicating that the absence of 
sensory feedback resulted in less variable plantar loading as 
assessed by this metric. The remaining variables did not differ 
significantly. This finding contradicts the results of Meyer et al. 
[4] who found increased plantar pressure variability following 
intradermal anaesthetic injections of the plantar foot. These 
contradictory results may be due to the level of anaesthesia, 
with tibial nerve blocks eliminating all sensation from the 
plantar foot and intradermal anaesthetic injections only 
eliminating superficial sensory feedback. Future research 
should explore plantar pressure variability in dynamic activities 
such as walking. 

 
Figure 1: Plantar pressure variability as assessed by root mean 
square (RMS) and standard deviation (SD) of the center of 
pressure (COP) time series, as well as the SD of the difference 
in forefoot and rearfoot (SD FF/RF). * Significant difference 
between NORM and ANEST conditions. 

Conclusions 
The absence of plantar sensory feedback resulted in decreased 
variability in the ratio of fore- and rear-foot pressure, which 
may indicate localized tissue loading.  
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Summary 
Upright human standing requires stabilization of both 
translational and rotational degrees-of-freedom in the sagittal 
plane that is primarily accomplished by coordination of joint 
torques at the hip, knee, and ankle. Those torques produce the 
ground-on-foot force (F) which has recently been shown to 
exhibit an interesting covariation across time between center-
of-pressure (CP) and direction (θF) that is geometrically 
characterized as intersecting at a point (IP) with height that 
varies with frequency [1]. Here we show that IP is elevated with 
the removal of vision and discuss possible implications for 
understanding human standing. 
Introduction  
Quiet standing is a mechanically unstable task that requires 
complex neuro-muscular coordination to maintain translational 
and rotational stability of the body segments and body as a 
whole. Absence of vision makes standing more difficult and has 
been shown to increase CP oscillation [2]. However, to 
understand the effect of vision on the translational and 
rotational stability of the body as a whole it is necessary to 
characterize the relationship between CP and θF. This study 
utilizes the method introduced in [1] to demonstrate that CP and 
θF are highly correlated within narrow frequency bands and that 
the ratio of that correlation is altered by the removal of vision.  
Methods  

Ten unimpaired adults (4 female and 6 male, ages 19–26) stood 
quietly on a rigid horizontal surface (F measured at 100Hz) for 
two trials with eyes open and one trial with eyes closed (60s 
trial duration, random order). CP and θF were band-pass filtered 
in 0.5Hz bands from 0.75 to 4.75Hz. Within each band the slope 
of CP vs θF yielded IP height (zIP). 

Results  

As previously reported [1], quiet standing with eyes open 
yielded zIP > CM height below ~ 2.2Hz and zIP decreased with 
frequency throughout the range (Fig. 1). Without vision the zIP 
had a similar shape but was shifted upward (Fig. 1, 2). 

Discussion  

Humans typically utilize a strategy characterized by slow ankle 
joint rotation and faster hip joint rotation [3,4]. Specifically 
coordinated torques at both joints are required to produce these 
characteristic motion patterns. An IP higher than the CM is 
consistent with motion primarily at the ankle with one specific 
height corresponding to exclusively ankle rotation (body rigid 
above the ankle). An IP lower than the CM is consistent with 
movements that emphasize hip rotation over ankle rotation. The 
observation of a consistent IP height across subjects within each 
specific frequency band indicates that humans utilize specific 
ratios of hip to ankle torque at specific frequencies. At low 

frequencies the torque ratio yields primarily rotation of the 
ankle joint, while at high frequencies, hip rotation dominates. A 
consequence is that the low frequency strategy shifts whole 
body pitch angle and CM translation in the same sense, 
compared to the opposite sense with the high frequency 
strategy. Both strategies are necessary to fully respond to the 
various modes by which the body can deviate from upright.  

Conclusions  

The present study reveals that without vision the system 
continues to utilize the same general strategy of tightly 
coordinated joint torques with specific ratios associated with 
each frequency band. However, the precise ratios change as 
reflected in the upward shift of the IP. This shift produces a bias 
toward increased use of the strategy characterized by ankle 
rotation and decreased use of the hip rotation strategy [5]. These 
observations may provide further insight into the role of visual 
feedback in quiet standing. 

Figure 1: Removal of vision changed force direction such that forces 
intersected at an elevated height. Mean zIP +/- standard deviation. 

 
Figure 2: Elevated zIP shown by within subject differences. Mean of 
the two eyes-open trials subtracted from the eyes-closed trial for each 

subject. Mean difference +/- standard deviation. 
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Summary 
We developed a novel, multiple-input single-output (MISO), 
closed-loop, parametric identification (ID) method to quantify 
the EMG-torque relations for central controller and stretch 
reflex contributions to human postural control. Our results 
demonstrated that the relation for the reflex pathway has 
higher bandwidth (BW) and lower gain than that for the 
central controller. These difference must be accounted for 
when assessing central and reflex mechanisms contributions 
to human postural control. 

Introduction 
Ankle torque is continuously regulated to stabilize the 
inherently unstable upright human posture. The torque is 
generated by: 1) Central mechanisms, responding to sensory 
information from vision, vestibular, and somatosensory 
systems, 2) Peripheral mechanisms due to stretch reflex 
feedback, and 3) Ankle intrinsic stiffness. It is difficult to 
investigate the relative mechanical contributions of these 
components to postural control, as they appear together. 
Attempts to use EMGs to resolve this have been limited by 
the use of oversimplified models in which only one muscle 
was examined or all ankle muscles were assumed to have the 
same EMG-torque relationships [1, 2, 3]. We developed a 
novel MISO ID method to determine EMG-torque dynamic 
relationships separately for central and stretch reflex EMGs of 
ankle muscles. 

Methods 
Five subjects with no history of neuromuscular disease stood 
comfortably on a standing apparatus, while subjected to 
simultaneous, bilateral, independent, random perturbations of 
ankle position in two 2-minute trials. Ankle torques and 
angles, and the activity of ankle muscles, including triceps 
surae (TS) (medial and lateral gastrocnemius (MG and LG), 
and soleus (Sol)), and tibialis anterior (TA) were recorded. 

The measured ankle torque is the sum of active and intrinsic 
torques and noise. We modeled the active torque as the sum 
of three components 1) central TS (𝐻𝐻𝑇𝑇𝑇𝑇𝑐𝑐 ) whose input is the 
weighted sum of central TS EMGs, 2) reflex TS (𝐻𝐻𝑇𝑇𝑇𝑇𝑟𝑟 ) whose 
input is the weighted sum of reflex TS EMGs, 3) central TA 
(𝐻𝐻𝑇𝑇𝑇𝑇𝑐𝑐 ) whose input is TA EMG. All other contributions, 
including intrinsic torque, were modeled as noise. We used a 
MISO Box-Jenkins model to identify the three EMG-torque 
transfer functions (TF) and the noise model (Note that it is 
essential to include a separate noise model, since postural 
control involves feedback).  

Identification was performed in an iterative manner in which 
the weights of the different EMGs for the inputs and the TF 

structures and parameters were selected to optimize three 
performance criteria, including variance accounted for, 
minimum description length, and Akaike information 
criterion. 

Results and Discussion 
The final set of models predicted the active torque very well, 
accounting for 84.6±5.5% of the torque variance (mean±std). 
Figure 1A shows the gain of EMG-torque relationships 
identified for a typical case: it is evident that 𝐻𝐻𝑇𝑇𝑇𝑇𝑐𝑐  and 𝐻𝐻𝑇𝑇𝑇𝑇𝑟𝑟  
were both low pass but 𝐻𝐻𝑇𝑇𝑇𝑇𝑐𝑐  had a lower BW and higher gain. 
Figure 1B&C shows the BW and DC gain for both sides of all 
subjects. It is clear that 𝐻𝐻𝑇𝑇𝑇𝑇𝑐𝑐  had a lower BW for all cases 
compared to 𝐻𝐻𝑇𝑇𝑇𝑇𝑟𝑟 ; however, the DC gain of 𝐻𝐻𝑇𝑇𝑇𝑇𝑐𝑐  was larger for 
all cases compared to that of 𝐻𝐻𝑇𝑇𝑇𝑇𝑟𝑟 . 

Conclusions 
Our results demonstrated that EMG-torque dynamic 
relationships are different for central and stretch reflex 
contributions to human postural control. The reflex pathway 
has a higher BW and lower gain, which means that the 
functional importance of the two pathways in postural control 
can not be judged solely based on their EMG amplitudes. 
These differences may be due to differences in motor-unit 
synchronization and rate of force development between the 
two mechanisms. 
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Figure 1: (A) Gain of 𝐻𝐻𝑇𝑇𝑇𝑇

𝑐𝑐  and 𝐻𝐻𝑇𝑇𝑇𝑇
𝑟𝑟  of a typical case, (B) 

Bandwidth and (C) DC gain of 𝐻𝐻𝑇𝑇𝑇𝑇
𝑐𝑐  and 𝐻𝐻𝑇𝑇𝑇𝑇

𝑟𝑟 for both legs of all 
subject. Similar markers show the data for the same case (leg). In 
(B) and (C) the blue boxes encompass the 25-75th percentiles; the 
red lines show the median values and the whiskers indicate the 
most extreme data points not considered outliers.  
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Summary 

This study aimed to test whether intramuscular pressure (IMP) 

represents aging related changes by stimulating the fibular 

nerve and measuring ankle torque, compound muscle action 

potential (CMAP), and IMP from TA of healthy young (20-40 

years old) and older (60-80 years old) adults. It was found that 

CMAP, torque, and IMP increase with increasing stimulation 

intensity for both young and older adults (p < 0.001 for all 

tests). Similar to CMAP and ankle torque, the TA IMP was 

significantly lower for older adults (by 24%). Our findings 

suggest that IMP is a minimally-invasive method that detects 

aging related muscular changes and can provide a measure of 

muscle dysfunction. 

Introduction 

To better understand muscle function and weakness due to 

aging, quantitative assessment of mechanical properties of 

individual muscles is necessary. Intramuscular pressure (IMP) 

is the fluid hydrostatic pressure generated within a muscle and 

directly reflects the forces produced by a muscle [1]. It was 

recently shown that IMP reflects muscle voluntary function in 

vivo [2]. However, the relationship between muscle activity 

levels and IMP, and how this changes with age have never 

been tested. The goal was to test the following hypotheses on 

tibialis anterior (TA) muscle in vivo: IMP (i) reflects the 

compound muscle action potential (CMAP) activities, and (ii) 

follows the increase in muscle activity imposed by increasing 

stimulation frequencies, and (iii) is reduced in older adults. 

Methods 

The procedures were approved by the Mayo Clinic 

Institutional Review Board. Thirteen young adults (7 females; 

mean (SD) = 28.4 (4.9) years old; 25.5 (5.7) kg/m2 BMI) and 

thirteen healthy older adults (8 females; 66.6 (3.6) years old; 

29.5 (5.9) kg/m2 BMI) participated. The fibular nerve was 

stimulated with a constant current under two scenarios: (i) 

Max CMAP and seven levels of sub-maximal stimulation, (ii) 

supramaximal stimuli at 2, 5, 10, and 20 Hz. The CMAP, 

ankle torque, and TA IMP were recorded simultaneously. A 

two factor ANOVA with repeated measures on one factor 

(stimulation) was performed to detect the differences between 

young and older adults (1) in CMAP and IMP at different 

stimulation levels and (2) in ankle torque, CMAP, and IMP at 

different frequencies.  

Results and Discussion 

Increasing the stimulation intensity level caused (i) the CMAP 

and IMP to increase and (ii) increasing the stimulation 

frequency caused the CMAP, torque, and IMP to increase for 

both young and older adults (p < 0.001 for all tests). The 

CMAP and IMP responses of the TA collected from older 

adults at different stimulation levels were lower than that of 

young adults by 24% and 40% respectively (p < 0.001) 

(Figure 1). The ankle torque, CMAP, and IMP of the TA 

collected from older adults at different frequencies were lower 

than that of young adults by 13%, 21%, and 24%, respectively 

(p < 0.001).  

 
Figure 1: Box and whisker plot of the TA IMP at different 

stimulation levels for young and older adults. 

Conclusions 

The hypotheses were supported. IMP increases with 

increasing muscular activity imposed by nerve stimulation and 

represents the mechanical response of muscle. IMP reflects the 

effects of aging on force production capacity of healthy human 

muscles. Our findings suggest that IMP is a minimally-

invasive method that can provide a sensitive and robust 

measure of muscle dysfunction. It can be designed as a 

diagnostic tool to follow the weakening of muscles due to 

aging in order to treat sarcopenia as well as to detect the 

course of electromechanical pathophysiology of the skeletal 

muscle such as myopathies. 
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Summary 

Older adults experience both sarcopenia and altered propulsive 

power generation during walking.  To examine if non-uniform 

sarcopenia effects correspond with functional gait changes, we 

measured individual triceps surae muscle volumes in young 

and old adults.  While muscle volumes were smaller in older 

adults, the distribution of plantarflexor muscle was the same. 

Introduction 

Older adults experience mobility impairment, most universally 

hallmarked as reduction in propulsive power generation [1].  

However, older adults utilized propulsive reserves in response 

to biofeedback [2]. These gains were coupled with increases in 

vertical support, suggesting altered plantarflexor function. 

While all triceps surae muscles generate ankle plantarflexion 

moments during walking, the soleus and gastrocnemius 

contribute differently to support and propulsion [3].  Also, the 

soleus is divided into compartments by distinct aponeuroses 

[4]. The anterior and posterior compartments have dissimilar 

pennation angles and PCSA, suggesting different functional 

roles in muscle excursion and force production, respectively. 

Reduced muscle mass (sarcopenia) in older adults is a likely 

cause of muscle weakness with age [1]. However, it is unclear 

if the effects of sarcopenia are experienced uniformly in the 

triceps surae. Sarcopenia is believed to preferentially affect 

Type II (fast) fibers, which are more abundant in the gastrocs, 

while the soleus is composed primarily of Type I (slow) fibers. 

We hypothesized that altered plantarflexor function in older 

adults could correspond with preferential atrophy in the 

functionally varying triceps surae muscles (gastrocs and soleus 

compartments), so that the relative volumes of these muscles 

differ between old and young adults. 

 

Figure 1: Segmentation of triceps surae muscles from MR images 

Methods 

Using high resolution IDEAL-SPGR MRI, we imaged the 

lower limbs of 6 young (age: 24±3 years) and 6 older (age: 

64±2 years) adults (3 male/3 female per group). We manually 

segmented the medial and lateral gastrocnemius heads and the 

anterior and posterior compartments of the soleus [4] (Fig. 1).  

To account for known effects of body size, muscle volumes 

were normalized by the product of subject height and mass 

[5]. Relative muscle volume was defined as individual muscle 

volume divided by the total triceps surae volume. The Mann-

Whitney U test was used to find significant differences. 

Results and Discussion 

Evidence of sarcopenia was present: all triceps surae muscles 

had a lower average normalized muscle volumes in older 

adults compared to young adults (Fig. 2A); this difference was 

statistically significant in the medial gastroc (p=0.022). This 

trend may be strengthened with future inclusion of additional 

subjects. Muscle distribution was consistent in young and 

older adults, with no significant differences in relative volume 

of all four muscles analysed (Fig. 2B).  

 

Figure 2: Individual muscle volumes compared in young and older 

adults as a function of body size and total triceps surae volume. 

Conclusions 

Plantarflexor muscle volume does appear to be reduced in 

older adults however the relative volumes of the triceps surae 

muscles seem to be preserved with age. Therefore, muscle 

volume redistribution is an unlikely mechanism underlying 

changes in propulsive force generation by older adults. 
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Summary 
The purpose of this study was to investigate the associations 
between range of motion (ROM) and stiffness of muscle, 
fascia and nerve in young and elderly individuals. Ankle 
dorsiflexion ROM was determined based on onset of pain 
using a dynamometer. Tissue stiffness was evaluated by 
ultrasound shear wave elastography. Dorsiflexion ROM was 
significantly correlated only with muscle stiffness in young 
individuals. In contrast, a significant correlation of 
dorsiflexion ROM was observed with not only muscle 
stiffness but also nerve stiffness in elderly individuals. These 
results suggest that limiting factors of joint flexibility change 
with aging. 

Introduction 
Muscle stiffness is considered as one of the main limiting 
factors of joint flexibility (e.g., range of motion (ROM)) in 
young male [1]. On the other hand, it is also suggested that 
fascia and peripheral nerve could limit ROM [2]. Considering 
that composition and amount of biomedical tissue change with 
aging, the relationship between ROM and stiffness of 
biological tissue may vary between young and elderly 
individuals. We aimed, therefore, to investigate the 
associations between ROM and stiffness of muscle, fascia and 
nerve in young and elderly individuals. 

Methods 
Twenty young male (age; 22 ± 1 yrs) and 20 elderly male 
(age; 72 ± 5 yrs) participated in this study. In order to 
determine the ankle dorsiflexion ROM, participants lay prone 
and their right foot was passively dorsiflexed to the angle at 
which subject felt pain, at an angular velocity of 1°/s using a 
dynamometer. Shear wave speeds (SWSs) were obtained as 
the tissue stiffness by using ultrasound shear wave 
elastography, at 15° dorsiflexed position. Ultrasound probe 
was placed over the medial gastrocnemius (MG), the lateral 
gastrocnemius (LG), the soleus (Sol), the MG fascia, the 
semitendinosus (ST) fascia, and the sciatic nerve. Pearson’s 
product-moment correlation coefficients were calculated to 
examine the relationships between ROM and SWSs of each 
tissue. The significance level was set at α = 0.05. 

Results and Discussion 
 

Dorsiflexion ROM of elderly individuals was significantly 
narrower than that of young individuals (young; 29.7 ± 8.3° 
elderly; 23.9 ± 7.0°, P = 0.022). Table 1 shows the correlation 
coefficients between ROM and SWSs of each tissue with P-
values. Significantly negative correlations were observed 
between ROM and SWSs of each muscle measured at 15° 
dorsiflexed position for young individuals. On the other hand, 
for elderly individuals, ROM was significantly negatively 
correlated with SWS of Sol but not with SWSs of MG or LG. 
Aging muscle atrophy occurs preferentially in type II fibers 
[3], and the gastrocnemius has higher type II fiber content 
compared to Sol [4]. These can explain the age-related 
inconsistency of the association between ROM and muscle 
stiffness. 

In the present study, a negative correlation between ROM and 
SWS of sciatic nerve was significant in elderly individuals, 
but not in young individuals. Peripheral nerve is covered with 
dense collagenous membrane (e.g., perineurium). It is 
suggested that perineurium area and perimeter of sciatic nerve 
increase with aging [5]. Thus, an effect of sciatic nerve 
stiffness on dorsiflexion ROM can be stronger in elderly 
individuals than in young individuals. On the other hand, 
SWSs of fascia of MG and ST were not significantly 
correlated with ROM. Stiffness of fascia seems not to 
influence joint flexibility. 

Conclusions 
The present study revealed that (1) dorsiflexion ROM was 
correlated only with SWS of muscle in young individuals, and 
that (2) dorsiflexion ROM was weakly correlated with SWS of 
muscle and nerve in elderly individuals. These results suggest 
that limiting factors of joint flexibility change with aging. 
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Table 1: Correlation coefficients between range of motion and stiffness of muscle, fascia and nerve with P-value. 

r (P) MG LG Sol MG fascia ST fascia Sciatic nerve 
Young -0.665* (0.001) -0.492* (0.027) -0.473* (0.035) -0.385 (0.094) -0.201 (0.395) -0.134 (0.574) 
Elderly -0.149 (0.530) -0.367 (0.111) -0.538* (0.014) -0.264 (0.260) 0.047 (0.844) -0.445* (0.049) 
* Significant correlation (P < 0.05). MG; the medial gastrocnemius, LG; the lateral gastrocnemius, Sol; the soleus, ST; the semitendinosus. 
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SUMMARY 

We engineered transgenic Drosophila lines mimicking the 

effects of sarcopenia on myosin, which were recently 

elucidated by proteomic studies using elderly human skeletal 

muscle biopsies. We performed skinned fiber mechanics on 

flight muscles from young flies expressing myosin genetically 

modified to mimic the mutations found in humans. These 

experiments revealed power output decreased relative to wild-

type. However, the frequency of fiber oscillation at which 

maximum power was generated did not differ. Muscle 

ultrastructure degradation did not occur until older flies 

engaged their flight muscles for extended periods of time. This 

indicates that alterations in mechanical performance precedes 

muscle degradation, suggesting the mutations directly and 

indirectly contribute to decreased muscle function with age.  

INTRODUCTION 

Diminished skeletal muscle function presents major health 

problems and economic burdens, particularly for aging 

populations. Sarcopenia, reduced skeletal muscle mass, power, 

and endurance associated with age, has been thought to stem 

from a decline in muscle regeneration capacities, reduced 

protein synthesis, and enhanced protein degradation [1]. 

Changes to muscle metabolism increase aggregated 

myofilament proteins, which pose risks for genetically-based 

progressive myopathies [2]. Recently, mass spectrometry 

revealed specific, age-related post-translational modifications 

in the myosin motor protein [3]. Based on their locations on 

myosin, these changes likely alter the structure and function of 

aging muscle. Specifically, we are interested in the 

carbonylation of arginine, (R 908) in the S2 linker, due to its 

conserved nature and its role in ATPase activity and myofibril 

stability. 

To investigate the effects of the R908 post-translational 

modification, we used Drosophila as our model for its 

transgenic expression system and its viability, despite 

mutations in the indirect flight muscle (IFM). We engineered 

flies to mimic the carbonylation discovered in aging myosin 

by mutating arginine to glutamic acid (R908E). We are 

assessing changes in power output and contraction frequencies 

of IFM fibers, as well as muscle ultrastructure, to determine 

how this age-related mutation contributes to sarcopenia. 

METHODS 

We used electron microscopy (EM) to characterize 

ultrastructural integrity of the IFM. For mechanical evaluation, 

we isolated IFM from 2-hour-old flies from homozygous 

R908E mutant and pwMhc2 control lines [4]. We performed 

skinned fiber mechanics by oscillating the muscle sinusoidally 

over a specific range of frequencies and muscle length 

amplitudes. Finally, we performed locomotion assays to 

evaluate flight performance. 

RESULTS AND DISCUSSION 

EM images of IFM from 2-hour-old R908E flies exhibited no 

differences in the structural integrity of the sarcomere 

compared to control flies, while 2- and 7-day-old flies showed 

progressive disruption. Maximum power generated by R908E 

fibers (blue, 33 + 4 W/m3) decreased to 45% of the control 

fibers (grey, 71 + 11 W/m3) (Figure 1). This decay was 

consistent with a significant decrease in flight performance 

compared to control flies. However, the frequency of 

oscillation at which maximum power was achieved (fmax) for 

R908E (150 + 6 Hz) was not different from the control (158 + 

3 Hz) (dashed lines in Figure 1).  

 

Figure 1: R908E mutation (blue) decreased power production (p < 

0.05 Student’s t-test) at frequencies from 75 to 250 Hz. 

CONCLUSIONS 

Our results demonstrated possible mechanisms by which the 

R908E mutation contributes to age-related declines in muscle 

performance. The decrease in power would impair muscle 

function, while changes in muscle structure, likely caused by 

changes in mechanics, contribute to muscle degradation. We 

are investigating if the R908E and other age-related myosin 

mutations alter cross-bridge cycle rate constants and ATP 

response. 
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Summary 
At short sarcomere lengths (SLs) (1.9 to 2.65 µm) single 
muscle fibres from old individuals had a greater mean passive 
modulus than those from young. This resulted in a greater 
passive stress in the old group at SLs between 2.1 and 3.55 
µm. Conversely, at long SLs (i.e. > 3.55 µm) the single fibres 
from young individuals had a higher passive modulus (not 
statistically significant) than those from old, resulting in 
passive stresses that paralleled one another. 

Introduction 
Physiological studies of single muscle fibres have revealed an 
age-related decrease in the ability of single fibres to produce 
force, independent of changes in fibre size [1, 2], as well as an 
increase in the active elastic properties of the fibre [3]. 
Together, this suggests that the structures responsible for 
active force production within the muscle cell are altered with 
aging. However, whether or not the passive mechanical 
properties of single muscle fibres in humans are altered with 
age is unknown. The aim of this study was to characterize 
single muscle fibre passive elastic modulus and stress in 
young and old men.  

Methods 
A total of 20 healthy males participated in the study (young 
males [YM]: N=10, mean age: 25.4 years; older males [OM]: 
N=10, mean age: 68.9 years). Needle biopsies using suction 
were obtained from the vastus lateralis (VL) in line with the 
muscle fascicles and immediately placed in physiological 
storage solution. Single muscle fibres were dissected and 
placed in a chamber filled with relaxing solution and attached 
on one end to a motor to stretch the fibres and on the other end 
to a force transducer. SLs were measured via laser diffraction. 
Each fibre was stretched in 0.25 μm/sarcomere increments and 
allowed to stress relax for 120s before force and length 
measurements were recorded; this ensured only the elastic 
properties of the fibre were tested. A minimum of 7 stretches 
were conducted on each fibre. The elastic modulus-SL 
relationship was assumed to follow a logistic function; passive 
mechanical characteristics of each fibre were obtained by 
fitting the integral of the logistic function to experimental 
stress-SL data. Fitted equations were evaluated across the 
physiologic range of SLs and ‘beyond thick and thin filament 
overlap’ (1.8 to 4.5 µm) and averaged across all fibres. 

Results and Discussion 
A total of 182 single fibres were tested and analyzed (90 YM 
and 92 OM).  
Muscle fibres from older individuals had a larger mean 
passive elastic modulus from SLs between 1.9 µm to 2.65 µm. 
This resulted in a larger average passive stress from SLs 
between 2.1 µm to 3.55 µm. These were found to be 
significantly different (p<0.05). However, at longer SLs (i.e. > 
3.55 µm) the fibres from young individuals had a higher (but 
not statistically significant) passive modulus than those from 
old, resulting in similar passive stresses at longer SLs. 

 
 
 
 

 
 
 

 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
Figure 1. A) Mean (±SEM) passive elastic modulus by sarcomere 
length graph of single muscle fibres from the VL of young and old 
participants. * indicates statistical significance from sarcomere 
lengths between 1.9 µm to 2.65 µm. B) Mean (±SEM) passive stress 
by sarcomere length graph of single muscle fibres. * indicates 
statistical significance from sarcomere lengths between 2.1 µm to 
3.55 µm. 

Conclusions 
The passive elastic modulus in muscle fibres from older 
individuals was larger at short SLs but not different at long 
SLs as compared to young. The mechanism behind the SL 
dependant changes to the elastic modulus between young and 
old fibres is currently unknown. One possible explanation is 
that the structures responsible for passive stiffness, such as 
titin and the basement membrane are altered with age. Future 
work will aim to measure these differences between young 
and old human muscle fibres. 
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Summary 

Ankle injuries are a frequent setback to athletes across a range 
of sports and identifying risk factors or groups at greater risk 
of injury is important in preventing such injuries. The purpose 
was to identify sex, leg and sport differences in ankle joint 
angles and moments during common athletic movements such 
as cutting and double and single leg drop jump landings. To 
understand biomechanical differences between court and field 
sport athletes, the focus was placed on four groups of athletes 
including male and female basketball and soccer players 
(N=60). The main findings included main effects for both sex 
and sport for all three movements, with males and basketball 
players displaying the greatest peak plantarflexion moments.  
There was also a main effect for leg dominance during single 
and double leg drop jumps for inversion/eversion angles at 
ground contact, suggesting that the dominant leg ankle may be 
at greater risk of injury. 

Introduction 
A large proportion of lower limb injuries within sport occur at 
the ankle joint, with ankle sprains, fractures and tendon 
ruptures being common injuries among all sports. Female 
athletes have higher incidence rates of ankle sprains while 
male athletes have greater incidence rates of Achilles tendon 
ruptures [1,3]. Previous studies also suggest that court sport 
athletes are more susceptible to ankle injuries [1,2]. Due to the 
frequency of ankle injuries among athletes and the severity of 
these injuries, for example Achilles tendon rupture, it is 
important that risk factors and prevention methods be 
identified. The purpose of this study was to understand the 
differences between sex, leg and sport on ankle joint angles 
and moments during unanticipated cutting and jump landings.  

Methods 
This study utilized data collected between May 2015 and 
August 2018, at the John MacIntyre motion Laboratory of 
Applied Biomechanics (mLAB) at Acadia University. Motion 
analysis data, including EMG, ground reaction forces, and 3D 
marker position, were collected for 60 participants, both male 
and female, whose main sport of participation was either 
basketball or soccer. The mean age of all participants was 18 
years of age. Using Visual3D, ankle joint internal moments 
and angles were calculated for the stance phase of 
unanticipated cutting, double leg drop jump and single leg 
drop jump landing trials.  Processed data (peak joint moments 
and peak and instant of contact joint angles) were analysed 
using a 3-way ANOVA to test for significant main effects in 
leg (dominant vs non-dominant), sex (male vs female) and 
sport (basketball vs soccer), as well as interaction effects.  

Results and Discussion 

Significant interaction effects between sex and sport were 
noted for only peak ankle inversion angles during cutting 

movements, while no significant interactions were seen among 
peak ankle moments for all three tasks (cutting, double leg 
drop jump and single leg drop jump). A sex effect for all three 
movements was observed, with males showing greater 
maximum plantarflexion moments, while a sport effect for all 
movements was also observed with basketball athletes 
showing greater maximum plantarflexion moments. A leg 
dominance effect was present for inversion/eversion angles in 
both the single leg and double leg drop jumps. Single leg drop 
jumps exhibited greater inversion in the dominant leg at 
ground contact, while the double leg drop jumps demonstrated 
greater eversion in the dominant leg at contact (Figure 1). 

 
Figure 1: Ankle joint inversion/eversion angles during drop jumps. 
From the results of this study it can be seen that male athletes 
as well as basketball athletes have greater flexion moments, 
indicating that they may be more susceptible to injuries such 
as Achilles tendon rupture. This finding agrees with previous 
studies, which have seen a higher incidence rate of Achilles 
tendon ruptures in both males and basketball athletes [3]. 
Results also show a main effect of dominance for inversion 
angles during jumps, indicating that an athlete’s dominate leg 
may be more susceptible to an ankle sprain. 

Conclusions 
This study worked towards identifying differences between 
sex, leg and sport in ankle joint angles and moments during 
cutting and jumping movements. The findings provide insight 
into factors that might put specific athletes at greater risk of 
ankle injury and it is suggested that future studies include 
analyses of the knee and hip in combination with the ankle to 
help minimize the number of ankle injuries within sport.   
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Summary 

High speed stereo radiography (HSSR) demonstrated that a 

novel motorized self-lacing system resulted in significantly less 

foot-shoe motion compared to standard shoe laces during 

cutting tasks frequently performed while playing basketball. By 

reducing the sliding of the foot within the shoe, improvements 

in foot containment have implications for improved athletic 

performance and potential reductions in injury. 

Introduction 

Given the highly dynamic nature of basketball, footwear that 

provides containment to reduce the motion of the foot relative 

to the shoe may have performance and injury prevention 

advantages. Containment is dependent on the type of shoe 

lacing system in use and the tension of the laces [1], but accurate 

foot-shoe motion has been difficult to quantify during activity. 

Objective: to assess the impact of a self-lacing system with three 

conditions of increasing lace tension (compared to a control 

basketball shoe) on foot containment by measuring foot-shoe 

motion during cutting using HSSR.  

Methods 

This study was IRB approved and each participant signed 

informed consent. Twenty healthy recreational athletes 

(height=1.89±4.75m; mass=89.5±7.9kg; age=23.6±6.4yr), who 

regularly play basketball or sports that involve cutting and wore 

a size 13 shoe, participated in this study. Two shoes were 

evaluated; a standard laced basketball shoe (Control) compared 

with a motorized self-lacing shoe (Nike Adapt BB). The self-

lacing system allowed investigators to alter the tension in the 

shoe using an iPhone app to affect containment.  

Foot motion was measured using HSSR with large field-of-

view detectors and high-speed cameras to provide foot motion 

at a sub-millimeter level [2]. Five sets of small (3mm) and large 

(5mm) radio-opaque beads were placed onto the right foot and 

shoe with adhesive in five locations: navicular, head of 1st 

metatarsal, head of 5th metatarsal, base of 5th metatarsal, and 

toe tip to facilitate measurement of foot (small beads) motion 

relative to the shoe (large beads). 

Each athlete performed a standing static and lateral cut trial 

under four conditions: Adapt at preferred tension, high tension 

(+10% preferred), low tension (-20% preferred) and Control. 

Athletes responded to a perception survey evaluating each 

condition for fit, movement confidence, cushioning, and 

containment quality. Foot size was measured with a Brannock 

device to confirm appropriate sizing (M12.5 – M13.5). 

Each bead on the foot and shoe was tracked in three dimensions 

using XMA software (Brown University). The peak 

displacement of the foot within the shoe was measured along 

the medial-lateral axis (Fig. 1) and reported relative to the static 

pose. Repeated measures ANOVA was used to identify 

difference between conditions.   

 
Figure 1: Peak motion of the 1st metatarsal with shoe condition. Inset: 

stereo radiography of Adapt at maximum motion during cutting.  

Results and Discussion 

The Adapt shoe significantly reduced foot-shoe motion for all 

lace conditions relative to the Control by an average of 65.7% 

(p<0.0001) (Table 1). High tension resulted in significantly less 

motion than both preferred (p=0.00028) and the low tension 

condition (p=0.00011). Foot-shoe motion was not related to 

shoe size or foot width. Based on the perception survey, athletes 

preferred the fit of the Adapt to the Control and felt the most 

confident performing the cutting task with high tension. 

Table 1: Peak motion of the 1st metatarsal in the shoe during the 

lateral cut for 20 athletes. 

Peak motion of 1st 

metatarsal 
Control 

Low 

Tension 

Preferred 

Tension 

High 

Tension 

Average (mm) 14.8 6.1 5.5 3.7 

SD (mm) 4.8 3.2 3.1 2.8 

% difference to 

Control 
 59.0% 62.9% 75.2% 

Conclusions 

Automated self-lacing produced significant improvements is 

shoe containment relative to standard shoe laces, reducing foot-

shoe motion while performing dynamic basketball cuts. The 

Nike Adapt fit system provides athletes a choice of 

containment: going from loose to tight fit reduced in-shoe 

motion by 39.3%. 
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Summary 

Energy absorption in the lower extremity during a 90° unilateral 
cut was assessed in collegiate female soccer players pre and 
postseason using a 6 degree-of-freedom (DOF) power analysis. 
Intervention team completed the [FIFA] 11+ during the season, 
control team players did not. Players in both groups did not 
demonstrate differences in energy absorption between 
timepoints.  

Introduction 
Thousands of ACL injuries occur annually, with women 
experiencing non-contact ACL injuries at more than double the 
rate of men [1]. Non-contact ACL injuries among women’s 
soccer players frequently occur during a deceleration or cut, and 
may be the result of poor neuromuscular control [2]. The 11+ is 
a warm-up program designed to address neuromuscular control. 
The 11+ emphasizes proper biomechanical alignment and softer 
landings with the use of plyometric exercises [3]. A 6 DOF 
analysis of power is a comprehensive method for evaluating 
how energy is absorbed throughout the lower extremity [4]. The 
purpose of this study was to determine whether participation in 
the 11+ changed energy absorption throughout the lower 
extremity during a 90° cut in collegiate women’s soccer 
players. Our hypothesis was that energy absorption at the knee 
would decrease in the intervention teams but not the controls. 
Methods 
46 NCAA D1 and D2 women’s soccer players participated in 
this study. Players completed preseason and postseason motion 
analysis of a 90° cut. Intervention team players (N=39) 
completed the 11+ during the season and control team players 
(N=15) completed their typical warm-up. Kinematic and kinetic 
data were recorded simultaneously using an 8 camera system 
and an embedded force plate. Joint power was calculated using 
a 6 DOF approach for the hip, knee, ankle, and distal foot. 
Negative work was calculated all the constituents by the 
integration of power from initial contact to peak knee flexion. 
Dominant and non-dominant limbs were analyzed separately. 
The percent contribution of each lower extremity constituent to 
the total negative work of the limb (sum of all constituents) was 
then calculated. Two-way repeated measures ANOVAs were 
used to determine the relationship between 11+ participation 
and energy absorption. Time (preseason, postseason) was a 
within-subjects factors and group (control, intervention) was a 
between-subjects factor. Alpha was set a priori at p<0.05.  
Results and Discussion 
There were no significant interactions between time and group 
for the dominant hip (p=0.52), knee (p=0.55), ankle (p=0.76), 
or foot (p=0.74). There were no significant interactions between 
time and group for the non-dominant hip (p=0.35), knee (0.82), 
ankle (p=0.62), or foot (p=0.46).The knee absorbed the greatest 

percentage of energy and the distal foot absorbed the least 
amount of energy at both time points  for both groups (Figure 
1, 2). These results indicate that the 11+ may not alter energy 
absorption in the lower extremity while completing a sport-
specific task like a 90° cut.  

 
Figure 1: Energy Absorption in the Dominant Limb of the 

Intervention Team. 

 

Figure 2: Energy Absorption in the Dominant Limb of the Control 
Team. 

Conclusions 
Intervention team participants did not demonstrate differences 
in energy absorption following participation in the 11+ for a 
single soccer season, contradicting our hypothesis. Although 
the 11+ addresses landing technique, it may not change energy 
absorption during a sport specific 90° cut.  
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Summary 

Ultimate frisbee players have a high rate of lower limb injury 

such as ACL tears. We studied the prevalence of high-risk 

cutting maneuvers in women’s collegiate ultimate players 

during competition using lower-body wearable motion 

sensors. Cutting frequency ranged from 0 to 19 cuts per point. 

Sharp cuts (greater than 120° change of direction) were more 

prevalent than shallow cuts. Average speed of cutting was 

greater than 3 m/s. These statistics quantify in-game 

movement characteristics that can be used to structure 

laboratory studies of injury risk. 

Introduction 

Ultimate frisbee is a popular sport played regularly by over 1 

million people in the United States [1]. It has been little-

studied in clinical and biomechanical research likely because 

it is a relatively new and recreational sport. However, ultimate 

accounts for one of the highest rates of injury in collegiate 

club sports [2], especially in the lower limbs [3]. In these same 

collegiate leagues, women sustain injuries twice as often as 

men [2].  

To better understand the risks involved with playing ultimate, 

we quantified the frequency and velocity of “cutting” 

movements – abrupt changes of direction – of female ultimate 

players during competition. Cutting is important because of its 

high correlation to lower limb injuries, especially anterior 

cruciate ligament (ACL) tears. Based on common directions 

and speed of cuts observed, recommendations can be 

developed for future laboratory studies to understand and 

mitigate injury [4]. 

Methods 

3 members of a top-level women’s collegiate club Ultimate 

team played in 4 tournament games while wearing motion 

tracking sensors, including a lower body XSens MVN Awinda 

inertial sensor system and a VX Sport GPS sensor. Movement 

was reconstructed using the XSens lower-body model, 

including spatial displacement and bilateral limb pose. For 

each foot contact gathered during game play, pelvis velocity 

was calculated, with step direction defined as angular change 

from the previous step’s direction. 

 

Table 1: Summary of cutting movements from each participant 
 

P1 6 16 8 8 2.82

P2 2 26 3 23 3.25
P3 2 8 2 6 3.19

Total 10 50 13 37 3.10

Average Cut 

Speed (m/s)

Cuts 

Observed

Points 

Observed
Participants

Shallow: 

60°-120°

Sharp: 

120°-180°

 

 

Figure 1: How often players cut 

Cuts were defined as steps that deviated more than 60˚ and 

were performed at over 2 m/s. Cuts were binned according to 

direction change in 30˚ increments, and further classified as 

shallow (60˚-120˚) or sharp (120˚-180˚) cuts. 

Results and Discussion 

For the 4 games that were tracked, 10 points were recorded 

ranging from 1.3 to 5.6 minutes (mean of 3.4 minutes per 

point). Throughout these 10 points, 50 cuts were observed.  

Figure 1 shows the directions of all 50 cuts relative to the 

direction of the previous stride. Sharp cuts made up 74% of all 

cuts performed by participants. Table 1 shows the cutting 

summary for each player. Cuts occurred between 0 and 19 

times per point at an average speed just over 3 m/s. These data 

suggest that a women’s collegiate ultimate player in a 

competitive game performs cutting roughly 5 times per point 

and performs more sharp cuts than shallow cuts (p=.0004).  

The speeds of sharp cuts and shallow cuts were also shown to 

be different (p=.008). The average speed of sharp cuts was 

3.27 m/s while average shallow cuts were 2.62 m/s.  

Conclusions 

Because cutting has a high risk for injury, laboratory studies 

on cutting in ultimate athletes are recommended. These studies 

should focus on cuts greater than 120˚ in order to be 

representative of common directions seen in real games. 
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Summary 

This study examined the viability of replacing traditional cross 

cutting techniques in a laboratory due to the difficulties of 

capturing high-intensity, “natural” cross cuts. Range of motion 

and peak moments about the knee were recorded for three 

tasks: traditional cross cutting, jump cutting, and star cutting. 

A jump cut activity was able to generate similar joint range of 

motion and peak knee joint moments as the cross cut activity. 

Introduction 

The anterior cruciate ligament (ACL) primarily resists anterior 

translation and internal rotation of the tibia relative to the 

femur [1]. ACL injuries often occur during fast deceleration or 

quick direction changes [2]. In lab settings, ACL injury 

mechanisms are studied through unanticipated cross cuts. 

These rely on acceptable approach speed, cut angle, foot 

targeting, and natural movement [3].. 

The purpose of this study was to examine several cross cutting 

activities to determine their viability to replace traditional 

unanticipated cross cutting in studies. Activities were selected 

based on their ease of completion in a lab while generating 

similar cross cut biomechanics. We hypothesized that the 

jump cut and star drill would  have similar ranges of motion 

and joint  moments when compared to traditional cross 

cutting. 

Methods 

Twenty athletes (12males, age:23.6 +/-2.6, h:1.8+/-0.09m, 

m:72.6+/-11.8kg) who had no history of lower-limb injury 

gave written, informed consent prior to participating in the 

study. Participants performed a series of three unanticipated 

cutting activities in a randomized order. For this study, three 

traditional cross-cuts were recorded, three jump cuts, and six 

star cuts for each side. Optical motion capture markers were 

placed on the participants bilaterally on the anterior and 

posterior iliac spines, lateral and medial femoral epicondyles 

and ankle malleoli, the first, third, and fifth distal metatarsal 

heads, and the heel. Motion was tracked using 11 cameras 

(Qualisys) and 4 force platforms (AMTI). 

For traditional cuts, participants started sprinting 6m from a 

marked X. 2m away from the X they were told to cut right or 

left. Participants planted their foot on the X and cut at a 45O 

angle. For jump cuts, participants stood on both feet in an 

athletic stance. The researcher announced “3-2-1-Side” and 

the participant jumped onto an X 0.5m in front of them with 

one foot and cut the other foot at 45O angle. Star cuts were 

performed with the participant jogging as fast as possible on 

the spot and side was announced at regular intervals. The 

subject would plant their foot, step across their body at a 45O 

angle, and then immediately stepping back to continue 

jogging. 

The range of motion and peak body weight normalized 

moments were calculated for the knee. Peak knee moments 

were compared using a one-way ANOVA with Holm-Sidak 

pairwise comparisons. 

Results and Discussion 

Traditional cross cuts had a greater range of motion (34O) than 

star cuts (22O), and jump-cutting was not statistically different 

(P=0.18). The star cut was found to have lower peak flexion 

moments than the traditional cross cut (P<0.001) and the jump 

cut (P=0.0017)(Fig 1-2). The star cut also had lower adduction 

moments than the traditional cross cut (P=0.0036) (Fig 3). 

Conclusions 

The results demonstrate that jump cutting is a viable 

alternative activity to examine cross cutting maneuvers when 

examining range of motion and peak moments of the knee. 
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Figure 1: Knee flexion moment for the 

traditional cross cut, jump, and star cut 

activities (Solid line-mean, bands-

standard deviation). 

 
Figure 2: Body weight normalized peak 

knee flexion moment and average 

variation (error bars) for the traditional 

cross cut, jump cut, and star cut activities. 

Significance (*P < 0.001 and **P = 

0.0017). 

 
Figure 3: Body weight normalized peak 

knee adduction moment and average 

variation (error bars) for the traditional 

cross cut, jump cut, and star cut activities, 

Significance (*P = 0.036). 
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Summary 
Load carriage running (LCR) is a common activity for military 
personnel and is associated with a high incidence of tibial 
stress fracture (TSF). Select biomechanical variables have 
been linked to TSF but the effect of LCR on these variables is 
unknown. In this study, we observed higher loading rates and 
peak rearfoot eversion during running with loads ≥ 25 lb. 
Future studies should examine the relationship between these 
variables and the mechanism of TSF. 
Introduction 
TSF is a common injury observed in military personnel [1], 
and LCR has been suggested as a potential risk factor for TSF 
in this population [2]. Although previous research has 
retrospectively linked select biomechanical variables (average 
and instantaneous loading rate [3], peak absolute free moment 
[4,5], peak hip adduction [4] and peak rearfoot eversion [6]) to 
individuals with a history of TSF, the effect of LCR on these 
variables remains unknown. The purpose of this study was to 
examine the effect of LCR on biomechanical variables 
associated with a history of TSF. It was hypothesized that 
these variables would increase concomitantly with body-borne 
loads. 
Methods 
Twenty-one physically active females (age: 19 ± 1 year; 
height: 1.63 ± 0.09 m; body mass: 59.1 ± 6.6 kg) ran at 3.0 
m/s on an instrumented treadmill in four loading conditions: 0, 
10, 25, and 50 lb using a weighted vest. Motion capture and 
ground reaction force data were collected synchronously. 
Custom Matlab code was used to quantify stride frequency as 
well as biomechanical variables previously associated with a 
history of TSF: external loading rate, peak absolute free 
moment, peak hip adduction, and peak rearfoot eversion. 
Values were averaged for nine strides from each loading 
condition and differences between conditions were examined 
using a repeated-measures ANOVA (α=0.05). 
Results and Discussion 
Average (p≤0.001) and instantaneous (p≤0.002) loading rates 
were significantly higher in the 50 lb condition compared to 
all other conditions (Table 1). Peak rearfoot eversion was 
higher in the 25-lb (p=0.002) and 50-lb (p=0.004) condition 
compared to the 0-lb condition only. Stride frequency was 
greater in the 25-lb (p≤0.001) and 50-lb (p≤0.001) condition 

compared to 0-lb and 10-lb conditions. No changes in peak hip 
adduction and peak absolute free moment were observed 
between the loading conditions.  
Heavier loads (i.e., 25 and 50 lb) were associated with 
increases in some of the variables previously associated with 
TSF, while lighter loads (10 lb) seemed to have little effect. 
Changes in stride frequency may explain why all variables 
were not impacted by LCR. Although the observed increases 
in vertical loading rates and peak rearfoot eversion during 
higher load conditions may indicate an increased risk of TSF, 
it is unclear how these variables are related to the 
pathophysiology of injury.  
Conclusions 
Select biomechanical variables previously associated with a 
history of TSF were not affected by light LCR (10 lb) while 
higher loads (≥ 25 lb) were associated with increases in 
average and instantaneous loading rate and peak rearfoot 
eversion. It is possible that LCR with high loads may increase 
the risk of TSF, but at this point the relationship between 
external loading rate/peak rearfoot eversion and the 
mechanism of TSF remains unknown. For this reason, future 
studies should investigate the relationship between these 
variables and internal loading of skeletal tissue.  
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Table 1: Mean (standard deviation) of all variables.  

Load 
(lb) 

Average 
Loading Rate 

(BW/s) 

Instantaneous 
Loading Rate (BW/s) 

Peak Absolute Free Moment 
(Nm/BW*Height)*103 

Peak Hip 
Adduction (°) 

Peak Rearfoot 
Eversion (°) 

Stride 
Frequency 

(strides/min) 
0 51.7 (9.0) 81.4 (17.7) 9.14 (2.85) 10.4 (4.4) 12.7 (2.9) 86.8 (4.9) 

10 53.8 (9.8) 83.3 (18.2) 10.17 (3.40) 10.8 (4.5) 13.1 (3.4) 86.8 (5.2) 
25 54.4 (9.5) 83.9 (17.0) 10.00 (2.87) 10.4 (4.6) 13.4 (3.3)b 88.2 (5.2)c 
50 62.1 (10.2)a 95.0 (20.2)a 10.59 (1.83) 10.6 (4.0) 14.2 (3.5)b 90.2 (5.1)a 

a significantly different from 0, 10, and 25 lb; b significantly different from 0 lb, c significantly different from 0 and 10 lb. 
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Summary 

We aimed to determine whether calf muscle morphology or 

function differed between medial tibial stress syndrome 

(MTSS) symptomatic and asymptomatic long-distance 

runners. Muscle thickness and strength of the superficial 

posterior lower leg compartment and calf muscle endurance 

were assessed for 8 symptomatic runners and 8 asymptomatic 

matched controls. Although symptomatic runners displayed a 

significantly thicker gastrocnemius and a trend towards 

reduced calf muscle endurance, there was no significant 

between-group difference in lean calf girth or strength of the 

gastrocnemius and soleus muscles. We speculate that the deep 

ankle plantar flexors likely play a pivotal role in modulating 

tibial loading and MTSS development.  

Introduction 

Medial tibial stress syndrome (MTSS) is an overuse injury that 

predominately affects running and jumping athletes and 

military personal [1]. The most likely cause of MTSS is 

thought to be a bone stress reaction, whereby bony adaptations 

of the tibia cannot keep pace with repetitive loading of the 

lower limb [1]. To date, however, research has failed to find a 

MTSS management strategy that is more effective than 

prolonged rest. MTSS is difficult to manage because many of 

the risk factors that contribute to the injury developing, such 

as female gender and history of MTSS, cannot be modified. 

However, one risk factor that can be modified is lean calf 

girth. Lean muscle mass plays a critical role in supporting the 

lower limb during gait and is hypothesised to ultimately 

determine the lower limb’s capacity to adapt positively to 

loading forces and withstand injury [2].  The aim of this study 

was to determine whether calf muscle morphology or function 

differed between MTSS symptomatic and matched 

asymptomatic long-distance runners.  

Methods 

Eight MTSS symptomatic long-distance runners (2 males; age 

= 36.5±13.5 years; mass = 66.9±10.9 kg; height = 1.7±0.06 m) 

were matched on gender, age, body mass, running experience 

and training load with 8 asymptomatic controls (2 males; age 

= 36.5±13.6 years; mass = 64.4±12.1 kg; height = 1.71±0.17 

m). All participants ran at least 30 km per week or were 

training for a long-distance event within the previous 6 

months. Morphology and function of each participant’s soleus 

and medial and lateral head of gastrocnemius were assessed 

using a tape measure, B-Mode ultrasound and a hand-held 

dynamometer to determine calf circumference, muscle 

thickness and strength. Calf muscle endurance was assessed 

using a single leg heel raise protocol. Independent-samples t-

tests were used to identify significant between-group 

differences (p≤0.05). 

Results and Discussion 

MTSS symptomatic participants displayed a significantly 

thicker gastrocnemius medial (p=0.014) and lateral head 

(p=0.009) compared to the asymptomatic participants (Fig 1). 

Despite this thicker gastrocnemius muscle, the symptomatic 

participants showed a trend for reduced calf muscle endurance 

(p=0.056), whereby asymptomatic individuals displayed, on 

average, three times as many single limb heel raises 

(113.4±104.7) than the symptomatic participants (35.5±13.1). 

There was also no significant between-group difference in 

overall lean calf girth (p=0.097), or gastrocnemius (p=0.577) 

and soleus (p=0.261) muscle strength. 

 

Figure 1. Mean (+SD) soleus and medial (GM) and lateral 

(GL) gastrocnemius muscle thickness (mm) for the 8 MTSS 

symptomatic participants and 8 asymptomatic controls. * 

significant between-group difference (p<0.05). 

Conclusions 

These results suggest that reduced lean calf girth per se is not 

a risk factor for MTSS. We speculate that the increased 

gastrocnemius muscle thickness and trend towards reduced 

calf endurance displayed by MTSS symptomatic participants 

could reflect an overload of their deep ankle plantar flexor 

muscles to compensate for compromised gastrocnemius 

muscle function. Overloading of the deep ankle plantar flexor 

muscles could result in increased tibial loading during running 

and potential for bone stress injury. Therefore, we recommend 

further research to determine whether the morphology and 

function of the deep ankle plantar flexor muscles is altered in 

MTSS patients.   
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Summary 

Loading of the musculoskeletal system has been key in the 

foot strike pattern debate. This multi-center study evaluated 

whether multi-directional peak tibial acceleration (PTA) 

behave similarly between foot strike patterns. 3D tibial 

accelerations were separately collected and processed in-lab 

and in-field at respectively ~3.2 and 3.3 m/s. Motion data was 

additionally captured in-lab. Resultant PTA was higher during 

instructed (+88%) and habitual (+46%) non-rearfoot striking 

compared to habitual rearfoot striking because of an abrupt 

decrease in transverse velocity of the shank during non-

rearfoot striking. Non-rearfoot runners have a higher total 

tibial shock because of a diminished anterior ‘braking path’.  

Introduction 

During over-ground running, PTA has generally been 

evaluated in the axial direction. Axial PTA is of specific 

interest as high axial PTA has been associated to tibial stress 

fracture in rearfoot runners [1]. The interest in the resultant 

PTA is however increasing because it provides a more 

complete measure of shock [2-4]. While axial PTA can be 

smaller on treadmill in non-rearfoot runners compared to 

rearfoot runners [5], a preliminary and treadmill-based study 

reported greater resultant PTA during non-rearfoot running 

[4]. This multicenter study evaluated multi-directional PTAs 

between foot strike patterns during over-ground running in 

neutral footwear at a common speed for distance running.  

Methods 

Empirical evidence was gathered separately for parted 

processing by the cite from which they were collected. For the 

in-lab part, 14 habitual rearfoot runners (32.1±12.6 yrs., 

1.75±0.09 m, 69.1±8.8 kg) ran at ~3.2 m/s across a 32-m 

runway with a rearfoot strike and non-rearfoot strike (‘land on 

the ball of the foot’). They were equipped with a light 

backpack system connected to a low-weight 3D accelerometer 

(1000 Hz) tightly affixed at the right lower leg [2]. Lower 

extremity kinematics were recorded using motion capture 

(Oqus, Qualisys). Three successful trials per participant per 

running condition were processed as in [3]. The in-field part 

consisted of 14 habitual rearfoot (45.6±8.6 yrs., 1.75±0.06 m, 

71.9±10.8 kg) and 9 habitual non-rearfoot (30.9±10.4 yrs., 

1.77±0.06 m, 71.0±8.2 kg) male runners performing a 20-m 

run on an asphalt track at ~3.3 m/s. A 3D accelerometer 

capturing accelerations (1344 Hz) was firmly fixed to the left 

lower leg [2]. Tibial accelerations were processed as in [2]. 

Paired sample T-tests evaluated differences between the in-lab 

habitual rearfoot and instructed non-rearfoot striking 

conditions for PTAs and shank kinematics. Independent 

sample T-tests evaluated PTAs between habitual rearfoot and 

habitual non-rearfoot runners (two-tailed, α=0.05; SPSS v25). 

Results and Discussion 

Both habitual non-rearfoot and instructed non-rearfoot running 

had greater resultant but not axial PTAs compared to habitual 

rearfoot running (table 1). This finding stems with a 

preliminary, treadmill-based study wherein runners also 

experienced higher resultant PTA during non-rearfoot 

compared to rearfoot striking [4]. Shank vertical touchdown 

velocities were similar (p=0.136). Though non-rearfoot 

striking was characterized by a slightly smaller fore-aft 

touchdown velocity than rearfoot striking, there was a greater 

(p<0.001, 95% CI: 0.54, 1.03) decrease in this transverse 

velocity following touchdown in non-rearfoot (x̄=-1.1) versus 

rearfoot (x̄=-0.3) striking. The deceleration of the shank’s 

forward momentum happened faster, resulting in a higher 

transverse PTA and consequently resultant PTA.  

Conclusions 

Non-rearfoot running does not guarantee smaller total tibial 

shock during over-ground, level running at submaximal speed. 

These results have implications for running retraining research 

that alters running style by means of biofeedback on a 

particular component of PTA and/or that imposes forefoot 

striking for habitual rearfoot runners.  
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Table 1: Within- and between-subject comparisons of peak tibial acceleration (PTA) between foot strike patterns. Δx̄: mean difference. 

Comparison of peak In-lab: instructed non-rearfoot minus habitual rearfoot  In-field: habitual non-rearfoot versus habitual rearfoot  

 Δx̄ (g) 95% CI p  Δx̄ (g) 95% CI p  

Resultant PTA 7.62 4.92, 10.32 < 0.001  3.70 1.34, 6.05 0.004  

Axial PTA -0.45 -1.37, 0.47 0.307  1.40 -0.41, 3.20 0.116  

Transverse PTA 9.10 6.74, 11.45 < 0.001  4.8 2.30, 7.30 0.001  
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Summary 

In scientific studies and in commercial wearable devices it is 

often assumed that increases in ground reaction forces (GRF), 

or in GRF-correlated signals from pressure-sensing insoles and 

inertial measurement units (IMUs), indicates increases in 

musculoskeletal loading or overuse injury risk (e.g., bone stress 

fracture risk). Here we summarize our recent empirical findings 

on tibia stress fracture risk and running that demonstrate that 

this common assumption is flawed. Specifically, we show that 

GRF metrics are not strongly correlated with tibial bone forces 

across a range of running speeds and slopes. Next, we outline a 

new approach: using data from multiple wearable sensors on the 

foot and shank and a musculoskeletal model to better estimate 

loading on the tibia bone. Our preliminary feasibility 

assessment indicates this multi-sensor data fusion approach can 

outperform conventional GRF metrics, offering a promising 

solution for monitoring musculoskeletal forces unobtrusively in 

daily life. 

Introduction 

Tibial stress fractures are a common overuse injury due to 

repeated bone loading. More than 50 scientific publications per 

year report or interpret increases in GRF metrics (e.g., impact 

peaks, loading rates) or GRF-correlated signals (e.g., tibial 

shock) to signify increases in injury risk or forces on internal 

biological structures such as the tibial bone [1]. This literature, 

along with the convenience of estimating GRF metrics using 

portable pressure-sensing insoles or IMUs, has motivated the 

development of various commercial wearable devices that 

claim to provide feedback on musculoskeletal loading or injury 

risk to runners/athletes. However, the key underlying 

assumption that increases in GRF metrics reflect increases in 

loading inside the body, and thus increased overuse injury risk, 

has not been validated. Therefore, the objective of our first 

study was to evaluate this assumption for running. Based on our 

results (namely the lack of strong correlations between GRF 

metrics and tibial forces when running across speeds and 

slopes) we began exploring an alternative solution for 

monitoring bone forces: integrating kinematic and kinetic data 

from multiple wearable sensors with musculoskeletal 

modelling techniques to non-invasively estimate bone loading. 

The second objective of this study was to assess the feasibility 

of this new approach using simulated-wearable data (as outlined 

in Methods). 

Methods 

Ten recreational runners each performed thirty running 

conditions across a range of speeds and slopes. Lower-limb 

kinematics and GRFs were collected, and tibial compression 

force was estimated using an established model [1]. For the first 

study, we computed correlations between commonly-used 

vertical GRF metrics (impact peak, loading rate, active peak, 

impulse) and tibial metrics (peak, impulse) across all conditions 

for each subject, then computed inter-subject averages. Next, to 

explore a new approach for estimating tibial force outside the 

lab, we distilled lab-based data (i.e., force plate and motion 

capture data from our first study) into lower-fidelity simulated-

wearable data (i.e., approximate signals we expect from 

wearable sensors outside the lab). For instance, pressure-

sensing insoles can provide normal force and center of pressure 

estimates (simulated by transforming 3D force plate data into 

1D normal force and center of pressure into the foot frame), and 

IMUs can estimate foot/shank orientations (simulated by using 

segment motion capture data). We used these data, with a 

modified musculoskeletal model, to generate a simulated-

wearable estimate of tibial force, then computed correlations 

vs. lab-based tibial force (similar to first study). 

Results and Discussion 

We found that increases in vertical GRF metrics were not 

strongly correlated with increases in tibial force metrics (Table 

1). Seventy-six of 80 subject-specific correlation coefficients 

exhibited r<0.8 [1]. These findings reinforce that commonly-

used GRF metrics should not be assumed to be a surrogate for 

tibial force or injury risk [2]. Simulated-wearable estimates of 

tibial force were, on average, strongly correlated to lab-based 

estimates (r>0.8, Table 1). These correlations were stronger 

than correlations between GRF metrics and tibia force. 

Conclusions 

GRF metrics – particularly impact peaks and loading rates – 

should not be assumed to indicate tibial force during running 

across speeds and slopes. Fusing data from multiple wearable 

sensors with musculoskeletal modelling provides a feasible and 

promising solution for daily monitoring of tibial forces. 
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Table 1: Left: correlation coefficients (r) between lab-based and simulated-wearable estimates of tibial force metrics. Right: correlation 

coefficients between lab-based estimates of tibial force and vertical GRF metrics from the same subjects (extended results published in [1]).  

correlation (r) 

avg ± std (N=10) 

simulated-wearable tibial force vertical GRF metrics 

peak impulse impact peak loading rate active peak impulse 

lab-based 

tibial force 

peak 0.83 ± 0.47  -0.29 ± 0.37 -0.20 ± 0.35 0.72 ± 0.42 -0.46 ± 0.40 

impulse  0.94 ± 0.55 -0.51 ± 0.53 -0.72 ± 0.41 0.03 ± 0.51 -0.11 ± 0.41 
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Summary 

External transducers have the potential to serve as practical 
surrogates for bone load estimates both in and outside the lab. 
This study examined the relationship between modelled tibia 
stress estimates during running using subject-specific tibial 
geometry with ground reaction force (GRF) and tibial 
accelerometry (ACCEL) variables.  Results suggest that a 
combination of bone geometry, GRF and ACCEL account for 
58-74% of bone stress variance during running.  

Introduction 

Running populations are reported to have incidence rates of 
bone stress injury exceeding 20% with the distal tibia being a 
common site of injury [1]. In vivo bone stress and strain, 
proximate causes of injury, have been successfully estimated 
non-invasively using musculoskeletal models [2]. External 
transducers such as force platforms and accelerometers have 
potential to provide practical surrogates for injury relevant 
loads [3]. However, the relationship between in vivo bone 
stress estimates and external transducers during running has 
not been reported. Including bone geometry in predictive 
models using external transducers may further improve bone 
stress estimates. The purpose of this study was to evaluate the 
relationship between distal tibia bone stress during running, as 
estimated by a subject-specific cross-sectional finite element 
model, and tibial geometry, GRF, and ACCEL measures. 

Methods 

3D lower extremity kinematics (200 Hz) and GRF (1000 Hz) 
were recorded from 24 recreational athletes (19 males, 
25.2±4.0 yr) running on an instrumented treadmill at 3.3m/s. 
A triaxial accelerometer (±50g, 1000Hz) was mounted at the 
distal tibial and synchronized with GRF data. MR images of 
subjects’ right tibia were obtained. Axial slices corresponding 
to the distal 1/3 of the tibia were extracted to create subject-
specific cross-sectional finite element meshes (VA-BATTS) 
[2]. Ankle, knee and hip joint kinematics, joint reaction forces 
and moments, and muscle forces derived via a static 
optimization routine were used as input into a musculoskeletal 
model to estimate bone stress across 10 stance phases [2]. 
Bone geometries, peak bone stress, and stance phase GRF and 
ACCEL measures were extracted for regression modelling. 
Three regression models (GRF only, ACCEL only, and 
Combined) for each stress direction (compression, tension, 
shear) were examined. Non-collinear variables were entered to 

linear regression models using the backwards elimination 
method to identify the set of variables that minimized the 
standard error of the estimate (SEE) and optimized the 
coefficient of multiple determination (R2).  

Results and Discussion 

Inclusion of bone geometry improved all model predictions 
(p<0.05). For bending stress, a combination of bone geometry, 
GRF and ACCEL dependent variables resulted in the lowest 
SEE, accounting for 58-74% of bone stress variance (Table 
1). A combination of bone geometry and GRF resulted in the 
lowest SEE and highest R2 for peak shear. Key predictors of 
peak bone stress included the polar moment of inertia (MOI), 
propulsive GRF, and mediolateral (ML), anterior-posterior 
(AP), and vertical ACCEL (Figure 1). 

 

Figure 1. Modelled vs. predicted bone stress. Peak compression 
predictor variables: Imin, peak propulsive GRF, min vertical ACCEL, 
max ML ACCEL, min AP ACCEL; peak tension: polar MOI, peak 

propulsive GRF, min AP ACCEL, min vertical ACCEL; peak shear: 
polar MOI, peak propulsive GRF, min ML GRF, max AP ACCEL. 

Conclusions 

Preliminary evidence suggests external transducers, in 
combination with bone geometry, may provide a practical 
surrogate for bone load estimates both in and outside the lab. 
Further refinement and validation are needed.  
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Table 1. Results of three regression models with bone geometry and GRF, ACCEL, or a combination of GRF and ACCEL dependent variables. 

Dependent Variable GRF Model ACCEL Model Combined Model 

 R R2 SEE  R R2 SEE  R R2 SEE  

Peak Compression (MPa) .62 .38 29.4 .74 .54 25.3 .76 .58 24.9 

Peak Tension (MPa) .76 .58 18.8 .82 .67 16.8 .85 .74 15.9 
Peak Shear (MPa) .77 .60 12.5 .59 .35 14.3 .77 .60 12.5 
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Summary 

This study tested the concurrent validity of pose estimation 

from markerless motion capture against those collected using 

a marker-based technique. Kinematic data were recorded 

simultaneously while ten male participants walked over 

ground at their self-selected speed. Sagittal plane joint angles 
demonstrate agreement in pose estimation between methods, 

supported by mean ICC values between the markerless and 

marker-based data (ankle=94%, knee=98%, hip=96%). 

Introduction 

Marker-based optical motion capture (MoCap) is an accepted 

‘gold standard’ for 3D biomechanical analysis of the 

kinematics of human motion. This is despite limitations in 

accuracy and reliability caused by the movement of markers 

relative to the underlying bone [1,2], and by marker placement 

errors caused by the misidentification of anatomical landmarks 

[3]. It is also time consuming, expensive, and requires 

expertise in marker placement. 

Theia Markerless Inc. has developed a deep learning-based, 

markerless MoCap software that estimates the 3D position of 

anatomical features (including joints) based on multiple 

calibrated 2D video views, and estimates the pose of a 

multibody model of the subject using inverse kinematics. 

Because markerless MoCap does not rely on skin-mounted 

markers or sensors to estimate the kinematics it may reduce 
the financial and temporal cost of collecting MoCap data. The 

purpose of this project was to test the concurrent validity of 

markerless and marker based MoCap. 

Methods 

Ten recreationally-active males participated (age 21.7±1.9, 

height 182.5±5.7cm, mass 73.8±9.9kg). They wore minimal 

tight-fitting clothing. Retro-reflective markers were placed on 

anatomically-relevant landmarks. Each performed two 

walking trials at self-selected speed while marker-based 

motion capture (11x Qualisys +3 Cameras), video (8x 

Qualisys Miqus Cameras), and ground reaction force (4x 

AMTI BP600600) data were recorded synchronously. 

Infrared and video data were recorded using QTM (Qualisys 

AB). Marker data were processed in QTM. 3D pose of a 

multibody model was estimated from the video data (Theia 

Markerless). For each trial, the markerless and marker-based 

C3D data files were merged and loaded into Visual3D (C-

Motion). In Visual3D, homologous segments were defined 

from a static trial with identical segment local coordinate 
systems, but with independent tracking data. The pose was 

estimated using inverse kinematics from equivalent joint 
constraints. Conventional representations of joint angles were 

calculated for both collection methodologies. Heel-strike and 

toe-off events obtained from the force data were used to divide 

and time normalize gait cycles. Generalized Cross-Validation 

Splining (GCVSPL) was used to smooth targets (marker-

based) and skeletal pose (markerless) signals [4]. For this pilot 

study sagittal joint angles were used, with Intraclass 

Correlation Coefficient (ICC) to assess agreement between 
methodologies. 

Results and Discussion 

All lower limb joint angles for all ten participants from both 

methodologies displayed similar patterns. Ankle angles for 
one representative participant are shown (Figure 1, ICC of 

0.9491). 

 

Figure 1: Sagittal ankle angles for 4 gait cycles of a representative 
participant (solid lines: marker-based, dashed lines: markerless) 

ICC values were calculated between the marker-based and 

markerless data for one representative gait cycle for each 

participant at each joint. The means of the ICCs were 94%, 

98%, and 96% for the ankle, knee, and hip, respectively. 

Conclusions 

The results demonstrate that the lower limb joint angles for 

healthy male adults during walking are consistent between 

marker-based and markerless MoCap. Ongoing experiments 

expand this study to a larger and more diverse population, to 

multi-person activities, and to more complex environments. 
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Summary 

Markerless motion capture technology has the potential to 

revolutionize the way biomechanics researchers collect data.  

By moving data collection out of the lab, new research 

opportunities previously unavailable will be opened to the 

greater biomechanics community.  Our work utilizing a 

combination of deep convolutional neural networks (dCNN) 

and recurrent neural networks (RNN) and unique methodology 

for training data collection has shown the accuracy potential of 

a markerless motion capture system utilizing four off the shelf 

video cameras.  Accuracy was compared to gold standard 

Vicon measurements with root mean squared errors (RMSE) 

of between 2-3 degrees. This work has shown the accuracy 

potential of marker less systems and lays the groundwork for 

developing a more refined system that can be deployed in 

multiple environments.    

Introduction 

Marker based motion capture (Vicon, Optitrack, Qualisys) is 

currently the gold standard for collecting data on human 

motion.  These systems are wildly used within the 

biomechanics community to study motion, drive rigid body 

dynamics models, and as input boundary conditions for finite 

element models.  Accurate, repeatable, and reliable tracking of 

human motion is an enabling technology for research but 

current marker based systems have their limitations.  Cost, 

infrastructure, needed expertise, and time required all prevent 

current systems from being more widely deployed outside the 

lab environment.  We have addressed these limitations by 

developing a markerless motion capture system that works 

with normal low cost digital video cameras.    

Methods 

This system was developed utilizing a custom deep 

convolutional neural network (dCNN) and recurrent neural 

network (RNN).  In order to train these networks, a training 

dataset was captured by simultaneously collecting raw video 

from 4 digital video cameras as well as traditional marker 

based data utilizing a Motion Monitor system.  8 subjects were 

captured during a performance analysis protocol of counter 

movement jumps, drops jumps, and change of direction trials. 

Inverse kinematics were performed on the raw marker data to 

calculate the 3D joint positions and joint kinematics which 

were both used to label the raw video.  The dCNN was then 

trained on these kinematic labels to measure joint kinematics 

from each individual camera view.  Once trained predictions 

from each individual camera were used to train the RNN, 

which serves to intelligently combine all 4 camera predictions 

into a single cohesive prediction and filter across time.  dCNN 

and RNN predictions were then compared to the original 

marker based results to quantify the overall accuracy of the 

system.   

Results and Discussion 

We were able to successfully predict 3D joint kinematics 

utilizing a custom dCNN and RNN from raw digital video 

without the use markers.  This was accomplished with four 

low cost digital cameras and required no subject preparation 

prior to capture.  Overall accuracy of the system varies 

between approximately 6-10 degrees RMSE depending on the 

degree of freedom and subject orientation relative to the 

camera for the individual dCNN predictions.  Once combined 

using the RNN the overall predciction accuracy improves to 

between 2-3 degrees RMSE (Figure 1).  With more work and 

training data, we believe the accuracy of the system as well as 

its ability to generalize to varying subjects can be improved.   

 

 

Figure 1: Example plot showing a comparison of an individual 

dCNN prediction, the combined RNN predication and the original 

ground truth data for the left knee flexion degree of freedom.   

Conclusions 

Low cost, easy to use, and accurate markerless motion capture 

will be an enabling technology for an untold number of 

biomechanics research topics.  Taking motion capture out of 

the lab and into the world will open up doors that had never 

previously been accessible due to the limitations of traditional 

motion capture systems.  This work has shown the accuracy 

potential of marker less systems and lays the groundwork for 

developing a more refined system that can be deployed in 

multiple environments.   

 Acknowledgments 

The authors would like to acknowledge the Southwest 

Research Institute advisory committee for research for  

funding the work presented here.  

Friday, August 02 2019: Morning 3 (1145-1245) 814

Deep Artificial Neural Networks in Gait



 

 

Gait Phase Recognition Using Deep Convolutional Neural Network (DCNN) with IMU data 

 

Binbin Su1,2, Christian Smith11,3, Elena M. Gutierrez-Farewik1,2,4 

 

1KTH BioMEx Center, Royal Institute of Technology, Stockholm, Sweden 
2KTH Mechanics, Royal Institute of Technology, Stockholm, Sweden 

3KTH Robotics, Perception and Learning, Royal Institute of Technology, Stockholm, Sweden 
4Dept. of Women’s and Children’s Health, Karolinska Institute, Stockholm, Sweden 

Email: binbins@kth.se 

 

Summary 

Gait phase recognition is of great importance to develop 

accurate timing feedback for exoskeleton control. In order for 

a powered exoskeleton to determine and provide proper 

assistance to the wearer during gait, the user’s current gait 

phase must first be identified accurately. Deep convolutional 

neural networks (DCNN) is a machine learning approach that 

is widely used in image recognition. User kinematics, 

described with IMU data, can be considered as an ‘image’ 

since it exhibits some local ‘spatial’ pattern if we put the 

sensor data in sequence. We propose a specialized DCNN to 

distinguish 5 gait phases in a gait cycle, based on IMU data 

and classified with foot switch information. The DCNN 

showed 98% accuracy during an offline experiment of gait 

phase recognition. 

Introduction 

Gait phase identification is important for assistance-as-needed 

devices; when a patient wears the exoskeleton, it is essential 

for the control unit to distinguish the gait phases in order to 

provide the necessary torques. Machine learning approaches 

have been applied to discriminate healthy from pathological 

gait patterns, they can similarly be applied to distinguish gait 

phases [1]. Some investigators have developed a nearly-real 

time classification but only in two gait phases (stance and 

swing) [2]. To provide a subtle and continuous control during 

walking, classifying more specific gait phases during a gait 

cycle is required.  

Methods 

Gait in able-bodied adults on a treadmill in different speeds 

was recorded using IMU sensors and foot switches (FS). Six 

IMUs were attached to thighs, shanks and feet. Only the raw 

IMU data was acquired. Four FS per foot provide ground truth 

of  5 gait phases:  loading response (LR), midstance (MS), 

terminal stance (TS), pre-swing (PSw) and swing (SW). 

Acquired 3D motion time series from the subject was 

concatenated into a i × j × k matrix (where i= number of time 

frames, j = number of IMUs, and k = number of IMU 

channels) in effect transforming the data into a j×k ‘image’ for 

each frame. The DCNN consists of a convolution layer, a 

pooling layer and a fully connected layer. Ideally the DCNN 

can extract prominent feature from the IMU ‘image’ by 

applying filters in the convolution layer. Pooling helps lower 

the dimension of feature map to save computational power. 

After the pooling, a fully connected layer performs the 

classification task of gait phase detection. Principal 

component analysis (PCA) was initially applied for data 

visualization and to reduce the data’s dimensionality then the 

model was tested with one subject walking in 3 different 

speeds(about 800 gait cycles where 70% is training data, 30% 

is test data) without extra evaluation data.  

Results and Discussion 

Figure 1 illustrates results from one offline experiment. The 

IMU data points were clearly clustered into five classes. The 

proposed DCNN network recognized and classified points into 

the 5 gait phases with an overall accuracy of 98%. The points 

with least accuracy tended to occur in the transition between 2 

phases or when the walking velocity was not constant.  

 

Figure 1: Gait features shown as 2 principal components.  

Conclusions 

The specialized DCNN that analyses a wearer’s IMU raw data 

as images can identify the wearer’s gait phase with high 

accuracy. By applying the algorithm on the raw IMU data, 

instead of transforming it into 3D gait kinematics, it was 

possible to accurately identify gait phases, without introducing 

real-time lags from unnecessary calculation.   
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Summary 

During the last years, in-field motion analysis has gained more 

and more importance. The development of inertial sensors for 

motion analysis enables the measurement of motion 

kinematics in any environment. Although being of high 

importance for clinical and sports related analyses, the 

analysis of kinetic motion parameters is still challenging. 

Therefore, this study aims to apply a feedforward neural 

network to estimate the 3D ground reaction force using the 

acceleration and angular rate of both feet as input data. The 

data was collected from healthy elderly as well as geriatric 

inpatients with and without the support of a rollator. The 

results show a high accuracy in predicting the vertical and 

anterior-posterior ground reaction force components, but a 

lower accuracy in the medio-lateral component. Nevertheless, 

clinically relevant conclusions on the loading during gait can 

be drawn.   

Introduction 

To be able to determine kinetic gait parameters outside the 

laboratory without the dependency on force plates is of high 

interest [1]. Especially when analysing elderly people’s gait, 

the use of force plates is not feasible: elderly people perform 

small steps which leads to double contacts on force plates and 

the use of a standard rollator in such a set-up is impossible due 

to its width. Therefore, a robust method to indirectly measure 

the ground reaction force is of high importance in this context.  

Thus, this study aims to predict the 3D ground reaction force 

based on inertial sensor data using a feedforward neural 

network. 

Methods 

Thirty old volunteers (female, 72.9±6.2 years, 66.0±11.9 kg, 

165.9±8.8 cm) performed level walking trials at a self-selected 

speed with and without the support of a rollator. Each 

participant performed 10 trials for each condition. The study 

was approved by the Ethics Committee of the RWTH Aachen 

University (#050/18) and all participants gave written consent.  

The input data of the neural network consisted of 562 strides. 

Each participant was equipped with one inertial sensor on each 

foot. More information on the sensors and the step 

segmentation can be found in [2]. The output data was 

collected by force plates (Advanced Mechanical Technology, 

Inc., Watertown, MA, USA, 2400 Hz). To enlarge the dataset, 

each step performed within one trial by one participant was 

used as input data and mapped to the force measured within 

this trial. A feedforward neural network with two hidden 

layers and 1600-1200 neurons was implemented using Python 

supported by the Tensorflow library.  

Results and Discussion 

The results of the prediction of the ground reaction force are 

displayed in Figure 1. In all directions high mean correlation 

coefficients could be achieved for the prediction of the ground 

reaction force (rant-post = 0.972, rmed-lat = 0.947, rvert = 0.987). 

The mean root-mean-squared error (RMSE) is 0.35±0.31 

N/kg, and the RMSE normalised to the range of the data is 

10.63±5.91%. The worst prediction accuracy was found in 

medio-lateral direction, which is in accordance with 

previously reported results on ground reaction force 

determination, either analytically [3, 4] or based on machine 

learning algorithms [5]. 

 

Figure 1: Violin plot of the distribution of the normalised RMSE. 

Conclusions 

The proposed approach using neural networks to estimate the 

3D ground reaction force showed a good possibility to 

overcome the dependency on force plates. Both, rollator 

supported and unsupported gait could be predicted accurately. 

Using a larger dataset will further improve the results.  
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Summary 

Inertial measurement units (IMUs) are one of the most 

practical alternatives to optoelectronic systems for human 

motion analysis. Their low price, flexibility, and ease of use 

make them highly attractive, as they promise to facilitate out-

of-clinic patient monitoring and therapy for a wide range of 

diseases. The reliance of traditional sensor fusion algorithms 

on magnetic readings, however, drastically limits real-world 

applications. In an attempt to address this limitation, we 

developed machine learning models to predict knee joint 

kinematics from thigh and shank accelerations and angular 

velocities, without any reliance on magnetic data. 

Introduction 

Traditional IMU-based joint angle estimations are reliable in 

controlled environments without magnetic disturbances. In 

such environments, they can achieve high agreement with 

optoelectronic systems [1]. Under suboptimal conditions, 

however, their performance deteriorates rapidly over time [2]. 

Reliance on magnetic data is currently the biggest obstacle for 

moving away from the traditional motion capture laboratory 

and toward widespread adoption of wearable sensors in real-

world settings. The aim of this study was to develop a 

machine learning model that predicts joint kinematics without 

using magnetic data. 

Methods 

We used previously collected data from 1015 subjects running 

on a treadmill at a self-selected speed. Each subject’s data 

consisted of 4000 to 12000 frames recorded at 120 Hz or 200 

Hz. Each lower body segment was equipped with a cluster of 

three or four markers, and joint angles were calculated 

accordingly [3]. We used marker clusters to place and orient 

virtual sensors on each segment and simulated the inertial 

readings of these sensors using validated numerical derivatives 

[4]. We then built bidirectional recurrent neural networks, 

consisting of long short-term memory cells, to predict knee 

joint angles from the thigh and shank inertial data. We tested 

architectures with one to three layers of 10 to 80 neurons. Of 

the 1015 subjects, 812 were used as training, 101 as 

validation, and 102 as test data. 

Results and Discussion 

Over the entire test set, the mean (±SD) prediction root mean 

squared error (RMSE) was 3.94° ± 2.09° for knee flexion, 

4.12° ± 2.45° for ab/adduction, and 6.70° ± 4.28° for 

int/external rotation. An added advantage of the model was the 

ability to automatically identify left versus right limb, since 

data from both sides were used to train the model.  

While these results are promising, two limitations need to be 

addressed next: first, the dataset contained strong outliers that  

 

 

could be due to either deviations in marker placement or 

subjects with atypical gait patterns. Future work is therefore 

aimed at improving outlier detection before training the 

models. Second, this study utilized simulated, rather than true, 

sensor data. To test the accuracy of the models on real IMU 

data, future research involving validation experiments is 

necessary. Nevertheless, the results demonstrate the potential 

of machine learning to overcome one of the major challenges 

that the biomechanics field currently faces—accurately 

predicting joint kinematics from magnetometer-free data. The 

large test set indicates that the model generalizes well to new 

subjects, not used in the model selection phase (Figure 1).  

 

Figure 1: Comparison of knee flexion angles computed from marker 

data (blue) and predicted with a machine learning model from 

simulated inertial data (orange) for a testset subject (RMSE = 2.0°). 

Conclusions 

Machine learning promises to address the present limitations 

of traditional sensor-fusion algorithms. A central limitation 

has been the need for large, consistent datasets that include a 

variety of typical movement patterns. The University of 

Calgary has established a worldwide and growing network of 

clinical and research partners, all linked through an automated 

three-dimensional biomechanical gait data collection system, 

which is helping meet this need and advance the use of 

machine learning in human movement biomechanics.  
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Summary 

We used statistical parametric mapping to test differences in 

spine and lower limb 3D kinematics in people with and 

without low back pain during functional tasks. Our results 

indicate differences in movement of the lower thoracic 

segment, upper and lower lumbar segment and knee joint 

throughout walking and lifting tasks. 

Introduction 

Changes in movement pattern in low back pain (LBP) groups 

have been mainly analysed by reporting predefined discrete 

variables [1]. These include range of motion and 

max/minimum kinematic values at particular instances of the 

task cycle. However, this approach does not consider the full 

kinematic data waveform and its dynamic information, 

exposing the analysis to bias [2]. 

Statistical Parametric Mapping (SMP) has been introduced 

and applied to 1D kinematic variables allowing the assessment 

of data over time [2]. With this approach, vectors are 

compared rather than only discrete variables retaining all the 

information of kinematic data. The aim of this study was to 

assess differences in 3D kinematics patterns in people with 

and without LBP during functional tasks by using SPM. 

Methods 

Following informed consent 20 healthy controls and twenty 

participants with non-specific LBP took part in the study. A 

10-camera 3D motion capture system operating at 100 Hz was 

used to collect 3D joint kinematic data of the upper and lower 

thoracic and, upper and lower lumbar spine segments and the 

lower limb. Participants performed walking, sit-to-stand, and 

lifting of a 5kg box with each task repeated 3 times.  

SPM, specifically parametric and non-parametric Hotelling’s 

T
2
 tests (=0.05) were used to assess the three-dimensional (3-

component: sagittal, frontal, transverse planes angles) time 

varying joint kinematics vectors of the spine and lower limb 

joints. If significant differences were observed between 

participants with and without LBP, post-hoc analysis was 

performed in each vector component (sagittal, frontal, 

transverse planes angles) by running parametric and non-

parametric two-sample t-tests.
 
Data normality was checked 

with a build in function in SPM. The test statistic SPM{T2} 

and SPM{t} were evaluated at each point in the time 

normalised kinematic series, and a critical threshold 

corresponding to α=0.05 was computed based on Random 

Field Theory [2]. Points in the statistic curves that exceeded 

the threshold were identified, referred to as “supra-threshold 

clusters” and the associated p-values were calculated. 

All SPM analyses were implemented using the open-source 

spm1d code (www.spm1d.org) in Matlab (The Mathworks 

Inc, Natick, MA). 

Results and Discussion 

Supra-threshold clusters, indicating significant differences, 

were found in the lower thoracic segment, upper and lower 

lumbar segment and knee joint during walking and lifting. No 

significant differences were observed for the STS task. This 

could be due to the fact that specific instructions were given 

for this task thereby reducing participant variability. 

For walking, post-hoc analyses for individual vector 

components revealed significantly decreased lower thoracic 

flexion over the whole gait cycle (p=0.001), increased upper 

lumbar lateral bending from 27% to 80% of the gait cycle 

(p=0.002), increased lower lumbar flexion at the beginning (0-

15%; p=0.012) and end (65-100%; p=0.01) of the gait cycle 

for the LBP group. 

During the lowering phase of the lifting task, LBP participants 

showed a reduced upper lumbar segment flexion from the 50% 

of the cycle (p=0.003), and an increased flexion (p=0.013) and 

rotation (p=0.017) was observed in the lower lumbar segment 

at the beginning of the lowering cycle (0-20%). During the 

picking phase of the lifting task, significant differences were 

also observed in the lower thoracic segment (p=0.001) over 

the entire cycle, whilst the upper lumbar segment showed 

decreased flexion until the 55% of the picking task in LBP 

participants (p=0.004). 

Frontal plane knee angles also showed significant differences 

between the two groups across walking and lifting tasks (p 

range: 0.001-0.028). 

Conclusions 

Altered thoracic and lumbar spine kinematics were observed 

between controls and participants with LBP, and also at the 

knee. SPM permits the identification of differences in 

movement that occur over time. This adds value to movement 

analysis as it allows an understanding of the LBP strategies 

adopted that cannot be conveyed by simple discrete 

parameters.  
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Summary 

Low back pain (LBP) remains a critical issue in primary care. 

Currently, clinical practitioners rely on subjective measures to 

categorize LBP patients to pursue specific treatment regimens. 

However, the need for new objective scales to assess the level 

of patients’ prognostic risk is evident. Our goal was to develop 

a model to discriminate the patients with high vs. low/medium 

risk of LBP. To this end, an inertial measurement unit (IMU) 

was placed on the patients’ chest while they were performing 

trunk flexion/extension task. Machine learning algorithms 

such as support vector machine (SVM) and multi-layer 

perceptron (MLP) were implemented, where we obtained the 

accuracy of 89% and 71%, respectively. Our preliminary 

efforts in replacing the STarT Back Screening Tool (SBST) 

with an objective approach can facilitate the development of a 

tool for subgrouping the LBP patients, which may lead to the 

enhanced decision making of physicians in prescribing the 

treatment procedures. 

Introduction 

It has been proven that a single treatment strategy for all of the 

LBP patients is not feasible, different treatment approaches 

were developed. To assign each patient to the appropriate 

treatment path, it is necessary to have a proper subgrouping 

method. Until now, the most accepted approach to stratify 

treatments is the SBST [1]. In this method, the LBP patients 

are classified into three groups of low, medium, and high risk 

by filling the prognostic screening questionnaire [2]. For any 

of these classes, there is a specific treatment procedure to 

follow. Although SBST is an effective approach, yet the 

subgrouping method is based on qualitative and subjective 

information from patients introducing potential confounding 

factors. Our aim was to replace the STarT questionnaire with a 

method that was based on an objective data collection 

approach to improve the stratification process of LBP patient 

into two risk groups (i.e., high vs. low-medium).  

Methods 

Ninety four chronic LBP patients were recruited with the 

mean (SD) age, height and weight of 38.2 (6.5), 172.5 (9.3), 

and 79.2 (11.3), respectively. After filling out the STarT 

questionnaire, patients were asked to perform trunk 

flexion/extension as many time as they could in 14 seconds. 

An IMU (Sparkfun®, Niwot, Colorado) with a sampling 

frequency of 20 Hz was used to acquire data of trunk 

kinematics (Figure 1). During the task execution, patients 

were standing on a Nintendo Wii Balance Board.  

For the data analysis, four different feature types were used, 

i.e., velocity, linear and angular acceleration, and the force 

platform data. K-means which is an unsupervised learning 

algorithm was implemented on the data to assess separability 

of the data points. In regard to the SVM and MLP algorithms, 

STarT outcome was used to label the data. Since the number 

of patients was not large, leave-one-out cross-validation was 

used in the SVM algorithm. The MLP algorithm was 

implemented by using a binary value for the two levels of risk, 

and a 7-layer feed forward network. In order to train the 

model, 80 percent of the data was selected randomly and the 

remaining data were used for validation purposes. 

 
Figure 1: Schematic of task execution and sample of data analysis. 

Results and Discussion 

After implementing K-means, SVM and MLP algorithms for 

the data, accuracy, sensitivity, and specificity were calculated 

and presented (Table 1). Considering the accuracy of 57% for 

K-means, it can be concluded there was not a clear and simple 

boundary between the data from the two groups (Figure 1). 

However, SVM could discriminate low-medium risk patients 

with high accuracy and Specificity. Although MLP is a 

powerful tool for classification, here its accuracy was much 

lower compared to the SVM. The main reason could be the 

limited number of data points (i.e., ninety four patients).   

Table 1: Performance of the model for K-means, SVM, and MLP. 

 Accuracy Sensitivity Specificity 

K-means 57% 43% 63% 

SVM 89% 64% 100% 

MLP    71% - - 

Conclusions 

Outcomes of this study revealed that SVM demonstrated the 

best performance in subgrouping the LBP patients. Our results 

can faciliate the replacement of the qualitative/subjective 

methods such as the STarT questionnaire with objective 

approaches, which may improve the prescription of different 

treatments for LBP patients.  
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Summary 
Persons in symptom remission from recurrent low back pain 
(rLBP) and back-healthy persons performed a single-limb 
dynamic balance task with and without a concurrent mental 
math task. Thorax and pelvis frontal plane motion was less 
coupled in the group in remission from rLBP and was 
associated with the relative activation of deeper and more 
superficial trunk musculature. Trunk coupling increased 
significantly under dual-task interference in those with rLBP. 

Introduction 
Recurrent symptoms from non-specific low back pain (rLBP) 
are an incredibly large problem for industrialized nations, 
[1,2]. Motor control changes persistent during symptom 
remission have been identified including delayed and reduced 
activation of deep trunk muscles [3] and increases in trunk 
stiffness [4]. Limited success of randomized control trials has 
resulted in calls for investigating interactions between 
psychometric and motor control measures. The purpose of this 
study was to investigate trunk coupling during the Balance-
Dexterity Task [5], a single-limb dynamic unstable balance 
task, and investigate effects of cognitive dual-task interference 
on coupling. 

Methods 
Nineteen back-healthy controls and nineteen participants with 
rLBP were recruited to participate in the IRB-approved study. 
Participants completed five 30sec trials of the Balance-
Dexterity Task (Figure 1) with and without a concurrent 
cognitive dual-task, which required recalling a list of five 
numbers and performing mental arithmetic on those numbers. 
Trunk coupling was quantified using the coefficient of 
determination of a frontal-plane angle-angle plot of thorax and 
pelvis motion. Trunk muscle activation measures were 
captured including multifidus-to-erector spinae and internal-
to-external oblique activation ratios. 

 
Figure 1. The Balance-Dexterity Task where participants balance on 

one limb while trying to compress an unstable spring with the 
contralateral limb [5]. 

Results and Discussion 
Participants with rLBP exhibited reduced trunk coupling 
during the Balance-Dexterity Task, i.e. more independent 
motion of the thorax and pelvis, (p=0.024) associated with the 
ratio of deep-to-superficial trunk muscle activity – both for 
paraspinals (R=0.608, p=0.007) and abdominals (R=0.473, 
p=0.048) – where greater deep muscle activation was 
associated with more coupled trunk motion. Participants with 
rLBP increased trunk coupling under conditions of dual-task 
interference (p=0.002) while the group without rLBP did not 
change trunk coupling in a systematic way under dual-task 
interference (Figure 2). 

 
Figure 2: Trunk coupling during the Balance-Dexterity Task under 
single- and dual-task conditions for persons with and without rLBP. 

Conclusions 
Persons with rLBP exhibited less trunk coupling during 
dynamic balance. This coupling was associated with the 
relative activation of deeper and more superficial trunk 
musculature. Trunk coupling increased in this group under 
dual-task interference. These findings support the idea that 
attention and cognition play a role in residual movement and 
motor control adaptions in persons in remission from LBP. 
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Summary 
154 people with chronic low back pain (CLBP) were recruited 
for a baseline data collection, as a part of a randomized, 
controlled clinical trial. All participants completed the Numeric 
Pain Rating Scale (NRS), modified Oswestry Disability 
Questionnaire (MODQ), clinical tests of maximum flexed and 
extended sitting and a functional task of preferred sitting. 3D 
motion capture was used to calculate the lumbar spine curvature 
angle (LCA; index of lumbar spine alignment) for each test. 
Males and females were similar in NRS and MODQ. LCAs 
were different across the three tests, and males and females 
consistently displayed different LCAs. Females had a greater 
LCA (i.e., more extension) for all tests. Therefore, clinicians 
who evaluate people with LBP conditions should consider the 
effects of gender on lumbar spine alignment. Furthermore, 
gender-related differences observed during clinical tests are 
also present during a functional task of preferred sitting. 

Introduction 
Altered lumbar spine alignment may contribute to the 
development or persistence of low back pain conditions [1]. 
Prior researchers report males and females display gender-
specific differences in their sagittal plane lumbar spine 
alignment during select clinical tests (e.g. flexed sitting) and 
functional tasks (e.g., standing) [2, 3, 4]. Specifically, these 
studies report females display a more extended lumbar spine 
alignment (i.e., lordosis) compared to males. To date, these 
potential gender-related differences have only been reported 
during a few select clinical tests and functional tasks. Therefore, 
additional work examining the consistency of these findings 
across multiple clinical tests and functional tasks is warranted. 
The purpose of this study was to compare sagittal plane lumbar 
spine alignment in males and females during clinical tests of 
maximum flexed and extended sitting and a functional task of 
preferred sitting. We hypothesized that the tests would elicit 
different LCAs, and females would display more extended 
lumbar spine alignment compared to males across both clinical 
tests and a functional task. 

Methods 
154 participants (female: n = 94, 43.0 ± 11.7 yrs, 1.6 ± 0.1 m, 
67.8 ± 10.8 kg; male: n = 60, 41.9 ± 11.7 yrs, 1.8 ± 0.1 m, 84.3 
± 11.1 kg)) with CLBP completed self-report measures of the 
NRS for average pain over the prior 7 days and the MODQ. All 
participants performed clinical tests of maximum flexed and 
extended sitting and a functional task of preferred sitting, with 
the order of testing randomized. For all 3 tests, the participant 
was seated on a stool with no armrests or backrest. Seat height 
was 110% of the distance between the participant’s fibular head 
and the floor. 3D marker co-ordinate data were collected and 
LCA indexed alignment. LCA was defined as the sagittal plane                     
angular distance between vectors from L3 to T12 and L3 to S1  

 

markers (e.g., flexion > 0; extension < 0). A 2-way factorial 
ANOVA model was used to examine the effects of gender on 
lumbar spine alignment across the three sitting tests. 

Results and Discussion 
Males and females were similar in NRS [dif = -0.1 (-0.7  ̶  0.4)] 
and MODQ scores [dif = -2.7% (-5.8  ̶  0.3%)]. There were 
significant main effects for task (p < 0.01) and gender (p < 
0.01). LCAs were different for flexed (7.4° [6.0 – 8.7°]), 
extended (-22.1° [-23.4  ̶  -20.7°]) and preferred (-3.7° [-5.1  ̶  -
2.3°]) sitting.  LCAs were different between genders for flexed 
(male = 10.4 ± 1.1°; female = 4.3 ± 0.9°, p<0.001), extended 
(male = -16.7 ± 1.1°; female = -27.4 ± 0.9°, p<0.001) and 
preferred (male = 0.0 ± 1.1°; female = -7.3 ± 0.9°, p<0.001) 
sitting (Figure 1). Therefore, when examining lumbar spine 
alignment as a potential (1) contributing factor to the LBP 
condition and (2) focus of treatment, clinicians should consider 
gender-related differences during clinical tests and functional 
tasks. 

Conclusions 
Although similar in LBP and LBP-related functional 
limitations, males and females display gender-specific 
differences in lumbar alignment during both clinical tests and a 
functional task.  
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Figure 1: Lumbar Curvature Angle (LCA) for maximum flexed 
sitting, maximum extended sitting, and preferred sitting for males 
and females 
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Summary 

Movement and muscle activity involving the lumbopelvic 
region differ between individuals who develop transient LBP 
during prolonged standing, compared to their pain-free peers. 
However, these findings involved low-demand tasks. 
Challenging task variations may elicit group differences 
previously unseen. This study examined kinematics and muscle 
activity in PDs and non-PDs during a variety of functional tasks 
with increased challenge. Thirty-nine subjects participated and 
were categorized for pain status. Kinematics and muscle 
activity were measured during five functional tasks: BEND, 
LIFT, MSTAR, AHA, and RSB. Certain tasks were made more 
challenging with an increase in external load and/or speed of 
performance. Kinematics, muscle sequencing, and muscle 
fatigue were analyzed with mixed-design ANOVAs. Only 
AHA revealed a pain status and task difficulty interaction effect 
with lower-limb kinematic variability. Different adaptations 
were evident in lumbopelvic control for this stratified cohort, 
which may be related to LBP development. 

Introduction 

Laboratory studies on prolonged standing report a proportion of 
healthy individuals will develop transient low back pain (LBP) 
(termed PDs), while others will not (non-PDs) [1]. Movement 
and muscular activation patterns involving the lumbopelvic 
region have shown to differ between pain groups [1-2]. These 
findings have predominantly involved low-demand challenges. 
There is little published data on PDs and non-PDs in response 
to tasks with increased challenge. These tasks may elicit 
differences previously unseen through low-demand challenges. 
Thus, the purpose of this study was to examine the kinematics 
and muscle activation patterns in PDs and non-PDs during tasks 
with increased functional demand and variety. 

Methods 

A total of 39 adults participated in two sessions, with 22 non-
PDs (12 females) and 17 PDs (8 females) categorized. A 
subject’s pain status was determined in the first session. On a 
different day, subjects performed low and high demand 
variations of the following tasks/tests [3-7]: symmetric trunk 
flexion-extension (BEND), symmetric floor-to-knuckle lift 
(LIFT), modified star excursion balance test (MSTAR), active 
hip abduction test (AHA), and reverse side bridge (RSB). 
Subjects were outfitted with motion capture markers (Optotrak 
Certus, NDI, Waterloo, Canada) and surface electromyography 
(sEMG) (AMT-16, Bortec, Calgary, Canada). Depending on 
the task, kinematic data were processed into: thorax segment 
angular velocity, lumbar spine flexion angle, frontal plane knee 
excursion, normalized reach distances, and normalized frontal 
plane angular displacement arc length (ARCL). Additionally, 
sEMG of the external obliques, lumbar erector spine, gluteus 

medius, and gluteus maximus muscles were processed into 
muscle sequencing and muscle fatigue indicators. 

A series of mixed-design ANOVAs (ver. 3.2.0, R Development 
Team, Vienna, Austria) were performed. Depending on the 
task, between group factors included PAIN (PD/non-PD), SEX 
(female/male), and within-subject factors of SIDE (left/right), 
TASK/LOAD (low/high demand variant). Results focused on 
main or interaction effects involving PAIN. 

Results and Discussion 

Most variables indicated no significant difference (p > 0.05). 
Only performance during the AHA revealed a pain status and 
task difficulty interaction effect (F(1,35) =  5.22, p < 0.05), with 
PDs exhibiting larger frontal plane movement excursion during 
AHA performance with an external load (high load) relative to 
no external weight (low load); not observed in non-PDs (Figure 
1). This finding supports previously reported AHA results [2,6]. 

  

Figure 1: Pain status and load interaction line plot of ARCL in AHA. 

Conclusions 

Task variants elicited different adaptations in kinematic and 
muscle activation patterns across subjects. However, task 
variation only during the AHA coincided with pain status. This 
adaptation further emphasizes the importance of lumbopelvic 
control and its’ relationship to LBP development in this 
stratified cohort of young, healthy adults. Future research could 
explore external loading conditions and feasibility of inertial 
measurement units during the AHA. 
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Capturing Day-to-Day Variability in Pitching Mechanics with an Array of Wearable Inertial Sensors 
 

Stephen M. Cain1, Cristine Agresta2 
1Department of Mechanical Engineering, University of Michigan, Ann Arbor, MI, USA 
2Department of Rehabilitation Medicine, University of Washington, Seattle, WA, USA 

Email: smcain@umich.edu 

Summary 

Arm injuries in baseball pitchers are highly prevalent at all 
levels of the sport. By utilizing wearable inertial measurement 
units (IMUs), we aim to develop a day-to-day monitoring 
system that can quantify player-specific variations in pitching 
mechanics to enable more precise pitching workload protocols 
and to reduce susceptibility to injury. We describe the first step 
towards this goal, the development of algorithms that enable 
pitching mechanics to be quantified in non-laboratory settings, 
and present sample results from a 46-pitch bullpen session to 
demonstrate the utility of our approach.   

Introduction 

The mechanisms that underlie arm injuries in baseball pitchers 
are not well understood; however, current evidence suggests 
that particular pitching patterns combined with high-velocity 
repetitive loading may predispose the upper extremity joints to 
injury [1]. As a result of this hypothesis, a limitation on pitch 
count [2] and monitoring of pitch velocity [3] have 
predominated current programs for injury prevention. The 
drawback of injury prevention through controlling pitch volume 
and velocity is the lack of individualization with respect to 
player load capacity and task demands. Our goal is to develop 
a day-to-day monitoring protocol and measurement system that 
can be used to quantify player-specific variations in pitching 
mechanics to enable individualized injury prevention plans. A 
first step towards achieving this goal is to develop a data 
collection protocol and algorithms that allow critical pitching 
mechanics to be quantified in non-laboratory environments. 

Methods 

In our University of Michigan IRB approved study, four IMUs 
were secured to each participant’s feet (right and left) and 
throwing arm (forearm and upper arm). The IMUs (Opal, 
APDM, Inc.) enable synchronized sampling (512Hz) of the 
accelerations (±200g) and angular velocities (±2000°/s) of the 
feet and arm segments. This sensor set was selected to capture 
movements of key body segments during bullpen sessions with 
minimal interference to participants’ native routine. 

Prior to data collection, participants performed functional 
calibration movements that defined anatomical orientations for 
the arm segments relative to the arm-mounted IMUs. We 
estimated the orientations of all body segments using inertial 
navigation [4]. The times that each foot left and touched the 
ground (start and end of strides) were detected using a wavelet 
analysis approach [5]. Foot trajectories were calculated by 

integrating the IMU data [6]. From these data we defined 
metrics to quantify the mechanics of each pitch. 

Results and Discussion 

This approach has been used to capture pitching mechanics of 
15 NCAA Division 1 pitchers during their traditional bullpen 
sessions (to date). Sample results from a single bullpen session 
(46 pitches) are provided in Figure 1 and Table 1. Figure 1 
illustrates the shape and natural variability of lead foot 
trajectories. Table 1 reports means and standard deviations for 
a subset of the metrics that we defined for each pitch. 

 
Figure 1: Side view of lead foot trajectories for a 46-pitch bullpen 
session. Positive horizontal position is defined by the lead foot stride. 

The sample results demonstrate that wearable IMUs can 
successfully capture relevant pitching mechanics in native 
settings. We are currently using our approach to longitudinally 
assess pitching mechanics of the aforementioned pitchers over 
two seasons. In addition to IMU data, ball tracking systems 
record pitch performance (ball speed, spin, location) for each 
pitch. Future work will use IMU and pitch data to characterize 
player-specific pitching patterns over loading cycles and to 
identify aspects of these patterns that correlate to player fatigue 
and elevated injury risk. 
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Table 1: Mean and standard deviations of IMU-derived pitching metrics for a 46-pitch bullpen session. FS = foot strike of the lead foot. 

 Stride 
length (m) 

Stride 
speed (m/s) 

Stride 
height (m) 

Foot yaw 
at FS  (°) 

Forearm angle 
at FS (°) 

Upper arm 
angle FS (°) 

Time of peak forearm 
acceleration relative to FS (s) 

Mean 2.38 1.83 0.98 -24.8 139.6 105.0 0.158 

Std. Dev. 0.19 0.12 0.08 3.5 7.0 3.4 0.019 
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Summary 
Golf wearables based on IMU mostly provide game 
information. To examine whether wearables could also 
provide useful golf swing information, we examined where is 
the best part of the body estimating the impact phase. Four 
male amateur golfers participated the swing test wearing 6-
axis IMU sensors on wrist, head, and pelvis, swung 10 times 
with driver and 7 iron respectively. From IMU data, impact 
and backswing top phase indicators were selected and errors 
were calculated. The best three impact phase indicators were 
all at wrist, acceleration in z-axis, angular velocity in norm 
and y-axis, with the error of 4.3%, 4.1%, and 3.9% 
respectively, implying that the body part indirect to impact 
motion could also serve as a swing phase indicator. Wrist 
angular velocity in z-axis was the feasible indicator of 
backswing top. The result shows that golf swing phase could 
be estimated from IMU located at appropriate body part. 

Introduction 
Many golf wearables based on IMU are being developed to 
provide game information conveniently in the field [1]. 
However, these devices only provide limited swing 
information. To examine whether these devices could also 
provide useful golf swing information, as a first step, we 
examined where is the best part of the body estimating the 
impact phase of golf swing using a single IMU sensor. 

Methods 
Four male amateur golfers of average handicap 10 participated 
the swing test wearing three 6-axis IMU sensors (BMA456, 
BMG250, Bosch, 200Hz) on their wrist, head, and pelvis. 
Subjects swung 10 times with driver and 7 iron respectively. 
in the form of a watch, a cap and a belt, respectively. The 
reference position data of the subjects and the golf club were 
collected from the motion capture cameras (Osprey, Motion 
Analysis, 200Hz). Collected data were processed with 
Butterworth 10th order LPF, with a cut-off frequency of 10Hz. 

22 candidates for the impact and backswing top phase 
indicators (12 from wrist, 5 from head, and 5 from pelvis) 
were selected from the peaks and zero-crossing points of the 
acceleration and angular velocity data from IMU sensors 
(Figure 1). We estimated the impact and backswing top phase 
from these indicators and calculated average errors of total 
trials comparing with the reference data. 

 
Figure 1: Estimating indicators from acceleration and gyro data. 

Results and Discussion 
At wrist, acceleration in z-axis, angular velocity in norm and 
y-axis estimated the impact phase with the error of less than 
15ms, or 5% of downswing phase. Indicators from head also 
showed low error about 20ms, or 6%DS. Wrist angular 
velocity in z-axis was the feasible indicator of backswing top 
with the error of 20ms. The result shows that indicators from 
wrist and head are appropriate to estimate impact and 
backswing top phase of golf swing, but indicators from pelvis 
gave large errors for impact phase estimation. 

Wrist gives proper indicators, and it seems because the wrist 
performs swing motion directly with the club. Head seems that 
the intent of player's eyes following the ball trajectory 
generate the head acceleration. However, pelvis was not 
appropriate since it placed at the beginning of the kinetic chain. 

Conclusions 
As a result, it is shown that wrist and head are appropriate 
body parts to estimate the impact phase of a golf swing using a 
single IMU sensor. It will be possible to estimate further 
useful swing information from a single IMU sensor located at 
appropriate body part. 
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Table 1: Impact phase estimation error in time (ms) and percentage (%DS, Downswing). 

Indicators anw axw azw ωnw ωxw ωyw ωzw anh axh azh anp axp ωzp

error(ms) 22.4±18.4 52.6±28.4 14.2±7.9 12.6±7.6 61.4±33.8 12.4±7 15.2±7.4 20.5±16.9 56.3±132.2 19.1±13.2 253.9±97.8 296.5±62.5 90.9±205.7
error(%DS) 7.0 18.2 4.3 4.1 20.3 3.9 5.1 6.6 20.0 6.1 80.2 94.6 31.7

Impact Phase
Estimation Error

Body Parts
Wrist Head Pelvis
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Summary 

The aim of this study was to investigate the capacity of foot-

worn inertial and magnetic sensors to detect hurdle crossings 

and provide a detailed spatiotemporal running analysis of a 400 

meters hurdling race. The results showed that the flight phase 

duration combined with the foot orientation or with a magnet-

based system can accurately detect the timing of hurdle 

crossings, hence allowing to report detailed performance 

evaluation features to the coaches. 

Introduction 

Race strategy is an important performance factor in 400 meters 

hurdling. Factors such as the number of steps in between 

hurdles, the hurdle crossing leading leg and timing are some of 

the key measures used by the coaches to improve athletes’ 

performances. 

To the authors’ knowledge, no system is capable of delivering 

an automatic, accurate, and prompt analysis of hurdling 

features. Therefore, the aim of this study was to test different 

methods to detect hurdle crossings and provide a race analysis 

tool for coaches and athletes. 

Methods 

In this study, 16 athletes volunteered to wear foot-worn inertial 

measurements units (IMU) (Physilog 4, Gait Up, Switzerland) 

during a French national level competition. The IMUs were 

taped on the dorsum of each foot and strong bar magnets were 

affixed on the upper section of the hurdles.  

Temporal parameters and foot orientation were estimated in the 

global frame using previously validated algorithms for running 

analysis [1] and their ability to detect hurdle crossings was 

investigated separately and in combination. These methods 

were also compared with a magnetometer/magnet-based 

technique recently proposed for gate detection in alpine skiing 

[2] and adapted for hurdling.

Results and Discussion 

A total of 150 hurdle crossings were analyzed. Among the 

temporal and spatial parameters, flight phase duration and the 

rotation of the foot in the sagittal plane were the most sensitive 

to hurdle crossing events (Figure 1, top and middle graphs). 

After peak enhancement the magnetometer was able to detect 

the presence of the magnet at each hurdle but the signal was 

depending on the level of the athlete (Figure 1, bottom graph): 

high-level athletes tend to minimize the distance between their 

centre of mass and the top of the hurdle leading to greater 

magnetic field distortion recorded by the magnetometer. A 

detection accuracy of 95%, 93% and 67% was achieved using 

flight phase duration, the foot orientation and the 

magnetometer/magnet-based system, respectively. When flight 

phase duration was combined with one of the other methods, 

detection accuracy reached 100%. 

Figure 1: Signals used for each hurdle crossing (i.e. peaks) detection 

methods (left = blue, right = orange). 

Moreover, using the timing at the hurdles to segment the race 

and the results from the IMU spatiotemporal analysis, feedback 

was provided to coaches and athletes (Figure 2). 

Figure 2: Speed and number of steps within each interval. The 
leading leg is indicated using the R (right) and L (left) letters. 

Conclusions 

This study showed that foot-worn inertial measurement units 

combined with specific spatiotemporal parameters can be used 

to provide an accurate (100%) detection of hurdle crossing 

events. While the use of magnetometer/magnets alone has 

subject-dependent performance, together with temporal 

parameter it offers an excellent detection of hurdle crossing. In 

addition, the system was able to provide a fast and reliable 

feedback to the coaches which helped to evaluate the 

performance. 
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Summary 
The objective of this study was to evaluate the validity of using 
inertial measurement units (IMUs) to measure kinematics in the 
basketball free throw and to determine whether differences in 
technique across player calibres can be identified using these 
variables. Five wearable IMUs recorded 3D accelerations and 
angular velocities from five body segments of 22 participants 
as they performed free throws. Participants were classified as 
novice, recreational, and elite. Significant differences were 
identified across calibres in shot timing and 32 of the 60 IMU 
signals. The results demonstrated that IMUs are capable of 
measuring both novel and previously reported kinematic 
differences between elite and lower calibre athletes. 

Introduction 
The study of how free throw kinematics differ across basketball 
players of different calibres has largely relied upon manual 
video analysis [1,2]. Inertial measurement units (IMUs) have 
been shown to be a viable alternative to video and motion 
capture technologies for a variety of applications [3]. However, 
research is limited in the assessment of basketball free throw 
technique using IMUs. We aimed to evaluate the validity of 
using IMUs to measure technique-relevant kinematics in the 
free throw and to determine whether differences in technique 
across player calibres can be identified. 

Methods 
Five IMUs recorded 3D accelerations and angular velocities 
from five body segments of 22 subjects as they performed 25 
free throws each. Subjects were classified into three calibre 
groups based on free throw percentage (FTP): novice (FTP < 
33%, n=6), recreational (FTP 33-66%, n=9), and elite (FTP > 
66%, n=7). Two phases of the movement were defined 
(backswing and force production) based on when the angular 
velocity of the forearm changed direction. The kinematics from 
each free throw were time-normalized and aligned such that the 
free throw start occurred at 0%, the transition between phases 
occurred at 76.8%, and the shot ended at 100% based on the 
average duration of each phase across all participants. 
Comparisons were made between calibres at the normalized 
time in each IMU signal at which the three groups varied most. 

Results and Discussion 
Significant differences were identified across calibres in 32 of 
the 60 IMU signals via ANOVA. Functionally relevant 
technique differences were determined from these differences 
from literature addressing ideal basketball free throw technique, 
as well as in the timing of key movement patterns (Figure 1). 

 
 

 
Figure 1: Functional technique differences across calibre groups. 
Mean (±SE) kinematics over relative time for the elite (blue), 
recreational (green), and novice (red) athletes, with significant 
differences noted in purple: (a) right forearm pronation/supination 
angular velocities, (b) right hand pronation/supination angular 
velocities, (c) right forearm extension/flexion angular velocity, (d) 
right hand flexion/extension angular velocity, (e) right upper arm 
linear acceleration, and (f) vertical heel acceleration  

Conclusions 
The results demonstrated that IMUs are capable of measuring 
both novel and previously reported kinematic differences 
between elite and lower calibre athletes.  
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Summary 

Instrumented mouthguards are used to record in-vivo head 

kinematics in sport. The validation of the CSx mouthguard’s 

capacity to measure linear acceleration was assessed using 

impact testing versus a reference single-axis accelerometer. 

The CSx mouthguard’s linear acceleration demonstrated 

favourable validity; however, impact direction and impact 

magnitude resulted in differences between the mouthguard and 

the reference sensor.  

Introduction 

Concussions in sport can be caused by biomechanical forces 

following a direct impact to the head [1]. Instrumented 

mouthguards have been developed to measure skull motion 

during sports participation, providing insights into how the 

brain is affected by these forces. The challenge of associating 

concussion to skull motion is difficult because of 

measurement errors, and there is a need for valid and reliable 

measurement devices. This study aimed to assess the validity 

of a new instrumented mouthguard. 

Methods 

The CSx instrumented mouthguards (IMG) (CSx Systems Ltd, 

New Zealand) contained a triaxial accelerometer and triaxial 

gyroscope with sampling frequencies of 3.2 and 1 kHz, 

respectively. The validity of the linear acceleration of the IMG 

along each axis was assessed versus a reference single-axis 

accelerometer (REF) (Kistler SN C116114, Switzerland) using 

a sampling frequency of 10 kHz. IMG and REF were attached 

to an impactor with a 4.9 kg mass that was dropped using a 

guided rail experimental setup. Drop height ranged from 0.1 to 

0.9 m to vary the range of impact magnitude. The impactor 

fell onto different padding materials to vary the range of 

impact durations. Three trials for each of the drop height and 

material combinations along X, Y and Z were repeated for a 

total of 54 impacts. Three variables were extracted from the 

output curves: peak (max value), duration (duration of the first 

section of the curve above 10 g) and impulse (area under the 

curve above 10 g). Linear regressions were performed 

between REF and IMG. Differences between the groups were 

analysed using Mann-Whitney’s U test.  

Results and Discussion 

The measurements from IMG were consistent with the 

measurements from REF, as shown by good to very good 

coefficients of determination from linear regressions (Table 1; 

Figure 1). IMG recorded higher peak accelerations compared 

to REF, but this was statistically different for high magnitude 

impacts only (>130 g, 18-20%, p < 0.05). Differences across 

directions were present (Table 1; Figure 1). Impulse was 

greater for IMG on X (15%, P = 0.017). No other significant 

differences were found despite high mean differences between 

IMG and REF, especially along the X and Y directions (up to 

19%). The absence of statistical differences might be 

explained by the variability between the impacts within a 

condition, IMG sampling frequency, the sensor’s limitations, 

or the definition of the impact as per the 10 g-threshold. 

Table 1: Slopes and coefficients of determination from regressions 

between IMG and REF (all p < 0.001), all conditions combined.  

 

Peak (g) Duration (ms) Impulse (g.ms) 

 

Slope R2 Slope R2 Slope R2 

X 1.38 0.99 1.31 0.86 1.23 0.92 

Y 1.16 0.96 0.90 0.46 1.02 0.69 

Z 1.07 0.99 1.04 0.92 1.10 0.98 
 

 
Figure 1: Comparison of peak linear acceleration for IMG and REF 

along each axis. The dotted line represents IMG = REF. 

Conclusions 

Good consistency was achieved between the mouthguard and 

the reference under linear impacts along X and Z. This means 

that applying a correction factor to the mouthguard’s 

measurements would be adequate. Differences were observed 

across axes and for high magnitude impacts. Further analyses, 

e.g. waveforms comparisons and mouthguard reliability, are 

ongoing. 
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Summary 

Compared to uninjured persons, those with lower extremity 

amputation rely more on visual feedback to maintain balance [1]. 

The purpose of this study was to evaluate center-of-mass (COM) 

accelerations in persons with a lower extremity amputation after 

the removal of visual feedback on both stable and unstable 

surfaces. Standing with eyes closed (EC) on an unstable surface 

increased COM acceleration in both the anterior-posterior (AP) 

and medio-lateral (ML) directions, thereby increasing total sway 

area for the unstable surface only. Our results support the idea 

that vision is the primary feedback mechanism for persons with 

lower extremity amputation, and that use of somatosensory 

feedback may only be minimally affected by vision.  
 

Introduction 

Lower extremity amputation causes a loss of somatosensory 

feedback and increases a person’s risk of falling, compared to 

uninjured persons [1,2]. For example, those with transtibial 

amputation exhibit increased sway during balance testing when 

visual feedback is compromised [1]. Understanding how 

persons with a lower extremity amputation adapt to the loss of 

visual feedback during activities of daily living would enable 

us to better intervene with those at greatest risk of falling. The 

purpose of this study was to assess the effect of removing visual 

feedback (i.e., eyes closed) on COM accelerations when 

standing on a stable vs. unstable surface. We hypothesized that 

COM accelerations would increase when removing visual 

feedback for both surfaces, but that the increase would be 

greater when standing on an unstable vs. stable surface.  

Methods 

Nineteen persons with a unilateral amputation provided 

informed consent to participate in this study (15 transtibial, 4 

transfemoral; 12M, 7F; 36±9y). Participants completed the 

Modified Clinical Test of Sensory Interaction on Balance 

(mCTSIB). Participants stood quietly on a stable (ground) 

surface for 30s each, eyes open (EO) and EC. The EO and EC 

conditions were repeated on a 6.4cm thick foam pad (unstable 

surface). Approximate COM accelerations were sampled 

(128Hz) using an IMU (APDM Inc, Portland, OR, USA) 

mounted on the participants’ posterior pelvis. After correcting 

for gravity, COM accelerations in the AP and ML directions 

were evaluated using: acceleration path lengths, the 95% 

confidence acceleration ellipse area, ellipse tilt-angle, and root 

mean square (RMS) accelerations. ML accelerations were 

defined positive in the direction of the amputated limb. Three 

transtibial participants were excluded from comparisons 

involving the unstable EC condition because they were unable 

to maintain balance for the entire 30s. No differences were 

detected across amputation level, therefore two-way repeated 

measures ANOVA was used to test for differences between 

conditions (EO vs. EC; stable vs. unstable). 

Results and Discussion 

Participants responded differently to the removal of visual 

feedback when standing on the stable vs. unstable surface 

(Figure 1, Table 1). Acceleration path length increased in the 

AP and ML directions, but only for the unstable surface. Thus, 

ellipse area increased between EO and EC for the unstable 

surface only. Similar to other reports [3], ellipse tilt angle 

tended towards the amputated limb, but was not significantly 

different from 0o or across conditions. For only the unstable 

surface, RMS acceleration in the AP and ML directions 

increased between EO and EC.  

 

Figure 1: Mean ± standard deviation (shaded region) AP and ML 

accelerations from 30s standing with EO and EC on a stable (solid 
lines) and unstable (dashed lines) surface.  

 Stable Unstable 

 EO EC EO EC 
AP Length (m/s2)*†o 2.4 (0.7) 2.5 (0.6) 2.4 (0.9)† 3.7 (1.2) 
ML Length (m/s2)*†o 0.9 (0.4) 1.0 (0.3) 2.1 (0.8)† 3.5 (1.4) 
Area (m2/s4)*†o 14 (8) 14 (6) 31 (17)† 83 (49) 
Tilt Angle (deg) 0 (13) 4 (8) 9 (22) 6 (19) 
RMS AP (m/s2) o 0.4 (0.2) 0.8 (0.5) 1.6 (0.7)† 2.1 (1.0) 
RMS ML (m/s2) o 1.0 (0.3) 2.3 (1.6) 2.5 (1.6)† 3.8 (2.3) 

Table 1: Mean (standard deviation) measurements. Significant 

effect of surface*, visual feedback†, surface x visual feedbacko 

Conclusions 

The results of our analysis confirm that visual feedback is the 

primary mechanism by which persons with lower extremity 

amputation maintain balance [1]. The removal of vision on an 

unstable surface resulted in larger increases in COM 

acceleration, compared to a stable surface. Thus, vision may be 

important to consider for clinical care to improve dynamic 

balance and gait parameters in persons with limb loss.  
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Summary 

It can be difficult for young children to remain focused and 

avoid fidgeting during postural sway tests of 30 s or longer.  

The purpose of this study was to evaluate the construct and 

concurrent validity of sway measures recorded for durations 

less than 30 s. We measured the CoP RMS error of standing 

children (5-12 years) with and without cerebral palsy. For 30 s 

recordings, we observed large between-group effects in 

mediolateral and transverse-plane sway with eyes closed. We 

also observed large between-group effects in the Romberg 

Ratio (eyes closed sway / eyes opened sway) of 

anteroposterior and transverse-plane sway. These results 

maintained large effects (i.e. construct validity) and strong 

correlations to the 30 s measurements (i.e. concurrent validity) 

at durations as short as 15 s. 

Introduction 

Children with cerebral palsy (CP) have more standing sway 

compared to typically developing (TD) children [1]. The 

duration of sway recordings in children has commonly ranged 

from 10–60 s [2]. It may be difficult for children to maintain 

focus for long durations, leading to fidgeting and invalid 

assessments of postural control. 

The purpose of this study was to determine if sampling 

durations less than 30 s would produce valid sway measures. 

We hypothesized that shorter duration measures would have 

(1) construct validity, as evident by persisting large effect 

sizes between groups and (2) concurrent validity, as evident 

by strong correlations (r≥0.80) with 30 s measures. 

Methods 

Eighteen children with spastic CP (11 GMFCS level I, 7 

GMFCS level II, mean (SD) age 8.6 (2.3) years, BMI 16.8 

(2.4) kg/m2) and 15 TD children (8.9 (2.6) years, 16.7 (2.5) 

kg/m2) were included in the study. Participants completed 1 

trial of standing on a force plate (AMTI, Watertown, MA, 

USA, 1200 Hz) for 30 s under two conditions, eyes open (EO) 

and eyes closed (EC). Sway was quantified from the root-

mean-square (RMS) error of the CoP. Anteroposterior (AP), 

mediolateral (ML), and transverse plane (TP) sway was 

calculated for each condition, in addition to the Romberg 

Ratio (RR) of the two conditions (EC/EO), for sampling 

durations of 5-30 s, in 5 s increments.  

Results and Discussion 

After video review, 12 participants (9 CP, 3 TD) were 

removed from the analysis due to fidgeting. Large effect sizes 

(Glass’s Δ ≥ 0.80) at 30 s durations were observed for APRR, 

MLEC, TPEC, and TPRR indicating greater sway in the CP 

group (Figure 1A). Construct validity of these variables, as 

evident by the persistence of large effect sizes, was maintained 

for sampling durations as short as 15 s. At this duration, the 

sway measures held strong correlations (r≥0.87, i.e. concurrent 

validity) with 30 s measures. 
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Figure 1: Effect sizes (Panel A) and correlations (Panel B) of 

anteroposterior (AP), mediolateral (ML), and transverse plane (TP) 

postural sway (RMS error) for the eyes closed (EC) condition and 

Romberg Ratio (RR). Large effects and strong correlations with 30 s 

measures persisted at durations as short as 15 s. 

We recommend a minimum of 15 s recordings to characterize 

sway in children with and without cerebral palsy. This 

recommendation is considerably shorter than previous 

suggestions of 60-90 s [3,4]; however, those suggestions were 

based on different populations (e.g. healthy, injured, older 

adults), measures (including frequency-domain measures), 

and criteria (e.g. agreement, reliability). 

Conclusions 

Compared to 30 s recordings of postural sway measures in 

children with and without cerebral palsy, 15 s sampling 

durations maintained acceptable construct and concurrent 

validity. This shorter duration may be more feasible when 

assessing sway in children. 
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Summary 
The study successfully developed and validated an automated 
identification of autistic postural control patterns using a 
machine learning approach. In general, simpler machine 
learning algorithms displayed higher accuracy rates compared 
to more complicated ones. The use of machine learning may 
provide a valid and efficient approach to better understand 
autistic postural control features and thus, could be beneficial 
for the early diagnosis and early intervention in children with 
autism. 

Introduction 
Autism spectrum disorder (ASD) is a neurological disorder 
that affects approximately 2.5% of children in general [1]. 
Postural control deficits in ASD have been reported [2].  

Machine learning is a branch of artificial intelligence that 
enables computer systems to learn from data and analyze data 
without being explicitly programmed. Machine learning 
classifiers have successfully detected pathological motion 
patterns for Parkinson’s disease, cerebral palsy, Alzheimer’s 
disease, post-stroke and neurological disorders. However, to 
date, machine learning has not been applied to children with 
ASD to better understand their postural control features. 
Therefore, the purpose of the study was to develop and 
validate an automated identification of ASD postural control 
patterns using a machine learning approach.  

Methods 
Eleven children with ASD (age = 10.8 ± 2.5 yr) and 11 typical 
developing (TD) children (age = 9.3 ± 2.4 yr) were tested 
during quiet standing in four conditions: (1) eyes open and 
standing on a stable surface, (2) eyes open and standing on a 
compliant surface, (3) eyes closed and standing on a stable 
surface and (4) eyes closed and standing on a compliant 
surface. The center of pressure (COP) data were collected 
using a force plate at a sampling rate of 60 Hz for 20 seconds. 
Sway area, linear displacements, total distances, standard 
deviations of COP positions and average velocities were 
calculated. Six supervised machine learning algorithms were 
used to identify ASD postural control patterns, including 
logistic regression (LR), k-nearest neighbors (KNN), naïve 
Bayes (NB), random forest (RF), decision trees (DT) and 
linear discriminant analysis (LDA). All participants were 

divided into two datasets: 70% for training and 30% for 
testing.  

Results and Discussion 
LR and NB achieved the highest overall accuracy rate (0.85) 
to identify ASD postural control. LDA also exhibited 
satisfactory performance (accuracy rate = 0.83). The accuracy 
rates for DT, RF and KNN were 0.68, 0.65 and 0.62, 
respectively. In general, simpler machine learning algorithms 
(i.e., LR, NB and LDA) displayed higher accuracy rates 
compared to more complicated ones (i.e., KNN, DT and RF) 
for our small-sample data. Algorithm performance to identify 
ASD postural control could be potentially improved by 
recruiting a larger sample size in future research. 

 
Figure 1: Accuracy rates to identify ASD postural control using six 

different machine learning algorithms. 

Conclusions 
Computer-aided machine learning models successfully 
identified ASD postural control patterns with high accuracy. 
The use of machine learning may provide a valid and efficient 
approach to better understand ASD postural control features 
and thus, could be beneficial for the early diagnosis and early 
intervention in children with ASD.  

References 
[1] Zablotsky B et al. (2015). Natl Health Stat Report, 87: 1-

20. 
[2] Doumas M et al. (2016). J Autism Dev Disord, 46: 853-

861. 
 

Friday, August 02 2019: Morning 3 (1145-1245) 833

Balance Control in Patients 2



 

 

Effects of Concussion and Contact Sports History on Postural Control 

 

Katherine J. Hunzinger1, Kelsey N. Bryk1, Jaclyn B. Caccese1, Thomas W. Kaminski1,2, C. Buz Swanik1,2, Thomas A. Buckley1,2 
1Interdisciplinary Program in Biomechanics and Movement Science, University of Delaware, Newark, DE, United States 

2Department of Kinesiology and Applied Physiology, University of Delaware, Newark, DE, United States 

Email: khunzing@udel.edu  

 

Summary 

Postural control deficits have been shown to exist up to one 

month following concussion. Although post-concussion 

postural control deficits have been studied extensively, less is 

known regarding the effects of participation in contact sports, 

characterized by repetitive head impacts (RHI), has on postural 

control measures in athletes. Recently, non-linear measures of 

postural control have been used to detect subtle impairments 

during quiet stance. This study investigated the effects of both 
concussion and contact sport history on measures of postural 

control in college student athletes assessed by two-minute quiet 

stance on a force plate. Those with a history of contact sports 

demonstrated linear impairments in postural control compared 

to those without a history of contact sports.  

Introduction 

Postural control deficits exist during standing quiet stance for 
up to 1-month post-concussion [1-3]. Those with a history of 

concussion display altered center of pressure (COP) velocity 

and area, and approximate entropy (ApEn) [1-4].  Identification 

of factors affecting postural control may lead to specialized 

return to play protocols and injury prevention programs. The 

effects of repetitive head impacts (RHI) from contact sports on 

functional outcomes continues to be an area of interest. RHI can 

alter brain structure and function, but it is unclear if RHI 

exposure from contact sports impairs balance and postural 

control outcomes measured by ApEn, sway, and velocity are 

unclear [5]. The purpose of this study was to examine the 

effect of self-reported concussion history and history of 

contact sports on postural control outcomes. 

Methods 

Sixty-nine NCAA Division I collegiate student-athletes from a 

variety of sports (e.g. football, cross country) completed a 

baseline concussion assessment prior to participation (40 males; 

age: 19.3 + 1.2; height: 1.73 + 0.12m; weight: 75.8 + 19.10 kg).  

Participants completed a two-minute standing quiet stance with 
eyes open and feet together on a force plate sampled at 50 Hz 

[3].  COP outcome measures were 95% area, sway velocity, and 

ApEn (medial-lateral; ApEnX & anterior-poster; ApEnY).  

Demographics, concussion history (yes/no), and contact sport 

history (yes/no) were self-reported. (Table 1) Data were not 

normally distributed, so Mann-Whitney U test was used to 

analyze the differences between those with and without 

concussion history and history of contact sports for all COP 

outcome measures. 

Results and Discussion 

COP outcomes are provided in Table 1. Those who reported a 

history of contact sports had a significantly higher 95% area 
(U=349, p=.016, d=0.57) and sway velocity (U=359, p=.023, 

d=0.60) than those who reported no history of contact sports.  

There were no differences between those with and those 

without a history of contact sports for ApEnX and ApEnY.    

There were no differences between those with without history 

of concussion on all four COP outcome measures. 

The main finding of this study was that prior participation in 
contact sports was associated with had higher COP area and 

sway velocity, but not ApEn. There were no group differences 

based on concussion history. This suggests that participation in 

contact sports may be associated with prolonged deficits in 

postural control and may serve as an early marker of 

neuropathology from RHI.  The lack of differences based on 

concussion history may suggest that while recovery can take a 

month or longer, postural control does subsequently achieve 

recovery when compared to a control group. 

Conclusions 

THESE RESULTS ARE CONSISTENT WITH THE 

CONCERNS SUGGESTING RHI ARE OF GREATER 

CONCERN THAN HISTORY OF PRIOR CONCUSSION 

AS IT RELATES TO POSTURAL CONTROL.  
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Table 1: Means and Standard Deviations of COP Outcome Measures by Group 

 95 % Area Sway Velocity ApEnX ApEnY 

Hx Concussion (n=15) 4.95 + 2.19 1.37 + 0.32 0.74 + 0.15 0.62 + 0.13 

No Hx Concussion (n=54) 5.45 + 3.39 1.44 + 0.42 0.76 + 0.12 0.59 + 0.12 

Hx Contact Sports (n=45) 5.92 + 3.39* 1.51 + 0.41* 0.77 + 0.13 0.59 + 0.11 

No Hx Contact Sports (n=24) 4.25 + 2.39 1.28 + 0.35 0.73 + 0.11 0.60 + 0.14 

*: Statistically significant difference from no history of contact sports group (p<.05) 
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Summary 
This study reports the effectiveness of a 6-week ankle training 
program using a stiffness-controlled robotic platform on 
paretic ankle motor control and lower extremity function in 
stroke patients. Two chronic stroke subjects with right 
hemiparesis participated in training for 12 sessions over 6 
weeks. While standing on the compliant robotic platform 
simulating rotational stiffness comparable to ankle joint 
stiffness of unimpaired individuals, subjects performed 
visually-guided target reaching ankle movement tasks in the 
sagittal and frontal planes. The proposed training not only 
contributed to the significant improvement of paretic ankle 
motor control, seen by smoother and less variable ankle 
movements, but also led to functional improvement in postural 
balance and walking, evidenced by improved Berg Balance 
Scale and 10 Meter Walk Test scores, respectively.  

Introduction 
Recent studies of joint-specific robotic training for the paretic 
ankle have demonstrated positive outcomes of improving 
lower extremity function in chronic stroke patients [1]. 
However, the training was performed in a seated position, 
which might diminish the degree of functional improvement. 

Given the importance of task-specific training in stroke 
rehabilitation, we expect that robotic ankle training would be 
more effective if performed during upright postural balance or 
locomotion. This study reports our initial findings on a 6-week 
robotic ankle training that involves visually-guided target 
reaching ankle movement tasks during upright standing. 

Methods 
Two individuals with hemiparesis post-stroke were recruited 
for this study. Both subjects were in the chronic stage after 
stroke and have moderate impairments in postural balance 
(Berg Balance Scale (BBS) ≥ 39).  

The experimental setup included a robotic platform, a visual 
feedback display, and a bodyweight support harness system. 
Subjects performed motor tasks while standing upright, 

secured by a bodyweight harness system with their paretic 
(right) leg on the robotic platform [2]. 

Subjects participated in a 6-week training program consisting 
of 12 training sessions (2 sessions/week; 1 hr/session). During 
each training session, subjects performed visually-guided 
target reaching ankle movement tasks (5º from horizontal) in 
dorsiflexion–plantarflexion (DP) in the sagittal plane and 
inversion–eversion (IE) in the frontal plane, while standing 
upright on the compliant robotic platform simulating rotational 
stiffness comparable to ankle stiffness of unimpaired 
individuals during quiet standing. Subjects were instructed to 
use their ankle to reach the target as fast as possible without 
losing control. For trials in the sagittal (or frontal) plane, 
stiffness of the platform was set as 150 Nm/rad (or 30 
Nm/rad), while movement in the frontal (or sagittal) plane was 
restricted. A total of 40 trials were completed in each of 4 
ankle movement directions, resulting in a total of 160 trials. 

Results and Discussion 

The robotic training significantly reduced the variability and 
improved the smoothness of paretic ankle motor control in all 
movement directions in both subjects, evidenced by the 
decreased standard deviation (SD) of the movement and the 
decreased number of submovements, respectively. The 
training also improved clinical scores for both postural 
balance and walking, evidenced by the increased BBS and 10 
Meter Walk Test (10 MWT) scores, respectively (Table 1). 

Conclusions 
This pilot study suggests potential benefits of the proposed 
robotic ankle training to chronic stroke patients by providing a 
desirable therapeutic target towards improved ankle motor 
control, postural balance, and walking. 
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Table 1: The percentage change of variability (SD), smoothness (number of submovements) of paretic ankle motor control from the beginning to 

the end of the training, and the the percentage change of clinical scores (BBS and 10 MWT) from pre-training to post-training assessment. 

Measures 
Subject Variability (SD) Number of 

submovements 
10 MWT BBS 

Self-selected speed Fast speed Plantarflexion 
Subject 1 -61.2 -63.0 21.4 20.8 18.2 
Subject 2 -31.6 -44.2 -2.22 55.5 5.1 
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Summary 

The association between asymmetries in quadriceps strength 

and ground reaction forces (GRF) during gait was evaluated in 

11 individuals with acute anterior cruciate ligament 

reconstruction (ACL-R). Results indicate quadriceps weakness 

is associated with reduced GRF acutely following surgery. 

Restoration of quadriceps strength symmetry may improve 

vertical and posterior GRF and reduce knee joint degeneration. 

Introduction 

Individuals with ACL-R often exhibit altered gait mechanics 

and reduced knee joint loading, which have been attributed to 

the early development of knee osteoarthritis [1,2]. Recent 

findings suggest that reduced knee joint loading (e.g. reduced 

knee extensor moment) is perpetuated by reduced vertical and 

posterior GRF, which in turn may be mediated by poor 

quadriceps strength [1]. However, it is unknown if quadriceps 

strength contributes to alterations in GRF immediately 

following ACL-R. Hence, this study investigated the between-

leg differences in quadriceps strength and gait kinetics and 

examined the associations between quadriceps strength 

symmetry and gait kinetics in individuals with acute ACL-R. 

Methods 

Five males and six females volunteered for this research (age: 

19yr; body-height: 174cm; body-mass: 72kg; time from 

surgery: 9wk; tendon graft type: 8-Patellar, 2-Hamstring, 1-

Quadriceps). Maximal isometric quadriceps strength was first 

assessed using a Biodex dynamometer (hip and knee flexion at 

90° and 60°, respectively). Next, 60s of gait kinetics (vertical 

[peak1, peak2], posterior, and anterior GRF) were collected 

while walking on a fully instrumented Bertec split-belt 

treadmill at a self-selected walking speed. Data were collected 

via LabVIEW software at 1000Hz and filtered using a zero 

phase-lag low-pass Butterworth filter (4th order, 100Hz cut-

off). Data were recorded from each leg and normalized to 

body-mass (N/kg). Limb symmetry index (LSI) was calculated 

via: (injured leg / healthy leg) × 100 [3]. Two-tailed paired t-

tests were used to identify between-leg differences in gait 

kinetics. Pearson’s product-moment correlation coefficients 

were used to determine the association between quadriceps 

strength and gait kinetics. Significance was set at α=0.050. 

Results and Discussion 

All data are reported as [mean % difference (SD); p-value] 

(Figure 1). The ACL-Reconstructed leg exhibited reduced 

quadriceps strength [−45.1 (9.6); p<0.001], vertical GRF 

Peak1 [−12.7 (6.5); p<0.001], Peak2 [−8.6 (4.5); p<0.001], and 

posterior GRF [−34.4 (18.8); p<0.001], and no differences in 

anterior GRF [−2.9 (12.6); p=0.485] when compared with the 

non-reconstructed leg. Quadriceps strength LSI was 

significantly correlated with LSIs in vertical GRF Peak1 and 

posterior GRF (r=0.661 and 0.751, p=0.027 and 0.008), but 

not correlated with LSIs in vertical GRF Peak2 and anterior 

GRF (r=0.464 and −0.276, p= 0.151 and 0.411). 

 

Figure 1: Ensemble vertical and posterior/anterior GRF for the Non-

Reconstructed (blue) and ACL-Reconstructed (maize) leg; * p<0.001. 

Our results show that individuals with acute ACL-R have 

significant reductions in vertical and posterior GRF during 

gait, which is consistent with recent findings [1]. Additionally, 

we show that quadriceps weakness is associated with 

abnormal GRF as early as ~2 months after surgery, and LSIs 

in vertical GRF Peak1 and posterior GRF held the largest 

correlations with quadriceps strength LSI. These findings 

support the idea [3] that individuals with larger discrepancies 

in quadriceps strength between legs (less symmetrical) may 

similarly possess large discrepancies in sagittal plane knee 

loading; specifically, during the loading phase. 

Conclusions 

Restoration of quadriceps strength is integral to improve gait 

symmetry and rehabilitate a patient from ACL-R. However, 

quadriceps strength only accounts for roughly half of the 

variance of vertical and posterior GRF during gait; indicating 

that other factors may also contribute to alterations in gait 

mechanics. Future research is needed to identify if restoration 

of quadriceps strength symmetry following ACL-R leads to 

subsequent restoration of loading GRF symmetry during gait. 

Acknowledgments 

National Institute of Child Health and Human Development of 

the National Institutes of Health (Grant # R21 HD092614-02). 

References 

[1] Lin PE and Sigward SM (2018). Gait Posture, 66: 83-87. 

[2] Wellsandt E et al. (2016). Am J Sports Med, 44: 143-151. 

[3] Lewek M et al. (2002). Clin Biomech, 17: 56-63. 

Friday, August 02 2019: Morning 3 (1145-1245) 837

Locomotion following ACL Loss 2



 

 

Temporal Delays in Quadriceps Muscle Activation Influence Patient Perceived Function After ACLR  
 

Julie P. Burland1, Adam S. Lepley1,2, Steven M. Davi1, Lindsey K Lepley1,2 
1Deparment of Kinesiology, University of Connecticut, Storrs, CT, United States of America 

2Department of Orthopaedic Surgery, University of Connecticut, Farmington, CT, United States of America 
Email: julie.burland@uconn.edu  

 

Summary 
Anterior cruciate ligament reconstruction (ACLR) individuals 
who exhibit atypical neuromuscular control strategies during a 
single limb forward hop demonstrate suboptimal self-reported 
function related to sport specific activities compared with 
ACLR individuals that use neuromuscular control strategies 
similar to healthy controls. The Knee Injury and Osteoarthritis 
Outcomes Score (KOOS) sport scale can be used as an 
objective measure to identify those at risk for altered 
neuromuscular strategies after ACLR.  

Introduction 

A substantial portion of patients after ACLR experience 
prolonged quadriceps dysfunction and altered knee mechanics. 
Temporal analyses of quadriceps activation patterns recorded 
during gait provide insight into the changes in neuromuscular 
strategies that occur after ACLR. Identifying if maligned 
electromyographical (EMG) onset time is different in those 
with self-reported psychological distress after ACLR would 
provide clinicians with a clinically feasible option to detect 
patients at risk for suboptimal neuromuscular strategies after 
ACLR. 

Methods 

Nineteen individuals with a history of unilateral ACLR (age: 
20.79±2.86; height: 1.7±0.10; weight: 68.53±13.25; years 
from surgery:3.5±2.85; gender: 8males/11femailes) and 8 
healthy controls (age: 23.25±1.83; height: 1.67±0.11; weight: 
66.90±13.85; gender: 4males/4females) participated in a 
single, cross-sectional controlled laboratory study. All 
individuals had previously been cleared to return to sporting 
activities. Sagittal plane knee kinematics and kinetics and 
EMG of the vastus lateralis (VL) were synchronized and 
measured using a three-dimensional motion analysis system 
during a single limb forward hop task. Healthy profiles of 
EMG VL onset times relative to peak knee extension moment 
were established using the Teager-Kaiser Energy Operator 
(EMG onset defined as median plus 3 standard deviations) for 
the task (Table 1) and ACLR individuals were split into 
typical (EMG onset occurring prior to peak knee extension 
moment) and atypical (delayed EMG onset) groups based on 
onset (healthy: n=8; typical: n=7; atypical: n= 12). 
Psychological wellness between groups was established using 
the following scales: KOOS pain, symptoms, sport and 

quality-of-life (QOL) subscale, ACL-Return-to-Sport after 
Injury (ACL-RSI) and Tampa Scale Kinesiophobia (TSK) 
scales. Group differences in psychological wellness were 
tested using one-way analysis of variance and post-hoc 
Bonferroni tests where appropriate (α-level, P≤0.05).  

Results and Discussion 
Compared to healthy individuals, all ACLR individuals 
displayed significantly worse psychological wellness on all 
self-reported measures (Table 1). Compared to those with a 
history of ACLR, the atypical ACLR group (delayed EMG 
onset) also subjectively reported less function related to sport 
and recreation.  

Table 1: Atypical ACL group exhibits reduced perceived function. 

Variable Healthy Typical ACL Atypical ACL P 

VL onset (ms) -7.22±1.4 -7.72±1.73 10.68±15.94* <0.001 

KOOS pain 100±0 92.99±7.29‡ 89.23±5.7† 0.004 

KOOS 
symptoms 

100±0 89.79±12.78 81.22±9.7† 0.005 

KOOS sport 100±0 94.16±7.63 77.14±13.8* <0.001 

KOOS QOL 100±0 84.89±14.72† 74.14±15.99† 0.002 

TSK 20.37±4.2 31.16±4.38† 33.57±5.88† <0.001 

ACL-RSI 100±0 81.31±19.59† 71.34±7.57† 0.002 

*Different from Healthy & Typical 

†Different from Healthy 

Conclusions 

ACLR individuals with suboptimal neuromuscular strategies 
exhibit reduced self-reported function related to sports related 
tasks compared to ACLR individuals that utilize 
neuromuscular strategies similar to healthy individuals. The 
KOOS-SPORT scale is valuable clinical tool that can be used 
to detect patients at risk for suboptimal neuromuscular 
strategies after ACLR.  
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Summary 

This study identified compensation strategies in ACLR 

athletes that persisted across 3 unilateral landing tasks. The 

injured limbs showed lower internal knee extension moments 

and increased hamstring activations. These compensations are 

typically seen as protective as they unload the knee joint and 

reduce anterior tibial translation. However, marker based 

Principal Component Analysis (PCA) also revealed increased 

whole body lateral lean. This has been associated with 

increased knee injury risk, suggesting that rehabilitation 

should not only focus on the knee but also address 

compensatory whole-body postural strategy disruptions. 

Introduction 

When athletes return to sport (RTS) after an ACLR they 

continue to demonstrate alterations in landing kinematics and 

kinetics [1,2]. So far, researchers have been focusing on how 

kinematics and kinetics change in every joint separately. 

However, as the human body functions in a kinetic chain, 

alterations in one joint also influence adjacent joints. 

Therefore we decided to not only use conventional 

biomechanics (joint kinematics, kinetics and muscle 

activations) to assess landing compensations and knee joint 

stabilisation strategies at RTS, but to also deploy marker based 

PCA [3] to assess whole body coordination alterations. 

Through this unique approach we wanted to emphasize that 

RTS decision should not only focus on the knee joint but also 

address whole-body postural compensations 

Methods 

Twenty one patients who had an ACLR (semitendinosus graft; 

6 females, 15 males; age: 23.4±4.3 yrs; 179.3±9.8cm; 

77.2±11.2kg) and 21 uninjured controls (6 females, 15 males; 

age: 21.5±1.5 yrs; 179.7±9.5cm; 72.5±9.3kg), all involved in 

team sports at competition level (football, basketball, 

volleyball) were included in this study. All patients had 

undergone an ACLR using a hamstrings gracilis autograft of 

the ipsilateral limb and were cleared for full return to training 

sessions (258.6 ± 54 days post-surgery) at the time of testing. 

The participants performed 3 unilateral landing tasks (single 

leg hop for distance, a lateral hop over a 0.24m high hurdle 

and a vertical hop with 90° lateral rotation) while lower limb 

kinematics were captured with 10 MX-T20 optoelectronic 

cameras (Vicon, Oxford Metrics, UK), GRF data with 2 force 

plates (AMTI, Watertown, MA, USA), and muscle activations 

of quadriceps, hamstrings and gastrocnemius muscles with 

surface EMG (Zerowire, Aurion, Milan, Italy). 

Only the data of the landing was analysed, from initial contact 

(IC) until 500ms after IC. Statistical Parametric Mapping 

(SPM) was used to compare landing kinematics, kinetics and 

muscle activations of the ACL injured leg to the uninjured leg 

(paired SPM t-test) and to the healthy control group (unpaired 

SPM t-test). A PCA was run on the marker data to assess 

whole-body coordination, revealing principal movements that 

meaningfully differentiate abovementioned observations from 

each other [3].  SPM t-tests were used to confirm differences 

in loading between these principal movements 

Results and Discussion 

The ACL group showed compensation strategies to protect 

their injured knee. Internal knee extension moments and 

vertical ground reaction forces were decreased in the injured 

legs compared to the uninjured legs, during the peak loading 

phase of all tasks (fig. 1A). Furthermore hamstrings medialis 

and lateralis activation were both increased in the ACL injured 

legs compared to the uninjured legs, and compared to the 

control group, during the entire landing phase of all tasks ( 

fig.1B). PCA showed more ipsilateral leaning in the ACL 

group, in both the injured and injured legs around IC (fig. 1C). 

 

Figure 1: A) Knee extension moment, B) hamstrings medialis 

activation and C) PCA representation of the lateral hop at IC. 

Conclusions 

ACLR athletes show task-independent compensatory landing 

strategies at time of RTS to protect their injured knee. These 

are possible strategies to enhance knee joint stability and to 

reduce ACL loading by limiting anterior tibial translation. 

However, this was accompanied with more whole-body lateral 

leaning which has been associated with increased risk for knee 

injuries. These findings emphasize that RTS criteria should 

not solely focus on the knee joint as also detrimental 

compensatory whole-body postural compensations may exist. 
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Summary 
Deficits in quadriceps strength are common following anterior 
cruciate ligament reconstruction (ACL-R) and can influence 
alterations in gait mechanics. Functional resistance training 
(FRT) may improve gait mechanics, yet, the best approach to 
implement FRT is not clear. Here, we report the acute effects of 
3 different types of FRT on vertical and anterior-posterior 
ground reaction forces (GRF) in 10 individuals with ACL-R. 

Introduction 
Quadriceps weakness is ubiquitous following ACL-R and 
contributes to altered gait [1,2]. Interventions addressing 
quadriceps strength deficits are typically performed in a static 
and non task-specific manner and may have little carry-over to 
gait [3], whereas FRT is a task-specific approach to strengthen 
muscle (i.e. during gait) [4]. Therefore, FRT may positively 
influence strength, and assist with improving gait mechanics. 
However, the best approach to implement FRT and its acute 
effects on gait mechanics in ACL-R patients are unknown. The 
purpose of this study was to identify the acute kinetic changes 
during and after FRT using 3 types of FRT: bi-directional brace 
(BD), uni-directional brace (UD), and elastic band (EB). 

Methods 
Ten individuals with ACL-R (sex: 2m/8f, age: 19yr, body-
height: 173cm, body-mass: 70kg, time from surgery: 27wk, 
tendon graft type: 6-Patellar, 2-Hamstring, 1-Quadriceps) were 
tested over 3 visits (>48hr apart). During each visit, participants 
were fitted with reflective markers on the lateral aspect of their 
hip, knee, and ankle joint of the injured leg. Walking trials were 
performed on a fully instrumented Bertec split-belt treadmill at 
1m/s and recorded using LabVIEW software. The ensemble 
average of hip and knee kinematics during 60s of normal 
walking was scaled (30%) during the swing phase of gait to 
create a target template that was projected in the endpoint space 
(i.e., as foot trajectory) using forward kinematics [5]. 
Participants were then fitted with an FRT device providing 
resistance during walking. The amount of resistance was 
adjusted to a self-reported muscular effort between 5 and 7 
(~moderate) using an OMNI scale. Participants performed 5, 
180s target-match (TM) trials attempting to match the template 
as closely as possible using real-time feedback [4,5]. 
Immediately after TM trials, the FRT device was removed and 

participants walked normally for 60s. Kinetic data were filtered 
using a low-pass 4th order Butterworth filter (100Hz cut-off) 
and variables of interest (vertical [peak 1, peak 2], anterior, and 
posterior GRF) were extracted at 3 time points (pre, TM, and 
post) and normalized to body-mass (BM). Two separate 2 
(Time) × 3 (Brace: UD, BD, and EB) repeated measures 
ANOVAs (α=0.05) were used to compare gait kinetics between 
(1) pre-post, and (2) pre-TM trials. 

Results and Discussion 
A time by condition interaction was found between pre-TM 
(p=0.037) and pre-post trials (p=0.002) (Table 1). Task 
specificity during training is important to ensure proper carry-
over; thus, the inclusion of FRT may have simultaneous effects 
on strength and gait characteristics [3]. Results indicate that the 
way in which FRT is applied affects gait mechanics. Both end-
point resistance using EB and BD FRT consistently altered 
GRF, whereas UD FRT had minimal effects. While the clinical 
benefit of FRT is not clear, the increase in vertical and anterior 
GRF may influence knee loading and walking speed, which 
influence cartilage health following ACL-R [2,6]. We note 
relatively small changes in GRF (1.2-4.1% BM), which may be 
due to the acute nature of this study. Thus, research should 
examine if the effects are enhanced through long-term training. 

Conclusions 
FRT during gait may positively affect gait mechanics; however, 
future studies are needed to examine the clinical efficacy of 
FRT to improve gait mechanics after ACL-R. 
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Summary 
Second anterior cruciate ligament (ACL) injuries occur in 
about 29% of patients following return to sport. Asymmetric 
movement patterns are associated with second ACL injury risk 
during landing. A negative psychological response during 
recovery has been associated with decreased gait symmetry. 
This study demonstrates that a negative psychological 
response is also associated with decreased symmetry during 
landing in measures associated with second ACL injury risk.  

Introduction 
As many as 200,000 ACL injuries are diagnosed annually in 
the United States.[1] Athletes returned to sport before 
appropriate restoration of function are at risk for a second 
ACL injury.[2] In the portion of patients who return to pre-
injury sport participation, up to 29% suffer a second injury.[3] 
Major risk factors for a second ACL injury include movement 
and load asymmetry.[4] Psychological factors also appear to 
be related to functional ability and willingness to return to 
sport following ACL reconstruction (ACLR).[5] Strength 
asymmetry has been proposed to contribute to landing 
asymmetry following ACLR [6], however, strength may not 
be the only factor impacting landing symmetry. Recent work 
has indicated that decreased gait symmetry is associated with 
lower psychological readiness.[7] However, the association 
between limb symmetry and psychological readiness has not 
been examined in task associated with second ACL injury 
risk. The purpose of this preliminary study was to determine 
the association between psychological readiness (Anterior 
Cruciate Ligament Return to Sport After Injury (ACL-RSI) 
and the Tampa Scale of Kinesiophobia) and side-to-side 
symmetry when landing from a jump. We hypothesize that 
patients with decreased psychological readiness will have 
decreased symmetry.   

Methods 
16 primary, unilateral ACLR patients (7 male, 9 female) (age: 
16.6±2.0 years, height: 1.71±0.10 m, weight: 70.2±15.7 kg) 
who had recently been cleared for sport specific training (28±6 
weeks post-operative) participated in this IRB approved study.  
Each patient completed a jump landing assessment with a 
modified Helen-Hayes marker set using a 10 camera motion 
capture system (120Hz) (Qualysis, Sweden) and 2 embedded 
force plates (1440 Hz) (AMTI, MA, USA). Seven stop-jump 
trials were collected with the patients wearing a standard 
neutral cushioning running shoe (Pegasus, Nike, Beaverton, 
OR, USA). Visual 3D (C-Motion, MD, USA) was used to 
calculate joint kinematics and kinetics. Each patient also 
completed the ACL-RSI and the Tampa Kinesiophobia scale 
to assess psychological readiness to return to sport. Pearson 
correlations were used to determine the association between 

psychological readiness and limb symmetry. Because our a 
priori hypothesis were directional, one-tailed tests were used, 
with a significance level of p<0.05. 

Results and Discussion 
The results of this preliminary analysis indicate that there is a 
moderate positive correlation between the ACL-RSI and the 
peak vertical ground reaction force (peak vGRF) limb 
symmetry index (r=.435; Table 1).  In addition, there is a 
moderate negative correlation between the Tampa Scale of 
Kinesiophobia (Tampa) and the peak vGRF limb symmetry 
index (r= -.496).  These results are similar to previous studies 
that have reported an association between a lack of 
psychological readiness and a decrease in side-to-side 
symmetry during gait [6].  While this moderate association has 
been identified, it is not clear whether asymmetry leads to a 
negative psychological response or if the psychological 
concerns following rehabilitation and return to sport are 
driving the compensatory motor patterns resulting in side-to-
side asymmetry. Future work is needed to determine if 
psychological intervention can improve movement patterns or 
if movement retraining can improve psychologic readiness to 
return to sport.   

Table 1: Association between limb symmetry and psychological 
readiness 

Peak Knee Ext. 
Moment LSI

Peak vGRF 
LSI

GRF 
Impulse LSI

Frontal Plane 
ROM LSI

Pearson Correlation 0.061 0.435 0.038 -0.263
Sig. (1-tailed) 0.411 0.046 0.445 0.162
Pearson Correlation -0.163 -0.496 -0.316 0.135
Sig. (1-tailed) 0.273 0.025 0.117 0.309

ACL-RSI

Tampa
 

Conclusions 
A negative psychological response is associated with a 
decrease in movement and loading symmetry during landing 
in ACLR patients. It is important to assess both psychological 
readiness and movement symmetry when making return to 
sport decisions. Future work needs to address the importance 
of psychological readiness on second ACL injury risk.  
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Summary  

The purpose of this study was to determine the association 

between corticomotor excitability (CME) of the gluteus 

maximus (GM) and the average hip extensor moment during 

single-leg drop jump. Thirty-two healthy individuals (17 

females, 15 males) participated. The slope of the input-output 

curve obtained from transcranial magnetic stimulation was 

used to assess CME of GM. The average hip extensor moment 

during the stance phase of the single-leg drop jump was 

calculated to represent use of hip extensors. A significant 

positive correlation between CME of GM and the average hip 

extensor moment during the single-leg drop jump was found 

(r= 0.45, p= 0.01). Our findings suggest that the use of the hip 

extensors is associated with the strength of the descending 

neural drive along the corticospinal pathway and highlights 

the importance of centrally-mediated factors related to lower 

extremity biomechanics.  

Introduction 

Various knee injuries such as patellofemoral pain and anterior 

cruciate ligament injuries have been linked to a lower 

extremity movement pattern that favors use of the knee 

extensors relative to the hip extensors [1]. Insufficient strength 

of the hip extensors relative to the knee extensors has been 

proposed to underlie this high-risk biomechanical strategy, 

however muscle strength only explains a small amount of the 

variance (17%) in this movement pattern [1].  

Apart from diminished strength, altered motor control has 

been suggested to underlie high-risk lower extremity 

movement patterns. Centrally-mediated control factors 

influence how the muscle is used and can be probed by testing 

the excitability of the corticomotor pathway for a specific 

muscle [2,3]. This is done by measuring the amplitude of 

evoked potentials produced in the muscle by transcranial 

magnetic stimulation (TMS). Although TMS has been used to 

study upper extremity muscles, there is little research 

examining  the relationship between corticomotor excitability 

(CME) and lower extremity biomechanics. To date, the 

association between corticomotor control and movement 

impairments related to knee injury is unknown. Therefore, the 

purpose of the current study was to determine the association 

between CME of gluteus maximus (GM) and the average hip 

extensor moment during single-leg drop jump. 

Methods  

Thirty-two healthy participants (17 females, 15 males) 

underwent two phases of data collection (TMS and 

biomechanical assessment). CME of GM was quantified using 

single-pulse TMS during 20% of maximal voluntary isometric 

contraction. The peak linear slope of the input-output curve 

(IOC) which covered stimulation intensities ranging from 100 

to 200% active motor threshold was used as the measure of 

CME.  

For biomechanical testing, participants performed 5 trials of  

single-leg drop jump from a 0.2 m high box. Inverse dynamics 

equations were used to compute the hip extensor moment. The 

average of the 5 trials were used for data analysis. Pearson’s 

product moment correlation was used to examine the 

association between the average hip extensor moment during 

the stance phase of the single-leg drop jump and the CME of 

GM.  

Results and Discussion 

A positive correlation between the peak slope of the IOC of 

GM and the average hip extensor moment was found (r=0.45, 

p=0.01, Figure 1). This finding suggests that the use of the hip 

extensors is associated with the strength of the descending 

neural drive along the corticomotor pathway of GM. This 

suggests that altered motor control may play a role in 

movement behavior thought to be contributory to knee injury.   

 

Figure 1: Relationship between the slope of the IOC of GM and hip 

extensor moment during single-leg drop jump. 

Conclusions 

This study demonstrated for the first time how CME of GM is 

associated with hip kinetics during single-leg drop jump. 

Future studies will determine if training of movement 

behavior that emphasizes greater use of the hip extensors is 

assocatied with changes in GM CME.  
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INTRODUCTION

Previous study found that shoe cushioning did not change
the impact characteristics during active landing, e.g., drop
jump landing, but it decreased the peak impact when
neuromuscular activity was reduced [1]. Besides, long time
and high intensity exercise always lead to fatigue, and
fatigue will lead to change in neuromuscular activity [2]. So
whether if shoe cushioning has the same effect during drop
jump landing after fatigue? Meanwhile there were few
studies about shoe cushioning and fatigue in landing tasks.
Therefore, the purpose of this study was to examine the
effect of the highly cushioned shoe on impact characteristics
and kinematics of the lower limbs under fatigue conditions
during drop landings.

METHODS

Fifteen male basketball players (age: 22.1 ± 1.7 yrs, height:
179.3 ± 3.2 cm, mass: 72.2 ± 5.5 kg) performed drop
landings from 60cm height in pre- and post-fatigue with
highly-cushioned shoes (HS) and less cushioned control
shoes (CS) (Figure1). Sagittal plane kinematics and vertical
ground reaction force (vGRF) were collected by 10 Vicon
cameras (240Hz) and 2 Kistler force plates (1200Hz)
simultaneously. The loading rate (LR) was also calculated.
The fatigue protocol comprised five consecutive vertical
jumps, followed by a series set of 4 × 15-m shuttle sprints.
Participants were required to repeat the aforementioned
sequence with their maximal effort until their jumping
heights were less than their 70% maximum height for all
five jumps [3]. The rated perceived exertion (RPE) was used
to evaluate the exertion degree immediately after fatigue [4].

The variables included: the contact angle (θcont) and the
minimum angle (θmin) of hip, knee, ankle joints; the first
peak (vGRF1) and second peak (vGRF2) of vGRF; the first
peak (LR1) and second peak (LR2) of LR, the time to first
(tGRF1) and second peak impact force (tGRF2), and the time
to first (tLR1) and second peak of LR (tLR2). Two-way
repeated measures ANOVA were used to determine the
effects of fatigue and shoes on these variables.

Figure 1: highly - cushioned shoes (left) and less cushioned
control shoes (right)

RESULTS AND DISCUSSION

(1) For hip, the θcont of HS was significantly smaller than
CS before fatigue. For knee, there was an interaction effect
between the shoe condition and the fatigue condition, which

is mainly manifested by the fact that the θmin of HS was
significantly smaller than that of CS before fatigue. The θcont
of HS was significantly smaller than CS before fatigue. For
ankle, the θcont of HS was greater in post fatigue than that of
before fatigue (p < 0.05). The θmin of HS was significantly
greater in post- fatigue than that of in pre-fatigue, and the
θmin of CS was smaller than the angle of HS in post- fatigue
(p < 0.05).

(2) The vGRF2, LR1 and LR2 of HS were significantly lower
than that of CS after fatigue. Meanwhile the tGRF1 of HS
was longer than CS after fatigue (p < 0.05). In addition, the
LR2 of HS was significantly lower compared with CS in pre-
fatigue (Figure2).

Figure 2: Influence of different shoe conditions on impact force
and loading rate pre/post- fatigue.

CONCLUSION

These results suggest that shoe cushioning may make only a
limited contribution to reducing landing impact forces
before fatigue. However, in the situation where
neuromuscular activity is reduced or absent, as in post
fatigue, wearing a highly-cushioned shoe can significantly
reduces the peak impact force and loading rate during
landing.
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SUMMARY 

This study examined the role of cutaneous sensory feedback 
on the soles of the feet for a maximal motor output task. 
Participants performed maximum vertical squat jumps 
(MVSJ) under baseline, cooled, and recovered conditions. 
MVSJ height, jump preparation average force and impulse 
were lower in the cooled condition compared to baseline and 
recovered conditions, while contact time was greater between 
cooled and baseline. These results suggest cutaneous sensory 
feedback plays a critical role in maximal vertical jumping. 

INTRODUCTION   

Cutaneous sensory feedback is critical for optimal 
performance of many fine motor tasks [1]. The removal of 
cutaneous sensory feedback in the fingers using anesthesia 
has demonstrated decreased maximal and sub-maximal 
voluntary force production [2,3]. However, little is known 
about the role of cutaneous sensory feedback in maximal 
motor output actions such as vertical jumping. Therefore, the 
purpose of this study was to investigate the role of cutaneous 
sensory feedback (reduced via cooling) on MVSJ height. We 
assumed that the relationship between reduced cutaneous 
feedback and finger force production would generalize to the 
lower limb, and hypothesized that MVSJ height would 
decrease following cooling of the plantar surfaces of the feet.   

METHODS 

Fifteen healthy young adults (20.9±1.4yrs) were recruited and 
participated after providing written informed consent of the 
study procedures approved by the University of Maryland 
IRB. Participants performed 3 trials of the MVSJ for each of 
three different conditions: baseline, cooled, and recovered. 
All jumps were performed barefoot. Following the baseline 
jumps, participants submerged the plantar surfaces of both 
feet in an ice-water bath for 15 minutes then immediately 
performed MVSJ again. Participants then rested for 15 
minutes to allow the feet to naturally warm-up. Recovered 
MVSJ were then performed and recorded. Prior to the 
performance of each of the three jumping conditions the 
temperature of the plantar surfaces of the feet were recorded 
(Fluke IR Thermometer, Fluke Corporation, Everett, WA). 
Ground reaction forces (GRF) during the MVSJ were 
recording using two force plates (1000Hz, Kistler, Amherst, 
NY). The trial with the maximum jump height under each 
condition was selected for analysis. Within-subjects repeated 
measures ANOVA (α=0.05) was performed to compare the 
average force, time duration, impulse, and maximum jump 
height between conditions.  

RESULTS AND DISCUSSION 

The mean(±SD) plantar surface skin temperatures for the 
baseline, cooled, and recovered conditions were 24.9±2.0°C, 

11.9±2.6°C, and 22.3±2.8°C, respectively. MVSJ height 
during the cooled condition was lower compared to both the 
baseline and recovered (p<0.001) and there was no significant 
difference in jump height between the baseline and recovered 
conditions (Figure 1). Prior to take-off, impulse and average 
force for the cooled condition were lower compared to 
baseline and recovered (p<0.001), while no significant 
difference was seen between baseline and recovered. The pre-
takeoff time duration of jump preparation was greater in the 
cooled condition compared to baseline (p<0.05).  

 
Figure 1: Mean(±SD) force, time duration, impulse, and jump 
height for baseline, cooled, and recovered MVSJ conditions. 
*p<0.05, **p<0.001 

CONCLUSIONS 

Participants responded to the evident loss of maximum force 
production by increasing contact time duration, but this was 
not enough to achieve the impulse needed to match the 
baseline MVSJ height. These findings suggest that cutaneous 
sensory feedback plays a critical role in maximal motor 
outputs in vertical jumping, which is consistent with the 
previous reports on fine motor tasks such as maximal finger 
force production.  
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SUMMARY 

Acute knee injuries are the most prominent of all severe 

sporting injuries, whereby neuromuscular deficits and aberrant 

knee mechanics during landing are well documented as 

contributing factors [1,2,3]. Participants with greater 

proprioceptive acuity were found to land with decreased knee 

flexion at initial contact (IC), however did not experience an 

increase in ground reaction force (GRF).  

INTRODUCTION  

Acute knee injuries account for 32.9% of all severe sporting 

injuries, with a high proportion of these occurring with non-

contact mechanisms such as landing [1]. It has been proposed 

that landing with a “stiffer” landing technique, by way of 

decreased knee and hip flexion, may increase the risk of acute 

knee injury occurrence due to increased GRF and peak knee 

extension moments [3]. This is, however, contrary to evidence 

that quadriceps muscle force steadiness is greater while the 

knee is in a more extended position indicating enhanced 

neurological control within this range of movement [2]. The 

purpose of this study was to investigate the interactions 

between proprioceptive acuity, sagittal plane knee kinematics, 

and GRF during unilateral landing. 

METHODS 

Thirty-nine uninjured participants, 19 male (22.35±2.64 years, 

181.3±0.07cms, 84.7±10.71kgs) and 20 female (21.1±1.82 

years, 165.7±0.06cm, 66.7±7.07kgs) attended two testing 

sessions with a three-day washout period between. 

Participants completed an active joint position reproduction 

test (AJPRT) and a unilateral hop task. The AJPRT assessed 

how accurately participants could reproduce 40 degrees of 

knee flexion during a squat. Blindfolded participants were 

guided to 40 degrees knee flexion in a bilateral squat position, 

which was held for five seconds before returning to standing. 

Participants were required to reproduce the 40 degree angle 

five times. The unilateral hop task required participants to hop 

forward a distance equal to 40% of their height, taking off 

from and landing on their dominant leg. 

Proprioceptive acuity was determined by calculating the 

average error value across all active joint position 

reproduction test trials. Data was normally distributed and 

Pearson’s correlational coefficient was used to evaluate 

significant relationships between the AJPRT error values and 

hop test variables. Significance was achieved where p <.05. 

RESULTS AND DISCUSSION 

When targeting 40 degrees of knee flexion during the AJPRT, 

the average error value was 8.8 degrees (Figure 1). A 

significant correlation was found when comparing the error 

values of the same participant across the two sessions (r= .615, 

P<.001), confirming the reliability of the AJPRT protocol. A 

significant correlation was also identified between error value 

in the AJPRT and knee flexion at IC in landing (r=.432, 

P=.017), however, no significant relationship found between 

error value and knee flexion excursion in landing or GRF. 

Previous research has identified an IC knee flexion angle 

closer to full extension as a risk factor for knee injury, due to 

the associated increase in GRF [4]. Participants that displayed 

greater proprioceptive acuity experienced no significant 

difference in GRF despite a significant decrease in IC knee 

flexion. This may suggest that proprioceptive acuity aids the 

dispersion of GRF during landing due to an increased 

awareness of joint position.  

 

Figure 1: Three dimensional images depicting the AJPRT target 

angle, and the average error value ± 8.8 degrees. 

Given the reduced muscular requirements of the quadriceps 

when the knee is closer to extension [2], these findings may 

suggest increases in neurological function, associated with 

enhanced proprioceptive awareness, allow participants to 

safely land with a decreased knee flexion angle. This is of 

interest to clinicians, as a greater emphasis on proprioceptive 

assessment and rehabilitation may be warranted when 

attempting to reduce the incidence and recurrence of acute 

knee injury. 

CONCLUSIONS 

Individuals with greater proprioceptive acuity may have a 

tendency to land with less knee flexion due to superior 

neuromuscular control, without bringing about changes in 

GRFs.  
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Summary 
Multitasking represents a common activity in sports, but it is 
unknown whether domain-specific cognitive ability can 
predict the effect of these scenarios on knee mechanics. The 
relationships between baseline cognitive ability and knee 
mechanics were characterized during a drop-jump landing task 
under varying types of cognitive loads in a group of female 
recreational athletes. A more ‘tunnel-visioned’ multitasking 
strategy was associated with increased knee abduction angle in 
the presence of multiple simultaneous cognitive challenges.  

Introduction 
The role of cognition in ACL injury risk [1] and increased 
knee abduction [2,3] has been proposed, but is not well-
understood. Processing speed appears related to knee 
mechanics during unanticipated movements [2], whereas 
visual-spatial memory more strongly associates with knee 
abduction during a sport-specific, anticipated dual-task [3]. 
However, many sport tasks require a combination of cognitive 
challenges, and it is unclear how these scenarios influence 
relationships between cognition and knee mechanics.  

The purpose of this study was to identify cognitive domains 
associated with ACL-relevant knee mechanics during a drop-
jump task that introduced varying types of isolated or 
combined cognitive challenges (reacting, working memory, 
visual attention, multitasking). We hypothesized the 
relationships between cognitive domains and knee mechanics 
would differ between jumping conditions, and that 
multitasking ability would be associated with knee abduction. 

Methods 
Female recreational soccer and basketball athletes (n=12, 
1.71±0.06m, 19.6±2.1yr, 63.04±7.94kg) participated in the 
study. The first visit consisted of a cognitive test battery to 
characterize baseline working memory (WM), processing 
speed (PS), attentional control (AC), and multitasking (MT) 
abilities [4,5]. Composite z-scores represented baseline 
cognitive ability in these domains, where the MT composite 
score combined performance on concurrent primary and 
distractor tasks. On a separate day, participants performed a 
jump-land-jump task [2]. Randomly ordered jumping 
conditions included: 1) baseline: anticipated with no added 
cognitive load, 2) unanticipated (U): reacting to a directional 
cue (straight up, left, right) that was provided 250ms prior to 
initial contact from the initial jump off the 30cm box to 
indicate the direction of the second jump [2], 3) recall (R): a 
visual array of letters was presented for 1s prior to the initial 
jump that participants memorized and then recalled a 
randomly chosen letter after performing the anticipated jump, 
4) identify/recall (IR): the same protocol as R, but the letter 

that had to be recalled was displayed during the initial jump, 
250ms prior to initial contact, and 5) unanticipated 
identify/recall (UIR): the same procedure as IR, except a 
directional cue for the secondary jump direction was provided 
along with the letter to be recalled 250ms prior to landing. 
Three trials were recorded for each condition in each direction, 
but only data for the straight up direction and dominant limb 
are analysed here. Kinematic and kinetic data were recorded at 
250 Hz and 1000 Hz, respectively, and then 4th-order lowpass 
Butterworth filtered at 15 Hz. A 22 degree of freedom inverse 
kinematic model was used to calculate knee joint angles and 
moments (Visual3D). Peak knee abduction angle (pKAbA) 
and moment (pKAbM) within 50ms of initial contact were the 
primary outcomes, with positive values indicating abduction. 
Change in these outcomes (ΔpKAbA, ΔpKAbM) relative to 
the baseline condition were the two dependent variables. 
All cognitive composite z-scores were entered as candidate 
predictors for stepwise linear regression (αenter= αremove=0.15) 
to identify cognitive domains that were associated with 
ΔpKAbA or ΔpKAbM during the four jumping dual-
/multitask conditions. Model significance was set at α=0.05. 

Results and Discussion 
MT and PS composite scores were included in models for 
ΔpKAbA for R (R2= 60%, p=0.02) and IR (R2=54%, p=0.03), 
but individual predictor coefficients did not reach significance. 
MT composite score independently predicted ΔpKAbA for 
UIR (R2=70%, p=0.001, Figure 1). A multitasking strategy 
that emphasized a primary task while neglecting distractor 
tasks was associated with increased ΔpKAbA. No models 
reached statistical significance for ΔpKAbM. 

 
Figure 1. Association between multitasking composite score and 
ΔpKAbA for the unanticipated, identify/recall jump condition. 

Conclusions 
Multitasking strategy appears to be associated with knee 
kinematics while jump landing with multiple simultaneous 
cognitive challenges in female soccer/basketball athletes.  
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John E. Lloyd1, Antonio Sanchéz1, Ian Stavness2, Sidney Fels1

1Electrical and Computer Engineering, University of British Columbia, Canada
2Computer Science, University of Saskatchewan, Canada

Email: lloyd@ece.ubc.ca

Summary

This presents the capabilities and recent features of ArtiSynth
(www.artisynth.org), a free, open source 3D modeling system
developed at the University of British Columbia to support
combined multibody and finite element (FEM) simulation. It
provides a large selection of modeling components together
with a highly interactive platform that allows users to inspect
and simulate their models, and is currently being used for a
broad range of applications in biomechanics, medicine, den-
tistry, and linguistics.

Introduction

Anatomical models commonly employ either a coarse grained
multibody approach (e.g., OpenSim[1], AnyBody) to com-
bine rigid bodies, joints, and line-based muscles for simulat-
ing large scale motion and behaviors, or a fine grained FEM
approach (e.g., FEBio[2], OpenCIMSS, ANSYS) to simulate
small scale stresses and strains. In practice, it is often useful to
combine these, for example, by using an FEM model near an
area of interest together with more efficient multibody models
of more distant structures. ArtiSynth [3] has been specifically
designed to support this capability.

Figure 1: Top: FRANK head/neck model [4]. Bottom: TIMC
FEM foot model [5] with embedded bones and muscles.

Methods

ArtiSynth is written in Java, and provides a class library im-
plementing a rich set of components for modeling 3D, 2D and

1D structures (Figure 2). These include particles, rigid bodies,
line and frame-based springs, finite elements, joints, contact,
and attachments. Components are typically assembled using
Java code into a model hierarchy which can then be viewed
within the GUI (Figure 1, top). Component properties (e.g.,
mass, stiffness) can be interactively queried and adjusted.

Simulation is implemented using a multibody framework with
enhancements to support finite element modeling, including
implicit integration and mechanisms for connecting compo-
nents together. Simulation can be controlled using either
streams of input/output data (known as probes) attached to
model properties, or custom-defined controller and monitor
classes. Recently added features include:

• transformable geometry, using affine transforms or non-
rigid deformation fields, for subject-specific modeling;

• shell and membrane elements, which can be used solo or
embedded within 3D models;

• muscle wrapping, allowing muscle strands to wrap
around rigid obstacles with general shape.

Figure 2: Left to right: 3D FEM masseter model, 2D shell
elements, 1D muscle strand wrapped around a general surface.

Results

ArtiSynth is currently being used for diverse applications in-
cluding: musculo-skeletal modeling, functional modeling of
swallowing, mastication and speech, and studies of surgical
treatment planning for the head/neck region. Good examples
of its multibody/FEM capabilities include the FRANK head
and neck model [4], and the TIMC foot model [5] (Figure 1).
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Summary 

The human masticatory region is a highly complex 

biomechanical apparatus. A connection between joint 

problems and increased joint loads has been suggested in 

previous literature, but in vivo investigations of the joint load 

are not possible. Biomechanical computer simulation remains 

one of the only tools to investigate the workings of this 

complex system. To increase the understanding of the internal 

workings of the joint, the presented project, highlights a novel 

computational model of the jaw region. The combination of a 

muscle-driven rigid body model with a detailed FEM TMJ 

disc, built from actual MRI data, allows the thorough 

investigation of joint loading during various real-life tasks of 

the masticatory system.  

Introduction 

The human masticatory region is a highly complex 

biomechanical apparatus of the human body. The TMJ has an 

articular disc located between the mandible and the skull. This 

disc is important for jaw movement as well as joint force 

absorption and transfer [1]. A connection between temporo-

mandibular disorders (TMD) and increased joint loads has 

been suggested in previous literature [2], but in vivo 

investigations of the joint load are not possible. Hence, 

biomechanical computer simulation remains one of the only 

tools to investigate the workings of this complex system. 

Historically, two categories of jaw models can be identified 

[3]. Dynamic rigid body models use computed muscle forces 

to drive the simulations and often run in real-time and are a 

valuable tool for the investigation of larger movements but use 

rather simple joint representations. Finite element models 

(FEM) contain detailed meshes of the involved joint structures 

but are computationally expensive and are generally used for 

static or quasi-static investigations of joint loads, rather than 

for more physiological cases of joint loads (e.g. mastication).  

Due to these facts, the aim of this project was to develop a 

dynamic model of the masticatory region, containing a 

detailed FEM TMJ representation that enables the 

investigation of TMJ loading during muscle-driven tasks, 

while allowing for comparatively short simulation times.  

Methods 

The model was built using medical imaging data from one 

healthy volunteer. Details on image acquisition and processing 

have been described in a prior publication [4]. In short, we 

acquired MRI scans of both TMJ regions for different 

mandible positions. Mandible and disc position, as well as disc 

shape, were used to validate the presented model. Simulations 

were performed using the ArtiSynth modelling toolkit 

(www.artisynth.org). 

To speed up the simulations we used an elastic foundation 

contact (EF) approach to model articular cartilage layers. The 

TMJ discs were segmented from high-resolution MRI scans 

and were included as FEM models with material parameters 

taken from literature. The capsule of the TMJ was modelled 

using a combination of four axial springs per joint, with 

distributed attachment over multiple FEM nodes. Wrapping 

capability were added for the anterior “ligaments”.  

Results and Discussion 

Results for a passive opening simulation show a mouth 

opening of 6 mm, while an active opening simulation 

computes a gap of 32 mm. Comparison between simulated end 

positions for opening and protrusion with positions of the TMJ 

structures from the MRI scans showed good agreement, for 

disc as well as mandible positions. Only slight differences in 

deformation of the discs can be observed. A simulation of a 1s 

dynamic movement takes roughly 530 seconds. 

To bring biomechanical computer simulation into clinical 

practice it is important to keep simulation times short, while 

delivering an appropriate level of detail. We try to solve this 

problem by using an EF contact model for TMJ articular 

cartilage. On the other hand, the TMJ disc is a well-studied 

structure of high importance was included using a full FEM 

approach. 

Conclusions 

The project presented in this abstract, highlights a novel 

computational model of the masticatory region. The 

combination of a muscle-driven rigid body model with a 

detailed FEM TMJ disc, built from the MRI data of a healthy 

volunteer, allows the thorough investigation of joint loading 

during various real-life tasks of the masticatory system. Our 

accelerated simulation framework will aid in translating high 

fidelity simulations into the clinic and presents a unique tool 

for the future investigation of the connection of TMDs and 

TMJ loading. 
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Summary 

Incorporating variable muscle coordination strategies into 
concurrent simulations of full body movement and joint 
mechanics revealed that muscle co-contraction has significant 
effect on knee cartilage loading during late stance in walking.   

Introduction 

Knee joint behaviour during locomotion results from 
interactions between neuromuscular coordination, passive 
tissues, and articular contact mechanics. Due to the 
complexity of this dynamic system, these variables are often 
studied in isolation. Musculoskeletal models with simplified 
knee joints are used to investigate neuromuscular coordination 
during movement. Then, finite element models predict the 
interaction of muscle, ligament, and cartilage loads at the joint 
level. We applied a novel simulation routine that incorporates 
the interaction between neuromuscular coordination and knee 
mechanics to investigate the effect of muscle coordination on 
cartilage and ligament loading during walking. 

Methods 

A multibody knee model with independent femur, tibia, 
patella, and menisci bodies was constructed from MR images 
and integrated into a musculoskeletal model [1]. The bodies 
were connected by six degree of freedom (DOF) joints. 
Ligaments were represented by bundles of nonlinear springs. 
Cartilage and meniscal contact was represented using an 
elastic foundation model. 

  
Figure 1: Predicted muscle activations and knee cartilage loading at 

the 1st and 2nd peaks of tibiofemoral loading.  

Full body kinematics and ground reaction forces were 
measured in a motion analysis lab during overground walking. 
The Concurrent Optimization of Muscle Activations and 
Kinematics (COMAK) simulation routine, was used to predict 
muscle forces, ligament loads, and cartilage and meniscal 
contact pressures during walking [2]. COMAK simultaneously 

optimizes muscle activations and secondary knee kinematics 
(5 tibiofemoral DOF, 6 patellofemoral DOF, and 12 menisci 
DOF) to satisfy both whole-body and joint-level movement 
dynamics, while minimizing a weighted squared muscle 
activation objective function. A high throughput computing 
cluster was used to perform 10,000 simulations where the 
weights on each muscle were parametrically varied to generate 
altered neuromuscular coordination strategies and the resulting 
knee mechanics were investigated.  

Results and Discussion 

Variations in neuromuscular coordination induced greater 
alterations to the lateral compartment compared to the medial. 
The greatest effect occured during late stance where the hip, 
knee, and ankle moments were redistributed between the 
uniarticular and biarticular muscles. Here, the rectus femoris, 
gastrocnemii, and soleus activations exhibited the strongest 
correlations with the predicted knee mechanics. 

 
Figure 2: The sensitivity of tibial cartilage contact pressures during 

walking induced to variations in neuromusclar coordination.  

Conclusions 

Concurrent simulation of muscle driven full body movements 
and detailed joint mechanics enable investigations into role of 
neuromuscular coordination in knee soft tissue loading. This 
framework has potential to provide important insights into 
clinical observations and rehabilitation protocols.  
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Summary 

A biomechanical model of the lower limb with active three-

dimensional (3D) muscles is developed in the open-source 

Artisynth platform (www.artisynth.org) to simulate knee 

movement. This model is going to be used in particular to 

broaden our knowledge about the biomechanical effects of 

high tibial osteotomy surgery and to assist the surgical 

planning procedure. The model geometry has been 

reconstructed from MRI and CT data of a reference subject. 

The joint movement is acquired by activating various muscle 

groups. The joint kinematics as well as contact pressure 

distribution is monitored.  

Introduction 

High tibial osteotomy (HTO) is a common surgical procedure 

for treatment of patients with early-stage osteoarthritis that has 

damaged a single side of the knee joint. It can relieve pain and 

significantly improve the patients’ joint function by reducing 

the pressure of the damaged side. However, the success rate 

seems to be strongly affected by the quality of the deformation 

correction, which is indeed related to surgical planning and the 

physical execution of the plans [1]. An accurate pre-planning 

in addition to a better understanding of the biomechanical 

effects of HTO is thus essential to ensure that the correct 

lower limb alignment is achieved postoperatively. A 

significant alternative to the experimental studies is the use of 

computer modelling techniques. As a result, many 

biomechanical models of the knee joint with different levels of 

complexity exist in the literature. However, the number of 

biomechanical studies concerning the HTO intervention is 

relatively small and they seem to suffer from lack of precision 

in modelling the connecting soft tissue structures and the 

muscles [2,3]. Thus, the objective of this study is to generate a 

patient-specific biomechanical model of the lower limb 

including 3D active muscles so as to acquire a practical tool to 

simulate a variety of knee movements and use it in particular 

for the simulation of high tibial osteotomy.  

Methods 

To better understand the mechanical and functional 

consequences of HTO, the knee kinematics as well as 

individual soft tissue contributions need to be monitored. The 

classical musculoskeletal (MSK) modelling technique based 

on 1D muscles models facilitates simulating joint kinematics 

but is not capable of monitoring the stress and strain 

distribution inside the 3D anatomical structures. In addition, 

the accuracy of such biomechanical models with 1D line-

segment muscles is limited most importantly because the 

muscle insertion area, muscle fiber directions and the 

contacts/sliding between the muscles are not taken into 

account. This can be addressed by the use of Finite Element 

(FE) modelling technique that enables us to capture the 

individual soft tissue contributions and joint motion 

simultaneously in response to a given loading condition. 

Hence, the model in this study is generated in Artisynth which 

is an open-source 3D modelling platform supporting the 

combined simulation of multibody and finite element models. 

The 3D geometry of the muscles and bones were reconstructed 

based on the medical images of a healthy subject. MRI and CT 

images were used to perform manual segmentation in Amira 

software and to acquire the 3D surface of the bones and 40 

soft tissue components consisting of the muscles, joint 

connective tissues, articular surfaces and menisci (Figure 1a). 

The bones were modeled as rigid bodies and the soft tissues as 

FE meshes. Muscle fiber directions are assigned along the 

length of the muscles. Contact has been defined between the 

bones and muscle components, having frictionless tangential 

behavior and hard normal behavior. The flexor and extensor 

muscle groups are activated to simulate a variety of knee 

movements (Figure 1b).  

a          b  

Figure 1: a. Reconstructed 3D surfaces of the lower limb muscles,    
b. The FE model generated in Artisynth 

Results and Conclusion 

The developed biomechanical model of the lower limb with 

3D active muscles is capable of generating various knee 

movements by activating the muscle groups. The joint 

kinematics and contact pressure distribution on the articulation 

is monitored. This model is the first step in developing a 

patient specific model to study the mechanical and functional 

effects of HTO.   
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Summary 

The overall goal of this project is to use computer simulation 

tools to simulate the impact of radiation therapy (RT) 

treatment for oropharyngeal cancer. We further describe the 

advantages and challenges of investigating radiation impact 

using computer simulation.  

Introduction 

In 2017, 4,700 Canadians were diagnosed with oropharyngeal 

cancer [1], and this number is expected to increase because of 

the human papilloma virus. Current treatments of 

oropharyngeal cancer include surgery, chemotherapy and RT.  

These options cause detrimental side effects including fibrosis, 

reduced motor and sensory control, that impact vital oral 

cavity structures such as the tongue along with structures of 

the oropharynx [2]. These side-effects result in severe 

reductions in basic oral and oropharyngeal functions including 

chewing, swallowing and speech. One perceived advantage of 

RT is that it preserves patient anatomy. However, despite this 

advantage, measurable decrements in muscle function have 

been reported [2]. This indicates that there is an unclear 

relationship between RT impact, anatomical impact, and 

muscular function.  

To investigate the impact RT on oral motor function, previous 

studies have used various methods including imaging, 

kinematics, and acoustics [3,4]. While these methods have 

provided important findings on functional outcomes, they 

have several limitations. Specifically, an understanding of how 

the different components of the oral system (e.g., the tongue, 

jaw and palate) interact is limited. These interactions influence 

oral biomechanics and motor function. To address this 

problem, we propose using a biomechanical simulation of oral 

cavity, registered to specific patients. Forward simulation of 

this model will be used to reproduce baseline tongue/jaw 

motions indicative of key oral motor functions. The model 

will then be modified to emulate the effects of RT and asses 

its effect on these baseline motions.   

Methods 

For our simulation, we use ArtiSynth (www.artisynth.org, 

[5]), an open-source system supporting combined multibody 

and finite element (FEM) simulation. ArtiSynth supplies a 

generic jaw-tongue model [6] that includes discrete point-to-

point jaw muscles combined with an FEM tongue model with 

intrinsic muscles. Using this model, we will simulate baseline 

motions by activating the various muscles; inverse simulation 

will be used to help determine the baseline excitations. A 

marker will be placed on the tip of the simulated tongue to 

track tongue position. simulation, we will RT impact will then 

be simulated by modulating baseline excitations and changing 

the material properties of both point-to-point muscles and 

FEM elements to emulate radiation induced damage (e.g., 

scarring). Overall RT impact will be operationalized as a 

reduction in the ability to track jaw-tongue trajectories.   A 

summary of this workflow is presented in figure 1.  

 

Figure 1: Proposed ArtiSynth workflow.  

Results and Discussion  

As an initial step, we will compare artificially created baseline 

and RT tongue trajectories. Future steps will include 

understanding the RT impact on the jaw-tongue system as 

whole.  Finally, we will validate the simulation model using 

subject specific data collected from kinematics [4], and 

radiation dosimetric data [7]. The advantages and limitations 

of using simulation to assess RT impact on tongue 

biomechanics will be discussed. A detailed workflow will also 

be presented. 
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Summary 
Wearable sensors, including inertial measurement units 
(IMUs), are portable and affordable and are quickly becoming 
a common alternative for biomechanics research. As the 
biomechanics community begins to embrace this technology 
and the ability to move out of the traditional laboratory setting, 
there are unexpected challenges and new opportunities for 
recording movement data in real-world settings. As a result, 
the community together needs to develop a set of best 
practices for analyzing movement outside of the lab with these 
new sensors. In this talk we will discuss two areas where new 
approaches and guidelines are needed: 1) understanding the 
number of days that must be measured and incorporating 
variations in environmental factors like weather, and 2) 
analyzing and gaining insights from large-scale observational 
data collected from consumer users of commercial wearables.  

Considerations of Intrinsic and Extrinsic Factors for 
Collecting Gait Data Using IMUs 
Wearable sensors, such as IMUs, are increasingly used to 
quantify biomechanical gait patterns in outdoor environments. 
However, a particular challenge is the ability to identify when 
observed changes in gait patterns are due to intrinsic factors 
(e.g. fatigue or injury development) rather than natural 
external factors (e.g. weather or running surface). In this 
portion of the talk, we will discuss two research projects that 
provide some guidelines to the biomechanics community. The 
first study recorded gait data using a single IMU during 10, 
>2.5km outdoor runs for 12 runners to determine the number 
of runs needed to establish a stable running pattern [1]. 
Univariate and multivariate distributions were created and 
stability was defined when the addition of data from a new run 
resulted in less than a 5% change in the 95% probability 
density function. The results show that 4 and 5 runs are 
needed to reach stability for univariate and multivariate 
analyses, respectively. The second study investigated how 
changes in environmental weather conditions affect running 
gait patterns since these data cannot be collected in a 
laboratory setting [2]. IMU data were recorded during 2 winter 
and 2 spring runs, and a random forest (RF) machine learning 
algorithm used 66,370 strides (~11,000/runner) to classify and 
compute a heuristic for determining the importance of each 
variable in a prediction model. The RF classified winter vs 
spring gait patterns with 95.42% accuracy and, interestingly, 
each runner’s RF classification model had different important 
predictor variables based on the multifactorial relationship 
between environmental conditions and gait biomechanics. 

Gaining Insights from Large-Scale Wearable Datasets 
Commercial smartphone apps and wearable devices for 
tracking physical activity have become popular in recent years 
and the data they are collecting from users provide a largely 
untapped source of data about movement in natural 
environments. The observational nature of the datasets pose 
challenges, however, including the potential for measurement, 
population, and/or selection bias, as well as missing data. In 
this portion of the talk, we will discuss two research projects 
that highlight the insights that can be gleaned from these 
datasets and also propose a few key best practices for 
addressing the limitations of large-scale data from apps and 
wearables. In the first research study, we analyzed physical 
activity data from over 700,000 users of Azumio, Inc.’s Argus 
health app [3]. This analysis revealed that disparities in 
physical activity within a country are a strong predictor of 
obesity levels. While the population of Argus app users is not 
an exact match to the population of a given country, we found 
that coverage of different age and gender groups was 
surprisingly broad and the sample size large enough that we 
could show our conclusions were robust across, for example, a 
range of age groups. In a second study, we analyzed data from 
1400 users of the Lumo Run waist-worn IMU sensor who had 
a total of over 13,000 runs. We found that across a variety of 
run distances, individuals prefer a particular speed and that 
speed is consistent with minimizing energy expenditure. For 
an age and gender-matched group of users, this selected speed 
was similar to an experimentally-determined speed that 
minimized net energy use per unit distance [4].  

Conclusions 
Studies using wearable technology are helping us understand 
how individuals move outside the lab and, with careful 
consideration of issues like bias and measurement error, can 
complement traditional biomechanics studies. Future research 
involving wearable technology should collect multiple days of 
data in order to build reliable and accurate representations that 
account for the multifactorial relationship between intrinsic 
and extrinsic factors. In the case of large-scale observational 
datasets, sensitivity and other analyses are vital to ensure that 
conclusions are robust to biases and missing data. 
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Summary 
Wearable sensors, including inertial measurement units 
(IMUs), are portable and affordable and are quickly becoming 
a common alternative for biomechanics research. As the 
biomechanics community begins to embrace this technology 
and the ability to move out of the traditional laboratory setting, 
there are unexpected challenges and new opportunities for 
recording movement data in real-world settings. As a result, 
the community together needs to develop a set of best 
practices for analyzing movement outside of the lab with these 
new sensors. In this talk we will discuss two areas where new 
approaches and guidelines are needed: 1) understanding the 
number of days that must be measured and incorporating 
variations in environmental factors like weather, and 2) 
analyzing and gaining insights from large-scale observational 
data collected from consumer users of commercial wearables.  

Considerations of Intrinsic and Extrinsic Factors for 
Collecting Gait Data Using IMUs 
Wearable sensors, such as IMUs, are increasingly used to 
quantify biomechanical gait patterns in outdoor environments. 
However, a particular challenge is the ability to identify when 
observed changes in gait patterns are due to intrinsic factors 
(e.g. fatigue or injury development) rather than natural 
external factors (e.g. weather or running surface). In this 
portion of the talk, we will discuss two research projects that 
provide some guidelines to the biomechanics community. The 
first study recorded gait data using a single IMU during 10, 
>2.5km outdoor runs for 12 runners to determine the number 
of runs needed to establish a stable running pattern [1]. 
Univariate and multivariate distributions were created and 
stability was defined when the addition of data from a new run 
resulted in less than a 5% change in the 95% probability 
density function. The results show that 4 and 5 runs are 
needed to reach stability for univariate and multivariate 
analyses, respectively. The second study investigated how 
changes in environmental weather conditions affect running 
gait patterns since these data cannot be collected in a 
laboratory setting [2]. IMU data were recorded during 2 winter 
and 2 spring runs, and a random forest (RF) machine learning 
algorithm used 66,370 strides (~11,000/runner) to classify and 
compute a heuristic for determining the importance of each 
variable in a prediction model. The RF classified winter vs 
spring gait patterns with 95.42% accuracy and, interestingly, 
each runner’s RF classification model had different important 
predictor variables based on the multifactorial relationship 
between environmental conditions and gait biomechanics. 

Gaining Insights from Large-Scale Wearable Datasets 
Commercial smartphone apps and wearable devices for 
tracking physical activity have become popular in recent years 
and the data they are collecting from users provide a largely 
untapped source of data about movement in natural 
environments. The observational nature of the datasets pose 
challenges, however, including the potential for measurement, 
population, and/or selection bias, as well as missing data. In 
this portion of the talk, we will discuss two research projects 
that highlight the insights that can be gleaned from these 
datasets and also propose a few key best practices for 
addressing the limitations of large-scale data from apps and 
wearables. In the first research study, we analyzed physical 
activity data from over 700,000 users of Azumio, Inc.’s Argus 
health app [3]. This analysis revealed that disparities in 
physical activity within a country are a strong predictor of 
obesity levels. While the population of Argus app users is not 
an exact match to the population of a given country, we found 
that coverage of different age and gender groups was 
surprisingly broad and the sample size large enough that we 
could show our conclusions were robust across, for example, a 
range of age groups. In a second study, we analyzed data from 
1400 users of the Lumo Run waist-worn IMU sensor who had 
a total of over 13,000 runs. We found that across a variety of 
run distances, individuals prefer a particular speed and that 
speed is consistent with minimizing energy expenditure. For 
an age and gender-matched group of users, this selected speed 
was similar to an experimentally-determined speed that 
minimized net energy use per unit distance [4].  

Conclusions 
Studies using wearable technology are helping us understand 
how individuals move outside the lab and, with careful 
consideration of issues like bias and measurement error, can 
complement traditional biomechanics studies. Future research 
involving wearable technology should collect multiple days of 
data in order to build reliable and accurate representations that 
account for the multifactorial relationship between intrinsic 
and extrinsic factors. In the case of large-scale observational 
datasets, sensitivity and other analyses are vital to ensure that 
conclusions are robust to biases and missing data. 
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Summary 

Wearable sensing provides new, quantitative metrics to 
monitor recovery and rehabilitation after neurologic injury. 
Measurements from electromyography (EMG) sensors and 
inertial measurement units (IMUs) can be used for tracking 
muscle activity and movement to evaluate prognosis and 
progression. Measurements of 12 stroke survivors from 
admission through discharge (25±6 days post-stroke), using 
EMG and IMU sensors, demonstrated that early patterns of 
muscle activity, especially of the wrist flexors and extensors, 
were associated with movement and functional measures at 
discharge. Interviews with clinicians and stroke survivors 
highlighted the promise of integrating wearable sensing into 
rehabilitation, as well as the barriers in time, cost, and data 
visualization whose resolution may increase clinical use. 

Introduction 

Over 700,000 individuals in the United States alone have a 
stroke each year, and stroke is the leading cause of long-term 
disability in adults, with persistent motor deficits contributing 
to reduced independence, participation, and quality of life. 
Stroke survivors highlight impairments in hand function as the 
largest barrier to successful performance of activities of daily 
living, and prioritize improved hand function above bladder, 
sexual, and walking function. While numerous rehabilitation 
paradigms have been developed for inpatient, home, or 
community-based rehabilitation programs, very little is known 
about the early stages of muscle and movement recovery in 
the initial days and weeks after stroke.  

In 1951, Thomas Twitchell used electromyography (EMG) 
data to observe patterns of muscle recovery for 121 stroke 
survivors. He noted variable but predictable patterns in the 
recovery of movement that were associated with long-term 
outcomes [2]. While these studies demonstrated promise, 
analyses of muscle activity immediately after stroke and the 
deployment of EMG recording to quantify recovery have 
largely been restricted to research environments. The goals of 
this research have been to (1) quantitatively track muscle 
activity in the weeks after stroke with non-obtrusive wearable 
sensors and (2) qualitatively capture the perceptions of 
clinicians and stroke survivors of the use of wearable sensing 
technology for rehabilitation in the clinic and community. 

Methods 

Muscle activity and movement were monitored with compact, 
wireless sensors that incorporated EMG and IMU sensors 
(MC10, Lexington, MA) for 12 stroke survivors (8M/4F, age: 
55±15 years) from within 72 hours of admission to the 
hospital following stroke. Five sensors were placed on the 
paretic arm to monitor activity of the anterior deltoid, bicep, 
tricep, wrist flexors, and wrist extensors. All participants were 

transferred to inpatient rehabilitation (IPR, 7±3 days post-
stroke) and recordings were continued once every 2-3 days 
until discharge (25±6 days post-stroke). Semi-structured 
interviews were conducted with physical and occupational 
therapists and physiatrists (N=22) and stroke survivors (N=10) 
to understand perceptions of wearable sensing. Interviews 
were transcribed verbatim and coded for analysis into themes.  

Results and Discussion 

Measurements of the number, duration, and amplitude of 
contractions were associated with movement measured from 
IMU and scores from the Functional Independence Measure 
(FIM) after stroke. Every brain injury is unique, and 
variability in patterns of muscle activity and movement 
paralleled variability in recovery. At discharge, upper-
extremity FIM scores increased by 7.5±3.1 points, and were 
associated with changes in movement and contractions of the 
deltoids and wrist flexors/extensors (Fig 1, R2=0.51-0.71). 

Clinicians interviewed confirmed the potential benefits of 
sensing for monitoring recovery, but noted barriers in time, 
resources, and implementation. Stroke survivors expressed 
enthusiasm for using the sensors, especially for motivation 
during times outside of therapy during IPR and options for 
continuation at home. Both groups highlighted the need for 
new methods for data visualization, aesthetic design, and 
quick deployment. 

 
Figure 1: Change in FIM scores at discharge were associated with 

greater change in contractions per minute (CPM) from EMG 

Conclusions 

Advances in wearable sensing facilitate the deployment and 
use of quantitative metrics to track muscle and movement 
recovery after stroke. 
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Wearable sensors provide exciting new opportunities for biomechanics researchers to assess human movement. Given their small 

size and low cost, they can be placed at multiple body locations and worn for extended periods of time in real-world (i.e., non-

laboratory) conditions.  One of the key benefits provided by wearable sensors is that they are able to continually monitor a variety of 

different movements in different situations. This in turn creates opportunities to gain new insights about how human movement is 

affected by different internal and external factors, such as how changing environmental (e.g., terrain) or physiological conditions 

(e.g., heart rate) affects locomotor mechanics. Another benefit to be gained from the continuous monitoring afforded by wearable 

technology is the ability to identify specific movement patterns. Cyclic movements in particular (e.g., walking, running, skiing, 

cycling, etc.) are well suited to pattern identification given their repetitive nature. With appropriate signal processing techniques, 

data obtained by IMU sensors can be used to identify changes in movement patterns over time (e.g., stride patterns of elite runners) 

or to investigate differences between individuals and populations (e.g., differences between older adult fallers and non-fallers). Given 

their ability to be worn unobtrusively for extended periods of time, wearable sensors also provide an opportunity for researchers to 

obtain large amounts of data from large numbers of participants, which can be used to identify relationships between movement 

patterns and other factors such as sex, age, skill level and training (for e.g., tracking the number of strokes taken by elite swimmers 

to monitor training load and prevent shoulder injury). 

Using specific examples from high performance swimming and gait analysis, this talk will illustrate some of the many benefits to be 

gained from using wearable technology to conduct biomechanics and movement science research. Based on these examples, it will 

also show how wearable technologies provide a valuable source of information for big data analytics and how these strategies can 

be used to evaluate the effectiveness of training and/or other movement interventions (e.g., rehabilitation) for performance 

improvement and injury prevention. Finally, this talk will also identify several research opportunities and challenges afforded by 

wearable technology, particularly with respect to data validation and the establishment of normative databases (for e.g., a normative 

database for gait variability), which are necessary to realize the full potential of wearables for clinical and high performance sport 

analysis in the real world. 
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Short Summary 

Wearables enable continuous monitoring of gait in real-world 

environments over an extended period of time (e.g., week). 

Previous findings show that in-lab and real-world measures 

differ; however, it is not fully clear why. This presentation 

will describe these gaps and illustrate how metrics based on 

wearables may outperform the conventional gait assessment. 

We illustrate this in studies among people with Parkinson’s 

disease (PD), people with mild cognitive impairment, people 

with multiple sclerosis, and elderly fallers. For example, 

among patients with PD who have not yet fallen, we find that 

conventional, in-lab measures of gait, balance and PD severity 

do not successfully predict future falls, whereas measures 

based on wearables do. We also quantify the gaps between in-

lab usual-walking, in-lab dual-task walking, and daily-living 

measures of gait. We discuss the reasons for these gaps and 

why 24/7 monitoring apparently offers a complementary 

approach to the more conventional, one-time assessment of 

gait.  
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Summary 
154 people with chronic low back pain (CLBP) were 
randomized to 6 weeks of motor skill training (MST) or strength 
and flexibility (SF) exercise. At baseline, post-treatment and 6-
month follow-up participants completed the modified Oswestry 
Disability Questionnaire (MODQ), the Numeric Pain Rating 
Scale (NRS) and a standardized task of picking up an object 
(PUO), where sagittal plane knee, hip and lumbar spine 
kinematics were calculated with 3D motion capture. MST and 
SF were similar in MODQ, NRS and movement characteristics 
at baseline. After treatment, MST had a greater reduction in 
MODQ and lower average NRS scores compared to SF. MST 
improved knee, hip, and lumbar spine movement patterns, 
while SF did not. The differences between MST and SF after 
treatment were maintained for all outcomes. These data suggest 
that MST is superior to SF for attaining and maintaining 
changes in functional limitations, pain, and movement 
characteristics in people with CLBP. 
Introduction 
The repeated use of direction-specific, altered movement 
patterns is an important movement-related factor proposed to 
contribute to CLBP [1]. Compared to back healthy controls, the 
typical altered pattern is greater early lumbar movement during 
the performance of an activity [2]. A logical approach to 
treatment, therefore, would be to change the altered pattern 
during the performance of functional activities. MST is 
individualized, challenging and progressive practice to learn or 
relearn a motor skill [3]. As such, MST may be more effective 
at changing altered movement patterns compared to general 
exercise (e.g., SF). The purpose of this study was to compare 
the short- and long-term effects of MST and SF on limitations 
in function, pain intensity, and movement characteristics. The 
movement characteristics included the magnitude of early 
excursion (1st half of descent phase) of the knee, hip, and lumbar 
spine during a functional activity test of PUO.  
Methods 
154 people (94 female, 42.7 ± 11.7 yrs, 1.7 ± 0.1 m, 73.8 ± 13.3 
kg) with CLBP were included in a single blind, randomized 
clinical trial. The MST group received individualized training 
to modify pain-provoking altered movement patterns during 
functional activities. The SF group received exercises for trunk  
 

 
strength and trunk and limb flexibility. At baseline, post-
treatment and 6-month follow-up participants completed the 
modified Oswestry Disability Questionnaire (MODQ, a 
functional limitation measure; 0-100%), the Numeric Pain 
Rating Scale (NRS, average LBP prior 7 days; 0-10) and a 
standardized pick up an object test, where sagittal plane knee, 
hip and lumbar spine excursion were calculated using 3D 
motion capture. A mixed model repeated measures ANOVA 
was used to examine the following effects: Treatment group 
(Tx), Time and Tx × Time interaction for each self-report and 
kinematic variable. When the ANOVA was significant (p < 
0.05), a priori planned contrasts were examined. 
Results and Discussion 
There was a significant Tx × Time interaction (p < 0.01) for 
each outcome. Baseline: MST and SF were similar in MODQ 
scores [dif = 0.4% (-3.4  ̶  2.9%)], NRS [dif = 0.0 (-0.6  ̶  0.6)], 
knee [dif = 2.2° (-6.7  ̶  2.5°)], hip [dif = 0.4° (-2.9  ̶  2.5°)], and 
lumbar spine [dif = 0.1° (-1.4  ̶  1.2°)] early excursion. (Figure 
1). Post-Treatment: Both groups’ MODQ and NRS scores 
improved (p < 0.01), but compared to SF, MST had a greater 
reduction in MODQ scores [MST: ∆ -19.3% (-16.7  ̶  -21.9%); 
SF: ∆ -11.7% (-9.1  ̶  -14.3%) ] and lower average NRS scores 
[MST: ∆ -3.3 (-2.9  ̶  -3.8); SF: ∆ -2.5 (-2.1  ̶  -3.0)]. MST 
changed knee [∆ +18.6° (14.6   ̶  22.1°)], hip [∆ +10.8° (8.5   ̶
13.1°)], and lumbar spine [∆ -2.0° (-3.0  ̶  -1.0°)] early joint 
excursion. SF did not change early joint excursion (all p > 0.72). 
6-Month Follow-up: The differences between MST and SF 
were maintained for all outcomes (p > 0.26). 
Conclusions 
If a goal of treatment for people with CLBP is to modify altered 
movement patterns to improve LBP and function, our data 
suggest MST is superior to SF. 
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Figure 1: Primary findings for MST and SF over time in MODQ, average NRS, and early lumbar excursion. 
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Summary 

This study aims to determine the response of stroke survivors 
to user-driven treadmill control and functional electrical 
stimulation (FES) of their paretic ankle musculature. 14 stroke 
survivors walked at their self-selected (SS) and fast speeds on 
an instrumented treadmill in its fixed speed (FS) mode and 
user-driven (UD) mode with FES. They selected faster SS and 
fast speeds with the UD control and FES. They also increased 
their push-off forces in SS trials to walk faster on the UD with 
FES but used similar push-off forces for both fast trials despite 
choosing slower speeds for the FS trial. Walking with UD 
control and FES allowed users to instantaneously select faster 
walking speeds and fully utilize their propulsive forces.  

Introduction 

Nearly 800,000 Americans are affected by stroke each year [1] 
and faster walking speeds are a key outcome of rehabilitation 
[2]. Functional electrical stimulation (FES) of the paretic ankle 
muscles during gait training on a treadmill yields meaningful 
increases in walking speeds [3,4], but past interventions were 
conducted on a fixed speed treadmill, so participants were 
unable take advantage of their augmented forward propulsion 
to instantaneously increase their walking speeds. Therefore, 
we aim to determine the response of stroke survivors to the 
combination of real-time adaptive, user-driven treadmill 
control [5] and FES of their paretic ankle musculature [6]. 

Methods 

14 individuals with chronic poststroke hemiparesis (38 ± 29 
months poststroke) participated in this study (8 M, 64 ± 9 
years, 1.74 ± 0.12 m, 85.62 ± 17.59 kg). Each participant 
performed a 10-meter walking task along with the following 
walking trials on an instrumented, split-belt treadmill (Bertec 
Corp., OH, USA) in a random order: 
 

1. Fixed-speed control (FS) at self-selected (SS) speed  
2. FS control at fastest comfortable (FAST) speed  
3. User-driven control (UD) at SS speed with FES  
4. UD control at FAST speeds with FES 

 

Beginning with the 10m overground speed, researchers 
adjusted the FS control in 0.05m/s increments until the 
participant indicated their preferred speed. With the UD 
control, participants took up to 1 minute to reach their 
preferred steady-state SS or FAST speed and then data were 
collected at that steady-state speed for an additional 1 minute.  

The primary outcome variables were walking speed and peak 
anterior ground reaction force (AGRF). Paired t-tests (α=0.05) 
were used to assess differences between conditions.  

Results and Discussion 

Participants selected slower SS speeds on the FS than they did 
during the overground 10-meter walking task (=0.20 m/s, 

p=0.001), but they chose SS speeds on the UD with FES that 
were similar to their overground walking speeds (=0.05 m/s, 
p=0.1695). Participants selected faster SS and FAST speeds 
on the UD with FES than the FS (SS: =0.15 m/s, p=0.001|| 
FAST: =0.12 m/s, p=0.001|| Figure 1). 

There were meaningful [7] increases in the peak AGRF values 
for both limbs during SS walking on the UD with FES 
compared to FS (NP: =2.3% BW, p=0.025|| P: =1.4% BW, 
p=0.049), which was expected with the increased walking 
speed. However, there were no differences in peak AGRF 
values for the FAST walking conditions on the UD with FES 
and the FS despite the faster walking speeds for UD with FES 
(NP: =0.67% BW, p=0.307|| P: =0.14% BW, p=0.073). 
Both controllers require the same AGRF to run at the same 
speed [5], so the UD control with FES allows users to 
instantly select speeds that fully utilize their propulsive forces. 

 

Conclusions 

UD control with FES allows stroke survivors to select faster 
SS and FAST speeds than FS treadmill control, which has 
been used in previous gait training interventions. Since 
increased walking speeds are a key outcome of poststroke 
rehabilitation, future studies should examine the effects of UD 
with FES in a long-term intervention. Training with UD 
control and FES allows users to instantaneously select faster 
speeds and may augment functional gains after rehabilitation. 
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Figure 1: Comparison of SS and Fast walking speeds  

Note: * indicates statistical significance (=0.05) 
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Summary 

We used uphill walking to test whether lower-extremity 

joints, and the major muscle groups spanning them, could 

alter their mechanical functions. We found that the hip, 

ankle, and knee decreased spring- and damper-like behavior 

and increased motor-like behavior during uphill walking. 

These joint-level changes were driven by altered mechanical 

functions of extensor, but not flexor, muscle groups.  

Introduction 

The human locomotor system contains muscle groups that 

are morphologically best-suited to act as struts (generating 

force with little work), springs (storing and returning energy 

passively), motors (performing primarily positive work), or 

dampers (performing primarily negative work) [1]. Methods 

were recently introduced to quantify the extent to which each 

joint performs these functions during walking (referred to as 

functional indexing) [2, 3] and interestingly, reported that 

the ankle behaved less like a spring and more like a motor 

during accelerated walking. This work suggests that joints, 

and likely the muscle groups spanning them, can alter their 

mechanical function in the face of altered task demand. This 

is surprising, given that morphology largely determines 

mechanical function and altering task demand does not 

immediately alter morphology [4].   Tasks likely to elicit 

specific functional changes should be used to more 

thoroughly test whether joints/muscle groups can perform 

multiple mechanical functions. Uphill walking requires that 

net positive work be done during each step. This is 

accomplished by increased positive work and decreased 

negative work, especially from the hip and ankle extensors. 

Thus, during uphill walking the hip and ankle should behave 

less like springs and dampers and more like motors. 

The purpose of this study was two-fold: 1) to extend the 

recently introduced functional indexing analysis from the 

joint-level to individual muscle groups; 2) to more 

thoroughly test whether mechanical functions of each 

joint/muscle group are altered when task demand changes. 

We hypothesized that the joints and their extensors would 

behave less like springs and dampers and more like motors 

during uphill compared to level ground walking.  

Methods 

We collected bilateral kinematic and kinetic data on healthy, 

young adults (n = 13; age = 25.3 ± 2.1) walking on a dual-

belt force-instrumented treadmill at 1.2 m/s at 0°, +5°, and 

+10°. We used previously described methods [2, 3] to 

calculate functional indices for the total joint, flexors, and 

extensors of the hip, knee, and ankle. These were calculated 

for 10 steps on each leg, averaged across steps in each 

participant, and then averaged across participants in each 

condition. To test whether the function of each joint and/or 

muscle group changed with steeper uphill slope, we used 2-

way repeated measures ANOVAs with the following factors: 

functional index (strut, spring, motor, damper) and slope (0°, 

+5°, +10°). In these analyses, interactions indicate a change 

in the functional role of the joint or muscle group.   

Results and Discussion 

Significant interactions revealed that during uphill compared 

to level walking, the hip and ankle behaved less like springs 

and more like motors while the knee behaved less like a 

damper and more like a motor (Figure 1). These joint-level 

changes appeared to be driven by altered function of the 

extensor muscle group, as extensors at all three joints 

increased motor-like function during uphill walking, while 

no changes were observed in the flexors across slopes. These 

results confirmed our hypothesis that uphill walking would 

elicit increased motor-like behavior, especially from the 

extensor muscle groups. More generally, these findings 

suggest that all three major lower-extremity joints and the 

extensor muscles acting at those joints have the capacity to 

perform multiple mechanical functions, apparently 

dependent on the locomotor task being performed. 

 
Figure 1: Functional indices across slopes at each joint and muscle 

group. 

Conclusions 

Our results highlight the versatility of the healthy, human 

locomotor system. Such versatility likely allows for 

successful movement through complex environments. An 

inflexible system (e.g., due to age or disease) is likely less 

able to negotiate such environments, leading to reduced 

community ambulation and lower quality of life.  
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Summary 

Designing wearable devices for use on deformable terrain is 

an ongoing engineering challenge. This is particularly 

apparent when we examine locomotion on dissipative surfaces 

such as sand or snow. These surfaces have complex, variable 

dynamics which lead to increased fatigue and metabolic cost 

during locomotion. We developed a modelling and simulation 

framework to examine the metabolic energy cost of hopping in 

sand, with and without a novel, unpowered exoskeletal device. 

Using this framework, we found that intermediate values of 

foot contact area and ankle joint stiffness minimize metabolic 

cost for hopping on sand. This opens up the possibility for a 

new class of wearable devices that can mitigate the metabolic 

penalty of moving in complex, dissipative terrain. 

Introduction 

The field of wearable robotics is advancing quickly, however, 

most devices still struggle in environments with complex 

terrain [1-3]. Perhaps, poor performance of wearable devices 

stems from mechatronic design that does not take into account 

the non-linear physics of interaction between the human-

machine system and the environment.  

Now is the time to combine knowledge from studies of 

locomotion on granular substrates [1,2], and insights from 

wearable devices designed to interact with the physiological 

properties of underlying musculoskeletal structures [3,4]. For 

example, the mechanisms underpinning the increased cost of 

moving in sand may be attributed to sinkage into the granular 

substrate, or inability to tune limb compliance in a dissipative 

environment. Here, we conduct a systematic parameter study 

in simulation to analyse whether an assistive device that can 

modulate foot contact area, CAexo, (to address sinkage) and/or 

joint stiffness, kexo, (to re-tune leg spring compliance) can 

restore locomotion performance to the solid ground 

equivalent. We hypothesize 1) that an increase in CAexo, 

reduces the metabolic cost of hopping across kexo values and 2) 

varying the kexo values produces an optimal intermediate 

stiffness that minimizes metabolic cost [4].  

Methods 

First, we established a baseline metabolic cost, using a 

muscle-tendon driven model of human hopping at 2.5Hz on 

solid ground to a height of 7.5cm [3]. Then to characterize the 

intrusion dynamics of sand [2], we performed an experiment 

using calibrated weights to characterize the force-dependent 

sinkage over a surface-area of 0.014 m2. We then incorporated 

the experimentally determined non-linear physics of foot-

ground contact in sand (sinkage) into the hopping simulation 

and established a baseline metabolic cost for hopping in sand. 

Next, we added a foot-ankle exoskeleton in parallel with the 

biological muscle-tendon unit in the hopping simulation (Fig. 

1a). Finally, we performed a parameter study by varying the 

exoskeleton contact area (CAexo) from 0.03m2 (~area of an 

adult’s foot) to 0.1m2 (~area of a snow shoe), and the 

exoskeleton joint stiffness (kexo) from 0 to 100% biological 

tendon stiffness (kt). For all combinations of CAexo and kexo, 

we used the model to evaluate the metabolic cost (W/kg) for 

hopping at 2.5Hz and 7.5cm. 

Results and Discussion 

 

Figure 1: (a) Model of muscle-tendon-exoskeleton system hopping 

on sand (b) metabolic cost vs. exoskeleton contact area (CAexo) and 

stiffness (kexo) 

The metabolic cost of hopping with no exoskeleton was 1.4 

W/kg for hard ground, and 2.2 W/kg for sand, a 57% increase. 

This underscores the need to develop a scheme to compensate 

for the metabolic penalty associated with moving in sand. As 

hypothesized, increasing CAexo for kexo= 0 (Fig. 1b, along the 

y-axis), systematically reduced the metabolic cost of hopping 

in sand to 1.42 W/kg for exoskeleton contact area equivalent 

to that of a snow shoe. Interestingly, we found an optimal 

CAexo-kexo combination (1.36 W/kg at 0.065m2 and 85%kt) 

that reduced the metabolic cost of hopping on sand by 38%, 

and restored the cost of hopping to that observed on solid 

ground. 

Conclusions 

Our model of a foot-ankle exoskeleton that combines added 

contact area between foot and ground with modified stiffness 

around the ankle joint indicates it should be possible to 

eliminate the penalty associated with energy dissipation during 

locomotion on granular substrates. Now, we are beginning to 

translate these ideas into physical prototypes that can be used 

to investigate human hopping in sand, with and without 

assistive devices. 
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Summary 
We investigated the influence of an American football helmet 
on axial loading at the cervical spine during low-velocity 
impacts at eight impact locations to a Hybrid III headform. 
Compared to bare head impacts, the football helmet condition 
frequently resulted in increased axial loads at the cervical spine. 
While helmet technologies concentrate on reducing head 
kinematics at impact, attention should be paid to the influence 
these helmets have on cervical spine kinetics. 
Introduction 
Axial loading is the primary mechanism of cervical spine injury 
(CSI) in American football. In 1976, rule changes prohibited 
head-first tackling, reducing the risk of catastrophic CSI [1]. 
Similarly, in the push toward reducing brain injuries, helmet 
technologies have focused on reducing head kinematics during 
impact. Little is known, however, about the influence modern 
football helmets have on loading and moments at the cervical 
spine. Therefore, the purpose of this study was to examine the 
influence of a modern American football helmet on cervical 
spine loading as a result of direct impacts to the head. 
Methods 
Six 2017 Schutt (Schutt Sports, Litchfield, IL) Air XP Pro VDT 
II helmets were used in this study. Helmets were fitted to a 
Hybrid III Male 50% head and neck anthropomorphic test 
device (ATD) mounted to a sliding table. Helmets were 
impacted three times at eight locations (4 to the shell, 4 to the 
facemask; Figure 1) at 5.5 m/s, according to National Football 
League football helmet testing protocol [2]. Additionally, the 
bare Hybrid III headform was impacted three times. Neck loads 
and moments were measured with an upper neck load cell 
(Humanetics, Huron, OH), filtered (CFC 1000) and recorded 
using DTS SLICEware (Diversified Technical Systems, Seal 
Beach, CA). Peak loads and moments were then calculated with 
a custom MATLAB script (Mathworks, Natick, MA). A 2 × 8 
(condition by location) repeated measures ANOVA (SPSS v. 
25, IBM Corp., NY) was conducted on peak neck loads and 
moments. Simple effects analyses were performed to explain 
interaction effects. An alpha level of 0.05 was set a priori. Data 
are reported as mean ± 1 standard deviation (SD).  

Results and Discussion 
The helmeted condition resulted in decreased anterior-posterior 
(p < 0.001) and medial-lateral (p < 0.001) forces, as well as 
flexion-extension (p < 0.001) and lateral bending (p = 0.050) 
moments at the neck compared to the bare head impacts. Axial 
loading (Figure 2) was the only variable that increased in the 
helmeted compared to bare head condition (p = 0.001). Further, 
at location F, compression loading (-) was greater in the 
helmeted compared to bare head impacts (p = 0.006). Tensile 
loading (+) was greater at locations D (p = 0.001), A (p = 
0.035), Aʹ (p = 0.004), B (p < 0.001), and UT (p ≤ 0.001).  

 
Figure 2: Neck axial loading at each impact location (mean ± 1 SD). 

* significant at p = 0.05 

Conclusions 
In low-velocity impacts, the helmet reduced the shear loading 
and bending moments of the cervical spine. Wearing the 
helmet, however, resulted in larger magnitude neck axial forces, 
with increases of up to 10 times the mass of the helmet.  This 
finding is consistent with recent research of cervical spine 
loading during chest impacts [3]. While helmets are getting 
better at reducing head impact kinematics, they may contribute 
to an increase in axial loading at the cervical spine during head 
impacts. Thus, the effects new helmet designs as well as test 
methods and ATDs have on cervical spine kinetics and the risk 
of CSI in football should be considered.  
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Biomechanics and Beyond: Career Reflections 
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Summary 
When asked to be part of this symposium, I was reminded of 
the feeling I had when receiving my career award from the 
Canadian Society for Biomechanics – I felt I had made some 
significant contributions, but still had so many questions and 
ideas remaining that my career was at best half completed. 
This quest to answer questions, follow unexpected directions 
and evolve approaches all the while trying to deliver 
meaningful contributions to the role of science in society form 
the theme of my reflections.   
Career Reflections 
I first learned of Biomechanics in a lecture in 1989 from Dr. 
Peter Stothart at the University of Ottawa, 30 years ago. I 
found my true calling, as this previously unbeknownst field 
married my strength in math and physics to the biology of the 
human body. This revelation altered my life plan and led me 
to abandon my plan to become a Phys-Ed teacher. Pete was a 
product of the PhD program at Penn State, the hot bed of 
Biomechanics and one of the few places offering a 
Biomechanics PhD the 1960s. I owe much to Dr. Stothart, 
who steered me to graduate work with an up and coming 
faculty member (Dr. Stuart McGill) and dissuaded me from 
staying at Ottawa. My experiences at Waterloo with exposure 
to biomechanics leaders; Drs. Winter, Norman, Wells, Bishop, 
and Patla, had a profound impact on my career and influenced 
my appreciation for the breadth of our fields and how methods 
and design can easily transcend different research questions. 
These moments are often reflected on as happenstance, but I 
would suggest to young researchers that it was my willingness 
to take risks and follow my passions that allowed me to turn 
these opportunities into a fulfilling career. 
Where to from Here 
Biomechanics has always been a highly technical discipline, 
being quick to adopt and employ new technology. Over my 
career to date I have seen many new technologies and 
approaches hailed as the solution to the complex data and 
interactions they held in kinematics and kinetics. These have 
included approaches such as wavelets, PCA, dynamic stability 
and Lyapunov exponents, neural networks and equipment 
such as medical imaging (MRI, ultrasound, QCT, etc.), EMG 
arrays, pressure mapping, IMUs, marker-less tracking, and 
virtual reality. While all of these are powerful hammers, not 
all problems are a nail. They have provided insight in some 
areas but in others have failed to gain traction or advance 
knowledge. We are in the midst of new buzz approaches such 
as big data, artificial intelligence and machine learning, but in 
the absence of having a good question (or nail) that these 
approaches (hammers) can address they will only lead to 
associative findings and still lack a true cause and effect 
response or the underlying mechanism that drives the 
biological pathway. I am hopeful these new approaches will 
expand our knowledge but restate my concern that we should 
be aiming to address our fundamental questions with 
approaches that move us towards an enhanced understanding, 
rather than looking for a problem to solve with a new and 

shiny tool. Having genuine interest and curiosity will sustain a 
research program to make meaningful contributions, help 
solve societal problems (in the long run) and continue to 
evolve the science underlying our discipline. This idea flies in 
the face of current funding trends in Canada and other 
countries that rely on fettered approaches that tie research to 
industry and forces short term incremental findings and 
immediate impact. These approaches are important for 
transferring knowledge and returning the investment of public 
dollars into research, but in the absence of fundamental 
curiosity driven research, they will be unsustainable.  
Many of these new approaches rely on interdisciplinary 
knowledge. This has always been a strength in biomechanics 
research. Biomechanists emerge from numerous fields and this 
has led to researchers who are willing to explore and 
collaborate to answer important questions. A strong 
disciplinary base is necessary to chase a problem beyond the 
simple surface associations and pursue the underlying 
mechanisms that will further knowledge. Invariably strong 
disciplinary researchers will expand their research and look to 
other disciplines and collaborators to solve problems beyond 
their core strength and impact meaningful change. The 
concept of directly training and posting jobs for inter-
disciplinary researchers may provide an accelerated linking to 
other areas (i.e. Neuro-mechanics) but at the cost of limiting 
the depth of knowledge and the fundamental findings that are 
necessary to drive application for years, if not decades to 
come. In a very short time as a recognized discipline, 
biomechanics has made meaningful societal contributions to 
healthcare, automotive design and safety, occupational 
environments, physical activity and sports performance. If the 
growth of attendees and papers at our meetings in recent years 
are any indication, these contributions will not only continue 
but accelerate given our strong knowledge of technology and 
biology, which are at the heart of growth areas in society 
(wearables, connectivity, human machine interface). 
Canadian Society for Biomechanics 
I have been a CSB member since entering graduate school in 
1992. I have served as a conference chair in 2006, president 
from 2006-2008 and executive board member from 2004-
2010. I have learned much from our biennial meetings and 
always take away something from the sessions that influences 
my own program development. A biomechanics meeting is 
always my first priority and echoing my comments about 
funding and training, this core discipline exchange of ideas is 
the centre of applied biomechanics.  
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Reflections on a Career in Biomechanics  
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Summary 

I was exposed to biomechanics research first in 1974 when 

taking an undergraduate class in biomechanics at the Federal 

Technical Institute in Zurich. I was lucky as the class was taught 

by the founder and driver of international biomechanics, Dr. 

Juerg Wartenweiler, whose legacy is immortalized in the 

“Wartenweiler Memorial Lecture” given at each ISB congress. 

When finishing my undergraduate degree, I wanted to get a 

doctoral degree in the area of biomechanics. But the field did 

not exist in my native Switzerland, and so, pursuing my dream 

meant to leave my country. Leaving Switzerland for the USA 

was a decision that turned out to have a more profound impact  

in my life than any other decision I have ever made. Here, I will 

reflect on aspects of my career, how biomechanics has evolved, 

the role of the Canadian Society of Biomechanics  (CSB) in my 

career, and some thoughts on the future of biomechanics.  

Reflections on a Career 

“Und erstens kommt es anders und zweitens als man denkt” is 

a German proverb that loosely translates into “life always turns 

out differently than you think”. And that has definitely been true 

for me. The plan was to study biomechanics in the United 

States, get a PhD, and return to Switzerland to become a Swiss 

national team coach in track and field. But, to my great surprise, 

I started realizing, while supporting American long and triple 

jumpers for the 1984 Los Angeles Olympics (with the great Jim 

Hay) that I was not so much interested in the athletes, but much 

more in the basic problem: How does somebody optimize jump 

performance. Once there, it was all downhill: I realized that I 

needed to know about muscle properties and function, and 15 

years later ended up isolating single contractile proteins and 

sarcomeres. At 23 I was an aspiring coach, at 27 an applied 

biomechanics researcher, and at 32 a fundamental scientist. At 

about 50 years of age, I felt that I owed it to my education to 

apply some of the basic research findings to real problems; thus 

our more recent focus on cerebral palsy, and muscle, bone and 

joint diseases.   

The Evolution of Biomechanics  

There are two basic trends of how biomechanics /biomedical 

engineering has evolved in the past forty years. First, 

biomechanics/biomedical engineering did not exist as a 

discipline forty years ago. Approximately 30 years ago, 

academic units of biomechanics/biomedical engineering started 

to evolve, with the caveat that they were often not taken 

seriously as a discipline. Today, biomechanics/biomedical 

engineering units have become strategic priorities for 

universities, and some are defined by these programs. 

The second conceptual change is that forty years ago, when 

biomechanics and the national and international societies of 

biomechanics evolved, the big challenges were in the 

development of equipment, analysis procedures and the 

engineering aspects of biomechanics. Today, the engineering 

problems can often be solved with minimal knowledge of the 

engineering foundations. The challenges of today lie largely in 

the (lack of) understanding of the biology and the biological 

systems, how they adapt to stresses and strains, and how they 

evolve under different mechanical conditions, for example in 

long-term space flight. 

The Canadian Society of Biomechanics  

I have attended CSB conferences since the 1986 Montreal 

NACOB meeting. CSB has been a home for me and the first 

outlet of many of my students’ research. The CSB also provided 

my first experiences with a professional organization. I was 

elected to the CSB executive in 1991, served as the conference 

chair in 1994, and was president from 1995-1996. These early 

experiences with the CSB paved the way to international 

involvements that affected my scientific career in profound 

ways. I am eternally grateful to Carol Putnam, who at the time, 

encouraged me to become part of the CSB executive. The 

lessons learnt have been invaluable, the rewards immeasurable .  

The Future of Biomechanics 

The number of abstracts submitted to the ISB 2019 conference 

on “wearable technologies” and “big data” collection  and 

management suggest this to be the (near) future of 

biomechanics. I am sceptical. I cannot envision fundamental 

science questions being answered by descriptive data and 

averaged associations obtained from large populations. But, I 

am ready to be convinced otherwise. 

Rather, I believe that new insights will be gained and important  

questions solved by (i) analysing systems across structural 

levels, and (ii), by true inter-disciplinary research. Once we try 

to see biological systems as an entity, where the mental and 

physical go hand in hand, and placebo effects are understood, 

and the (bio-) mechanics of a system are understood in 

association with their biology, biochemistry, physiology, 

movement control, then we may have reached levels of new 

insights that can truly affect human health, mobility for life, and 

a deeper understanding of who we are and how we function.   
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A Career in Clinical Biomechanics: Reflections and Impact 
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Summary 
This short presentation provides a few thoughts on how the 
field of biomechanics has evolved over my career, the role of 
the Canadian Society for Biomechanics (CSB) in my career 
development and thoughts on how the field will continue to 
contribute to addressing important clinical questions that can 
impact the health and well-being of Canadians and globally.   

Significant improvements in technology over the past 30 years 
have made it possible to collect, process and analyze large 
volumes of data relatively easily and in a very short time.  It 
has also led to the development of collecting multiple sources 
of information (kinematic, kinetic, multi-channel EMG and 
other clinical, biological and imaging data) simultaneously. 
This has increased the capacity to perform studies on larger 
study samples which had been a problem, in early clinical 
studies and allow for integration and analysis of multiple 
inputs.  Furthermore, these technological advancements allow 
for real time feedback which is also important in the clinical 
world. We are now beginning to take advantage of technology 
to develop clinical applications. 

I completed my undergraduate degree at the University of 
New Brunswick where I quickly realized that I had no interest 
in pursuing Physical Education as a profession. I did however 
became extremely interested in kinesiology and biomechanics 
as math, physics and biology were subjects I enjoyed and the 
human body, specifically human movement fascinated me. 
Pursuing my master’s degree from the University of Waterloo 
was probably the best decision I made related to my career 
development.  There was a solid core of biomechanics (David 
Winter, Bob Norman, Richard Wells), exercise physiology 
(Howie Green) and neuromotor control (Keith Hayes) 
researchers who nurtured a strong sense of professionalism, in 
a multidisciplinary environment.  Furthermore, the 
biomechanics professors supported and provided leadership 
within the CSB.   

My first CSB conference was in Kingston in 1982.  At that 
time and still today CSB provides an excellent opportunity for 
trainees to interact with early and well-established researchers 
in a mentoring environment.  CSB was also a 
multidisciplinary venue where kinesiologists, engineers, 
physiotherapists and others gathered; all with a common 
interest in advancing the discipline of biomechanics or in 
using biomechanics to solve problems in a variety of fields 
including orthopedics, sports performance, rehabilitation, 
occupational biomechanics etc.  This I feel was important as it 
provided a sense of belonging to a larger community. I have 
continued to support CSB in different capacities as a member 
of the executive, CSB conference co-Chair and presenting and 
having students present at this conference.  All of which were 

important to networking and developing a variety of important 
leadership and service skills. 

Currently, I am a co-lead of the Innovation in Musculoskeletal 
Health and Physical Activity Team and Co-Director of the 
Dynamics of Human Motion laboratory at Dalhousie 
University, a multidisciplinary research team.  Our focus is 
primarily on osteoarthritis and lower back disorders, both of 
which are significant health care problems.  Neither of which 
were related to my interest as a graduate student!  

Some important lessons I have learned that have helped in my 
success in the clinical arena include the need to develop and 
continue to nurture a strong relationship with at least one 
clinical partner, stay true to the science, develop 
communication skills that consider differences in terminology 
across disciplines and professions, constantly revisit common 
goals, respect the expertise of your clinical partners and be 
prepared to earn respect for your research and methodological 
expertise.  Finally, although an important first step, successful 
completion of a PhD or a post-doctoral fellowship will not 
automatically translate into instant respect as a scientist.  
While we have advanced over the past 30 years there are still 
challenges with the uptake of biomechanics is the health care 
fields by health providers and policy makers, although there 
have been advances in the health industry sector.  Indeed, I 
feel clinical uptake of biomechanics and its utility in clinical 
decision making, lags well behind sport, forensic and 
occupational biomechanics.   

In closing, I feel that the CSB can play an important role in 
enhancing knowledge translation of biomechanics in all areas. 
The lay lecture series at more recent conferences is one way to 
do this.  Also, we could explore opportunities for developing 
position papers on important topical areas, take steps to 
standardize terminology, metrics and applications without 
hindering creativity, and develop standard professional 
development courses.  There is currently more recognition of 
the field of biomechanics in general, but much work is needed 
to have the uptake and impact in the clinical arena.    
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Summary 
With the development of state-of-the-art experimental and 
computational methods, as well as increased collaborative and 
interdisciplinary research, the positive impacts of 
biomechanics research on aspects of daily living have been 
profound and continue to grow. Here, in addition to 
summarizing my contributions to biomechanics, I highlight 
examples of multidisciplinary biomechanics collaborations 
that are making significant impacts on health and society [1], 
namely: micro-gravitational effects on musculoskeletal health; 
impact forces, soft tissue vibrations, and skeletal muscle 
tuning affecting human locomotion; prescriptive physical 
activity in childhood to enhance skeletal growth and 
development to prevent osteoporotic fractures in adulthood 
and aging; and creative innovations in technology that have 
transformed the visual arts and entertainment. Complementing 
those examples, my interdisciplinary research has focused on: 
adaptations of bone to exercise, disuse, and diet; joint injury 
and osteoarthritis; and human movement dynamics and 
performance (sport & exercise). 

Academic/Career Context 
Building on an early and persisting goal to integrate basic 
science with translational research related to sport 
performance and injuries, my trajectory in biomechanics has 
been and continues to be influenced by a fortuitous confluence 
of opportunities and key collaborations. Throughout my 
education and academic career, I have had the privilege of 
having gifted and influential mentors and collaborators, at the 
University of Wisconsin, UCLA, University of Calgary, and 
University of Michigan. One prime example of highly 
effective Canadian inter-institutional leadership was the 
creation (1999) of the provincial biomedical engineering 
programs at the University of Calgary and University of 
Alberta. Those coordinated programs led to national funding 
(CIHR) for the Alberta Provincial Training Program in Bone 
and Joint Health—a PhD program that trained highly qualified 
basic scientists and clinician scientists in interdisciplinary 
bone and joint health research. In parallel with those 
experiences, I have had the opportunity—for more than four 
decades—to actively network with a gifted nucleus of 
biomechanists around the world (e.g., through the Canadian, 
American, and International Societies of Biomechanics) and 
also to receive significant university support for 
interdisciplinary research (e.g., University of Michigan 
Exercise & Sport Science Initiative — www.essi.umich.edu).  

Research Overview 

Throughout the life span, marked changes occur in the 
musculoskeletal system, and bone adaptations are influenced 
by both intrinsic and extrinsic factors. We have investigated 
and are investigating microstructural, morphological, and 
mechanical changes in bone as a consequence of diet, exercise 
and physical activity, or joint injury. Short- and long-term 
ingestion of a high fat and sucrose diet can produce negative 
effects on both the immature and mature axial and 
appendicular skeletons [2]. Specificity of exercise regimens 
and training extends to bone, as well as skeletal muscle. We 
have found that high strain rates and high strain frequencies 
can have potent osteogenic effects [3]. After a significant joint 
injury, such as knee anterior ligament rupture, subchondral 
bone quickly alters its mechanical properties [4], and the post-
injury, periarticular bone remodeling can have a pronounced 
effect on subsequent bone structure and joint function. While 
investigating the adaptation of bone to diet, mechanical 
loading, and injury, we are coupling experimental studies with 
analytical modeling to interrelate intra-osseous fluid flow and 
localized regions of bone adaptation. Complementing these 
analytical and mechanistic studies, we are probing the potent 
differential effects of high vs. low aerobic capacity on bone 
physiology and adaptive responses, and in human clinical and 
translational studies, we are examining bone adaptation and/or 
injury mechanisms during sports and physical activity [5,6].  
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Impact of Obesity on Musculoskeletal Tissues:  Body Mass, Biology or Both? 

Kelsey H. Collins1, Louis E. DeFrate2, Michael Zuscik3 and Farshid Guilak1
1Department of Orthopaedic Surgery Washington University in St. Louis, MO, USA and Shriners Hospitals for Children – St. Louis, MO, USA; 2Departments of 

Orthopaedic Surgery, Mechanical Engineering and Materials Science, and Biomedical Engineering, Duke University, Durham, NC, USA; 3Department of 
Orthopedics, University of Colorado, Anschutz Medical Campus, Aurora, CO, USA 

Email: kelseycollins@wustl.edu 

Summary 
Osteoarthritis (OA) is characterized by the painful degeneration of 
diarthrodial joints and is the leading contributor to disability 
worldwide (1). OA prevalence is associated with increased all-cause 
mortality and cardiovascular disease due to decreased mobility (2,3). 
Despite the large burden of disease, there are no disease modifying 
drugs for OA. Recent work suggests that OA is a family of diseases 
with many contributing or initiating factors (genetics, trauma, sex, age, 
etc) resulting in joint degeneration with hallmark articular cartilage 
loss. One way to interrogate contributing factors is to evaluate 
preclinical and clinical models of subpopulations within the greater 
OA patient cohort –the largest of which are individuals with obesity, 
estimated to be > 60% of the OA population. Traditionally, the 
relationship between OA and obesity has been explained by increased 
loading due to body weight that results in joint overloading, and 
ultimately cartilage damage.  A variety studies in animal models and 
patients have detailed, however, that biological changes due to 
increased body fat and low-level systemic inflammation may be 
involved in the pathogenesis of OA in addition to joint overloading. 
These data have initiated a shift in the way we consider the relationship 
between obesity and OA, and as such, there is an evolving 
understanding that the pathogenesis of osteoarthritis (OA) likely 
involves both metabolic and biomechanical factors. This symposium 
will detail evidence and future research opportunities to dissect these 
contributing factors to OA with obesity, and the complexities of their 
interactions.  

Introduction 
The aim of this brief introductory talk is to summarize concepts and 
studies in the area of obesity and OA in both preclinical and clinical 
studies to create a platform for the spotlighted speakers in this session. 
We are hopeful this session will stimulate a vibrant panel discussion 
following the talks that will ignite new hypotheses and interest in this 
relatively new and exciting research area. A secondary aim of this 
symposium is to highlight the value of considering biological 
outcomes in biomechanics studies. 

Methods 
The studies represented in this overview were either conducted by the 
authors, or identified through Pubmed searches in the area of diet-
induced obesity, clinical obesity, osteoarthritis, musculoskeletal 
disease, rheumatology, and inflammation. 

Brief Summary of Literature 
Loading is necessary for cartilage homeostasis. Studies demonstrate 
that OA in individuals with obesity can manifest in joints that do not 
experience loading due to body mass, like in the wrist (1,2). However, 
evidence also supports the hypothesis that obesity alters in vivo loading 
responses and biological properties of cartilage using image techniques 
in the knee joint (4). Loss of body mass in conjunction with a reduction 
in serum inflammatory mediators from a controlled diet and exercise 
intervention can reduce knee joint compressive forces and increase 
function in a cohort of OA patients (5).  Combined pain coping skills 
training and behavioral weight management programs can reduce OA-
related inflammatory markers and are associated with improvements 
in pain and function in OA patients, presumably through both altered 
loading due to reduced body mass and reduced low-level systemic 
inflammation (6).  

Studies in animal models demonstrate that muscular loading may play 
a role in the onset of OA (7). Muscle is vulnerable to damage with 
short-term diet-induced obesity challenge in a rat model, suggesting 
muscle quality may be directly (via loading) or indirectly (via 
inflammatory signalling) linked to risk for OA (1). When follistatin, an 
activin binding hormone, is administered systemically to mice 
challenged with a high fat diet, the resulting increase in muscle mass 
and glucose regulation mitigates OA damage (8). Taken together, 
muscle may be an intriguing tissue to study the interface between 
biology and biomechanics in the context of obesity and OA.  

In obesity, individuals can gain both body mass and body fat, or 
experience a conversion of composition to increased body fat while 
maintaining a similar mass. Chronic low-level inflammation from 
adipose tissue, or body fat, can result cartilage damage and degradation 
(1,2).  Of note, several studies have shown that in animals with similar 
mass but increased body fat, OA-related knee joint damage is most 
strongly associated with body fat, systemic inflammatory mediators, 
and synovial fluid cytokines (reviewed in 1). Collins & Guilak are 
currently interrogating a mouse model of lipodystrophy, which cannot 
store adipose tissue but still demonstrates many of the characteristics 
previously implicated in the onset and progression of obesity with OA 
(i.e. low-level systemic inflammation, intramuscular lipid, high bone 
density, metabolic disturbance). Preliminary data suggest that an 
absence of body fat may be protective against spontaneous knee OA 
risk, high fat diet, the onset of OA by trauma and the combination of 
these factors in male and female mice.  

The gut microbiota-host-immune system axis is another example of 
systemic factors implicated in the onset and progression of OA. This 
axis may link obesity-inducing diets involving high fat and/or high 
sugar intake to musculoskeletal damage that initiates with a dysbiosis 
of the gut flora. The dysbiotic gut microbiome caused by obesity-
inducing diets is associated with OA severity (reviewed in 1). 
Furthermore, dietary supplementation with the indigestible fiber 
oligofructose supports an increased abundance of Bifidobacteria that 
is associated with protection from obesity-OA without reduction of 
body mass (9). The gut microbiome-OA axis is an exciting opportunity 
to explore biological changes and non-invasive conservative 
management or prevention strategies, like oligofructose 
supplementation, in the context of OA with obesity.  

Conclusions 
The roles and interactions of biomechanics and biology in the context 
of OA with obesity are complex. Untangling the precise mechanisms 
of these interactions may result in the development of targeted 
therapeutic strategies to mitigate or prevent not only OA with obesity, 
but a myriad of comorbidities associated with OA, like metabolic 
syndrome and cardiovascular disease.  
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Summary 

Obesity is a risk factor for the development of knee 

osteoarthritis. While numerous studies have hypothesized that 

the primary pathological stimulus is increased joint loading 

resulting from elevated body mass, there are limited data on 

the effects of obesity on local in vivo strain distributions in 

knee cartilage. Furthermore, disruptions to the composition 

and organization of the cartilage extracellular matrix 

associated with obesity may alter the mechanical response of 

cartilage to load. Thus, this talk will utilize novel 

combinations of MR imaging and 3D modelling to explore the 

relationships between obesity, altered cartilage strains, and 

cartilage composition. 
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Summary 
Joint overloading has been historically implicated in the 
comorbid association between osteoarthritis (OA) and obesity.  
However, findings in obese mice and humans strongly suggest 
that load-independent systemic and joint inflammation are 
lynchpin drivers of joint degeneration.  Although increased 
systemic inflammation in obesity is partially caused by 
enlarged adipose tissue stores leading to increases in 
circulating cytokines, new evidence suggests that accelerated 
OA in obesity is caused by a dysbiosis in the gut microbiome.  
Obesity caused by consumption of a high fat diet is associated 
with shifts in the community of microbes in the colon, 
including increased abundance of several species associated 

with leaky gut and activation of inflammation.  Correction of 
this dysbiosis substantially decelerates joint degeneration in 
obesity, suggesting a gut microbiome-joint connection that 
warrants deeper investigation.  Overall, defining that the OA 
of obesity is caused by the gut microbiome would implicate 
targeting it as a novel treatment strategy for a prevalent and 
disabling disease that currently can only be addressed 
palliatively. 
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Summary 

Accurately predicting the locomotion state of a person’s next 

step is critical for control of multifunctional prosthetic 

devices. The output from the Beta Process Auto Regressive 

Hidden Markov Model (BP-AR-HMM) provides consistent 

and concise state output when classifying patterns throughout 

a gait cycle in non-steady state locomotion. In this study the 

state outputs from the BP-AR-HMM were used in a Long 

Short Term Memory network (LSTM) to estimate whether the 

next foot contact would be a walking or a running step. 

Results indicate that the LSTM can accurately predict the next 

step using minimal sensor data in non-steady state locomotion.   

Introduction 

The ability of a control system to estimate what type of 

locomotion the next step will be is critical for the application 

of support and propulsion force in multifunctional prosthetic 

devices. Previous work in locomotion transition prediction has 

shown that using multiple sensors with high sampling rates 

can accurately predict locomotion state of the next step [1,2].  

These algorithms however, have only been tested in controlled 

laboratory settings using extrinsically cued locomotion states, 

such as transitioning on a constantly accelerating treadmill, 

ramps or stairs [1-3].  

The purpose of this work is to use the classification output of 

the BP-AR-HMM as input into an LSTM network for the 

prediction of non-steady state locomotion and intrinsically 

driven walk to run and run to walk transitions.  

Methods 

Participants in this study were nine able-bodied subjects 

(21±1.1 years, 1.7±0.09 cm, 66±8.9 kg). Participants were 

instructed to use their preferred gait to complete nine average 

speed (1.3-3.0 m s-1) trials in a random order over a 

predetermined distance (90 m). An inertial measurement unit 

(IMU; ImeasureU) was placed on the dorsum of the 

participant’s dominant foot and sampled at 500 Hz. The 

magnitude of the linear accelerations and angular velocities 

for each subject were then stored for input into the model.  

Normal contact forces of the dominant foot were collected 

using Loadsol sensors (Novel), sampled at 100 Hz. The force 

data were used to detect precisely when a transition occurred 

and label walking and running foot contacts [3]. The IMU and 

force data were then down sampled to 25 Hz and input into the 

BP-AR-HMM. The BP-AR-HMM is composed of three major 

parts, described in detail by Fox et al. [4].  

The output from the BP-AR-HMM determined nine states; six 

of which were common to all subjects. The data input into the 

LSTM were the counts of these six states for the three prior 

stance phases. These data were then divided randomly into 

two different sets: training and testing, 70% of the data and 

30% of the data, respectively.  

The input layer to the network had a single neuron. The first 

hidden layer was an LSTM layer, with 18 neurons fully 

connected with a second hidden layer with two neurons 

utilizing a hyperbolic tangent activation function. This layer 

was fully connected to a softmax layer, which normalizes the 

data to a probability distribution over the predicted output 

classes, that is then connected to a binary output layer. The 

LSTM was trained using Adam stochastic gradient descent 

over 1000 iterations [5]. All analyses were preformed post 

hoc.  

The LSTM network was chosen for this study because of the 

temporal ordering of the input data. The structure of the 

LSTM is such that the data at the end of the input vector are 

weighted more heavily than the data at the beginning of the 

input for predicting the next state. Other artificial neural 

networks generally take the data in with the same input 

weights which may cause them to disregard the latent 

temporal structure of the data.  

Results and Discussion 

The total number of gait cycles measured in this study were 

4273. There were 2755 walking, and 1508 running cycles, 

with a total of 160 transitions between the two states. The 

prediction accuracies reported in this study were from the test 

data, which was not used during the training of the LSTM.  

The LSTM had a prediction accuracy of 94.3% on the test 

dataset (ntest = 1267). The overall prediction accuracy of 

transitions was 84.4% (ntran = 45). The prediction accuracy for 

the run to walk transition was 77.8% and the walk to run 

transition was 89.9%.    

The prediction accuracy of strictly walking steps by the LSTM 

was 96.4%. The prediction accuracy of strictly running steps 

were 97.9%. These values are comparable to previous work 

that predicted locomotion in a laboratory [2].  

Conclusions 

This work provides evidence that subject independent output 

from the BP-AR-HMM can be used by an LSTM network to 

accurately predict the next footfall for intrinsically driven 

transitions and non-steady state locomotion.  
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Summary 
The purpose of this study was to determine the validity and 
reliability of a clinic-based treadmill with integrated 
markerless motion capture. Hip and knee angular measures 
had moderate to high between-day reliability. However, 
caution should be exhibited interpreting joint angles from this 
clinic-based motion system as disagreement existed between 
the gold standard measure.  

Introduction 
Marker-based motion capture systems (MB) are considered 
the gold standard for measuring human movement.  However, 
MBs are not widely used due to their operating cost and 
difficulty. Markerless motion capture systems (ML) are less 
expensive and easier to use than MB and may be a valid tool 
to measure human movement in three dimensions. The 
purpose of this study was to determine the validity and 
reliability of a ML.  

Methods 
Thirteen runners participated in the study, 8 males (1.78 
±0.05m; 70.5 ±8.0kg; 18 ±1 year) and 5 females (1.66 
±0.05m; 56.4 ±6.5kg; 19 ±1 year). Each gave their written 
informed consent before testing. Participants wore 
standardized neutral running footwear during testing. Prior to 
the MB data collection, participants were instrumented with 
retro-reflective markers on their trunk, pelvis, legs and arms. 
One 30s trial was recorded while participants ran at 3.35m·s-1 
on a treadmill in the MB capture volume. Another 30s trial 
was recorded at the same speed on a treadmill attached to a 
ML. Eleven participants returned to the laboratory at least 7 
days later and repeated the ML data collection. Maximum and 
minimum angles, and range of motion (ROM) for frontal 
plane (FP) trunk, and sagittal plane (SP) trunk, hips, and knees 
were generated automatically by the ML. MB data were 
processed to replicate joint definitions used by the ML for 
analysis. Only right limb data were analysed. Between-day 
reliability of the ML was assessed with ICC(1,k). Agreement 
between the ML and MB was assessed with ICC(2,k) and paired 
t-tests. ICCs were only considered valid if they had a 95% 
confidence interval greater than zero and a significant F-test 

(p<0.05) [1]. Trunk, hip, and knee angles from the ML were 
valid when p > 0.05 and ICC(2,k) > 0.5. 

Results and Discussion 
In the FP, trunk ROM (ICC(1,1): 0.56), peak maximum 
(ICC(1,1): 0.53) and peak minimum (ICC(1,1): 0.74) angles had 
moderate reliability. In the SP, reliability was moderate for 
trunk peak flexion (ICC(1,1): 0.67) and extension (ICC(1,1): 
0.64) angles, while the ICC for trunk ROM was invalid 
(ICC(1,1): 0.11; p=0.36). There was good reliability for SP hip 
ROM (ICC(1,k): 0.85), flexion (ICC(1,k): 0.90) and extension 
(ICC(1,k): 0.91) angles, as well as SP knee ROM (ICC(1,k): 
0.85), flexion (ICC(1,k): 0.86) and extension (ICC(1,k): 0.82) 
angles. A moderate level of agreement existed between MB 
and ML in trunk flexion, hip flexion, and knee flexion angles 
(Table 1). Additionally, there was good agreement between 
the MB and ML for SP hip ROM, and hip and knee extension 
angles. However, there was a lack of agreement between the 
ML and MB for most trunk angles and SP knee ROM 
indicated by an invalid ICC(2,k). Only FP trunk maximum and 
minimum, SP trunk flexion, hip flexion, and knee extension 
angles were similar between MB and ML (p>0.05).  

The between-day reliability of the ML was similar to the 
between-day reliability of MB for FP trunk and SP hip and 
knee angles during running [2,3]. The low variability in trunk 
angles may have contributed to lower reliability between-days 
and agreement between systems.  

Conclusions 
While angular position measured by the ML had moderate to 
good between-day reliability, only trunk flexion, hip flexion, 
and knee extension angles were considered valid. ML could be 
a cost-efficient and user-friendly alternative to MB for 
tracking changes in running form over time, however caution 
should be exhibited interpreting joint angles from this ML. 
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Table 1: Trunk, hip, and knee angular positions during running, and validity ICCs and paired t-test p-values.

 Trunk Frontal Plane Trunk Sagittal Plane Hip Sagittal Plane Knee Sagittal Plane 
 ROM Max Min ROM Flex Ext ROM Flex Ext ROM Flex Ext 

ML 9.7 
(3.4) 

5.4* 
(2.1) 

-4.3* 
(1.8) 

7.0 
(1.3) 

13.5* 
(3.9) 

6.4 
(3.4) 

66.2 
(8.2) 

37.7* 
(8.1) 

-28.5 
(4.7) 

93.5 
(12.8) 

100.3 
(11.8) 

6.8* 
(4.0) 

MB 12.4 
(3.0) 

6.6* 
(1.9) 

-5.8* 
(2.9) 

15.7 
(2.7) 

15.7* 
(5.6) 

0.0 
(6.6) 

60.2 
(5.9) 

38.0* 
(5.3) 

-22.2 
(4.5) 

100.4 
(9.8) 

108.4 
(7.2) 

8.0*  
(4.9) 

ICC(2,k) 0.17# -0.04# 0.38# 0.20# 0.59 0.53# 0.79 0.73 0.93 0.68# 0.71 0.75 
t-test p = 0.03 p = 0.14 p = 0.07 p < 0.01 p = 0.10 p < 0.01 p < 0.01 p = 0.89 p < 0.01 p = 0.05 p = 0.01 p = 0.28 

* = p > 0.05; # = invalid ICC; Markerless (ML) and marker-based (MB) mean and standard deviation in degrees for each variable.  
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Summary 

Knee osteoarthritis (KOA) is a painful and debilitating disease 

that is accelerated by excessive loading in the joint. 

Personalized gait modifications that reduce the first peak of 

the knee adduction moment (P1KAM), can improve joint pain 

[3], but require visits to a laboratory equipped with expensive 

motion capture cameras and force plates. In this study, we 

used 3D marker trajectories of anatomical landmarks 

measured during walking with KAM-altering gait 

modifications to predict the P1KAM. We analyzed 125,415 

steps from 98 subjects walking on an instrumented treadmill 

and computed a true P1KAM using inverse dynamics. An 

artificial neural network (ANN) model predicted the P1KAM 

with a test r2 value of 0.80. Given recent advancements in 3D 

joint position tracking using 2D video, our results suggest a 

method to evaluate the effect of personalized gait 

modifications on P1KAM in any clinical setting, without the 

use of force plates. 

Introduction 

KOA is a leading cause of years lost to disability worldwide 

[1]. The medial compartment is affected 10 times more often 

than the lateral compartment [2], likely due to the large 

medial-to-lateral loading ratio during gait. The KAM is a 

surrogate measure of medial knee loading.  Gait retraining to 

change the foot progression angle (FPA) in a way that reduces 

the KAM has been shown to reduce joint pain [3]; however, 

personalization of this FPA modification is necessary to 

maximally reduce the P1KAM [4]. In a gait lab, the KAM is 

computed with inverse dynamics using ground reaction forces 

from force plates and kinematics from a motion capture 

system, but this expensive and technical equipment limits the 

scalability of personalized gait retraining interventions. Thus, 

a simpler, cheaper way to assess how gait modifications alter 

the KAM is needed. Considering recent improvements in joint 

position recognition algorithms that use 2D video, the goal of 

this study was to predict P1KAM using only 3D marker 

trajectories of anatomical landmarks measured with motion 

capture data, without using force plate data or inverse 

dynamics. 

Methods 

Motion capture data from 98 individuals (20 healthy, 78 with 

KOA) walking at a self-selected speed were analyzed. Each 

subject walked naturally and then received vibratory feedback 

to toe-in and toe-out by 5° and 10° relative to their baseline 

FPA. True P1KAM values, were computed with inverse 

dynamics using forces from a force-instrumented treadmill 

and the anatomic marker locations. To train the ANN models, 

the dataset was split into training (80 subjects), development 

(10 subjects), and test (8 subjects: 2 healthy, 6 with KOA). 

The test set was withheld during the model architecture 

selection and hyperparameter tuning processes. A 2-layer 

fully-connected ANN (756,801 parameters) was used to 

predict P1KAM for each step using 3D marker position, 

velocity, and acceleration data on 13 anatomical landmarks for 

8 time-points over the first half of stance. All marker 

trajectories were reported relative to the sacrum and 

normalized by height. 

Results and Discussion 

The ANN model predicted P1KAM with a test r2 value of 0.80 

and an RMS error of 0.57 percent bodyweight x height 

(%BW*ht) (Fig. 1). The predicted and true values were 

significantly correlated (p = 0.0024). For some subjects 

(different colors in Fig. 1), the slope of their predicted vs. true 

cluster was close to one, indicating that the model accurately 

predicted intra-subject changes in P1KAM. Additionally, a 2D 

frontal plane camera view was simulated by removing the 

corresponding dimension of the input, and the ANN 

performed similarly to the full-feature model (test r2 = 0.78). 

 

Figure 1: Predicted P1KAM from ANN vs true P1KAM from 

inverse dynamics. The y=x line is overlaid, and each color represents 

all of the steps for one leg of one subject walking with a variety of 

gait modifications that alter the P1KAM. 

Conclusions 

Our results show that it is possible to predict P1KAM using 

only 3D marker trajectories of anatomical locations. Frontal 

plane projections of the marker trajectories also predicted 

P1KAM, suggesting that it may be possible to evaluate the 

effect of gait modifications on P1KAM using 2D video alone, 

making it more accessible to clinicians. 
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Summary 

Start hesitation and bradykinetic gait initiation (GI) has been 

well-documented in individuals with Parkinson’s disease 

(PD). To this end, this large cohort study provides data for 

independent components of GI in persons with PD collected 

using a pressure sensing mat and using a common analysis 

technique.  

Introduction 

Gait initiation (GI) is a complex motor task which requires a 

transition from a relatively stable static position to one of 

dynamic motion. This transition places increased demand on 

the postural control system to successfully initiate gait. 

Scrutinizing complex motor tasks, such as GI, in pathological 

populations can provide insight into deficits of the postural 

and locomotor control system. Start hesitation (i.e., diminished 

GI) is a common motor complication associated with 

Parkinson’s disease (PD) and has been thoroughly described 

in both clinical and laboratory settings [1-4]. Although 

multiple investigations have studied GI in persons with PD, a 

variety of methodological approaches and outcome measures 

have made comparison across studies difficult. Most of these 

studies have used force platforms to measure GI, which are 

not feasible in a clinical setting [1-4]. Gait mats are becoming 

more readily accessible in the clinical setting and recent 

technological advancements have made investigations into 

performance of complex tasks, such as GI, easier using these 

pressure-sensing mats. The Primary Gait Screen (PGS) is a 

walking assessment which incorporates gait initiation, 

overground walking, turning, and gait termination in a single 

assessment using a pressure-sensing mat. The purpose of this 

investigation was twofold: provide reference GI data for a 

large cohort of persons with PD obtained from a clinically 

available gait mat and to compare these data to the extant GI 

literature. 

Methods 

Participants included 100 individuals with idiopathic PD, 

(79M, 21F, age: 66 ± 9yrs, Hoehn & Yahr scores: 2.0 ± 0.5, 

gait velocity: 1.15 ± 0.18m/s) recruited from a clinical practice 

specializing in movement disorders. Participants completed a 

clinical walking assessment which included two PGS trials.  

GI was analysed from PGS trials performed on an 8m 

instrumented pressure sensing mat (Zenometrics, Peekskill, 

NY, USA). Participants started standing on the mat with their 

feet in a self-selected position. Following 10sec of static 

balance, an auditory cue was used to prompt participants to 

begin walking (i.e., gait initiation). Each gait initiation was 

analysed to extract the anterior-posterior (AP) and 

mediolateral (ML) components of the center of pressure 

(COP) during GI (Figure 1). The S1 phase characterizes the 

COP as it transitions from static balance to a position under 

the stepping foot. During S2, the COP moves mediolaterally 

towards the stance foot, and S3 represents the COP moving 

anteriorly under the stance foot. 

Results and Discussion 

The extracted GI components from this study (Table 1) appear 

comparable to those reported previously. The S1 and S2 

phases of GI have been previously highlighted as indicators of 

disability and the current study provides additional data for 

comparison during these GI phases. Specifically, the reported 

S1AP, S1ML, and S2ML components fall within ranges of values 

from existing literature [2,4].  

 

Figure 1: Example of gait initiation. Blue squares indicate the active 

sensors during each foot contact. The dotted black line represents the 

COP throughout the phases of GI. 

Conclusions 

Here, we have provided GI reference values for 100 

individuals with PD. Further, the GI components obtained via 

the pressure sensing mat appear to be comparable to those 

previously published collected using force platforms.  

References 

[1] Rosin R et al. (1997). Movement Disorders, 12: 682-690. 

[2] Hass CJ et al. (2008). Clin Biomech, 23: 743-753. 

[3] Martin M et al. (2002). Physical Therapy, 82: 566-577. 

[4] Fernandez KM et al. (2013). Gait & Posture, 38: 956-961. 

 

Table 1: Mean ± standard deviations of gait initiation components. Positive numbers indicate COP movement towards the stance foot for ML and 

anterior for AP components.  

 S1 AP S1ML S2 AP S2 ML S3 AP S3 ML 

GI components (cm) -3.65 ± 1.64 -2.49 ± 1.60 0.76 ± 2.49 10.85 ± 5.21 9.23 ± 3.32 1.02 ± 1.10 
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Summary 

Gait, considered by many, is distinguishable between 

individuals, making gait a viable security measure. The long-

term goal of this research is to identify specific individuals 

wearing clothing with a high level of accuracy using a 

convolutional neural network (CNN). In this study, a 

supervised binary classification algorithm was developed and 

trained to identify subjects based on motion capture data.   

Introduction 

Biometrics are statistics obtained from biological and 

behavioral data. This type of data is unique to each individual 

making biometrics a great option for security measures. 

Fingerprint, voice, and facial recognition are examples of 

common biometrics used for security. Many biometrics-based 

security systems lack accuracy and, often fail [1]. There is a 

need for more advanced methods of biometric security 

platforms. Gait patterns are unique to everyone however it is 

not used for security in everyday life, due to the natural 

variation in features that can be extracted [2]. Features in this 

context meaning aspects of the lower extremities (maybe say 

kinematics) focused upon.  

In the current study, a validated algorithm from the literature 

[3] was replicated and tailored to produce percent yield using 

kinematic data from open-source datasets CASIA-A and 

CASIA-B. Previous literature yielded a high level of accuracy 

[3]. However, it is not understood how accuracy was calculated. 

Methods 

Information set theory, in MATLAB R2018, was used to 

develop features of gait cycles. In the code, an image is the 

information source, the pixels in the image are the information 

source values, and the uncertainty associated with the pixel 

intensity of the images is the information value. An entropy 

function was selected to measure uncertainty of an image, 

calculating two features. The two features are gait information 

image with energy feature and with  sigmoid feature (GII-EF 

and GII-SF, respectfully). The energy feature was developed by 

modifying the agent of the information set, and the sigmoid 

feature was developed by modifying the information value in 

the information set. Once the features are calculated, the nearest 

neighbor classifier is applied to the features to discern identity. 

From the Neural Network Toolbox in MATLAB, input and 

target variables were created to upload images from CASIA-A 

and CASIA-B datasets. Both datasets contain silhouettes of 

subjects from motion capture technology of various view 

angles. Five subjects and a parallel view angle (0) from each 

dataset was chosen. These images were converted into matrices 

as this software transforms black-and-white images into 

numbers 0 and 255, respectively. 40 rows of features were 

extracted as inputs, and 2 for targets because this is a binary, 

supervised classification identification algorithm. Parameters 

were set within the toolbox and the neural network was trained 

until validation was complete. A code was generated for this 

process and a confusion matrix was created. The confusion 

matrix shows recall, precision, and accuracy. Precision, recall, 

and accuracy are based on the predictions the algorithm made. 

Accuracy calculates how often the classifier is correct at 

identifying whether or not the input and target are the same 

person. Precision calculates the frequency of the classifier 

predicting and correctly identifying an individual. Finally, 

recall the probability of the number of correct outputs to the 

total number of true positive outputs that should have been 

identified in by the algorithm.   

Results and Discussion 

Figure 1 is a confusion matrix with high levels of accuracy and 

precision at 93.8%, and a recall rate of 100% of the preliminary 

image. For preliminary processing, both the input and target are 

the same individual.  

 

Figure 1: Potential Confusion Matrix.  

Conclusions 

After processing the preliminary image with the developed 

MATLAB algorithm, it was shown that obtaining a percent 

yield indicative of a high accuracy rate is possible. Further 

analysis will be done and expected to have a similar outcome 

with more images.  
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Summary 
Segmentation of anatomical tissues from medical images is 
extremely time consuming and is prone to human error. 
Historically, automated methods have produced insufficient 
accuracy and have been computationally expensive. This 
investigation tested a custom two-stage deep learning 
framework that achieved the best-reported segmentation 
accuracies, for all knee cartilage regions, in less than 3 mins.  

Introduction 
Segmentations of cartilage obtained using magnetic resonance 
imaging (MRI) are of interest for the creation of subject-
specific musculoskeletal models [1], validation of theories of 
cartilage mechanics, and in vivo studies of cartilage [2]. Manual 
segmentation of cartilage is prone to intra- and inter-rater errors 
and is time-consuming, requiring hours to complete. Traditional 
automated methods are computationally intensive, with 
computational time ranging from tens of minutes to days. Deep 
learning (DL) has outperformed traditional methods for 
computer vision [3]. Yet, the size of an image that can be 
segmented using DL is limited by graphics processing unit 
(GPU) memory. Therefore, most DL applications on medical 
images require down-sampling. During down-sampling, thin 
structures such as cartilage may be poorly segmented or lost.  
The purpose of this investigation was to test the accuracy and 
time to segment femoral, medial tibial, lateral tibial, and patellar 
cartilage using a DL framework designed to overcome memory 
constraints observed in medical image data.  

Methods 
A custom three-dimensional convolutional DL framework was 
tested. The framework includes two stages of DL models, stage 
one segments a down-sampled version of the full image and 
stage two segments patches of the image using inputs of full-
resolution image data and probabilities outputted from stage 
one. Segmented patches outputted from stage two are combined 
to create a full 3D segmentation.   
MRI data from two sources are included. 1. Data from 87 
individuals with osteoarthritis enrolled in the Osteoarthritis 
Initiative (OAI), including 174 Dual Echo Steady State MRIs 
(160x384x384; 0.7mm x 0.365mm x 0.365mm). 2. Data from 
15 healthy young men obtained from an experimental study [2], 
including 57 Fat saturated Fast Spoiled Gradient Recalled MRIs 
(100x512x512; 1.0mm x 0.313mm x 0.313mm). These data 
were split into three sets: 166 MRIs (73 participants) for 
training; 28 MRIs (12 participants) for interim testing; 37 MRIs 
(17 participants) for the presented validation. Validation results 
are presented separately for each dataset (1 = Osteoarthritis, 2 
= Healthy). Fourteen participants (59.8±8.4 y, 30.9±5.5 kg/m2) 
with radiographic osteoarthritis (Kellgren-Lawrence (KL) 2 
n=4; KL 3 n=10) were included in the validation. Three healthy 
participants were included in the validation (23.7±1.5 y, 
23.3±4.1 kg/m2). 

Segmentation validation was assessed using the dice similarity 
coefficient (DSC), with a manual segmentation serving as the 
gold standard. The DSC = 2 x True Positive / (2 x True Positive 
+ False Positive + False Negative). DSC ranges from 0 to 1 (0 
indicates no overlap between the gold standard and automated 
segmentation, 1 is perfect overlap) [4]. Processing time was 
recorded for each image. All computation was performed on a 
desktop workstation (NVIDIA Titan Xp GPU).  

Results 
DSC results are presented in Fig. 1. Segmentation accuracies 
for the group with osteoarthritis were [mean(SD)]: femur 
[0.90(0.02)], medial tibia [0.87(0.05)], lateral tibia [0.91(0.02)], 
patella [0.85(0.09)]. Accuracies for the healthy group were:  
femur [0.94(0.01)], medial tibia [0.92(0.01)], lateral tibia 
[0.93(0.01)], patella [0.96(0.01)].  Average segmentation time 
for the osteoarthritis group was 160.3(18.6)s, and for healthy 
group was 150.7(18.0)s. 

 
Fig. 1: Boxplots of segmentation accuracies per dataset and region  

Conclusions 
In knee MRI scans acquired from individuals with knee 
osteoarthritis and with healthy knees, the proposed 
methodology segmented all knee cartilage regions from one 
participant in less than 3 mins. The segmentation accuracies 
reported for both datasets show higher accuracies than any 
automated cartilage segmentations on any knees (with or 
without osteoarthritis). The reported accuracies are comparable 
or better than those previously reported between radiologists 
[4]. These findings indicate that the proposed methodology 
provides fast and accurate cartilage segmentations, something 
that is necessary for advancing biomechanics and osteoarthritis 
research.  
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Summary 
 

Post-traumatic osteoarthritis (OA) is especially common in the 
trochlear cartilage of the patellofemoral (PF) joint after 
anterior cruciate ligament reconstruction (ACLR). The effect 
of walking mechanics on OA after ACLR is established in the 
tibiofemoral joint, but not in the PF joint. Our purpose was to 
define the relationship between gait mechanics 3 months after 
ACLR and trochlear T2 values at 6 months. Our findings 
suggest higher involved limb quadriceps muscle forces during 
gait 3 months after ACLR may promote healthier trochlear 
cartilage, suggesting rehabilitation should target quadriceps 
muscle strength and activation for PF joint health. 
 

Introduction 
 

Post-traumatic PFOA may be more common and more 
strongly associated with symptoms among individuals after 
ACLR, as compared to tibiofemoral OA [1]. Within the PF 
joint, the trochlear cartilage has the highest prevalence of early 
OA features [2]. One proposed mechanism of OA 
development is asymmetric walking mechanics [3], but most 
studies have focused on the tibiofemoral rather than the PF 
joint. The effect of walking mechanics early after ACLR on 
trochlear cartilage degradation is unknown. The purpose was 
to define the relationship between gait mechanics 3 months 
after ACLR and 6-month trochlear T2 relaxation times (higher 
values indicate worse cartilage health).  
 

Methods 
 

18 individuals (11 men, 7 women; age 22 ± 6 years) 
participated after primary ACLR. Participants underwent 
motion analysis during over-ground walking 3 months after 
ACLR; kinematics (120 Hz), kinetics (1080 Hz), and surface 
electromyography (1080 Hz) data were collected bilaterally, 
informing a validated, patient-specific musculoskeletal model 
[4]. Supine bilateral knee imaging data (3 Tesla, 15-channel 
knee coil, Siemens) were collected at 6 months using a 2D 
sagittal sequence (field of view = 150 x 150 mm, slice 
thickness = 3 mm, repetition time = 3090 ms, echo time = 10-
70 ms) [5]. T2 maps were calculated on a pixel-by-pixel basis, 
skipping the first echo in each sequence to reduce simulated 
echo artifacts [6]. The entire trochlear cartilage was segmented 
manually at 3mm increments by one reader (LD). The trochlea 
was subdivided into 3 regions of interest (ROI): the central 
trochlea included the trochlear groove and one slice on either 
side while the medial and lateral ROIs included all cartilage on 
the respective side of the central 3 slices. We compared 
involved vs. uninvolved limb T2 relaxation times in the entire 
trochlea and each ROI using paired t-tests (α=.05). We used 
linear regression to define the relationship between key gait 
variables (peak quadriceps muscle forces and peak knee 
flexion angle [pKFA] and moment [pKFM]) and total 
trochlear T2 relaxation time in the involved limb and between 
interlimb differences (involved - uninvolved) of both the same 
key gait variables and total trochlear T2 relaxation times. 

 

Results and Discussion 
 

There were no differences between limbs in their total, central, 
medial, or lateral trochlear T2 relaxation times, although all 
involved limb values were marginally higher (Table). There 
was a moderate, negative relationship between quadriceps 
muscle forces and trochlear T2 relaxation times in the involved 
limb (R: -.594, p = .019, Fig.). Interlimb differences in pKFA 
predicted interlimb differences in trochlear T2 relaxation times 
(R: .587, p = .021). Our findings suggest walking with higher 
involved limb quadriceps muscle forces 3 months after ACLR 
predicts healthier involved limb trochlear cartilage 6 months 
after ACLR. Our novel trochlear results are analogous to 
recent findings in the tibiofemoral joint, in which 
underloading is associated with early OA development [3,7]. 
 

Table. Trochlear T2 relaxation times were numerically higher, but 
not statistically different in the involved vs. uninvolved limb. Higher 
values are worse, indicating greater cartilage degradation; mean (SD). 
 

Trochlear T2 Values Involved Uninvolved P-value 
Total Trochlear T2 47.5 (3.0) 47.0 (2.5) .42 
Central Trochlea T2 47.7 (3.3) 46.7 (2.4) .24 
Medial Trochlea T2 47.7 (4.2) 47.2 (5.5) .76 
Lateral Trochlea T2 48.0 (3.7) 46.9 (4.5) .41 

 

 
Fig. Higher quadriceps forces predicted lower (healthier) trochlear T2 
relaxation times. (BW: body weight; ms: milliseconds; 95% CI band) 
 

Conclusions 
 

Higher involved limb quadriceps muscle forces during gait 3 
months after ACLR may promote healthier trochlear cartilage 
at 6 months, suggesting rehabilitation should target quadriceps 
strength and muscle activation for future PF joint health. 
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Summary 

Spatio-temporal evolution of joint space width (JSW) during  
motion is of great importance to help with early treatment  
plans for degenerative joint diseases like osteoarthritis (OA).  
However, only a few studies have attempted to quantify the  
JSW from moving joints and the accuracy of measurements  
always remains debatable. In this paper, we present a generic  
pipeline that can be useful to accurately determine the changes 
of the JSW during the joint motion cycle from dynamic MRI  
sequences. This is done using an Eulerian approach for  
solving partial differential equations (PDE) inside a moving 
inter-bone space where bone segmentations are considered  as  
Dirichlet boundaries. The proposed approach was applied   
and evaluated on in vivo dynamic MRI data of five healthy 
children to quantify the spatio-temporal evolution of the JSW 
of the ankle (tibiotalar joint) during the entire dorsi-plantar 
flexion motion cycle.  

Introduction 

Providing accurate spatial-temporal information on the JSW 
certainly helps researchers and clinicians in identifying the 
critical phases of movement and making early treatment plans 
for degenerative joint diseases like OA. Tracking the entire 
joint space area and performing accurate measures of the JSW 
throughout a joint motion are still challenging because 
articular cartilages are soft tissues that undergo non-linear (i.e. 
elastic) deformations contrary to the rigid bones.  

Yezzi  et  al. [1] presented an Eulerian frame-work for 
computing the thickness of tissues based on  the solution of 
Laplace’s equation between two simply connected boundaries. 
These techniques have been successfully employed for 
cartilage applications from static MRI [2]. We adapt these 
techniques to the measurement of  JSWs during in vivo ankle 
joint motion of healthy children acquired using dynamic MRI .  

Methods 

Data were acquired as part of a pilot study (approved by IRB) 
for five healthy children (2 girls) with a mean age and weight 

of 12 years and 35.8kg respectively. High-resolution static 
MRI of the ankle were obtained using a three-dimensional T1-
weighted GE sequence (FOV=150mm×150mm, voxel= 
0.26×0.26×0.8mm, and matrix 576×576), using a 3T MRI 
scanner (Achieva dStream, Philips Medical Systems, Best, 
NL). Dynamic MRI were acquired using real-time FFE (Fast 
Field Echo) sequences with a scan time of 18 seconds for a 
single cycle of dorsi-plantar flexion (TR=20.61ms, TE=1.8ms, 
flip angle= 15°, FOV=200mm×200mm, slices×time frames =6 
× 15, voxel=0.57×0.57×8mm, and matrix 352×352).  

Using a recently published Log-Eucleadean polygrid 
framework approach [3], temporal tracking of bone and joint 
space area was achieved. Then using the Eulerian framework 
[1], JSW was computed by first solving a Laplace’s equation 
inside the surface between the bones. Next, the normalized 
gradient vector flow field was computed followed by setting 
the boundary condictions for two bones. The boundary 
conditions were iteratively updated via iterative relaxation 
method and the JSW was computed.  

Results and Discussion 

The medial JSW was around 2.7±0.6mm across all healthy 
ankles throughout the entire motion cycle. The lateral JSW 
was  around 3±0.6mm. An advantage of the Eulerian 
framework is that it yields width values in a bijective  way 
(Table 1). From these temporal maps, we can extract temporal 
features for each subject to provide an average  behavior of the 
JSW.  

Conclusions 
Dynamic MRI and dedicated image processing techniques can  
be applied to other joints and can be useful for evaluating joint 
disorders in children and adults. 
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Table 1: Spatio-temporal evaluation of tibiotalar JSW during plantar-dorsi flexion motion. 

Tiibia 

     

 
Talus 
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Summary 
This study investigated the relationship between muscle 
composition and patient-reported pain in individuals with and 
without symptomatic or radiographic hip osteoarthritis (OA). 
Fatty infiltration of the hip abductor muscles was quantified 
and related to HOOS pain scores. Increased fatty infiltration of 
the gluteus medius was found to be associated with greater hip 
joint pain.  

Introduction 
Deficits in hip abductor strength have commonly been 
associated with hip OA, however these deficits cannot be fully 
explained by changes in muscle cross-sectional area (CSA) 
[1]. This lack of association between strength deficits and 
muscle CSA may be a result of the inclusion of non-
contractile tissues such as fat in measures of total CSA. 

Recent evidence suggests that increased fatty infiltration of the 
hip abductors may be associated with both radiological and 
clinical severity of OA [2,3]. However, these studies did not 
directly quantify fatty infiltration of the hip abductors. Thus, it 
is necessary to more objectively characterize hip abductor 
muscle size and composition in order to better understand the 
relationship between muscle quality and disease severity. 
Therefore, the purpose of this study was to quantify fat content 
of the hip abductors relative to muscle size and relate this to 
patient-reported pain in OA patients and healthy controls. 

Methods 
Thirty-seven subjects with and without hip OA were selected 
from a longitudinal study on hip OA (age 53.5±12.4 years, 
BMI 23.7±2.6 kg/m2, 21 males). These subjects provided self-
reported Hip Disability and Osteoarthritis Outcome Scores 
(HOOS) intended to assess pain of the hip joint [4]. Each 
subject was assigned a KL score by an experienced 
musculoskeletal radiologist, and the hip with the higher KL 
score or the more symptomatic hip subsequently underwent 
MRI. MR sequences included: (1) IDEAL SPGR and (2) 
Axial Oblique T1w using a 3T Discovery 750 MR scanner (GE 
Healthcare, Waukesha, WI) with a 32-channel cardiac coil. 
All images were processed in Matlab (Mathworks Inc., Natick, 
MA). Manual volumetric segmentation of the gluteus medius 
(GMed), gluteus minimus (GMin), and tensor fascia latae 

(TFL) was performed by two skilled technicians with inter-
rater reliability ICC > 0.94. For each voxel, the fat fraction 
was calculated using the equation η = Sfat/(Sfat + Swater) where η 
is the fat fraction, Sfat is the signal from the fat image, and 
Swater is the signal from the water image. This allowed for 
quantification of overall fat fraction (Fat TFL, Fat GMed, Fat 
GMin) for each muscle. 

Separate hierarchical multiple regressions were used to predict 
HOOS pain from Fat TFL, Fat GMed, and Fat GMin. Each 
model was then adjusted for age, gender, and BMI. All 
statistical analyses were performed using SPSS (Version 23; 
SPSS, Inc, Chicago, IL) with alpha-level 0.05. 

Results and Discussion 

Simple linear regression (Table 1a) showed that Fat GMed 
was associated with HOOS pain scores (R = 0.437, p = 0.007). 
The multiple regression model (Table 1b) revealed that Fat 
GMed combined with age, gender, and BMI could explain 
28.6% of the variance in HOOS pain scores (adjusted R2 = 
0.197, p = 0.025). Although none of the demographic 
variables reached statistical significance individually, the 
adjusted R2 was improved with the addition of age, gender, 
and BMI. In both models, Fat GMed was negatively 
associated with HOOS pain scores, indicating greater pain 
with increased fat fraction. 

Conclusions 
These findings suggest that increased fatty infiltration of the 
gluteus medius may be associated with increased hip joint pain 
in individuals with symptomatic or radiographic OA. Further 
longitudinal studies are needed to investigate the relationship 
between muscle composition and hip OA in order to determine 
whether fatty infiltration is a risk factor for disease 
progression or simply associated with symptoms of disease. 
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Table 1: Model summary for (a) simple linear regression between Fat GMed and HOOS pain scores (b) multiple linear regression between Fat 
GMed and HOOS pain scores, adjusting for age, gender, and BMI. 

Model R R2 Adjusted R2 SEE R2 Change F Change df1 df2 Sig. F Change 
a .437 .191 .168 10.87859 .191 8.255 1 35 .007 
b .535 .286 .197 10.68440 .096 1.428 3 32 .253 
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Figure 1: Femoral Segmentation Examples 
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Summary 
Our understanding of the relationship between 3D bone shape 
and knee osteoarthritis (OA), as well as our ability to 
investigate potential causative factors of OA, has been 
hampered by the time intensive nature of manually 
segmenting bone from MR images. Thus, we aim to develop 
and validate a fully automated deep learning framework, based 
2D holistically nested networks (HNN) architecture, for 
segmenting the patella and distal femur cortex, in both adults 
and actively growing adolescents. Data from 93 subjects, 
obtained from on IRB-approved study, formed the database. 
Our HNN with multi-feature architecture segmentation 
provides a fully automatic technique capable of delineating the 
often indistinct interfaces between the bone and other joint 
structures with an accuracy better than nearly all previous 
techniques, even when active growth plates are present. 

Introduction 
The impact of knee osteoarthritis (OA) in terms of cost and 
quality of life losses cannot be overstated. Current automatic 
segmentation methods for evaluating 3D bone and cartilage 
shape are hindered by an inability to investigate potential 
precursors of OA (e.g., ACL injury and patellofemoral pain), 
as these techniques are rarely validated for complete bone 
segmentation and none have been validated for segmenting 
immature bone. Thus, the purpose of this study was to develop 
and validate an automatic, holistically nested networks (HNN) 
architecture, deep learning framework for segmenting the 
patella and the distal femur in both immature and mature bone.  

Methods 
3D sagittal GRE and GRE-FS MR images (93 participants in 
total) were acquired from an ongoing IRB-approved NIH 
study. Manual models of the outer cortex were available for 86 
femurs and 90 patellae. A deep learning based, 2D HNN 
architecture was developed to automatically segment the 
patella and distal femur. To improve image uniformity prior to 
training/segmentation all images underwent an automatic pre-
processing, prior to entering the HNN pipeline. The errors in 
the surface-to-surface distances and the Dice coefficient and 
were the primary measures used to quantitatively evaluate 
segmentation accuracy using a 9-fold cross-validation.   

Results and Discussion 
We successfully created a fully automatic deep learning 
framework for segmenting both mature and immature bone. 
The average absolute error was 0.33mm for both bones. The 
Dice similarity coefficient was 97% and 94% for the femur 
and the patella. Neither the presence of active growth plates 
nor pathology influenced the segmentation accuracy. 

The successful implementation our segmentation pipeline 
supports future clinical and engineering advances by providing 
a fully automated technique that is not limited to detecting the 
strong contrast at the bone-cartilage interface. It does so with 
an accuracy better than previous techniques. The ability to 
properly interpret the growth plates as an internal bone 
structure will enable studies beyond those focused solely on 
adults. This in turn will expand our knowledge of bone 
development and pathology in the pediatric/adolescent 
population allowing us to better understand the etiology of 
pathology and the impact of injury in adolescents and 
investigate potential precursors to OA. 

Conclusions 
The fully automatic HNN-based segmentation is capable of 
delineating the often indistinct interfaces between bone and 
other joint structures. It is more accurate than previous 
techniques, even when active growth plates are present.  

 
 Table 1: Accuracy Across Cohorts. The mean (standard deviation) is provided.  

   Fused Unfused p-value Patient Control p-value 

F
em

 AAE mean (SD) 0.33 (0.04) 0.34 (0.04) 0.280 0.34 (0.04) 0.33 (0.04) 0.161 

Dice mean (SD) 0.97 (0.01) 0.97 (0.00) 0.595 0.97 (0.01) 0.97 (0.00) 0.053 

Pa
t AAE mean (SD) 0.32 (0.07) 0.34 (0.05) 0.068 0.32(0.06) 0.34 (0.06) 0.211 

Dice mean (SD) 0.95 (0.01) 0.94 (0.01) 0.065 0.95 (0.01) 0.94 (0.01) 0.070 
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Summary 

Flip-flop style footwear is assumed to increase slip risk due to 

shallow treads and non-rigid coupling to the foot. For 

provoked slips in dry and wet (water) conditions, differences 

in adhesion effects, absolute normal force, and contact area are 

suspected to have influenced the coefficient of friction. There 

was no effect of water on relative foot-sandal motion nor on 

peak slip velocity; however, foot-sandal uncoupling tended to 

occur during slips when both the foot and floor were either dry 

or wet. While greater slip severity in wet conditions was not 

entirely supported, evidence for uncoupling implies that slip-

recovery may be impaired when wearing flip-flops.  

Introduction 

Flip-flop footwear may pose a risk for slip and fall injury due 

to relative foot-sandal motion and shallow tread depth [1,2]. 

Flip-flops also allow for fluid contaminants to be present both 

between the tread and floor, and the foot and sandal footbed. 

To complicate matters, testing slip dynamics to ensure fidelity 

is difficult [3]. Thus, the aim of this study was to evaluate 

controlled slips in flip-flops from a standing posture. It was 

hypothesized that slip severity would be greater with a fluid 

contaminant. We predicted that water would increase peak slip 

velocity and decrease the available coefficient of friction 

(ACOF) at slip-start (SS) and peak slip velocity (PV). Relative 

foot-sandal motion during the slip was expected to be greater 

when both the sandal footbed and floor surface were wet. 

Methods 

Kinematics of the shank, foot, and sandal of 17 participants (8 

males, age: 22 ± 3y, height: 1.74 ± 0.14m, mass: 73.7 ± 

16.3kg) were collected at 200 Hz (Optotrak Certus, NDI, 

Waterloo, CA). Participants wore flip-flops and stood on a 

Terrazzo tile mounted on a force plate, sampled at 4000 Hz, 

with 40% body weight (BW) and the center of pressure over 

the posterior 1/3 of the slipping foot (AMTI OR6-7, 

Watertown, USA). Three conditions were tested: DRY, WET, 

and DBW (DBW = both footbed and tile wet). A custom 

device initiated three slips of ≥5 cm, in each condition, via an 

anterior force equal to 25% BW (Figure 1).  

Figure 1: The slip-initiation device used to elicit controlled slips. 

Force direction highlighted by the arrow. 

Relative foot-sandal motion was evaluated by the absolute 

angle between the segments at PV and whether the sandal 

moved anteriorly off the heel of the foot at any time during the 

slip. A paired T-test was used to evaluate slip velocity. 

General linear models were used to evaluate relative foot-

sandal motion (3x3) and the ACOF (2x2) (α < .05). 

Results and Discussion 

From SS to PV, for WET, ACOF decreased; however, for 

DRY, ACOF increased (p < .0001) (Figure 2a). It is possible 

that adhesion effects, differences in absolute normal force or 

contact area [4], or the force filter cut-off may have influenced 

the results. Peak slip velocity was 2.81 m/s on both dry and 

wet tile (p = .94), and there was no change in foot-sandal 

motion (p = .99). Interestingly, the foot and sandal were found 

to uncouple during slips. This tended to occur more frequently 

when both the foot and tile were either dry or wet (Figure 2b) 

(anecdotal evidence). 

Figure 2: a) Interaction between the ACOF at slip-start (SS) and 

peak slip velocity (PV). b) % of trials with foot-sandal uncoupling for 

dry tile (DRY), wet tile (WET), and wet tile + wet footbed (DBW). 

Conclusions 

There is little difference between dry and wet slips in flip-

flops. During a slip, uncoupling sometimes occurs, which may 

reduce an individual’s capacity to successfully recover without 

falling. Thus, the consequences of slips in flip-flops may be 

greater compared to those in more traditional footwear. 
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Summary 
Slip and fall events are a major cause of occupational injuries. 
Footwear is an important consideration for assessing risk of 
slipping. Previous research has shown that shoe tread fluid 
drainage capabilities contributes to slip likelihood and that 
slip-resistant (SR) shoes tend to have better traction than non-
SR (NSR) shoes. However, the role of fluid drainage in 
explaining these effects is not well understood. In this study, 
57 subjects who wore either SR or NSR shoes were introduced 
to an unexpected slipping event. Under-shoe fluid pressures 
and slip occurrence were reported and their dependence on 
shoe type and shoe age were analysed. Shoe type significantly 
influenced peak fluid pressure and slip occurrence. This 
research suggests that SR shoes are more effective than NSR 
shoes at reducing slip severity. The reported shoe age may be 
weakly associated with under-shoe drainage and slipping risk. 

Introduction 
Falls due to slipping are one of the leading causes of 
occupational injuries in the U.S. [1]. One of the factors shown 
to affect slip likelihood includes shoe tread fluid drainage 
capabilities, measured via under-shoe fluid pressure sensors 
[2]. The tread of shoes marked as SR is designed to drain fluid 
to reduce slip severity and previous research has shown that a 
loss of this tread can negatively affect slip-resistance of a shoe 
[2]. However, fluid drainage capabilities vary across SR shoes 
and across the life of a shoe [3]. Furthermore, the fluid 
drainage of SR vs. NSR shoes is not well understood. Previous 
work has shown that SR shoes replaced after 6 months of wear 
performed better than those used for over 6 months [4]. 
However, that study only used two time categories and slip 
occurrence was the measurable outcome. The relationship 
between shoe type (SR and NSR) and the amount of time 
shoes are worn and their impact on slip risk and under-shoe 
fluid pressure are unclear. Thus, this study seeks to understand 
the effects of shoe type and shoe age on risk of slipping. 

Methods 
Fifty-seven subjects (28 females, 29 males; mean age: 34±13 
years) completed a gait assessment while wearing their own 
SR or NSR shoes. Subjects reported the amount of time shoes 
were worn: <6, 6-12, or >12 months. Subjects were fitted with 
79 reflective markers and a safety harness. A motion capture 
system (Vicon T40S, Oxford, UK) was used to collect marker 
kinematics. After several dry trials, subjects experienced an 
unexpected slip event at least three steps after gait initiation as 
their right heel landed on a diluted glycerol solution (90% 
glycerol/10% water by vol; 219 cP) spread over a 5x6 pressure 
sensor array (Setra, Model 3100). Peak fluid pressure across 
all sensors during the slip event was reported. Slip occurrence 
was characterized as a slip distance greater than 3 cm [5].  

Generalized regression models were used to assess the effects 
of classifications on outcomes. In the two models, shoe type 
and shoe age were the independent variables and peak fluid 
pressure and slip occurrence were the dependent variables, 
respectively. Peak fluid pressure was log transformed to 
achieve normality. 

Results and Discussion 
Shoe type was shown to affect peak fluid pressure (p=.0022) 
and slip occurrence rate (p<.0001) (Figure 1). Shoe age did 
not significantly affect the dependent variables.  

 
Figure 1: Peak fluid pressure (left) and slip occurrence rate (right) 

for shoe type and shoe age category. 

SR shoes performed better than NSR shoes, with reduced peak 
fluid pressures and slip occurrence, regardless of shoe age. 
Older SR shoes tended to have higher peak fluid pressures and 
slip occurrence, yet these effects did not reach significance. 
Other studies have identified that the geometric size of the 
worn region may have a stronger association with under-shoe 
hydrodynamics and traction performance [3]. Thus, alternative 
metrics to age should be considered in future research. 

Conclusions 
While SR shoes had lower under-shoe fluid pressures and 
better slip outcomes than NSR shoes, this study does not 
support using reported shoe age as a replacement method. 
Developing other systems based on the physical condition 
may be warranted.  
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Summary  

Slip-induced falls are a major public health concern as 

approximately 25% of older adults who fall will fracture 

their hip [1]. There is a paucity of research investigating the 

upper extremity responses to a slip. The purpose of the 

current study was to characterize the frontal and sagittal 

excursions of the both arms in response to a slip 

perturbation. We found that the greatest arm excursion 

occurred in the frontal plane of the arm contralateral to the 

slipping foot. Our findings suggest that the arm contralateral 

to the slipping foot may have the greatest influence on the 

restoration of balance during slipping. 

Introduction 

Slip-induced falls are responsible for approximately 25% of 

older adults who fracture their hip from falling [1]. The 

upper extremities have reported to assist in the recovery of a 

slip event [3,4], however previous work in this area has been 

limited to sagittal plane motion [3,4] with more recent work 

investigating the ipsilateral arm to the slipping foot [2]. The 

purpose of this study was to characterize bilateral upper 

extremity responses to a slip event.  Based on pilot data 

obtained in our laboratory, we hypothesized that 1) the 

contralateral arm to the slipping foot would demonstrate 

greater excursion in the frontal and sagittal planes compared 

to the ipsilateral arm, and 2) the contralateral and ipsilateral 

arms would demonstrate greater excursion in the frontal 

plane compared to the sagittal plane. 

Methods 

Fifteen healthy adults between the ages of 21-35 were 

recruited for participation in this IRB approved study. 

Participants were placed in a full-body harness attached to a 

low-friction trolley to prevent injuries from a possible fall. A 

full body marker set (76 reflective markers) was used to 

obtain full body kinematics with 11 motion capture cameras 

(150 Hz).  

Participants walked along a 10-meter walkway at a speed of 

1.45 m/s. Once participants demonstrated consistent walking 

speed, mineral oil was placed on the force platform (without 

the participant’s knowledge) to induce a slip. Slips were 

induced on the participant’s right foot and all subjects were 

able to recover without falling. Arm kinematics in the frontal 

and sagittal plane were obtained for the contralateral (left) 

arm and ipsilateral (right) arm. Processing of shoulder angles 

(upper arm vs. trunk) used an Euler sequence of Y-X-Z (AP, 

ML, Vertical). Between arm and within arm comparisons of 

arm excursion (frontal and sagittal planes) were made using 

paired t-tests respectively.  

Results and Discussion 

Results revealed that there was no significant difference 

between sagittal plane excursion of the contralateral arm to 

the slipping foot compared to the ipsilateral arm (p=0.752; 

Figure A). In contrast, the contralateral arm to the slipping 

foot demonstrated significantly greater excursion than the 

ipsilateral arm in the frontal plane (p = 0.000; Fig. B). The 

within arm analysis revealed that the contralateral arm to the 

slipping foot exhibited greater excursion in the frontal plane 

compared to the sagittal plane (p=0.000; Fig C), and the 

ipsilateral arm to the slipping foot exhibited greater motion 

in the sagittal plane compared to the frontal plane (p=0.011; 

Fig D). 

 

 

 

 

* denotes significance (p < 0.05) 

 

Conclusions 

Our results suggest that frontal plane motion of the 

contralateral arm to the slipping foot may play a larger role 

in recovery of balance during a slip perturbation. Future 

studies will examine the mechanical effect of the 

contralateral arm on regaining balance from a slip 

perturbation.  
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Summary 
Through the use of a new wearable slip perturbation device, 
this work probes whether the timing of an unconstrained slip 
during the stance phase of gait influences a number of slip 
characteristics and the compensatory step taken in response. 
We found that the onset time of a slip correlates significantly 
with the direction, distance, and peak velocity of that slip, in 
addition to the length and direction of the next step. 

Introduction 
Lab-induced slip perturbations during gait are a widely used 
strategy to study balance and inform fall prevention strategies. 
While successfully providing insight into both slip and 
recovery mechanics, this research has focused primarily on 
early stance perturbations. What’s more, many slip simulation 
methods unnaturally constrain the sliding foot due to 
mechanical limitations [1]. Recently, we developed a wearable 
device capable of evoking unpredictable, unconstrained slips 
at any point during stance (Wearable Apparatus for Slip 
Perturbations, WASP). Using this device, the goal of the 
following study was to investigate whether the timing of a slip 
during stance phase influences the physical characteristics of 
the experienced perturbation, as well as the attributes of the 
ensuing compensatory steps (CS). 

Methods 
Ten healthy, young adults (25.4±3.4 years, 1.75±0.07 m, 
80.7±14.5 kg, 2 females) were consented for participation in 
the following study. All participants were outfitted with a 
compression suit, athletic shoes, a safety harness, a full-body 
marker set, and a pair of WASP devices. Subjects walked back 
and forth across an eight meter walkway at their self-selected 
speed. After a random amount of time between one and four 
minutes, a slip perturbation was triggered remotely by an 
attending researcher targeting either early (0-33%), mid (34-
67%), or late (68-100%) stance phase to collect a broad range 
of onset times. Participants were allowed a seated rest period 
after each trial, during which the activated WASP device was 
reattached to the proper foot. All subjects performed 12 trials. 
Trial duration, slip onset phase, and perturbed foot for each 
trial were randomized prior to the start of each session. Marker 
trajectories were recorded at 120 Hz. 

Gait events were determined using a coordinate-based method 
[2]. Slip onset, reported as a percentage of stance phase, was 
defined as the instant that the perturbed foot’s horizontal 
velocity began to increase within the stance period that WASP 
was triggered. Slip cessation was taken as either the time that 
the foot’s horizontal velocity returned to zero or the following 
toe-off (i.e. late stance slips). All of the following attributes 
were computed in a center of mass (CoM) based coordinate 
system. Slip distances were calculated as the difference 

between the perturbed foot’s CoM position at slip onset and 
cessation, while the peak horizontal velocities during this 
same period are the slip velocities. Slip direction was taken as 
the angle between the foot’s CoM motion vector and the 
subject’s heading. CS were defined as the next heel-strike of 
the unperturbed foot following the slip, and the horizontal 
coordinates of said foot’s CoM were used to calculate step 
distance and direction relative to heading. 29 trials were 
removed because of marker occlusion or failed slip initiation, 
leaving 91 valid trials to be analyzed. Due to non-normal data 
distributions, Spearman’s rank correlation coefficients were 
derived between all of the previously mentioned slip and 
recovery attributes and the time of slip onset. The critical 
alpha was set to α=0.05. 

Results and Discussion 
A significant strong, positive relationship exists between slip 
onset time and slip direction (ρ(89) = 0.659, p < 0.001; Table 
1) as well as CS distance (ρ(89) = 0.694, p < 0.001; Table 1). 
Significant strong, negative associations with onset time were 
found for slip distance (ρ(89) = -0.609, p < 0.001; Table 1) 
and CS direction (ρ(89) = -0.599, p < 0.001; Table 1). A weak 
negative correlation between onset time and slip velocity was 
observed (ρ(89) = -0.246, p = 0.019; Table 1), however this 
relationship was still statistically significant. As slip 
perturbations occur later in stance, the perturbed foot tends to 
slow and travel a shorter distance in a direction that becomes 
increasingly lateral and eventually opposite to the direction of 
travel. Ensuing CS exhibit an opposite trend, lengthening and 
approaching the heading direction with later onset times. 
Table 1: Spearman’s correlation coefficients and associated p-values 

between each examined variable and slip onset time. 

Conclusions 
The timing of a slip perturbation during stance appears to 
influence the mechanics of the slip and the stepping reactions 
employed to regain stability. The observed trends suggest that 
early stance slips, in general, may be more severe than those 
that occur later. 
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Slip Direction 0.659 < 0.001 
Slip Distance -0.609 < 0.001 
Slip Velocity -0.246 0.019 
CS Direction -0.599 < 0.001 
CS Distance 0.694 < 0.001 
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Summary  

This study examined the associations between standard 

walking stability measures [Feasible Stability Region (FSR) 
and Margin of Stability (MOS)] and linear velocities of the 

torso and pelvis segments during intentional slips in 17 young 

healthy participants. MOS was related to anterior/posterior 

segment velocity across major slip events while FSR was 

more related to vertical segmental velocity during the slip 

itself. These data may have implications for fall detection and 

segment velocity profiles derived from an intentional slip 

could potentially inform the requirements for a stable gait.  

Introduction 

Understanding movement behaviours just prior to and during 

falls while walking could inform fall prevention strategies [1]. 
When studying walking balance, common methods to estimate 

stability during a slip perturbation include the Feasible 

Stability Region (FSR) [2] and Anterior/posterior (A/P) 

Margin of Stability (MOS) [3]—both of which examine 

movement in the AP plane. Examining the vertical height of 

the hip can determine the likelihood of recovering from a loss 

of balance [2]. Intentional falls are an extreme example of 

balance loss, have been used in stability training interventions 
[4], and are often employed in the development of algorithms 

for fall detection devices that use accelerometer data from the 

pelvis [1] and the trunk [5]. Since FSR and MOS have not 

been examined during intentional falls during walking, the 

relationships between these measures and segmental 

kinematics (such as those used for fall detection) are not 

known. The purpose of this study is to examine the 

relationship between gait stability and segmental kinematics 
during an intentional slip-induced backwards loss of balance 

(BLOB). It is hypothesised that A/P segmental motion will be 

significantly associated with MOS and that FSR will be 

correlated with vertical segmental velocities at the beginning 

of the slip [2].  

Methods 

Seventeen young healthy adults (11 males, age: 25±3 years, 

height: 173±8 cm, mass: 82±21 kg) walked at a self-selected 

velocity (0.92±0.28m/s) along a 10 m walkway wearing a 

safety harness secured to an overhead fall prevention system 

[5]. After familiarization, participants used self-selected 

movements to intentionally fall backwards while walking over 

a slippery surface [5].  Ten participants experienced a BLOB 
while seven participants tried to fall but had a forward 

recovery instead.  

Full body 3D kinematics were recorded (45 retro-reflective 

markers, fs=100Hz, Vicon, Centennial, CO). Segmental 

kinematics and total body centre of mass (COM) were 

extracted using OpenSim inverse kinematics [6,7]. MOS and 

FSR were calculated with larger positive values indicating 

greater stability [3]. Three time points were separately 

analysed; slip heel strike (SHS), contra-lateral toe off (CTO) 

and contra-lateral heel strike (CHS). Pearson’s correlations 
assessed the association between MOS and FSR to pelvis and 

torso segment velocities at each time point (α=0.05). 

Results and Discussion 

Pearson correlations of the FSR and segment velocities are 

listed in Table 1. At each time point there were significant 

positive associations between MOS and all A/P but not 

vertical segment velocities.  

Table 1.  Pearson correlation values between the FSR and segment velocities in the 

A/P and vertical directions. 

 A/P Velocity Vertical Velocity 

Time Point Pelvis Torso Pelvis Torso 

SHS r=-0.018 r=0.346 r=0.757 ** r=0.721 ** 

CTO r=0.199 r=0.339 r=0.732 * r=0.796 ** 

CHS r=0.760 ** r=0.866 ** r=-0.258 r=-0.173 

[* p <0.05, ** p<0.001]  

Due to its dependence on COM A/P velocity, MOS was 

consistently only correlated with A/P segment velocities, 

confirming our hypothesis. Considering a slip progresses in 

the A/P direction, A/P segmental velocities were strongly 

associated with both stability estimates at CHS (i.e. after slip). 

From SHS to CTO (i.e. during the slip), FSR was only related 
to vertical velocities. While only A/P kinematics are used to 

calculate the FSR, it appears that during the slip, the distance 

to the FSR captures the effect of the downward motion of the 

hip, especially in persons experiencing a BLOB [2]. 

Conversely, the recovery step from participants who did not 

experience a BLOB increased the variability in A/P segmental 

velocity for that group which may have led to the lack of 

association with FSR in that direction.  

Conclusions 

This novel study examines the relationship of segmental 

velocities to standard slip-related stability measures. Data 

suggests that both A/P and vertical torso or pelvis segmental 
velocities can characterize stability in volitional slips. Future 

work should further distinguish the potential variability of 

segmental velocities and stability between a BLOB versus a 

recovery step.  

   
Acknowledgments Funding provided by the Saskatchewan Health Research 

Foundation 

References                                                  

[1] Kangas et al. (2012) Gait Posture, 35(3), 500-505, [2] Yang, Bhatt, Pai, 

(2009) J Biomech,42(12),1903-1908, [3] Bruijn et al. (2013) J. Royal Soc. 

Interface, 10(83), [4] Allin, Nussbaum, Madigan, (2018) J Appl Biomech, 

(00), 1-7 [5] Liu and Lockhart (2014) J Biomech Eng, 136(10),101005, [6] 

Arora et al. (2018) PM&R, [7] Delp et al. (2007) IEEE Trans Biomed Eng, 

54(11),1940-1950, [8] Rajagopal et al. (2015) IEEE Trans Biomed Eng 

63(10),2068-2079

 

Friday, August 02 2019: Afternoon (1500-1600) 893

Slipping and Falling



Friday, August 02 2019: Afternoon (1500-1600) 894

9.9 Elderly Walking
1. Douglas Rowen: Do Older Adults Synchronize Their Strides To Different Visual Stimuli?

2. Eliane Celina Guadagnin: Role Of Muscle Thickness On Overground Gait And Obstacle Crossing In Older Adults

3. Joao Batista: Lower Body Gait Kinematics Of Geriatric Inpatients Rollator Users: A Statistical Parameter Mapping
Analysis

4. Yi-Chun Kuan: Gait Performance During Single- And Dual-Tasks Among Geriatric People With Cognitive Impairment:
A Cross-Sectional Study

5. Silvia Zanini: Differences In Walking Mechanics Between A Traditional Walker And The Kb Balance Trainer

Elderly Walking



 

 

Do older adults synchronize their strides to different visual stimuli?  

 

 Douglas A. Rowen1, Luis Silva1, Aaron D. Likens1, Joao R. Vaz1,2, & Nicholas Stergiou1,3  
1Department of Biomechanics, University of Nebraska at Omaha, Omaha, NE USA 

2Universidade Europeia, Lisbon, Portugal 
3College of Public Health, University of Nebraska Medical Center, Omaha, NE USA 

email: darowen@unomaha.edu, web: https://www.unomaha.edu/college-of-education/cobre/ 

 

Summary 

There is a temporal structure of stride-to-stride fluctuations 

found in healthy gait. However, older adults lose this temporal 

structure during walking. This can be counteracted through the 

use of external cueing that contains the temporal properties of 

pink-noise. This cueing mechanism can be used to restore the 

temporal properties of walking in older adults to levels similar 

to those seen in healthy young adults. 

Introduction 

Natural stride-to-stride fluctuations during walking display 

certain temporal properties and exhibit a power spectrum that 

is similar to that of pink-noise [1]. These properties change 

with aging and disease [2], and walking with cues from an 

external stimulus has been implemented in the rehabilitation 

of those pathological walking conditions. We argue that 

external cues should have a structure that mimics the 

fluctuations found in healthy walking. Previous research has 

shown that when pathologic populations walk to pink-noise 

based stimuli, their stride to stride fluctuations exhibit 

fluctuations similar to healthy walking [3]. This restoring 

capacity should be increased if the person and the stimulus are 

synchronized, which may be promoted in such fractal 

conditions. Here we further investigated how older adults 

synchronize their strides to three visual stimuli presented as 

pink-noise, white-noise, and non-variable. 

Methods 

Five older adults (73.42±5.32 yrs.) walked around a 1/8th mile 

track. The subjects were asked to synchronize their steps to a 

visual bar displayed from a small monitor placed on a 

common pair of glasses. To measure stride time, footswitches 

(Noraxon, Scottsdale, AZ) were used. The temporal structure 

of the visual cues was adjusted using the subjects’ self-paced 

mean and standard deviation. One trial of eight minutes for 

each stimulus was performed. Detrended Fluctuation Analysis 

(DFA) was used to determine the temporal scaling of the 

stride time intervals of each trial [4]. Synchronization index 

[5] was used to determine how well the subjects matched their 

steps with the visual cues. Friedman’s ANOVA was used to 

assess differences between conditions for the DFA of stride 

time intervals. Pearson’s coefficient of correlation and the 

coefficient of determination were calculated to identify if the 

fractal scaling differed between walking with the stimulus and 

walking immediately after the stimulus stopped would be 

related with the degree of synchronization during the stimulus.   

 

Results and Discussion 

There was a significant difference between the cueing 

conditions (χ2=6.33; p=0.0421) with the pink-noise stimulus 

resulting in a significantly higher DFA (.83±.19) than the non-

variable (.66±.25) and white-noise (.64±.21) stimuli. The pink-

noise condition showed a strong correlation between ΔDFA 

and the synchronization index, while the other two conditions 

exhibited a weak correlation (Figure 1). 

 

Figure 1: Correlation between the synchronization of the right heel 

strikes and the visual cues and the change in DFA scaling exponent 

from the cueing on to the cueing off for each of the three conditions. 

A positive ΔDFA value means that the scaling exponent was larger 

for the cueing on condition than the cueing off condition. The 

synchronization index varies between 0 and 1 with larger values 

indicating better synchronization to the cueing. 

Conclusions 

When walking to the pink-noise cue, subjects showed a higher 

correlation between the ΔDFA and the synchronization index. 

This means that individuals who synchronized well with pink-

noise showed a larger fractal scaling when the cues were 

turned off. This could imply that individuals who had better 

synchronization were able to continue the effects into the non-

cueing condition. Thus, methods to increase synchronization 

could be used to increase the aftereffects of cued walking. 
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INTRODUCTION  

Walking independence is an important component of the 
elderly’s quality of life. Losses in muscle mass may impair 
mobility and reduce independence in older adults [1]. The 
relationship between lower limb muscles’ thickness and the 
kinematic gait is still unclear in the elderly. Here we 
determined whether lower limb muscles’ thickness relates to 
and is able to explain the overground gait and obstacle 
crossing performance in older adults.  

METHODS 

Fifteen older individuals signed an informed consent form to 
participate in the study (75.4±5 years old; body mass 
68.6±14.8 kg; height 1.57±0.11 m; 9 women and 6 men) 
(ethics committee approval: IRB 2.034.508). 

Three images were obtained bilaterally from the rectus 
femoris (RF), vastus lateralis (VL), biceps femoris (BF), 
tibialis anterior (TA) and gastrocnemius medialis (GM) 
muscles using a B-mode ultrasound (MyLab30 Gold), with a 
linear array probe (60 mm, 7.5 MHz), following previously 
utilized locations [2]. The mean of the six images was 
analysed using the Image J software. 

Overground gait and gait with obstacle crossing were 
randomized and assessed at preferred and at maximal 
speeds. Kinematic data were recorded at 120 Hz using a 
Vicon Motion System with 15 cameras using Plug-in Gait 
Lower Body Modelling. Extra markers were placed over the 
hallux, calcaneus protuberance and obstacle edges. 

For each speed, 3 trials were registered for the overground 
gait and 10 (5 with each lower limb as the leading limb) for 
the obstacle crossing conditions. Trials at preferred speed 
were always registered first. 

The obstacle (length x width x height: 80 cm x 20 cm x 30% 
of the lower limb length) was positioned halfway in an 8-m 
walkway. Parameters determined for overground gait were 
speed and step length (SL), and, for obstacle crossing, lead 
(LLTC) and trail limb toe clearance (TLTC), lead limb heel 
clearance (LLHC) and speed. 

Data normality was checked using Shapiro-Wilk test. 
Pearson correlations were determined and single or stepwise 
multiple regressions were performed for the significant 
correlations (P<0.05). 
 
RESULTS AND DISCUSSION 

In overground condition, gait speed was directly related with 
VL thickness regardless of speed (Table 1). Regression 
analyses showed that VL thickness explained 36.9% and 
32.2% of gait speed variance, preferred and maximal speed, 
respectively. Step length at maximal speed was directly 
related with RF and VL thickness. However, only the VL 
thickness was included in the model (R²=0.283). 

In the obstacle crossing condition, gait speed, TLTC and 
LLHC were not related with muscle thickness (Table 1). 
LLTC was directly related with the TA thickness, regardless 
of speed (Table 1). From the regression analyses, TA 
thickness explained 30.4% and 32.1% of the LLTC at 
preferred and maximal speed, respectively. 

CONCLUSIONS 

RF and VL thicknesses play an important role on 
overground gait, while TA thickness on the obstacle 
crossing ability. These roles are related to their function in 
hip flexion, knee extension and ankle dorsiflexion during 
walking. RF, VL and TA should receive attention when 
designing intervention programs aimed at improving the 
older individuals’ independence and reducing their risk of 
falls. 
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Table 1: Correlation coefficients between muscle thickness and gait parameters. 

 OV Preferred Speed OV Maximal Speed OB Preferred Speed OB Maximal Speed 
Speed SL Speed SL Speed LL TC TL TC LL HC Speed LL TC TL TC LL HC 

RF 0.42 0.48 0.36 0.51* 0.34 0.07 -0.38 -0.25 0.23 0.08 -0.23 -0.21 
VL 0.60* 0.48 0.56* 0.53* 0.51 0.17 -0.26 -0.26 0.45 0.20 -0.18 -0.20 
BF 0.23 0.08 0.28 0.18 0.32 -0.17 -0.22 -0.25 0.33 -0.12 -0.18 -0.23 
TA 0.35 0.21 0.34 0.16 0.15 0.55* 0.26 0.17 0.23 0.56* 0.29 0.13 
GM 0.27 0.17 0.36 0.15 0.28 0.005 -0.04 -0.27 0.40 0.02 -0.09 -0.21 

RF: rectus femoris; VL: vastus lateralis; BF: biceps femoris; TA: tibialis anterior; GM: gastrocnemius medialis; OV: overground; OB: 
obstacle; SL: step length; LL TC: lead limb toe clearance; TL TC: trail limb toe clearance; LL HC: lead limb heel clearance; *(P<0.05). 
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Summary 

Rollators are frequently prescribed for older persons suffering 

from gait and balance disorders in order to improve mobility 

and quality of life. Rollators are designed to decrease the risk 

of falls by improving gait mechanics of their users. However, 

data on the biomechanics of rollator assisted gait are scarce 

and mostly derived from experiments with younger adults. 

Therefore, this study aims to compare lower limb joint angle 

kinematics during level walking of geriatric inpatients with 

rollator and healthy older persons without rollator. Statistical 

parametric mapping was used to compare joint angle 

waveforms. Significant differences between groups were 

observed in the joint angles of the sagittal plane. The 

investigation of joint kinematics may reveal important clinical 

findings about gait mechanics, balance and mobility of old 

persons who are dependent on a rollator.    

Introduction 

About one third of the people older than 65 years falls once a 

year [1]. It seems redundant to refer walking aids to risk 

factors for falls, as they are supposed to increase the base of 

support and improve balance of the users. However 

biomechanical investigations of old persons during rollator 

walk are mostly restricted to the analysis of spatio-temporal 

parameters which are not sufficient to predict falls [2]. 

Traditional biomechanical analysis focuses on minimum or 

maximal values and may result in elimination of relevant data. 

This drawback can be overcome using full-trajectory analysis 

techniques like statistical parametric mapping (SPM). 

Therefore, the aim of this study is to determine the differences 

of hip, knee and ankle joints angle waveforms between 

rollator supported and unsupported gait in old persons.  

Methods 

Twenty-one geriatric inpatient rollator users (80.6±6.0 years, 

68.6±13.2 kg, 163.4±10.6 cm) and thirty healthy old persons 

(72.9±6.1 years, 66.0±11.7 kg, 165.9±8.7 cm) performed 10 m 

of level walking. Each participant performed ten trials at a 

self-selected speed. A 3D motion capture system (Qualisys 

AB, 5+ series, Göteborg, Sweden) was used to collect 

kinematic data using 10 infrared cameras at 120 Hz. Thirty-

four reflective passive markers were placed following the 

lower body CAST marker set [3]. Trials from each subject 

were processed in Visual 3D software (C-Motion, 

Germantown, USA). Marker trajectories were low pass 

filtered by 5 Hz using a 4th order Butterworth filter. An SPM 

two-tailed paired t-test was calculated in MATLAB (Release 

2018a, The MathWorks, Inc., Natick, USA) using open-source 

SPM1d code (www.spm1D.org) to compare the hip, knee and 

ankle joint angle waveforms. The study was approved by the 

Ethics Committee of the RWTH Aachen University (#050/18). 

Results and Discussion 

The joint angles trajectories are displayed in Figure 1a. 

Rollator users present significantly less hip flexion during 

stance (1-25%) and swing phases (75-90%) and less hip 

extension at pre-swing phase (40-60%). Rollator users also 

showed less knee flexion during both stance (10-40%) and 

swing phase (60-90%), while significantly less ankle 

plantarflexion was found during initial swing phase (60-80%) 

(see Figure 1b). This results is partially in accordance with 

previous studies with young people [4] which instead found 

more hip flexion during the stance phase. 

 

Figure 1 a) Mean joint angles trajectories of walking with rollator (red) and 
without rollator (black). b) SPM test {t}. Significant differences between groups 

(p<0.05) were found by exceeding the critical threshold (red dashed line).  

Conclusions 

The results of this study show the necessity of further 

biomechanical gait analysis of rollator users in order to 

increase the understanding of their gait mechanics. A more 

detailed analysis of this large dataset will lead to more distinct 

results. 
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Summary 

People with cognitive impairment (CI) are susceptible to fall, 

so the current study aimed to evaluate the gait performance in 

geriatric people with CI. We enrolled 33 participants with 

independent ambulation and CI (mean Mini-Mental State 

Examination score: 22.2 ± 4.2). Temporal-spatial parameters 

and their variability (i.e., gait speed, cadence, durations of gait 

sub-phases, stride length, and clearance) and the foot 

kinematics (i.e., peak angular velocity, maximum swing speed, 

strike angle, and lift-off angle) were substantially different 

between single- and dual-tasks (p<0.001). The post-hoc 

analyses revealed that dual-tasks significantly worsened the 

gait performance, especially with combined arithmetic and 

tray-cup tasks. In conclusion, using dual-task paradigm during 

walking for competency of attention resources is a more 

sensitive method to identify gait problems in people with CI. 

Introduction 

People with cognitive impairment (CI) are susceptible to fall, 

and they fall more often than those in the general population 

cohort. Quantification of the gait performance of people with 

CI may help identify their gait deviations and fall risks. For 

better sensitivity of gait measurements, assessment under 

simultaneous cognitive tasks has been used in various patient 

populations.  However, studies on geriatric people with CI 

have been limited. Therefore, the aim of this study was to test 

whether dual-tasks would significantly worsen gait 

performance and thus improve the sensitivity of identifying 

gait deviations in geriatric people with cognitive impairment. 

Methods 

We enrolled geriatric people ( ≧ 65 years old) with 

independent gait and cognitive impairment evaluated by Mini-

Mental State Examination (MMSE) and Clinical Dementia 

rating scale (CDR) from outpatient department. They were 

asked to walk for at least 30 meters at their preferred speed in 

each of the single and dual task. The dual-tasks during 

walking included arithmetic (serial subtractions by threes), 

tray-cup (carrying a tray with a filled cup), and combined. The 

temporal-spatial parameters of gait were measured by the 

Physilog®  system (Gaitup, Lausanne, Switzerland).  

Results and Discussion 

Among 33 participants, mean (standard deviation) age was 

75.1 (6.5) years and 15 were women (45.5%). The mean 

MMSE score was 22.2 ± 4.2 and CDR was 0.5 in 29 

participants and 1 in other four. Only two people had history 

of falls in recent one year. Temporal-spatial parameters and 

their variability (i.e., gait speed, cadence, durations of stance, 

swing, loading response, foot-flat, pushing and double limb 

support sub-phases, stride length), the foot kinematics (i.e., 

peak angular velocity, maximum swing speed, strike angle, 

lift-off angle and 3D path length) and the foot-clearance 

(maximal height above the ground reached by the heel or the 

toes before or after heel strike) were substantially different 

among different single- and dual-tasks (p<0.001). The post-

hoc analyses revealed that dual-tasks significantly worsened 

gait performance, especially with combined arithmetic and 

tray-cup tasks. 

Conclusions 

THE CURRENT STUDY SHOWED DETERIORATION 

OF GAIT PERFORMANCE IN THE PATIENT GROUP 

WHILE UNDER DUAL-TASK PARADIGM FOR 

COMPETENCY OF ATTENTION RESOURCES. DUAL-

TASK TESTS MAY BE A MORE SENSITIVE METHOD 

TO IDENTIFY GAIT PROBLEMS IN A COGNITIVELY 

IMPAIRED PERSON EVEN WITHOUT HISTORY OF 

FALLS. 
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Summary 

Walking unassisted resulted in less trunk flexion than using 
either the KB Balance Trainer or a traditional walker at self-
selected speed. There were no significant kinematics 
differences between the KB Balance Trainer and a traditional 
walker. 

Introduction 

Millions of individuals with ambulatory difficulties rely on 
walking aids to maintain independence and mobility. 
However, walking aids are often used incorrectly. Users of 
traditional walkers typically exhibit increased forward lean 
of their trunk while using the assistive device [1]. This 
position can result in falling and long-term dependency on 
the walker [2].  

The KB Balance Trainer is a new posterior walker designed 
to facilitate a more erect position during gait. Therefore, the 
purpose of the study is to compare gait mechanics across 
three conditions: unassisted, using a traditional walker, and 
using the KB Balance Trainer (Figure 1). 

 
Figure 1: Traditional walker (left) and KB Balance Trainer (right) 

Methods 

Five adults with experience using walkers due to ambulatory 
difficulties (4 males, 1 female, 75±8yr, 1.76±0.1m, 107±18 
kg) participated in the study. The study consisted of one 
training session and one gait analysis session. The training 
session was 30 minutes of instruction and practice on how to 
properly use each assistive device. For the gait analysis, 
markers were placed on the torso, feet, and dominant leg 
following a modified Helen Hayes marker set. Hips markers 
were created digitally using a spring digitizing pointer to 
account for excess adiposity. Kinematic data were captured 
at 200 Hz.  

Participants walked on flat ground in three walking 
conditions at a self-selected speed: walking with the 
traditional walker (TW), the KB Balance Trainer (KB), or 
unassisted (UW). 

Participants acted as their own controls. Percent difference 
was used to determine mean differences in kinematics 
variables across the three conditions. 

Results and Discussion 

Trunk flexion and extension were significantly greater in the 
KB and TW conditions compared to the UW condition. 
(Table 1). This is consistent with the previous research 
which states that participants tend to lean on their walker 
[1,2,3]. While using a device, participants reached a higher 
degree of trunk flexion and tended to maintain a forward 
leaning position. This finding also shows that a single 30 
minutes training session was not enough to learn and/or 
recall correct walker use. No differences were found 
between the KB Balance Trainer and the traditional walker. 

Table 1. Mean kinematics variable by walking conditions. 

 KB TW UW 

Gait speed (m/s) 0.76 ± 0.18 0.77 ± 0.17 0.78 ± 0.25 

Stride length (m/height) 0.53 ± 0.11 0.55 ± 0.11 0.51 ± 0.13 

Step length (m/height) 0.26 ± 0.05 0.27 ± 0.05 0.26 ± 0.07 

Step width (m/height) 0.07 ± 0.02 0.08 ± 0.02 0.10 ± 0.03 

Hip ROM (°) 31.9 ± 8.78 33.3 ± 8.14 31.7 ± 8.17 

Knee ROM (°) 50.0 ± 8.44 47.8 ± 10.9 48.2 ± 12.1 

Ankle ROM (°) 23.4 ± 5.15 24.0 ± 5.36 23.1 ± 6.04 

Trunk ROM (°) 4.79 ± 2.15* 4.74 ± 2.12* 5.82 ± 1.73 

Peak Trunk Flexion (°) 19.8 ± 8.05* 19.6 ± 10.8* 16.0 ± 6.23 

Peak Trunk Extension (°) 15.0 ± 9.37* 14.8 ± 11.7* 10.2 ± 7.66 

KB: KB Balance Trainer; TW: Traditional Walker; UW: Unassisted 
Walking; ROM: Range of Motion in the sagittal plane; *Percent 
difference compared to unassisted walking > 10%. 

Conclusions 

No differences in gait variables were found between the 
traditional walker and the KB Balance Trainer. Furthermore, 
patients continue to use a forward trunk lean when using an 
assistive device. Considering the KB Balance Trainer was a 
novel task for all participants, it is possible that participants 
utilized the strategy they were already accustomed to.  
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Summary 

This study reports on a large investigation to explore the 
advantages of customisation in total ankle replacement (TAR). 
Potentially, this can minimise the critical prosthesis-to-bone 
mismatch, improve the accuracy of the implantation and also 
facilitate osseointegration. A general customisation procedure 
was developed and applied within three different 
biomechanical approaches, according to three well known 
ankle joint models. Starting from medical imaging, joint 
models were developed, and custom designs of the 
replacement together with corresponding implantation were 
performed. All the results, in-silico and in-vitro, support the 
advantages of patient-specific replacements, in terms of 
restoration of natural joint kinematics and kinetics. 

Introduction 

TAR was developed as a long-term solution [1] to restore 
mobility and alleviate pain in arthritic ankles [2]. However, 
clinical results are not as good as those in total knee and hip 
replacements. Size mismatch is a major contributing factor to 
secondary complications [1], and prosthesis customisation has 
the potential to overcome this issue by attuning designs to 
patient-specific dimensions. The aim of this study was to 
investigate various forms of customisation in TAR to 
minimise size mismatch for possible improved outcomes. 

Methods 

Three different approaches have been exploited (Figure 1), 
addressing more anatomical [3], functional [4], and combined 
functional-anatomical [5] methods, the latter being a current 
successful prosthesis [5]. 

 
Figure 1: Diagram of a possible general process for producing 

custom TAR, according to patient dimensions and status, available 
biomechanical models, and surgeon’s preferences 

Particularly, for the former, a thorough experimental analysis 
was conducted (Figure 2), including CT and MRI scans, bones 
and ligaments definition, mechanical modelling, subject-
specific design of the replacement, 3D printing of the 
prosthesis components, and finally experimental tests of the 

device once implanted in corresponding original ankle 
specimens [6,7]. Weight-bearing CT was also investigated, in 
comparison with standard CT and for merging cartilage 
models from MRI [8]. For the current TAR [5], the best-fit 
standard components were implanted first, and then the 
custom prosthesis was created by modifying according to the 
ankle dimensions and alignments. Joint modelling and design 
of the replacements involved virtual resections of the relevant 
bones: distance mapping was used to calculate the bone match. 

 
Figure 2: The experimental validation process of current and novel 
TAR designs [6,7]: imaging, modelling, design and manufacturing 

Results and Discussion 

The procedure successfully resulted in customised 
components and modelling in-silico demonstrated that this 
customisation was worthwhile [9,10]. Also the in-vitro 
experiments in each ankle specimen showed that mobility and 
stability at the replaced joints can compare well with 
corresponding original natural conditions [6,7]. 

Conclusions 

For the first time, custom-made implants for TAR were 
designed, manufactured with additive technology [11,12] and 
tested. These procedures are first fundamental steps towards 
the development of completely personalised prostheses, able 
to combine surgeon’s preferences and biomechanical models 
for best possible replacement solutions according to patient-
specific dimensions and clinical status. 
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Summary 

The kinematic characteristics and the passive mechanical 
properties of the ankle joint are determined 
morphology of the articulating surfaces. Designing artificial 
surfaces for Total Ankle Replacement
effectively replace natural surfaces damaged by arthritis 
requires solid knowledge of the functional morphology of th
joint. This presentation reports on a comprehensive image
based investigation of the functional morphology of the 
natural ankle and on artificial replacements used
the study, the fundamental morphological properties of the 
natural joint surfaces of the ankle are identified and 
produced in artificial joint replacement
evaluated, both in-vitro and in-silico
geometries used in current TAR systems. 

Introduction 

Early functional morphology studies by Inman and his co
workers [1] concluded that the trochlear surface 
approximated by a frustum of a cone, whose apex is directed
medially. The articular surfaces of the majority of today’s 
TARs are either cylindrical or follow this postulate. In a recent 
image-based study [2] we revisited the truncated cone 
and introduced new functional geometric concepts using 
modern 3D image processing and engineering software tools. 
It was observed that the articulating surfaces of the ankle can 
best be modelled as a truncated conic saddle shape with its 
apex oriented laterally. Following these findings, a new 
system (SSCL) with new articular surface geometry was 
developed. This system was evaluated both in
silico against other systems with conventional surface 
geometries consisting of anatomical (AN), 
or conical with medial apex following Inman

Methods 

Experiments were conducted on ten cadaver ankle specimens 
and on ten corresponding computer models
started from three-dimensional models of the anatomy 
produced from MRI and CT scans of these specimens (Figure 
1). Image processing software (Analyze Direct
obtain 3D models of the bones and the regions of insertion of 
the ligaments. These models were then introduced into 
engineering design software packages (Inventor
GeomagicTM) to produce virtual artificial articular 
each specimen. For the in-silico analysis, each model w
evaluated using a dynamic simulation software (ADAMS
as described in earlier publication [4]. From these simulations, 
the following was calculated: relative motion between the 
bones, distance maps describing the relative surface
distance changes, and ligament forces and elongations.
in-vitro testing, the virtual TAR implants were exported to a 
3D printing software and PLA made implants of each of the 
four morphological configurations were produced.
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The kinematic characteristics and the passive mechanical 
are determined primarily by the 

morphology of the articulating surfaces. Designing artificial 
surfaces for Total Ankle Replacement (TAR) that can 
effectively replace natural surfaces damaged by arthritis 
requires solid knowledge of the functional morphology of this 

. This presentation reports on a comprehensive image-
based investigation of the functional morphology of the 

on artificial replacements used in TAR. In 
the fundamental morphological properties of the 

of the ankle are identified and are 
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distance changes, and ligament forces and elongations. For the 
vitro testing, the virtual TAR implants were exported to a 

3D printing software and PLA made implants of each of the 
cal configurations were produced. 

Figure 1 – The process of producing 3D printed implantable surfaces 
for in-vitro and in-silico testing
 
A specially designed loading and measuring system [
used to test the specimens
inversion/eversion and in axial rotation
test was conducted on the intact specimen (NAT). Then, using 
a special surgical alignment tool, and using a standard anterior 
approach, each of the four implan
SSCL, was surgically inserted, aligned, and fixed to the bones 
one at a time and the test was repeated. From the test data, the 
3D kinematics, load-displacement characteristics, and surface
to-surface motion at the ankle, subtalar
were calculated. 

Results and Discussion 

Comparison between the different surface morphological 
conditions shows that while in
artificial implants behaved similarly, in inversion/eversion, 
and in internal/external rotation the SSCL behaved closer to 
normal then either CYL or CM. 
implant to produce the natural coupling of internal rotation 
and inversion with plantarflexion and vice versa, 
natural supination and pronation.

Conclusions 
This study demonstrated that there is a close relationship 
between the morphology of the articulating surface
ankle joint and its biomechanical behaviour. Knowledge of the 
natural functional morphology and proper implementation in 
modern TAR may lead to more functional 
with reduced failure rates. 

References 

[1] Inman VT (1976) The Joints of the Ankle
&Wilkins. 

[2] Siegler S et al. (2014) Clin Biomech
[3] Belvedere C et al. (2018
[4] Imhauser C et al. (2008) 
[5] Siegler S et al. (2005) J. Biomech

Modelling the surface articulation of natural and artificial joints of the ankle 

Paolo Caravaggi2, Alberto Leardini2 

Department of Mechanical Engineering, Drexel University, Philadelphia, PA, USA 
Movement Analysis Laboratory, IRCCS Istituto Ortopedico Rizzoli, Bologna, Italy 

 
The process of producing 3D printed implantable surfaces 

testing. 

A specially designed loading and measuring system [5] was 
test the specimens in dorsiflexion/plantarflexion, 

inversion/eversion and in axial rotation (Figure 1).  The first 
test was conducted on the intact specimen (NAT). Then, using 
a special surgical alignment tool, and using a standard anterior 
approach, each of the four implants, i.e. AN, CYL, CM, and 
SSCL, was surgically inserted, aligned, and fixed to the bones 
one at a time and the test was repeated. From the test data, the 

displacement characteristics, and surface-
surface motion at the ankle, subtalar and ankle complex 

Comparison between the different surface morphological 
while in dorsiflexion/plantarflexion all 

behaved similarly, in inversion/eversion, 
xternal rotation the SSCL behaved closer to 

normal then either CYL or CM. The SSCL was also the only 
the natural coupling of internal rotation 

and inversion with plantarflexion and vice versa, i.e. the 
supination and pronation. 

This study demonstrated that there is a close relationship 
between the morphology of the articulating surfaces of the 
ankle joint and its biomechanical behaviour. Knowledge of the 
natural functional morphology and proper implementation in 

lead to more functional designs possibly 

The Joints of the Ankle. Williams 

Clin Biomech. 29(1):1-6 
2018) J Biomech. 75:159-163 

) J. Biomech. 41:1341-1349 
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Summary 

The implant-to-bone interface of endoprostheses is a critical 

region affecting primary and long term fixat ion of the implant. 

Current advancements in additive manufacturing allow to 

manufacture novel bone-replicat ing porous surfaces capable to 

enhance osteointegration. 

In this study, small cylindrical porous samples  were modelled 

from microCT images of human trabecular bone, and from the 

repetition of spherical-hollow cubic and octahedron unit cells, 

and manufactured via Selective Laser Melting (SLM) from 

CoCr powder. Macro- and micro- characterization of the 

porous samples were assessed using optical microscope, SEM 

and microCT. Mechanical properties were measured via ISO 

testing. Osteoblast-like cells proliferation and viability were 

assessed in vitro at 24 h, 1 week and 2 week. 

While some topographical alterations were observed on all 

samples, the SLM process does not appear to alter the 

biocompatibility of CoCr and could therefore be used to create 

joint-specific implant-to-bone porous surfaces. 

Introduction 

Advancements in additive manufacturing allow to make 

complex porous structures  comprised of periodically-repeating 

unit cells. These structures can now be designed to improve 

osseointegration and reduce the stress-shielding of implants in 

total joint replacement [1]. While Ti alloys, widely used in 

orthodontics, have been largely tested for biocompatibility and 

mechanical properties [2], scarce is the current knowledge on 

cobalt-chromium-molybdenum alloy (CoCr), which is the 

material of choice for endoprostheses [3]. This study aimed at 

characterizing the geometry and testing the mechanical 

properties of CoCr porous-link structures manufactured via 

SLM. In vitro biocompatibility was tested by means of 

osteoblast-like cells viab ility and proliferat ion. 

Methods  

9 x 9 mm porous samples with similar volumetric density 

(˜20%), obtained from microCT images of a human trabecular 

bone (TRA) and from the repetition of spherical-hollow cubic 

(SHC) and octahedron (OCT) unit cells, were sintered via 

SLM (SISMA MYSINT100) from atomized CoCr powder 

(Figure 1, left). Samples were cleaned via high-pressure air 

jets and underwent three cleaning cycles via ultrasound. 

Geometrical validation of the samples was performed via 

optical microscope, SEM (Philips XL20) and microCT 

reconstruction (Bruker microCT; Figure 1 bottom). Yield 

strength, Young modulus and ultimate failure of samples was 

determined via ISO testing. In-vitro biocompatibility of each 

geometry was assessed via osteoblast-like cells viability and 

proliferation at 24 h, 1 week and 2 weeks. 

Results and Discussion 

Due to the resolution of the SLM technology , the average hole 

diameter of the SHC samples was about 10% smaller and the 

average strut of the OCT samples was about 32% larger than 

corresponding nominal values . 15-100 µm globular 

irregularities, due to partially melted CoCr powder, were 

observed on all samples (Figure 1, right).  

The tensile properties of SHC and OCT samples were 10-15 

% of same-material full density specimens and were 

comparable to those of the human cortical bone. 

Osteoblast-like cells proliferation and viability showed steady 

increase on all geometries over time. SEM analysis confirmed 

light microscopy observations: large colonies of cells were 

present both on the top and on the sides of all samples at 1 and 

2 weeks time points as well as inside the pores. 

Figure 1: Left, top to bottom: STL rendering, SLM manufactured 

and microCT reconstructed porous scaffolds tested in the study . 
Right, SEM of the SHC and TRA geometries.  

Conclusions 

SLM appears capable to produce biocompatible porous 

structures that should help min imize the stress-shielding of 

endoprostheses’ components . While some micro - and macro- 

topographical alterations were detected with respect to the 

nominal shapes, these preliminary results are encouraging 

further insight into the in-vivo biological properties of these 

scaffolds appropriately modified. 

 

References 

[1] Goriainov V et al. (2014). Acta Biomaterialia, 10: 4043-

4057. 

[2] Mullen L et al. (2019). J Bio Mat Res Part B, 7:1398-406 

[3] Hedayati R et al. (2018). J Mech Behaviour Bio Mat, 79: 

254-63  

 

Friday, August 02 2019: Afternoon (1500-1600) 903

Personalized surgery for the human knee and ankle joints



 

 

A High Precision Patient-specific High Tibial Osteotomy Procedure 

 

Richie H.S. Gill1, Alisdair MacLeod1 
1Department of Mechanical Engineering, University of Bath, Bath, UK 

Email: r.gill@bath.ac.uk   

 

Summary 

A new high accuracy personalised HTO procedure, ToKa, has 

been created. An in silico trial based on real patient data has 

demonstrated the mechanical safety equivalence of the 

personalised ToKa HTO plate and the most commonly used 

generic plate. 

Introduction 

Osteoarthritis (OA) of the knee carries a huge personal and 

societal burden. Up to 28% of the population over 40 in the 

UK have knee pain, with half of these people having 

radiographic OA[1]; this is similar to most developed 

countries. This high prevalence of disease is reflected in the 

demand for knee replacement, with a large number of knee 

replacements being performed worldwide, considerably more 

than 1 million knee replacement surgeries are performed 

annually [2]. With the continuing trend of population ageing, 

the global demand for knee replacement is set to dramatically 

increase in the next decade, being predicted to at least double 

[3]. However, knee replacement is only suitable for end-stage 

OA. Many people have severe disability at earlier stages of 

knee disease. High tibial osteotomy (HTO) has proven benefit 

however is currently limited by concerns about accuracy and 

soft tissue irritation from use of generic plates. A new high 

accuracy personalised HTO treatment has been developed. 

The aim of current study was perform a mechanical safety 

comparison of this personalised procedure against the one of 

the most commonly used generic HTO procedures using an in 

silico trial. The personalised treatment incorporates 3D 

planning on CT scan data, generating a personalised 

conforming HTO plate and surgical guide, which are 3D 

printed. The personalised HTO plates were optimised to 

reduce excess metal. 

Methods 

Ethical approval was obtained to use CT scans from 28 

patients with knee OA. These were segmented (Simpleware, 

Synopsis, UK) and formed the virtual cohort for the in silico 

trial. A virtual osteotomy was performed on each virtual knee, 

and then stabilised either with a Tomofix generic plate or with 

the new personalised HTO plate (ToKa – Tailored Osteotomy 

for Knee Alignment). Thus each virtual knee appeared in the 

two arms of the in silico trial, Arm 1: Tomofix and Arm 2: 

ToKa. From the virtually operated knees, finite element 

models were created, based on a validated pipeline[4]. 

Physiological loads were applied to simulate everyday 

activities of walking, running, squatting and chair rise. 

Overall, four different bone healing stages (0, 2, 4 and 6 

weeks) were considered together with three screw 

configurations (long span, short span and short plate) for both 

types of plate. The main output considered was the von Mises 

stress in the two plate types. This resulted in a total of 2,688 

models which included contact to be solved. Simulations were 

performed on our institutional HPC using its Skylake nodes 

with 408 cores. 

Results and Discussion 

Average solution time was 12 hours per model, for brevity the 

walking data is given here. The personalised plate, ToKa, had 

slightly higher average von Mises stresses than the generic 

Tomofix plate (Figure 1). The high stress locations were 

different between the plates, highest stresses tended to be 

concentrated in the corners of the Tomofix plate, whereas the 

highest stresses tended to be in the main span of the ToKa 

plate which was designed to be stronger than the other parts of 

the plate. Overall stresses were well below the yield stress for 

both plates types. The Tomofix tended to be more stiff than 

the ToKa plate, which is not surprising as the ToKa design 

was optimised to reduce material.  

 

Figure 1: Von Mises Stress during walking activity for both Tomofix 

and Toka plates, n=28 in each arm. 

Conclusions 

This study has performed an in silico trial based on real patient 

data to demonstrate the mechanical safety equivalence of a 

personalised HTO plate, ToKa, and the most commonly used 

generic plate, Tomofix. The aim is now to perform pre-clinical 

tests to examine the accuracy of correction achievable with the 

ToKa plate, leading to clinical trials.  
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Summary 

Unicompartmental knee arthroplasty (UKA) replaces the 
damaged compartment of the osteoarthritic knee with less 
tissue damage and presumably better restoration of the 
kinematics compared to total knee arthroplasty (TKA).  
However, the outcome depends heavily on the accurate 
restoration of the mechanical alignment of the knee, the 
challenge of which may be resolved by robot-assisted surgery.  
The current study aimed to compare the knee kinematics 
between robot-assisted UKA, minimally invasive TKA with or 
without patient-specific instrumentation, and healthy controls.  
Results showed that robot-assisted UKA had the best 
reconstructed kinematics during activities among all surgical 
groups when compared to the controls.   

Introduction 

Total or uni-compartmental arthroplasty in treating advanced 
knee osteoarthritis have achieved very good long term 
survivorship, so the functional outcome has become a major 
factor in the prosthesis design and implantation.  Uni-
compartmental knee arthroplasty (UKA) replaces the damaged 
compartment of the osteoarthritic knee with less tissue damage 
and presumably better restoration of the kinematics compared 
to total knee arthroplasty (TKA).  However, the outcome 
depends heavily on the accurate restoration of the mechanical 
alignment of the knee.  UKA is surgically more challenging 
than TKA, and thus has shown mixed outcomes in the 
literature [1].  With robot-assisted surgery, the difficulty with 
UKA may be resolved, but quantitative assessment of this 
approach has been limited.  The current study thus aimed to 
fill the gap by comparing the knee kinematics between robot-
assisted UKA, minimally invasive TKA with or without 
patient-specific instrumentation (PSI or non-PSI), and healthy 
controls during isolated knee flexion/extension and sit-to-
stand using 3D fluoroscopy technology [2]. 

Methods 

Ten patients treated for medial knee OA with robot-assisted 
UKA (age: 70.1±3.1 y/o; BMI: 28.1±4.0 kg/m2), ten with non-
PSI (age: 65.7 ± 7.5 y/o; BMI: 25.2±2.7 kg/m2), nine with PSI 
(PSI, age: 69.9±7.7 y/o; BMI: 25.8±3.7 kg/m2), and twenty-
three healthy controls (age: 22.6±1.8 y/o; BMI 21.8±2.9 kg/m2) 
participated in the study with informed written consent.  The 
tested knees were CT scanned and the UKA and TKA 
components digitized to obtain bone and implant models for 
robot-assisted surgery and/or 3D model-to-fluoroscopy 
registration.  They performed isolated knee flexion/extension 
and sit-to-stand under the surveillance of a biplane 
fluoroscopy.  The bone/implant models were registered to the 
collected fluoroscopy images via a validated 3D fluoroscopy 

method [2].  The knee joint angles and articular contact point 
trajectories were then calculated from the registered poses of 
the bones/implant components.  Mann-Whitney tests were 
performed to test the differences between each surgical group 
and Control with α = 0.05. 

Results and Discussion 

The UKA showed frontal and transverse angular kinematics 
closer to the Controls than the other two surgical groups 
during non-weight bearing isolated knee flexion/extension 
(Fig. 1).  During weight bearing sit-to-stand (Fig. 2), the UKA 
and the lateral compartment of non-PSI showed roll back 
contact patterns.  For non-PSI, the internal rotation was also 
achieved by an roll forward pattern in the medial compartment.  
The results showed that with robot-assisted technology, the 
UKR appeared to have better angular kinematics and contact 
patterns than the other surgical approaches. 

 
 

Figure 1: Knee abduction/adduction (Abd/Add) (a) and internal/external 
rotation (IR/ER) (b) during isolated knee flexion/extension.  The 
asterisks indicate significant differences from CON (Black). 

 
Figure 2: Contact trajectories of (a) UKA, (b) PSI, and (c) non-PSI 
during sit-to-stand.  Numbers indicate knee flexion angle. 

Conclusions 

The robot-assisted UKA was found to show better 
reconstructed kinematics than other surgical approaches. 
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Summary 

With future applications of torso electromyograms (EMG) to 
control dexterous robotic devices in vision, the static 
contraction of several torso muscles was characterized during 
EMG-based target-matching contractions in healthy young 
adults. The resulting data provided empirical bases upon 
which individual and paired torso muscle groups may be 
selected to control robots which require input signals of 
varying amplitudes, levels of accuracy, precision, and 
bandwidth.  

Introduction 

EMG signals from static contractions of torso muscles could 
improve the functionality and adoptability of a wearable 
robotic device by providing the user a greater number of 
device control inputs, without interfering the natural functions 
of intact, healthy limbs or hands [1, 2]. In order to determine 
which muscle groups are suitable for generating EMG-based 
robotic device control signals, this study characterized static 
torso muscle activation during target-matching contractions. 

Methods 

Seven healthy young adults (4 men, 3 women) participated in 
the study. Subjects were seated upright in a chair. Bipolar 
surface EMG was collected from representative muscles in the 
torso during target-matching tasks. The muscles were the 
lateral deltoids (LD) in the shoulder, pectoralis majors (PM) in 
the chest, latissimus dorsi (LT) on the back, and external 
obliques (EO) in the abdominal. Surface EMG was sampled at 
1 kHz, band-pass filtered 10-400 Hz, full-wave rectified, and 
low-pass filtered < 10 Hz in real time. Processed EMG was 
used as visual feedback during the target-matching tasks.  
After determining maximal EMG amplitude (EMGmax) for 
each muscle during maximal voluntary contraction, subjects 
matched the amplitude of a specified EMG to a 10 second of 
square-wave target at 6%, 13%, 25%, and 50% of EMGmax 
with and without visual feedback (individual matching task). 
Subjects also matched four amplitude pair combinations using 
the LT and DT pair at 6% and 25% EMGmax with and without 
visual feedback (paired matching task).  Furthermore, subjects 
practiced the paired task with visual feedback for 10 mins. 
EMG development time (from baseline to 90% of target), 
EMG fall time (from 90% of target to baseline), offset error of 

EMG from the target, and variance in EMG were determined 
for each condition. 

Results and Discussion 

On average, EMG development time was shortest in EO, 
followed by PM, LT, and LD across conditions.  Similarly, 
EMG development time was shortest in EO, followed by PM, 
LT, and DT. Offset error of EMG from the target was least in 
PM, followed by LD, EO, and LT. Variance in EMG was least 
in LD, followed by EO, LT, and PM.  In general, these values 
tended to be greater for higher target levels, without visual 
feedback, and in the paired matching task.  

After practice of a paired matching task with LT 25% EMGmax 
and LD 25% EMGmax, the offset error of EMG signals in LT 
decreased by 53% (from 8.55 ± 2.95 to 4.02 ± 1.10 
%EMGmax), reaching closer to the value during the individual 
matching task (3.10 ± 1.20 %EMGmax). Similarly, variance in 
EMG in LT decreased by 43% (from 26.1 ± 14.4 to 15.0 ± 
4.57 EMGmax

2), reaching a value comparable to the value 
during the individual matching task (13.7 ± 1.25 %EMGmax

2). 

Conclusions 

Humans appear to be able to increase and decrease EMG 
amplitude faster in the chest and abdominal muscles than the 
shoulder and back muscles, control EMG more accurately 
with less variability with the shoulder muscle, suggesting that 
chest and abdominal muscles would be suitable for rapid but 
simple manipulations in robot control (e.g. on/off), and the 
shoulder muscle would be suitable for manipulations that 
require greater precision (e.g. adjusting posture or aperture).  
Paired control of the back and shoulder muscles appears to 
improve substantially with one practice session. 
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Table 1: Data for each muscle during individual matching task 

 LD PM LT EO 

Development time (ms) 890 ± 36.9 484 ± 86.4 608 ± 45.6 294 ± 79.9 

Fall time (ms) 977 ± 71.1 443 ± 61.4 625 ± 67.9 404 ± 122 

Offset error (%EMGmax) 3.22 ± 1.24 3.11 ± 0.83 4.66 ± 1.51 4.09 ± 1.07 

Variance (%EMGmax2) 15.6 ± 5.89 27.0 ± 13.2 24.3 ± 9.20 20.3 ± 7.64 

Data are means ± SD, averaged across target levels and visual feedback conditions. 
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Summary 

This study investigates how individual characteristics differ 

between high and low biomechanical exposure lifters. 

Additionally, it asks if differences are related to control law 

formation as a determinant of movement strategy. While low 

exposure lifters had greater body mass and strength, neither 

factor seems to directly influence control law formation.  

Introduction 

Task, environment and organism constraints can influence 

movement strategy [1]. Constraints may affect movement by 

influencing control law formation, where the control law 

defines what aspects of movement variability are controlled to 

achieve task performance [2]. In physically demanding tasks, 

such as lifting, some individuals may consider optimizing 

movement to minimize resultant biomechanical exposures 

within their control law. In such an instance, lifters would be 

less variable in features of movement associated with 

biomechanical exposures. If some lifters do define a control 

law to minimize biomechanical exposure, it is likely due to the 

influence of the organism constraint, or individual 

characteristics. Therefore, the purpose of this study was 1) to 

identify differences in individual characteristics between high 

and low biomechanical exposure lifters and; 2) investigate 

whether differences in individual characteristics explain 

variability in the feature of movement that best differentiates 

between high and low biomechanical exposure lifters.     

Methods 

Twenty-eight individuals participated in this study. 

Demographics and backboard lift one-repetition maximum 

(1RM) were collected. Participants performed 10 repetitions 

of a backboard lift where the load was scaled to 75% of a 

participant’s 1RM backboard lift. Full body kinematics (100 

Hz) and ground reaction forces (1000 Hz) were collected in all 

lifting trials. An aggregate measure of biomechanical exposure 

was calculated using the low back angles, and low back 

moments from each lift, normalized to participant body mass 

and mass of the load. Participants with an averaged aggregate 

biomechanical exposure score 1SD above the mean were 

classified as high exposure lifters, while those 1SD below the 

mean were classified as low exposure lifters. A principal 

component analysis model with whole body kinematics as 

inputs identified features of movement in the data set. The first 

principal component (PC1), explaining horizontal distance of 

the body to the load, was the feature of movement able to best 

differentiate between high and low exposure lifters [3].  

 

Independent t-tests (α = 0.05) were used to compare individual 

characteristics including age, height, body mass and 

backboard 1RM between high and low exposure lifters. Linear 

regression was used to assess the association between 

individual characteristics and the standard deviation of each 

participant’s PC1 scores when individual characteristics 

significantly differed.  

Results and Discussion 

Low exposure lifters had a significantly higher body mass and 

backboard    1RM    than    high    exposure   lifters   (Table 1). 

However,   neither  body   mass  (p = 0.69, r2 < 0.01; Figure 1) 

or  backboard  1RM  (p = 0.34, r2 = 0.03)   were  significantly 

associated with standard deviation of PC1 scores.  

 

Figure 1: Association of body mass to variability in PC1 scores. 

With no significant associations between either body mass or 

strength and PC1 score variability, there is no evidence to 

suggest participants with higher body mass or strength were 

more likely to minimize biomechanical exposure at the low 

back by more tightly controlling the variability in their 

horizontal distance to the load (PC1). 

Conclusions 

Although body mass and strength differ between high and low 

exposure lifters, no association to variability in PC1 scores 

suggests that these factors do not influence control law 

formation directly. Future direction should investigate whether 

other  organism constraints (i.e. training history) can influence 

variability in the control of PM’s associated with 

biomechanical exposure in physically demanding tasks. 
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Table 1: Individual characteristics of high and low exposure lifters. Characteristics that significantly differ between lifter groups are bolded. 

 Sex Age (years) Height (m) Body Mass (kg) Backboard 1RM (kg) 

Low Exposure Lifter 4 ♀, 6 ♂ 24.10 ± 2.51 1.77 ± 0.09 87.28 ± 11.75 120.57 ± 35.44 

High Exposure Lifter 6 ♀, 2 ♂ 24.25 ± 4.43 1.69 ± 0.14 65.43 ± 14.51 58.96 ± 12.53 
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Summary 

The spine is an anatomically complex system with many 

degrees of freedom. Due to this complexity, multiple motor 

control strategies may exist to complete a given task. The aim 

of this work was to identify if distinct coordination strategies 

are used during spine flexion/extension (FE). Kinematic data 

were captured from male participants (n = 51) during a self-

controlled spine FE task. Thoracic-lumbar continuous relative 

phase angles were extracted, and unsupervised machine 

learning (k-means clustering) was used to classify motor 

strategies within the participants sampled. The findings 

suggest that distinct strategies exist for the coordination of 

spine FE. These strategies differ in the temporal sequencing of 

intersegmental movement, and are not related to participant 

characteristics, total movement time, or range of motion.  

Introduction 

Researchers have previously investigated the spatiotemporal 

sequencing of spine motion; however, the findings have been 

diverse and often conflicting. In the study of lumbar motion 

sequencing, sequential [1], simultaneous [2], and mixed [3] 

motor patterning have been observed. Similarly, relative 

thoracic motion has been shown to both lead and lag lumbar 

motion [4]. Combined, these findings suggest that different 

strategies exist in the coordination of multi-segment spine 

movement. Knowledge of the types of strategies used in the 

coordination of spine motion will provide a stronger 

understanding of specific differences associated with spine 

dysfunction, highlighting targets for pre- and rehabilitation 

approaches. As such, the purpose of this study was to 

investigate the variability in the spatiotemporal sequencing of 

spine FE motion, and to identify if distinct motor strategies 

exist.  

Methods 

Kinematic data were captured from a cohort of male 

participants (n = 51) to describe the curvature of the spine 

spanning C7-S1 (thoracic, lumbar and intersegmental) during 

three self-controlled spine FE movements. Thoracic-lumbar 

continuous relative phase (T-L CRP) angles were calculated 

for each movement, time normalized, and ensemble averaged 

for each participant. T-L CRP data were first evaluated using 

principal component analysis (PCA) to identify major sources 

of variation in movement coordination. Relevant T-L CRP 

features were then used as k-means inputs to identify distinct 

clusters present within the sampled participants. Cluster 

strength for multiple assignments of ‘k’ were evaluated using 

silhouette coefficients (SC). T-L CRP and multi-segment 

spine kinematics were compared amongst clusters using a 

statistical parametric mapping approach. 

Results and Discussion 

Five distinct clusters (C1-C5) were identified using T-L CRP 

and k-means (SC = 0.58). During flexion, some clusters (i.e. 

C1, C2, and C5) initiated flexion with lower thoracic segments 

whereas others initiated flexion with upper thoracic (C3; 

Figure 1A) or lower lumbar (C4; Figure 1B) segments. During 

extension some clusters (i.e. C2, C3 and C4; C3 and C4 

depicted in Figure 1) initiated the movement through lumbar 

segments whereas others initiated the movement with upper 

thoracic segments (C5) or adopted a simultaneous movement 

strategy (C1). Whether the coordination strategies observed 

here are dictated by changes in regional muscular activation or 

result in altered injury risk are potential avenues for future 

study. 

Figure 1: Mean spatiotemporal flexion (0-50% task cycle) and 

extension (50-100% task cycle) sequencing for k-means clusters 3 

(A) and 4 (B) showing differences in the sequencing of spine flexion.  

Conclusions 

Within a sample of healthy males, spine FE coordination 

patterns are not uniform. The current analysis highlights five 

spatiotemporal motor strategies used in the coordination of 

spine FE. The distribution of coordination strategies is a 

potential avenue for future investigation of those with spine 

dysfunction. 

Acknowledgments 

NSERC PDF (SMB, DPZ) and Discovery (RBG, SHMB) 

References 

[1] Kanayama M et al. (1996). Spine, 21: 1416-22 

[2] Wong KWN et al. (2004). Spine, 29: 1636-41. 

[3] Okawa A et al. (1998). Spine, 23: 1743-9. 

[4] Ignasiak D et al. (2017). Hum Mov Sci, 54: 230-9. 
 

Friday, August 02 2019: Afternoon (1500-1600) 909

Back & Spine



 

 

Measurement and Evaluation of Dynamic Postural Steadiness on Visual Condition between Subjects with and without 
Recurrent Low Back Pain during Upright One-Leg Standing. 

 
Matthew Smyk1, Chris McDowell1, Tyler Thomas1, Paul Sung1, Nicholas Latuszek2, Jake Sauve2, Emily Hosmer2, Grace 

Cummings2 

1Department of Physical Therapy, Central Michigan University, Mount Pleasant, Michigan, USA 
2Department of Health Sciences, Central Michigan University, Mount Pleasant, Michigan, USA 

Email: drpsung@gmail.com 
 

Summary 

Although subjects with recurrent low back pain (LBP) 
demonstrate altered trunk control, the kinematic and kinetic 
responses of the trunk have not been carefully investigated. 
This study was conducted to compare the standing time, spine 
range of motion, and dynamic postural steadiness index based 
on visual condition between subjects with and without 
recurrent LBP during upright one leg standing. The LBP 
group demonstrated positive correlations with the kinetic 
indices, enhancing dynamic postural steadiness in the eyes-
closed condition to avoid pain or further injury. This dynamic 
postural steadiness strategy is necessary to improve kinetic 
and kinematic chain reactions in the LBP group. Additionally, 
compensatory patterns support the development of optimal 
postural correction strategies, which might represent a chain 
reaction to protect trunk control without visual input. 

Introduction 

This study was conducted to compare the standing time, spine 
range of motion (ROM), and dynamic postural steadiness 
index (DPSI) based on visual condition between subjects with 
and without recurrent LBP during upright one leg standing 
[1,2].  

Methods 
Sixty-three individuals participated in the study, including 34 
control subjects and 29 subjects with recurrent LBP. The 
initial position for both trials had the subject standing relaxed 
with eyes-open and weight evenly distributed between both 
feet. Upon request, the subject transitioned into a non-
dominant leg stance in which he/she stood upright on a force 
plate with his/her eyes-open or eyes-closed (as directed) and 
the dominant hip and knee flexed to approximately 90 degrees 
(Figure 1). The DPSI was a composite of the medio-lateral 
(MLSI), anterior-posterior (APSI), and vertical steadiness 
(VSI) indices on a force platform. 

Results and Discussion 
The control group demonstrated longer standing time (s) 
during the eyes-open condition compared to the LBP group 
(26.82 ± 6.03 vs. 19.87 ± 9.36; t = 2.96, p = 0.01). Regarding 
spine ROM, visual condition was significantly different 
between groups (F = 7.09, p = 0.01) and demonstrated 
interactions with both spine region and group (F = 5.53, p = 
0.02). 

For the kinetic measures, there was a significant interaction 
between visual condition and indices (F = 25.30, p = 0.001). In 
the LBP group, the DPSI was significantly correlated with the 
MLSI (r = 0.59, p = 0.002), APSI (r = 0.44, p = 0.03), and VSI 
(r = 0.98, p = 0.01) in the eyes-closed condition. Overall, the 
results of this study indicated that the LBP group 
demonstrated decreased thorax and lumbar spine rotations 
during the eyes-closed condition. This dynamic postural 
steadiness strategy is necessary to improve kinetic and 
kinematic chain reactions in the LBP group [3]. 

 
Figure 1. One-leg standing test. The participants performed the test in 
which he/she stood upright on a force plate with his/her eyes-open or 
eyes-closed and with the dominant hip and knee flexed to 
approximately 90 degrees. It was challenging for the majority of 
participants to maintain the upright standing position, especially in 
the eyes-closed condition. 

Conclusions 

The combined kinetic and kinematic measures were 
investigated in subjects with LBP during one-leg standing. 
Improved postural corrections in the three planes of motion 
without visual input would enhance postural steadiness in the 
LBP group. The kinetic and kinematic outcome measures 
could help to develop a practical test to justify compensatory 
responses in subjects with recurrent LBP.  
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Summary 

This study characterized trunk motor control strategies in 
subjects with low back pain (LBP) using a goal-directed, 
unstable sitting task assessing feedforward (motor planning) 
and feedback control of the lumbopelvic system. Center of 
pressure (COP)-based outcomes suggested that feedforward 
strategies were not different between subjects with and without 
LBP, yet differences in feedback strategy were observed.  

Introduction 

Low back pain (LBP), with a 65-80% lifetime prevalence, is a 
significant musculoskeletal disorder. LBP patients with 
impaired trunk motor control demonstrate mixed responses to 
treatment with higher rates of symptom recurrence [1]. 
Assessments of trunk control have primarily quantified overall 
performance (e.g., trunk postural sway) or specific system 
parameters (e.g., muscle activation/timing), yet rarely, if ever, 
consider the motor control strategy. Thus, the purpose of this 
study was to identify differences in lumbopelvic motor control 
strategies between subjects with recurrent LBP and healthy 
controls. It was hypothesized that subjects with LBP would 
demonstrate altered motor planning and feedback control 
strategies that corresponded to impaired movement accuracy 
during a goal-directed, unstable sitting task. 

Methods 

Thirty-two subjects with LBP (20 females; age: 33.5±14.4, 
BMI: 26.9±4.4, symptom duration <3 months) and 32 sex, age, 
and BMI-matched healthy controls consented to the study. 
Subjects sat on an unstable chair while force platform data were 
sampled (2400Hz), converted to COP trajectories and displayed 
in real-time on a monitor. Upon trial initiation, subjects were 
directed to reposition the trunk-pelvis to modify the COP 
trajectory toward 8 targets, equally spaced around the 
circumference of a circle (radius 35mm), centered by their 
initial balance point. Targets were displayed sequentially 
(clockwise); after target acquisition (or 12s, whichever 
occurred first), subjects returned to the central target. Control 
strategies were defined according to the following parameters 
(Figure): Feedforward (FFW) control was bounded by the first 
movement towards the target and a local maximum in COP 
acceleration. Feedback (FB) control began with the local 
velocity maximum and ended with target acquisition [2]. The 
FB control was further divided into a region that reflected 
control of movement toward a target (directional control) and a 
region where the goal shifted to target acquisition (precision 
control). A spike in polar velocity was used to separate the 
different FB ask demands. Duration spent in each control 
strategy, along with accuracy and precision, were calculated. 
FFW accuracy was defined as the off-axis error at the local 

maximum [3]. FB directional accuracy was calculated as 
normalized RMSE between an idealized (second-order transfer 
function) and actual COP trajectories. FB precision was 
assessed using 50% confidence ellipse area (CEA) around each 
target. Independent t-tests and effect size (Cohen’s d) were used 
to determine group differences (p≤.05) in parameters averaged 
across the 8 targets.  

Results and Discussion 

FFW duration and accuracy were similar (p>.05) between 
groups. However, subjects with LBP spent more time using FB 
control strategies (p=.016, d=.618), driven by an extended 
period in precision control (p=.014, d=.631). The LBP group 
was less accurate during directional control (p=0.036, d=0.536), 
suggesting subjects with LBP have difficulty organizing the 
lumbopelvic system to generate efficient movement toward a 
target. Similarly, subjects with LBP demonstrated impaired 
precision control evidenced by larger CEA (p=0.036, d=0.536). 
Subjects with LBP may therefore have difficulty integrating 
sensorimotor information, altering lumbopelvic stiffness, or 
reorganizing the system to allow for more precise movements.  

 
Figure: Representative COP (top panel) trajectory toward target. 

Accompanying COP velocity and acceleration data (bottom panel). 

Conclusions 

This novel, goal-directed lumbopelvic movement task revealed 
similar FFW strategies between groups; however, altered FB 
strategies among subjects with LBP suggest difficulty with 
integration of information from several sensorimotor pathways, 
particularly for precision movement.    
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Summary 

Strength and balance exercises have already been shown to 

help improve stability, and thereby reduce the risk of falling in 

older adults. These exercises are often delivered face-to-face 

in a group class which is not always easy for older adults to 

attend.  Compliance to prescription exercises at home is 

known to be poor and often measured outcomes are 

ineffective. The purpose of this pilot study, therefore, was to 

investigate the compliance of a six-week home-based strength 

and balance exercise programme, with focus on improving 

postural sway and functional balance in healthy community 

dwelling older people. Participants complied well with home 

based exercises and sway measures of balance did improve 

with strength and stretching exercises.  

Introduction 

Falls within older adults are established as being a common 

occurrence. Specific risk factors that are known to increase the 

likelihood of falling include increasing age, deficits in vision, 

compromised proprioception, muscle weakness, balance issues 

and reduced mobility [1,2]. Strength and balance classes are 

widely recognised as an effective means of improving the 

balance in older adults who have been identified as being at 

risk of falling [3]. Yet compliance with effective programmes 

can be variable [4] and therefore outcomes limited. The aim of 

this study was to test the effectiveness and compliance of 

balance related exercises delivered in a home setting. 

Methods 

Sixteen older people aged 65 and over were recruited from a 

rural community in the UK and randomised into one of two 

groups. The intervention group (n=8; average age 69.9 (SD 

3.44) years) received strengthening exercises, along with 

stretches, to perform four times per week over a six-week 

period. The control group (n=8; average age 74.1 (SD 9.46) 

years) were asked to perform the stretches only. Both groups 

were given a tuition of the exercises, and printed instructions, 

but performed all the exercises unsupervised in their home 

environment.  All participants attended an initial data 

gathering session, returning after six weeks for post-

intervention measurements. Balance was assessed, eyes 

closed, using the Footscan® Advanced system (RSScan, 

Belgium). Functional measures of balance used were: 

Functional Reach, the Timed Up and Go test, and the time 

taken to walk four metres. To promote compliance to the 

exercise’s participants were contacted by telephone and had a 

self-reported daily diary to complete. 

Results and Discussion 

Self-reported compliance with the exercises was considered 

good in both groups indicating that older adults can focus on 

completing home based exercises. Centre of pressure total 

excursion reduced overall in the intervention group but not at 

a statistically significant level.  There was a trend towards 

reduced anteroposterior and mediolateral sway in both groups, 

but more so in the intervention group implying that exercises 

and stretching performed at home improve postural sway. 

Functional measures showed less favourable results indicating 

possible errors in validity and reliability of these tests to 

measure balance. (Table 1)  

Conclusions 

Older adults are compliant in completing a 6 week home 

based exercise programme with strength and stretching 

exercises improving postural sway as a measure of balance.  
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Table 1: Pre and post exercise % change for each outcome. (AP=Anterior posterior ML=Medial Lateral COP=Centre of Pressure) 

Outcome Sway AP 
Sway 

ML  

COP 

total 

excursion  

Functional. 

Reach 

Time Up 

Go 
4m walk Compliance 

Intervention -8.62 

 

-17.86 -12.58 -4.6 -1.2 -6.9  97.4 

Control -6.42 

 

14.56 -1.14 -0.4 -1.0 0 96.4 
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Summary 

The aim of this literature review is to identify the gaps 

between research outputs, clinical practice, and daily behavior 

in the rising from a seated position movement of the elderly, 

and to outline future directions for research on this motion to 

address issues with an ageing population. The results show 

that research should consider the upper extremity, 

asymmetries, and sit-to-walk to address the topical questions 

in clinic and society. Consequently, clear and cogent 

guidelines can be set for retaining ability to rise. 

Introduction 

Ageing-related mobility impairments resulting from 

progressive increases in movement limitations pose societal 

and economic burdens. Therefore, it is essential that research 

focusses on (1) keeping people mobile and living 

independently as long as possible and (2) supporting 

caregivers. In practice, one of the key movements for 

independence is rising from a seated position (e.g., leaving the 

toilet, getting out of bed). Humans complete this task using a 

variety of strategies to retain mobility. As soon as this task can 

no longer be completed independently, the elderly require in-

home care or are forced to move into a nursing home.  The 

rising motion, described as sit-to-stand (STS) and sit-to-walk 

(STW), has been widely studied in biomechanics. However, 

currently there are gaps between clinical guidelines, daily life 

practice, and research results. The aim of this literature review 

was to identify these gaps and outline future directions for 

STS and STW research as applied to an ageing population. 

Methods 

A literature search was performed in the search engine Scopus, 

using the following keywords and their synonyms: 

strateg* and sit-to-stand or sit-to-walk (12-01-2019). Inclusion 

criteria were: biomechanics on STS/STW in healthy and frail 

adults (<60y) and elderly (>60y), and osteoarthritis patients; 

exclusion criteria were: abstracts only and non-English 

articles. The methods of a narrative review and a meta-

analysis were combined using a random-effects model to 

obtain a summary effect. Additionally, clinicians were 

consulted for expert opinion as well as therapy textbooks. 

Results and Discussion 
After exclusions, 102 experimental, 7 review, and 15 

modelling articles were analysed. 

A key finding was that unrestricted arm movements are 

important: 52% of the healthy elderly population (age: 78±8, 

N=131) was unable to stand up without the use of arms (8% 

needed an arm swing, 18% a push-off with arms, and 22% 

were not able to stand up); and only 40% of healthy adults 

(age =46±7.4, N=10) preferred to use no arms (50% preferred 

an arm swing and 70% pushed off either on the chair or the 

knees in one or more of the trials.) [1,2]. Asymmetry in 

preferred initial foot positioning was also apparent.  

Despite the clear functional influence, the importance of arms 

and asymmetric foot positioning in STS is poorly reflected in 

existing research (Fig. 1cd). (Physio)therapists discourage the 

use of arms in elderly patients, partly to retain the muscle 

strength in the legs, and partly because of unknown effects. 

Scientific literature indicates reduced hip and knee moments 

and improved stability when using arms on armrests, but the 

effect on shoulder loading is unknown. Moreover, pushing off 

on the knees (>50% of adults used this in one or more trials 

[2]) has not been studied other than by observing its incidence. 

Clinicians avoid using this strategy in clinic, mostly because 

they suspect that this might overload the shoulder and lower 

back. However, instrumented implant data indicate that this 

strategy reduces the peak force in the hip (7/10 patients) and 

the peak force load in the L3 vertebral body (-33%, N=1) [3]. 

We hypothesise that pushing off on the knees will also result 

in smaller shoulder loads compared to pushing off on armrests 

since the arms are closer to the body centre of mass. Practice 

and clinic are currently in need of knowledge on rising with 

the use of arms, also to determine when these coping, or 

compensation, mechanisms will fail. 

 
Figure 1: number of articles categorized by a) study type; b) 

movement; c) arm restrictions; d) initial foot placement. 

While most studies evaluated STS (Fig. 1b), in daily life 

people rarely pause between a rising motion and walking. The 

dynamics of STW are different as the momentum gained in 

the rising phase can be transferred into the walking phase, 

making the movement more efficient and potentially more 

stable. We also found from our meta-analysis that in STS 

elderly employ more trunk flexion before rising compared to 

adults (a well-established phenomenon), while in STW elderly 

employ less trunk flexion compared to adults (based on a post-

hoc analysis of 9 studies). This result provides strong evidence 

that different movement strategies are used to complete these 

two different tasks. The same (post-hoc) effect was found in 

knee osteoarthritis patients compared to adults/the elderly. 

This phenomenon has been unrecognized so far and the reason 

for this peculiar control strategy necessitates further research. 

Conclusions 

Research on the rising from a seated position motion should 

consider upper extremity loading values and strategies, 

asymmetries, and STW. Conducting research to address these 

gaps in knowledge will facilitate clinical translation and 

therefore, functional outcomes in the elderly.  
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Summary 
Existing stochastic models of slips depend on computing the 
probability that the required coefficient of friction (rCOF) 
exceeds the available coefficient of friction (aCOF). The result 
is an estimate of the probability of a slip. However, in some 
applications it is known that a slip has occurred and the 
analyst wants to estimate the probability distribution of aCOF 
(in litigation, for example). In theory, Bayes Theorem could 
be used to compute the posterior probability of aCOF given a 
slip occurred. A hybrid Bayesian network model was 
developed for this purpose. It showed that including whether a 
slip occurred or not dramatically changed the posterior 
distribution of aCOF. 

Introduction 
Stochastic models of slips haven been developed based on 
Coulomb’s law and probabilistic representations of the 
required and available coefficients of friction (rCOF and 
aCOF, respectively).[1-2] While these models predict the 
probability of a slip occurring based on rCOF and aCOF 
distributions, they do not incorporate information on whether a 
slip actually occurred. However there are circumstances in 
which it is known if a slip has occurred. Current stochastic 
models do not incorporate this information. However, Bayes 
Theorem could in theory be used to incorporate evidence of 
whether a slip occurred or not to produce the posterior 
probability distribution of aCOF and rCOF. A hybrid Bayesian 
network [3] is an efficient method for implanting Bayesian 
models. Therefore, the purpose of this project was to 
implement the stochastic slip model a slip based on aCOF and 
rCOF distributions and use it to compute the posterior 
probabilities when it is known that a slip occurred. 

Methods 
A hybrid Bayesian network model was developed to describe 
the probability of a slip event from aCOF and rCOF. It used 
three nodes (rCOF, aCOF, and slip) and directed edges to 
model the probability of a slip (Figure 1). Each of these nodes 
represented random variables. rCOF and aCOF were 
continuous random variables; slip was a Boolean variable 
representing whether a slip occured or not. A fourth node was 
included to represent a Boolean variable indicating the 
probability of aCOF being less than 0.5 (Probability 
aCOF<0.5). This threshold was selected because it is often 
cited as a critical value for flooring. The Boolean node slip 
took on a true value when rCOF > aCOF and the node 
Probability aCOF<0.5 was true when aCOF<0.5. Following 
Gragg and Yang [2], rCOF was modelled using a lognormal 
distribution and aCOF was modelled using both lognormal 
and Weibull distributions. Parameters for all of these 

distributions were taken from Gragg and Yang.[2] The model 
was implemented in AgenaRisk (Agena Ltd, Cambridge, UK). 

Results and Discussion 

Entering evidence about the state of the slip node dramatically 
changed model predictions (Figure 2). When using Weibull 
and lognormal distributions for aCOF and rCOF, respectively, 
changing slip node value from false to true changed 
Probability aCOF<0.5 from 0.03 to 0.92. However, using the 
lognormal distributions to model both aCOF and rCOF 
reduced this effect somewhat.  

 
Figure 1: Bayesian network model of a slip based on aCOF and 
rCOF that included  the probability that aCOF fails to meet a 
threshold of 0.5. 

 
Figure 2: Model predictions with three evidence states entered at the 

slip node (no evidence, True, and False). 

Conclusions 
A hybrid Bayesian network can model the posterior 
probability that aCOF fails to exceed a specified threshold 
given whether a slip occurred and prior distributions of aCOF 
and rCOF. This is a novel modelling approach because 
existing stochastic slip models produce prior probabilities that 
do not account for whether a slip has happened.[1,2] 
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Summary 

The goal of this study was to understand the mechanism of 

falls in the elderly using the complexity analysis of center of 

pressure (CoP) in those who fall and those who do not fall. 

Approximate Entropy (ApEn) was calculated to determine the 

levels of complexity of CoP during walking on an 

instrumented treadmill. The findings reveal that those who fall 

showed smaller ApEn in the medial-lateral direction of CoP 

(CoPx) compared with non-fallers. This smaller ApEn, which 

is an indication of a decreased complexity in fallers, may also 

induce decreased adaptive responses to the changes in 

environment during movement. Further studies would be 

warranted if the level of ApEn in CoPx can be used to predict 

the risk of falls and the criteria when using exercise programs 

to improve the function of joint mobility related to decreasing 

the occurrence of falls in the elderly.    

Introduction 

Falls are major contributors to discomfort and disability in the 

elderly [1]. It has been known that the decreased ability to 

control the body as age rises increases the risk of falls [2]. 

A previous study suggested that the analysis of CoP can be 

used to predict the stability of the body related to falls because 

CoP represents continuous locations of vertical force 

generated by the body against the ground during contact with 

the foot [3]. In addition, there was a close relationship 

between the complexity of CoP using ApEn and the ability to 

control the body during movement in different age groups [4].  

Therefore, the purpose of this study was to investigate the 

complexity of CoP using ApEn in fallers and non-fallers 

during walking. 

Methods 

Twenty elderly females (72.6±5.4yrs, 154.4±4.3cm, 

57.4±6.2kg) with a recent history of falls within two years and 

twenty controls (71.9±2.9yrs, 155.3±4.7cm, 56.7±5.2kg) with 

no history of falls participated in the study. The participants 

were recruited from the local area with an agreement of 

consent form approved by the ethics committee of the 

University.  

The participants were asked to walk on an instrumented 

treadmill (Bertec, USA) at their preferred walking speed 

between 0.52 m/s and 0.56 m/s. The ground reaction forces 

(Fx, Fy and Fz) and moments (Mx, My and Mz) from twenty 

consecutive strides of walking were collected at a sampling of 

1000 Hz. Then the locations of medial-lateral CoP (CoPx = - 

My/Fz) and anterior-posterior CoP (CoPy = Mx/Fz) were used 

to determine ApEn, as a level of the complexity of movement 

during walking [5].   

The Mann–Whitney–Wilcoxon was used to compare two 

independent groups at an alpha level of .05.   

Results and Discussion 

Smaller ApEn in CoPx was found in the group of fallers 

compared with non-fallers while no difference of ApEn in 

CoPy was found between two groups (Figure 1).  

 

Figure 1: Comparisons of ApEn in CoPx and CoPy between fallers 

and non-fallers during walking (* indicates significant diff. at α =.05) 

The finding of this study is in line with a study [6] showing 

the importance of medial-lateral movement of the body in the 

elderly. Additionally, decreased complexity of movement may 

be caused by the joints’ decreased controlling ability (i.e. 

coupling) [7]. 

Conclusions 

Lower levels of complexity in CoP, especially in the medial-

lateral direction during walking may indicate decreased 

complexity of the body and less adaptability to environmental 

changes which also may induce increased risk of falls in the 

elderly.  

Acknowledgments 

This work was supported by the Technology Innovation 

Program (10052462, E-Textile-based energy harvesting smart 

shoes for rehabilitation and assistance) funded by the Ministry 

of Trade, Industry & Energy (MOTIE, Korea). 

References 

[1] Tinetti ME and Kumar C. (2010). JAMA, 303(3): 258-266.  

[2] Mahoney JE. (1998). Clin. Geriatr. Med., 14: 699-724. 

[3] Palmieri RM et al. (2002). J. Sport Rehabil., 11(1): 51-66. 

[4] Pincus SM. (1991). Proc. Nati. Acad. Sci., 88: 2297-2301. 

[5] Stergiou N. (2004). Innovative analyses of Human 

Movement; Human Kinetics  

[6] Melzer I et al. (2010). Clin. Biomech., 28: 984-988.  

[7] Vaillancourt DE and Newell KM. (2002). Neurobiol. 

Aging, 23: 1-11. 

 

Friday, August 02 2019: Posters (1600-1800) 917

Balance Fall/Elderly 2



 

 

Effect of Potential Fallers on Fall Analysis During Timed Up and Go 
  

Jung-gil. Kim1,2, Jeong-Woo. Seo2,1, Tae-Ho. Kim2,1, Jin-Soo. Lee2,1, Jun-Hyeong. Cho2,1, Jin-Seung. Choi2,1 

Gye-Rae. Tack2,1, * 
1 Department of Biomedical Engineering, Konkuk University, South Korea 

2 BK21 Plus Research Institute of Biomedical Engineering, Konkuk University, South Korea 
Email: grtack@kku.ac.kr  

 

Summary 

The purpose of this study was to analyze the effect of potential 
fallers on fall analysis. For 79 elderly aged 60 and over, four 
groups were classified based on fall records measured twice at 
an interval of one year, and four groups were reclassified into 
three subgroups to account for the effect of potential fallers. 
TUG(Timed Up and Go) variables recorded with IMU(Inertial 
Measurement Unit) device were analyzed. When the potential 
fallers were considered, the number of variables with 
significant differences was increased. 

Introduction 

The Systematic Review suggests that it is useful to identify 
fall risk when using both prospective and retrospective results. 
However, the retrospective study is used frequently due to the 
difficulty and cost of a prospective study [1]. These methods 
present only two groups: faller and non-faller. In this study, 
we proposed a subgroup considering potential faller group, 
which is different from previous methods. 

Methods 

79 elderly people aged 60 years or older were participated in 
this experiment. Subjects were divided into four groups 
(GROUP1: non-faller - non-faller n = 46, GROUP2: non-faller 
- faller n = 12, GROUP3: faller - non-faller n = 13 , GROUP4: 
non-falling - non-falling n = 8). The groups were classified 
into three subgroups for consider protentional fallers. The 
classification method is shown in Table 1. TUG experiments 
were conducted, and 48 variables related to Gait, Turn and 
Turn to Sit variables were extracted through IMU (APDM Inc., 
Portland, OR, USA). Independent T test (α = 0.05) was 
performed for the first year TUG variables of each group. 

Table 1: Subject Classification 

Subject Classification Explanation Group 

Traditional non-faller 
(TNF) 

Subject without fall 
experience within 1 year 

1 & 2 

Our non-faller 
(ONF) 

Subjects without fall 
experience within 1 year 
except potential fallers 

1 

Faller 
(F) 

Subject with fall experience 
within 1 year 

3 & 4 

Results and Discussion 

Table 2 showed that the number of significantly different 
variable between ONF and F was considerably increased than 
that between TNF and F. Group 2 did not have a fall 
experience in the first year but fell in the second year. For this 
reason, Group 2 was excluded in the ONF for analysis 
between the fall group and the pure non-faller group. This 

result explains that if someone falls in future, the 
characteristics of the faller is included in the analysis even if 
fall has not occurred yet. Therefore, it is difficult to make 
accurate comparisons between groups based on the experience 
of falling within one year, thus it is necessary to follow up 
more than 1 years. 

Table 2: Variables showed the significant difference 

variable TNF vs F ONF vs F

Gait 
Stride Length [%stature] cov 0.078  - 0.022* -

Stride Length SI (m) mean 0.008* + 0.002* +

Stride Length SI (m) cov 0.078  - 0.022* -

Stride Velocity (%stature/s) mean 0.000* + 0.005* +

Stride Velocity (%stature/s) cov 0.283  - 0.042* -

Stride Velocity SI (m/s) mean 0.000* + 0.003* +

Stride Velocity SI (m/s) cov 0.283 - 0.042* -

Double Support (%) cov 0.317  - 0.008* -

Swing (%) cov 0.336  - 0.009* -

Stance (%) cov 0.346  - 0.005* -

RoM Shank [°] mean 0.164  + 0.034* +

RoM Shank [°] cov 0.020* - 0.007* -

Peak Swing Velocity [°/s] cov 0.123 - 0.032* -

RoM Trunk Sagittal [°] cov 0.033* - 0.009* -

Peak Horiz. Trunk Velocity 
[°/s]

cov 0.163  - 0.007* -

Turn 
Turn to Sit: RoM Trunk [s] 0.167  - 0.028* -

*p value<0.05, 
+ The value of the variable of TNF or ONF is larger than F

Conclusions 

Potential fallers group can have a large effect on the analysis 
of fall characteristics. We need to take longer observations 
when we perform fall analysis in the future. This analysis 
should be considered in various balance assessments such as 
Gait, CTSIB(Clinical Test of Sensory Interaction on Balance) 
and STS5(Stand to Sit 5) as well as the TUG of this study. 
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Summary 

Turning, especially in postural dual task conditions, is a 

challenging daily routine for older adults. The purpose of this 

study is to investigate the postural control of healthy older 

adults under postural dual task conditions during turning. A 

total of 13 healthy older adult were recruited form the 

community. Two experimental conditions were assigned to 

each participant in a random order. The differences in the range 

of motion (ROM) of the trunk-angle between two tasks were 

analyzed by conducting paired t-tests .The results indicate that 

the trunk-angle ROM under postural dual task is smaller than 

single task .Therefore the stability of healthy older adults was 

affected by postural dual task during turning. 

Introduction 

Although commonplace, turning poses a huge challenge for 

older adults [1]. Falls can result in injuries and even death 

among older adults [2]. In this case ,older adults face many 

challenges when turning while performing a dual task a 

combination of a primary task and a secondary task [3].  

The purpose of the present study is to investigate postural 

control characteristics of healthy older adults when turning   

under postural dual task conditions during. We hypothesize 

that compared with the single task condition; the trunk-angle 

ROM of healthy older adults becomes smaller in the 

mediolateral (ML) when turning during their performance of a 

postural dual task.  

Methods 

A total of 13 healthy adults (age, 65.77±4.48 years) were 

recruited form the local community. Two experimental 

conditions were assigned to each participant in a random order. 

1) Single-task: Each participant was asked to walk straight for 

3 m, turn left by 90°, and then walk straight for 2 m at a 
self-selected speed.  

2) Postural dual-task: Each participant was required to carry a 

cup of water (500 ml) in his/her hand. 

A total of 41 retro-reflective marks were placed on the body of 

the participants. The date was recorded (100 Hz) by an 

eight-camera Vicon motion analysis system. The raw 3D 

trajectories of the reflective markers were filtered by using a 

fourth-order Butterworth low-pass digital filter at a cutoff 

frequency of 13 Hz. The 3D trajectories of trunk movement   

were extracted by using a Vicon system .The differences 

between the two tasks were analyzed by paired t-tests (P=0.05). 

Results and Discussion 

The anterior angle of the trunk is smaller (P<0.001) during the 

postural dual task condition (Table.1). Under this condition, the 

trunk-angle in the ML became smaller than that under the 

single task at 28% of the support period (Fig 1). In other words, 

healthy older adults adopted a small trunk-angle to improve the 

body stability under the influence of a postural dual task [1].  

Table 1: Comparison ROM between two conditions during turning 

ROM Single task dual task P-value 

Trunk-angle 5.53±1.56 3.96±1.50 <0.001 

 

 

Fig. 1 the trunk-angle in sagittal under single task and postural dual 

task conditions 

Conclusions 

From the results, it can be concluded that healthy older adults 

adopt more cautious postures to increase the body stability 

under the influence of the postural dual task during turning. 
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Summary 
Trips occur when the foot strikes an obstacle during the swing 
phase of the gait cycle. The critical biomechanical variable 
associated with tripping risk is Minimum Foot Clearance 
(MFC). The pattern of toe trajectory in sagittal plane can be 
changed using different strategies to lift the foot which affect 
MFC height and timing [1]. In this study, a real-time 
biofeedback technique was employed to observe effects of 
ankle-only and no-ankle strategies on swing toe trajectory. The 
results showed that the ankle-only strategy can make the gait 
safer by eliminating the MFC event. 
Introduction 
MFC is an event in which the vertical distance between the 
lowest point of the foot and ground is minimum (Fig.2). 
Following toe-off, the swing foot exhibits an initial maximum 
vertical displacement (Mx1) after which, at approximately 90% 
into the swing phase a second maximum clearance is achieved 
(Mx2) [2]. These three swing phase parameters can be used to 
show whether the foot has sufficient height to avoid tripping or 
causing a “slapping” foot-ground contact. Toe trajectory can be 
changed using different strategies. The aim of this study was to 
compare the effects on MFC, Mx1 and Mx2 of ankle-only 
control to a no-ankle strategy. An incremental MFC elevation 
technique employing biofeedback was used to manipulate toe 
trajectory across three experimental conditions (Normal, Ankle, 
No-Ankle). 

Methods 
Four healthy males (30 to 40 yrs) walked on a motor driven 
treadmill at preferred speed for 2 minutes. A Vicon motion 
capture system recorded the 3D trajectory of the dominant limb 
Big Toe. Mean baseline MFC was then used to compute heights 
for the three target foot-ground clearances: normal 
MFC+1.5cm, normal MFC+3cm and normal MFC+4.5cm. In 
each condition these 3 MFC heights were then displayed as 
horizontal target lines on a monitor in front of the treadmill. 
Participants were requested to achieve the target MFC using 1) 
Normal strategy 2) Ankle strategy (maintaining target MFC by 
changing ankle angle only) and 3) No-Ankle strategy (not using 
the ankle). 

Results and Discussion. 
As shown in Fig. 1, intentionally increasing MFC to cross small 
obstacles changed the normal pattern of toe trajectory events. 

Normal and No-Ankle strategies showed an approximately 
similar pattern. Mx1 height remained higher than MFC across 
all MFC height manipulations (𝑀𝑀𝑀𝑀1

𝑀𝑀𝑀𝑀𝑀𝑀
> 1) but using the Ankle

strategy MFC height approached Mx1, the  𝑀𝑀𝑀𝑀1
𝑀𝑀𝑀𝑀𝑀𝑀

  ratio decreased 
and as consequence MFC tended to disappear at 4.5 cm 
elevation (Fig. 2).  

Figure 2: Typical toe trajectory pattern. Comparing between normal 
and ankle strategy 

Note that even with MFC absent, an inflection remains in the 
displacement curve at which the first time derivative = zero 
(𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 0). This event is still considered hazardous because foot 
horizontal velocity approximates maximum and forceful 
ground contact would be destabilizing. 
Conclusions 
The results show that an ankle dorsiflexion control strategy can 
make the gait safer by eliminating MFC [1] but the risk posed 
by high horizontal velocity remains. 
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Figure 1.The foot trajectory during the swing phase of the gait cycle using Normal, Ankle and No-Ankle strategies. Black, Green, Blue and Red 
lines represent Normal MFC, MFC+1.5cm, MFC+3cm and MFC+4.5cm, respectively.  
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Summary 
Strokes are one of the leading causes of death for Hispanics 
living in the United States.  Falling is the most frequent 
complication experienced by individuals with stroke, both in a 
hospital and community setting.  The risk for falls among 
persons with stroke is greater compared to age-matched healthy 
groups.  Therefore, new and more accessible methods are 
needed to reduce the risk for falls in this population.  This study 
explored the effects of an 8-week controlled whole-body 
vibration (CWBV) program on improving fall risk factors 
among five Hispanic individuals with chronic stroke.  Overall, 
the findings revealed that CWBV can be a feasible and effective 
method to improve the risk of falls among Hispanic individuals 
in the chronic phase of stroke recovery. 

Introduction 
Strokes represent the fourth leading cause of death for Hispanic 
living in the United States [1]. Compared to the general 
population, individuals in the chronic phase of stroke recovery 
are at far greater risk for experiencing injurious falls, posing a 
serious public health issue [2]. Up to 73% of stroke survivors 
fall at least once within six months after discharge [3].  The 
indirect and direct costs associated with falling can severely 
impact overall quality of life among individuals with stroke, 
their family members, and the caregivers.  Given the limited 
access to health care resources in comparison with non-
Hispanic populations, novel and cost-effective methods to 
reduce falls are needed for Hispanic people with stroke.  
Recently, controlled whole-body vibration (CWBV) training 
has been implemented to prevent falls for individuals with 
movement disorders, like multiple sclerosis [4].  CWBV is less 
strenuous, portable and cost-effective, and requires little to no 
previous experience with physical fitness.  Therefore, CWBV 
training could be an economical intervention for preventing 
falls in Hispanic people with stroke.  The purpose of this study 
was to explore the feasibility and effects of an 8-week CWBV 
program on improving fall risk factors among Hispanic 
individuals with chronic stroke. 

Methods 
Five Hispanic participants (age: 59.2 ± 17.39 years; disease 
duration: 7.0 ± 5.43 years) with a history of hemorrhagic stroke 
and at least six months in recovery were enrolled.  They came 
to the research facility three times a week for vibration training 
(20 Hz) on a side-alternating platform.  The training program 
lasted eight weeks.  Prior to and following the training, 
isometric muscle torque production at the paretic knee 
(Biodex), body balance (Berg Balance Scale), and functional 
mobility (Timed-Up-and-Go Test) were assessed.  Paired t-tests 
were used to compare these measures between the pre-training 

test and the post-training test with a significance level of 0.05 
applied. 

 
Figure 1: Comparisons of a) knee extensor strength, b) body balance, 

and c) mobility between pre-training and post-training tests among 
five Hispanic individuals with chronic stroke. 

Results and Discussion 
Participants completed all twenty-four training sessions without 
any adverse effects reported.  All measurements displayed 
significant improvements (p < 0.05 for all, Figure 1).  The knee 
extensor strength and the body balance level respectively 
increased about 18% and 10% from the pre-training test to the 
post-training test.  Similarly, the functional mobility was 
improved about 18% between the two test sessions. 

Conclusions 
Our results revealed that moderate intensity vibration training 
could be effective to reducing the risk of falls in Hispanic 
persons with chronic stroke.  However, a larger sample size 
would be necessary to more thoroughly determine the 
effectiveness, safety, and dose-response relationship of CWBV 
training in reducing falls in Hispanic individuals living with 
stroke.  If CWBV proves to be effective in reducing the risk of 
falls, CWBV training can be used as a convenient, economical, 
and effective alternative for preventing falls in Hispanic persons 
with stroke.  It will result in significant impact on the life of 
individuals suffering from stroke. 
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Summary 

This study compared lower limb loading characteristics 

between individuals post-stroke and age-matched controls. 

Findings suggest that reduced joint angular displacement and 

delayed center of pressure control during limb loading may be 

important factors that contribute to functional deficits in 

weight bearing and weight transfer following stroke.    

Introduction 

Individuals with hemiparesis following a stroke often have 

difficulty bearing weight on the paretic lower extremity [1], 

leading to deficits during functional balance mobility. These 

deficits affect community participation and quality of life. 

Consequently, restoring weight bearing ability is an important 

goal for rehabilitation post-stroke.  

Functional weight bearing and body-weight transfer require 

the ability to control joint motions and regulate impact force 

during weight acceptance. Thus, it is possible that weight 

bearing and weight transfer are affected if lower limb stability 

is disrupted during loading. The primary purpose of this study 

was to identify abnormalities in limb loading responses in 

individuals post-stroke.  

Methods 

Fifteen individuals with chronic stroke (67.7±7.22 yrs, 5 

females, time since stroke 12±12 yrs) and fifteen age-matched 

able-bodied controls (67.7±5.87 yrs, 4 females) participated in 

this study. Five unilateral support surface lowering 

perturbation trials were delivered to each leg. The order of the 

perturbation were randomized. All participants completed 

clinical Step Test (ST) [2] and 4-square step test to assess 

balance and mobility. 

Kinematic data were collected via a 10-camera motion 

analysis system as participants stand on top of two 

perturbation platforms. Ground reaction forces and center of 

pressure (CoP) data were recorded using two force platforms 

located beneath the perturbation platforms. Sagittal plane joint 

angular displacements from perturbation onset to initial 

contact and to maximal displacement following contact were 

calculated. CoP stabilization time was determined as the time 

elapsed from initial contact to the instant that CoP velocity in 

the medio-lateral direction settled within 3 standard deviations 

of its final value. Data were averaged across trials and data 

from paretic limb in stroke and non-dominant limb in controls 

were compared using 2-tailed t-tests. Pearson’s correlation 

coefficient was used to analyse the relationship between CoP 

stabilization time and the Step Test.  

Results and Discussion 

The stroke group showed greater increases in paretic ankle 

plantarflexion and knee and hip extension at initial ground 

contact (Table 1), indicating a relatively extended limb 

position at the instant of impact. Following contact, stroke 

participants demonstrated reduced peak ankle dorsiflexion and 

knee flexion, suggesting a stiffer limb reaction during loading. 

CoP stabilization time was longer in the stroke group, 

indicating difficulties in recovering stability in the paretic leg.   

Table 1. Between group comparisons (Mean (SE)) in kinetic, 

kinematic, and clinical outcome measures. Positive angular 

displacement indicates extension and negative indicates flexion. * p < 

0.05 and ** p < 0.01.  

 

The CoP stabilization time explained 50% of the variances in 

the ST, indicating that medio-lateral CoP control is an 

important factor in functional weight bearing and transfer.   

 
Figure 2: Relationship between CoP stabilization time and Step Test. 

Increased joint extension and reduced displacement suggesting 

a stiffer paretic limb observed in stroke during loading. In 

addition, increased time duration for the center of pressure 

stabilization during limb loading likely disrupted weight 

acceptance process. Future research is warranted to study 

underlying mechanisms (e.g. muscle co-activation) that 

contribute to the limb loading deficits in stroke.  
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Summary 

Increased gait variability in older adults has been found to 

increase fall risk. We propose that older adults can reduce gait 

variability by performing a lateral stepping training. Fourteen 

older adults aged 65+ underwent a six-week lateral stepping 

training 3-days/week. Gait variability was measured before, 

after completion of the training, and six weeks following 

completion. The six-week intervention significantly decreased 

step-width variability in older adults, and the effects were 

retained for six weeks after the completion of the intervention. 

Variability of stride-time, stance-time, and step-length showed 

a decreasing trend after the intervention, although no 

statistically significant. Importantly, variability decreased 

significantly for all parameters from Baseline at Retention 

assessment. These results demonstrated the feasibility of the 

intervention to reduce gait variability. 

Introduction 

Falls are a leading cause of injury among older adults and 

most often occur during walking [1]. Increased step-width 

variability was identified as a factor that increases fall risk in 

older adults [2]. Therefore, an intervention for reducing 

increased step-width variability may consequently reduce fall 

risk. We propose that healthy older adults can reduce gait 

variability by performing lateral stepping training [3]. 

Methods 

Fourteen older adults aged 65+ (3m; age: 70 ± 3 yrs.; height: 

166.1 ± 10.9 cm; mass: 72.6 ± 12.6 kg) were recruited for this 

study. At the Baseline assessment, the participants performed 

a three-minute treadmill trial at their self-selected comfortable 

speed. For the data collection on the treadmill, retroreflective 

markers were attached to the toe and heel and tracked by a 17-

camera motion capture system (Motion Analysis Corp.) at 100 

Hz. Following Baseline assessment, the participants 

underwent a six-week overground lateral stepping training 3-

days/week. Participants stepped laterally across a 10m section 

on an indoor track, changing direction at the ends thus 

alternating lead and lag legs. Three minutes of lateral stepping 

was alternated with at least one minute of rest. They informed 

that they could increase their pace at the start of each session 

but may not decrease it at the next session. Similar to the 

Baseline assessment, kinematics data were collected after 

completion (Post) of the training, and six weeks following 

completion (Retention). Self-selected speeds were used for all 

trials at each assessment. After determining gait events from 

the low-pass filtered (6 Hz) heel and toe markers trajectories 

using proper MATLAB code, the step-width (i.e., mediolateral 

distance between the locations of the sequential left and right 

heel strikes), step length (i.e., anteroposterior distance between 

the locations of the sequential left and right heel strikes), stride 

time (i.e., the time between two consecutive ipsilateral heel 

strikes), and the stance time (i.e., the time elapse during the 

stance phase of a leg) were measured. The standard deviation 

used to express the variability. Repeated measures ANOVA 

with Tukey post hoc test was conducted to determine if there 

was a change in variability following intervention (α < .05). 

Results and Discussion 

There was a significant effect of the intervention on the 

variability of step-width, F(2,26) = 10.56, p < .001), step-

length, F(2,26) = 4.54, p = .021), stride-time, F(2,26) = 3.85, p 

= .036),  and stance-time, F(2,26) = 5.63, p = .001) (Figure 1). 

Tukey post hoc test showed that the intervention reduced step-

width variability, and the effects were retained six weeks 

following the completion of the training (p<.05). Variability of 

stride and stance time, and step-length decreased from 

Baseline at Retention (p<.05). 
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Figure 1: Effects of intervention on gait variability parameters. 

(p<.05*; p<.01**; p<.001***). 

Conclusions 

The results point strongly towards a transfer effect from the 

lateral stepping gait training to typical forward walking. The 

results strongly support the efficiency of the lateral stepping 

gait training to decrease gait variability in older adults. 
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Summary 
The use of posturography to distinguish fallers and non-fallers 
is widely debated, likely due to a lack of standardization in 
methodologies and reporting. The objective of our study was 
to examine whether between-group differentiation was 
possible by focusing on factors that had shown promise. It was 
found that in all testing conditions, significant differences 
were observed between fallers (1+ fall in the past 12 months) 
and non-fallers. Between-group differences were greatest in 
the eyes open, narrow stance condition for traditional sway 
measures. 

Introduction 
Numerous studies have used posturography to examine 
differences between fallers and non-fallers, showing mixed 
results [1,2]. The conflicting nature of these findings is likely 
attributable to differences in study approach, specifically 
methodological choices including testing conditions and 
outcome reporting [1,2]. The objective of this study was to 
therefore include factors likely to improve the differentiation 
between fallers and non-fallers and determine whether 
between-group differences were found in a large cohort of 
older adults. We hypothesized that statistical differences 
between fallers and non-fallers would be found and that 
differences, based on effect size, would be largest when a 
recurrent faller vs. non-recurrent faller definition was used, 
with testing done in a narrow stance rather than comfortable, 
and for the non-linear analysis derived outcome measures over 
traditional measures. 

Methods 
One hundred and sixty-four adults aged 65 and older were 
included in this study. Study participants were excluded from 
the study only if they were not able to stand unassisted for 2 
minutes at a time or if they had received physical therapy 
focused on balance rehabilitation or fall prevention in the last 
6 months. All individuals gave written informed consent and 
all study procedures were approved by the Ohio State 
Institutional Review Board. Study participants were classified 
as fallers (1+ falls) or non-fallers (0 falls) based on self-report 
for the past 12 months. Participants were also classified as 
recurrent (2+ falls) or non-recurrent fallers (0, 1 falls). There 
were 55 fallers and 109 non-fallers; there were 27 recurrent 
fallers and 137 non-recurrent fallers. 
Quiet standing posturography trials were conducted in eyes 
open comfortable stance; eyes closed comfortable stance; eyes 
open narrow stance; and eyes closed narrow stance conditions. 
Center of pressure (COP) data was recorded for one 60 second 
trial per condition at 1000 Hz in both the anterior-posterior 
(AP) and medial-lateral (ML) direction. Conditions were 
randomized. 

 
Traditional sway measure outcomes and non-linear measures 
(AP and ML sample entropy (SampEn) were also calculated 
from the downsampled data. For each the fallers vs. non-
fallers and recurrent fallers vs. non-recurrent fallers analyses, 
independent samples t-tests were used for between group 
comparisons for all of the outcome measures for each testing 
condition (p<0.05). Effect size was calculated using the 
Cohen’s d method. 

Results and Discussion 
The eyes closed, narrow stance condition proved too 
challenging for the majority of participants regardless of their 
fall history and resulted in numerous losses of balance. This 
testing condition was excluded from further analysis. For the 
remaining three testing conditions, statistically significant 
differences were found between fallers and non-fallers, as well 
as recurrent fallers and non-recurrent fallers in every 
condition. The eyes open, narrow stance testing condition had 
the highest number of significant posturography outcome 
measures, as well as the largest effect sizes. Differences were 
more consistent and had larger effect sizes (d=0.69-0.96) 
when the definition of recurrent (2+) vs. non-recurrent fallers 
(0 or 1) was used. Interestingly, none of the non-linear 
measures calculated for any of the conditions were found to be 
significant. This was surprising as other research has 
suggested the role that non-linear analysis can play in 
identifying hidden information often missed by traditional 
analyses [3]. This suggests that these promising measures may 
not have as much impact in older adult fall-related research as 
they have been found to have in other populations. 

Conclusions 
We found that it was possible to differentiate fallers from non-
fallers using posturography; differentiation was improved 
when a definition of recurrent vs. non-recurrent fallers was 
used. It is recommended that future fall-related posturography 
studies focus on traditional ML measures in an eyes open, 
narrow stance condition; sample entropy does not appear to 
add additional value.  
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Summary 

People with dementia have impairments in gait that are 

associated with an increased risk of falls. The aim of this study 

was to investigate the relationship between gait features 

extracted from repeated, frequent gait assessments and future 

falls in older people with dementia. We found that gait 

instability, and increased neuropsychiatric symptoms, and fall 
history were independently associated with falls in people 

with dementia 

Introduction 

Dementia is a progressive neurodegenerative disorder with 
cognitive and motor symptoms [1]. Among the activities of 

daily living of people with dementia, gait is of high concern as 

gait impairments are associated with increased risk of falls. It 

has been reported that people with dementia who have gait 

abnormalities are approximately three times more likely to fall 

compared to those with a normal gait [2]. Therefore, 

investigating gait characteristics of people with dementia 

could be informative in estimating and predicting their risk of 
falls [3]. 

Previous studies have mainly quantified spatiotemporal gait 

variables in people with dementia [3]. However, impairment 

in spatiotemporal measures could reflect cautious gait arising 

from a fear of falling in this population and not the cause of 

falls. Many of these studies assess gait in a laboratory 

environment or at a single time point and may not reflect gait 
in a natural environment.  Frequent, environmental assessment 

of gait using skeletal tracking allows the opportunity to 

exhaustively evaluate gait quality, including gait stability, 

symmetry, and smoothness to determine its relationship to 

falls in dementia.  

The aim of the present study was therefore to investigate the 
relationship between gait features extracted from naturalistic 

vision-based gait assessments to future falls in older people 

with dementia. 

Methods 

This study takes place in the Specialized Dementia Unit at 

Toronto Rehab, Toronto, Canada, a tertiary dementia care 

unit. Participants were 52 people with dementia admitted to 

this unit for treatment of behavioural and psychological 

symptoms of dementia. The following information and tests 

were gathered upon enrollment to the study: demographic 

data, admission neuropsychiatric inventory score (NPI), 

history of falls, severe impairment battery-short version 
(SIBS),  Tinetti performance oriented mobility assessment 

(POMA) for balance and gait, and the Katz index of 

independence in activities of daily living (KATZ). Fall 

incidents during the inpatient admission were recorded from 
the medical chart. 

A Kinect sensor was mounted on the ceiling of the hallway. 

Participants’ walking captured automatically when they 

walked within the view of the sensor. The 3D joint motions 

during walks captured by the Kinect were used for further 

analyses.  

Thirty measures of gait in five categories were calculated 

namely, spatiotemporal, variability, symmetry, stability and 

frequency domain measures. Separate Poisson regression 

analyses for each gait measure, including adjusted for 

demographic and clinical covariates were completed using 

number of falls during the admission as the dependent 

variable. 

Results and Discussion 

Univariate regression analysis resulted in 7 gait measures (step 

width, sacrum velocity, step time symmetry, margin of 

stability (MOS), dominant power of acceleration signal in AP, 
and VT directions, and percent of power below 0.7 Hz) and 3 

clinical variables (POMA for balance, NPI, and fall history) 

having p-values of less than 0.05 to be included in the final 

regression model. In the multivariate model, gait stability 

(margin of stability), NPI score, and fall history were 

associated with future falls (Table 1). The coefficient of 

determination (R2) for the final model was also 0.55. 

Table 1: The results of final Poisson regression model. 

Variable Regression 
coefficient 

Standard 
error  

t-statistics  p-value 

MOS  -27.49 14.21 -1.93 0.05 

NPI 0.03 0.01 3.31 <0.001 

Fall history 0.67 0.32 2.12 0.03 

Conclusions 

Gait instability, neuropsychiatric symptoms, and fall history 

are important independent predictors of falls in people with 

dementia. This study is a novel application of environmental 

vision-based sensors for the assessment of gait stability. 
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Summary 

Falls among the elderly (aged ≥ 65) occur frequently and result 

in high injury and mortality rates. Studying how older adults 

regulate stepping to maintain lateral balance is critical to under-

standing and reducing falling events in this population. Here, 

we compared how healthy young and older adults vary lateral 

stepping movements when challenged with maintaining lateral 

stability in various destabilizing environments.  

Introduction 

Older adults are at a greater risk for falling and falls to the side 

are particularly hazardous, as walking humans are inherently 

less stable laterally [1-2].  Increased fall risk may be attributed 

to greater lateral variability, associated with walking situations 

that involve uneven terrain or perturbations [3]. Young healthy 

populations demonstrate such increases in lateral variability in 

response to lateral perturbations of the walking surface and vis-

ual field [3]. It is not known how these perturbations affect the 

gait of older adults, who may be more susceptible to falls due 

to age-related increases in gait-variability. Here, we character-

ized lateral stepping variability of healthy young and older 

adults while walking unperturbed and with perturbations of ei-

ther the visual field or walking platform.   

Methods 

17 healthy Older adults (OH; aged ≥ 60) and 17 healthy Young 

adult controls (YH; aged 18-31) walked in a virtual environ-

ment and completed two, 3-minute trials for each of three con-

ditions: walking with no perturbations (NOP), or with pseu-

dorandom, mediolateral oscillations of either the visual field 

(VIS) or the treadmill platform (PLA) [3].  

For each trial, step-to-step time series of step width (w) and ab-

solute lateral body position (zB) were computed from motion 

capture data. We analyzed zB and w because healthy humans 

regulate mainly consistent w, but also zB (to a lesser extent) as 

they walk (see companion abstract).  Variability was quantified 

by computing standard deviations of each w and zB time series.  

Results and Discussion 

For both groups, mean w values were significantly higher 

(p<0.0005) in the presence of VIS and PLA perturbations, while 

mean zB were not significantly different (Fig. 1). Standard de-

viations for w and zB were significantly higher (p < 0.0005) for 

VIS and PLA perturbations, compared to NOP (Fig. 2). Thus, 

these perturbation conditions destabilized OH and YH groups, 

and both groups responded with increased w. For all conditions, 

OH adults did not walk with different mean w or zB compared 

to YH adults (Fig. 1). OH adults exhibited slightly higher w 

standard deviations for VIS perturbations than YH adults (p < 

0.05; Fig. 2) and were thus more destabilized in the presence of 

these visual perturbations. While healthy Older adults were 

slightly more variable than healthy Young adults in the pres-

ence of visual perturbations, both groups adjusted to perturba-

tions with wider steps and increased variability of w and zB. 

 

Figure 1: Box plots of means of step width (w) and absolute lat-

eral position (zB) for YH (Blue) and OH (Red) in all conditions. 

 

Figure 2: Box plots of variability of step width (w) and absolute 

lateral position (zB) for YH (Blue) and OH (Red) in all conditions. 

Conclusion 

All participants were more variable in the presence of perturba-

tions. Healthy Older and Young adults responded similarly to 

perturbations by increasing step width (w) and utilizing greater 

stepping variability of w and zB to maintain stability.  
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Summary 

A total number of 20 young adults participated in a walking 
trial followed by an unexpected slip. The COM height, 
single/double stance phase duration, and angular momentum 
where calculated and compared between mild and severe 
slippers, during a full gait cycle and an additional 30% of gait 
cycle time length during slipping. There were significant 
differences found in all three variables. There was a time-lead 
observed in differences. First, the angular momentum started 
deviating between mild and severe slippers, followed by COM 
height deviation. Subsequently, we suspect the excessive 
angular momentum of severe slippers to be responsible for 
their COM drop and fall. Later, the angular momentum was 
drastically declined in severe slippers, simultaneous with a 
change from single to double support in severe slippers (toe-
touch response). Hence, the angular momentum seems to be 
the key variable in controlling slips. 

Introduction 

Angular momentum (H) is a quantity representing the 
movement of rotation of an object. Previous studies [1] 
indicated that severe slippers, who are more prone to fall [2], 
had significantly higher H following a slip, compared to mild 
slippers. This study examines the possible causes of such an 
association by studying the walking and slipping behaviour of 
mild and severe slippers and comparing their COM height 
(COMH), single/double support duration, and H. We 
hypothesize that a time-lead over COMH would indicate a 
causal relationship to severe slipping, and hence, falling. 

Methods 

Twenty young adults participated in this IRB-approved study. 

Figure 1: COMH, H, and single/double support (SS/DS) phase for a full gait 
cycle and 30% into slipping (slip onset at 0%). Asterisks show significant 

differences. Dashed lines are SD 

They were instructed to walk in a walkway at their convenient 
speed. Unexpected by subjects, after four trials a slippery 
contaminant (25% glycerol, 75% water) was applied to the 
walkway to record a novel slip data. The kinematics were 
recorded at 120Hz using Vicon 612 motion capture (Oxford, 
UK) and processed as described in [1]. Subjects with a Peak 
Heel Speed (PHS) larger than 1.44m/s were considered severe 
slippers [2]. Single/Double stance phase was derived from 
markers’ data. COMH and H were calculated using segmental 
method and anthropometric data [1]. Data was analysed for a 
full gait cycle (i.e. 100%), plus an additional 30% of gait time 
length into slipping (total of 130%, except single/double 
support duration which was analysed for 75% after slip 
initiation, Fig.1c). An independent t-test (α=0.05) was used to 
identify inter-group differences between mild and severe 
slippers (SPSS, IL, USA).  

Results and Discussion 

There were significant differences found between mild and 
severe slippers in all three variables (Fig,1). Mild slippers tend 
to maintain their COMH higher around 24%-30% into 
slipping. Severe slippers had a larger H from 3% to 27% 
during slipping. Also, severe slippers had a shorter single 
support phase and exhibited a toe-touch response early into 
slip, around 23% (Fig.1c). 

We argue that the excessive rotation of the body, represented 
by a higher H, causes the drop in COMH rather than a direct 
vertical collapse on the legs, substantiated by the time-lead 
observed in the deviations of H over deviations of COMH. 
Also, the differences may suggest that H is a key variable in 
controlling slips. In other words, the CNS may choose to 
change its control method and incorporate the toe-touch 
response as a new measure to re-establish the balance, or even 
take a safer fall, supported by the shortened single support 
phase, happening sooner than deviation of COMH. Also, toe-
touch could be caused as a measure to constrain and lower H, 
since H can only be changed via a torque around the body’s 
COM (caused by toe-touch of the swing limb). 

Conclusions 

COMH, H, and single/double support phase duration were 
compared between mild and severe slippers during walking 
and slipping. Significant differences were found, and the time 
lead observed in deviations suggests that H may be a main 
control variable in controlling slips. 
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Summary 

Muscle weakness due to disuse could impair the ability of 
older adults to prevent a backward fall. A musculoskeletal 
model is thus being used to predict the effect of strength 
training of selected muscle groups on older adults’ ability to 
restore static balance after a recovery step from a backward 
balance loss. The feasible region for balance recovery is being 
mapped for five conditions of simulated strength training. 
Preliminary results indicate that strengthening the dorsiflexors 
improves the ability to restore static balance, whereas 
strengthening the knee and/or hip extensors has little effect.  

Introduction 

Backward falls by older adults are of concern, as they are the 
most difficult to prevent [1] and can result in hip fracture [2]. 
Given that losses of muscle strength with aging are associated 
with an increased risk of falls [3], strength training might be 
an effective intervention against backward falls. The impact of 
training different muscle groups on older adults’ ability to 
prevent a backward fall is not known, however. Therefore, this 
study is assessing the predicted effect of strength training of 
selected muscle groups on older adults’ ability to restore static 
balance after a recovery step from a backward balance loss. 

Methods 

Restoration of static balance after touchdown of a backward 
recovery step is simulated in the sagittal plane using a six-link 
musculoskeletal model developed by Kadono and Pavol [4]. 
The rear foot of the model is fixed to the ground; motions of 
the leg and thigh of the rear limb and of the head-arms-torso 
are controlled by 10 Hill-type musculotendon actuators, and 
the front limb and foot move passively, the foot sliding across 
the ground. Baseline properties of the actuators reflect the 
strength characteristics of healthy older adults, and actuator 
force is controlled by parameterized neural excitation signals. 
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Figure 1: Boundary of the feasible region for balance recovery for 

the different strength training conditions. The dashed line represents 
the anatomical constraints on ZHIP. 

Forward-dynamics simulations, with dynamic optimization of 
the model’s initial state and neural excitation signals, are used 
to map the feasible region for balance recovery for an initial 
backward and downward velocity of 20% body height/s of the 
body center of mass (COM) and hips, respectively. Mapping is 
performed for selected initial values of hip height (ZHIP) and 
COM horizontal position (XCOM) by searching for the most 
posterior XCOM or most inferior ZHIP from which the model can 
achieve a quasi-static, stable state within 0.75 s. 

Feasible region boundaries are being mapped for the baseline 
older adult strength characteristics and five strength training 
conditions: (1) dorsiflexors (DF) only, (2) knee extensors (KE) 
only, (3) hip extensors (HE) only, (4) both KE and HE, and (5) 
DF, KE, and HE. Effects of strength training are simulated by 
increasing the actuator parameters for peak muscle force and 
tendon stiffness by 30% and 40%, respectively. 

Results and Discussion 

Results to date are preliminary and validation is ongoing. The 
predicted effects of strength training on the ability to restore 
static balance differ between muscle groups (Figure 1). A 
posterior shift of the feasible region boundary indicates that 
static balance can be restored by placing the stepping (rear) 
foot less posterior to the COM. As such, strength training of 
the DF improved the ability to restore static balance at larger 
initial ZHIP. In contrast, training of the KE and HE, either alone 
or in combination with other muscle groups, had little effect. 

Successful use of a recovery step to restore static balance after 
a backward balance loss entails using the stepping limb to 
arrest the backward motion of the COM and the downward 
motion of the hips after step touchdown. Arguably, the DF 
play a key role in the former (restoring stability), whereas the 
KE and HE contribute more to the latter (weight support). The 
results to date suggest healthy older adults have sufficient KE 
and HE strength to provide weight support in recovering from 
a backward balance loss, and added strength may be of little 
benefit; however, aging-related declines in DF strength impair 
the ability of healthy older adults to restore stability. 

Conclusions 

Increasing DF strength appears to aid in the prevention of 
backward falls by older adults. Exercises targeting DF strength 
might therefore be included in falls prevention interventions.  
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Summary 

We compared different devices (Force Plate {FP}, Inertial 

Measurement Units {IMU}, Pen-tail {Pen}) across related 

metrics of postural sway for the Clinical Test of Sensory 

Interaction and Balance (CTSIB).We found that Area of 

Ellipse Bounded (AoE B) and AoE eigenvalue (AoE E) were 

the most sensitive metrics at detecting differences in postural 

sway. When device outputs were converted to velocity, we 

found the sensitivity of FP and IMU similar, therefore, we 

conclude that IMU is effective at measuring CTSIB balance 

performance. 

Introduction 

Balance is essential to an individuals’ mobility, and with age, 

balance deteriorates, negatively affecting independence and 

quality of life [1]. CTSIB measures postural sway while 

challenging components of balance comprising 

proprioception, vision, and the vestibular system [2]. FP are 

the gold-standard for measuring postural sway during static 

standing balance tasks but are cost-prohibitive for most 

clinical settings [3]. IMUs show promise, however it is 

unknown if IMUs are sensitive for detecting postural sway. 

Also, new technology has made it possible to create more 

metrics of postural sway, but it’s inconclusive which metric is 

the most sensitive [4]. This experiment sought to determine 

which combination of device and metric is able to detect 

differences in postural sway between trials CTSIB trials.  

Further we performed comparisons with common device 

outputs transferred to velocity to compare similar kinematics.   

Methods 

39 community dwelling older adults’ (70+) completed 6 trials 

of CTSIB while three devices (FP, IMU, & Pen) recorded 

postural sway. We compared the common outputs for each 

device (FP displacement, IMU acceleration, Pen 

displacement) across the related metrics (FP/IMU/Pen = 

ML/AP Sway, AoE B; FP/IMU = AoE E, ML/AP mean, 

ML/AP standard deviation, ML/AP max excursion, TSP). 

Second, we compared velocity measurements from the FP and 

IMU. Repeated measure ANOVA was conducted on 

normalized data for each device within each kinematics 

measure followed by Tukey’s HSD (p < 0.05).  

Results 

For each device in their common output across metrics we 

found that FP and IMU had 62 and 26 significant differences 

respectively, out of a possible 165, and the Pen had 10 out of a 

possible 45. For velocity we found FP and IMU there were 55 

and 63 significant differences respectively out of a possible 

165. See Figure 1. 

Across common outputs and velocity measures for all devices 

we found the most significant differences in the metric AoE B 

followed closely by AoE E. For common outputs AoE B, there 

were 11, 7 and 8 for FP, IMU and Pen respectively out of a 

possible 15. For velocity, FP and IMU had 12 out of a possible 

15. 

When comparing the total number of common outputs of 

devices, FP was able to detect more difference between trials 

using AoE B and AoE E; however when comparing trials 1 

and 2 to trials 5 and 6 for AoE B and AoE E FP and IMU 

performed equally. Further, pen was only able to detect 

difference across these trials for AoE B. In addition, when 

comparing the transformed velocity IMU and FP were able to 

detect similar differences between trials.   

 

Figure 1: Percent of possible significant interactions for each 

device in each kinematic. 

Conclusions 

We found that FP and IMU were able to detect differences 

between trials of CTSIB. While FP was more sensitive to 

differences with using common device output when device 

outputs were converted to velocity we found that the 

sensitivity of the FP and IMU were similar. We also found 

that AoE B and AoE E were the most sensitive metrics at 

detecting differences in postural sway. The ability of devices 

to detect differences between trials of the CTSIB can support 

functional differences in balance challenging components. 

When using velocity transferred values both FP and IMU are 

potentially capable of isolating differences in sway 

performance related to changes in proprioception, vision and 

vestibular sensation.   
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Summary 
The purpose of this study was to investigate the associations 
between kinematic compensations during the single-leg squat 
(SLS) and stride knee kinematics during the baseball pitch in 
adolescent baseball pitchers. A secondary purpose was to 
determine whether the SLS may be used as a lower extremity 
screening tool for pitching mechanics. Post-hoc analysis of 
variance (ANOVA) revealed a significant association between 
knee valgus during the SLS and stride knee valgus at stride foot 
contact (SFC) and ball release (BR). The SLS shows promise 
as a screening tool for stride knee mechanics during the pitching 
in adolescent baseball pitchers. 

Introduction 
The baseball pitch is a full-body task requiring segmental 
coordination to transmit forces from the lower extremity 
through the trunk, upper extremity, and into the ball. A common 
inefficiency of the lower extremity during pitching is the 
inability to control the stride knee following SFC [3]. Less 
skilled pitchers typically continue into stride knee flexion 
following SFC in comparison to higher skilled pitchers [4].  
Proper stride knee kinematics require adequate strength and 
neuromuscular control of the lower extremity and lumbopelvic-
hip complex (LPHC) [3,4]. Sports medicine professionals often 
assess neuromuscular control of the lower extremity and LPHC 
through a single-leg squat task (SLS) [1]. Lack of 
neuromuscular control in these segments may be associated 
with pathomechanic adaptations during pitching, which could 
increase the risk of injury [3,4]. Thus, the purpose of this study 
was to investigate the associations between kinematic 
compensations during the SLS and stride knee kinematics 
during the pitching and to determine the usefulness of the SLS 
as an assessment tool in adolescent baseball pitchers. 

Methods 

Sixty-one (164±15.8cm; 57.9±14.5kg; 12.6±2.1yrs) adolescent 
baseball pitchers were recruited to participate. Inclusion criteria 
included no lower or upper extremity injuries in the past 6 
months and no history of surgery to the upper extremity. The 
Auburn University Institutional Review Board approved all 
testing protocols. 
Seven electromagnetic sensors were affixed to the skin at the 
following locations: (1) posterior trunk at the first thoracic 
vertebrae (T1) spinous process; (2) posterior pelvis at the first 
sacral vertebrae (S1); (3-4) lateral aspect of the bilateral thigh; 
(5-6) lateral aspect of the bilateral shank; and (7) dorsal aspect 
of the non-throwing side foot. An 8th sensor was attached to a 
moveable stylus for the digitization of bony landmarks [5]. 
Participants performed a SLS on the stride leg and threw three 
fastballs to a catcher at a regulation distance. Kinematic data 

were collected at 100Hz using an electromagnetic tracking 
device. 

Results and Discussion 
Multivariate ANOVA was used to examine associations 
between SLS kinematic compensations and stride knee 
kinematics during the pitch. At SFC and BR, there were 
significant associations between the dependent variables and 
knee valgus angle during the SLS (SFC: Λ=0.51, F(5,52)=9.81, 
p<0.001; BR: Λ=0.59, F(5,52)=7.18, p<0.001). Post-hoc 
ANOVA revealed significant association between stride knee 
valgus at SFC and BR with knee valgus during the SLS (SFC: 
F(1,56)=50.79, p<0.001, η2=0.48; BR: F(1,56)=61.07, p 
<0.001, η2 = 0.52). 
Pitchers who displayed less knee valgus in the SLS also had less 
stride knee valgus at SFC and BR during pitching (Figure 1). 
Given the associations between LPHC stability, knee valgus, 
and musculoskeletal injury [2], minimizing stride knee valgus 
during pitching may prove beneficial for not only decreasing 
injury susceptibility but also improving the mechanical 
efficiency of the lower extremity.  

 
Figure 1: A. Dynamic knee valgus at stride foot contact. B. Dynamic 
knee valgus at ball release. 

Conclusions 
SLS performance was significantly associated with stride knee 
valgus during the pitching motion in adolescent baseball 
pitchers. Minimizing stride knee valgus during the baseball 
pitch is likely beneficial for reducing injury risk and 
maximizing performance during the pitching motion. These 
results also provide initial support for the use of the SLS as an 
assessment of frontal plane neuromuscular control in adolescent 
baseball players. 
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Summary 
154 people with chronic low back pain (CLBP) were 
randomized to 6 weeks of motor skill training (MST) or strength 
and flexibility (SF) exercise. At baseline, post-treatment and 6-
month follow-up participants completed the modified Oswestry 
Disability Questionnaire (MODQ), the Numeric Pain Rating 
Scale (NRS) and a standardized task of picking up an object 
(PUO), where sagittal plane knee, hip and lumbar spine 
kinematics were calculated with 3D motion capture. MST and 
SF were similar in MODQ, NRS and movement characteristics 
at baseline. After treatment, MST had a greater reduction in 
MODQ and lower average NRS scores compared to SF. MST 
improved knee, hip, and lumbar spine movement patterns, 
while SF did not. The differences between MST and SF after 
treatment were maintained for all outcomes. These data suggest 
that MST is superior to SF for attaining and maintaining 
changes in functional limitations, pain, and movement 
characteristics in people with CLBP. 
Introduction 
The repeated use of direction-specific, altered movement 
patterns is an important movement-related factor proposed to 
contribute to CLBP [1]. Compared to back healthy controls, the 
typical altered pattern is greater early lumbar movement during 
the performance of an activity [2]. A logical approach to 
treatment, therefore, would be to change the altered pattern 
during the performance of functional activities. MST is 
individualized, challenging and progressive practice to learn or 
relearn a motor skill [3]. As such, MST may be more effective 
at changing altered movement patterns compared to general 
exercise (e.g., SF). The purpose of this study was to compare 
the short- and long-term effects of MST and SF on limitations 
in function, pain intensity, and movement characteristics. The 
movement characteristics included the magnitude of early 
excursion (1st half of descent phase) of the knee, hip, and lumbar 
spine during a functional activity test of PUO.  
Methods 
154 people (94 female, 42.7 ± 11.7 yrs, 1.7 ± 0.1 m, 73.8 ± 13.3 
kg) with CLBP were included in a single blind, randomized 
clinical trial. The MST group received individualized training 
to modify pain-provoking altered movement patterns during 
functional activities. The SF group received exercises for trunk  
 

 
strength and trunk and limb flexibility. At baseline, post-
treatment and 6-month follow-up participants completed the 
modified Oswestry Disability Questionnaire (MODQ, a 
functional limitation measure; 0-100%), the Numeric Pain 
Rating Scale (NRS, average LBP prior 7 days; 0-10) and a 
standardized pick up an object test, where sagittal plane knee, 
hip and lumbar spine excursion were calculated using 3D 
motion capture. A mixed model repeated measures ANOVA 
was used to examine the following effects: Treatment group 
(Tx), Time and Tx × Time interaction for each self-report and 
kinematic variable. When the ANOVA was significant (p < 
0.05), a priori planned contrasts were examined. 
Results and Discussion 
There was a significant Tx × Time interaction (p < 0.01) for 
each outcome. Baseline: MST and SF were similar in MODQ 
scores [dif = 0.4% (-3.4  ̶  2.9%)], NRS [dif = 0.0 (-0.6  ̶  0.6)], 
knee [dif = 2.2° (-6.7  ̶  2.5°)], hip [dif = 0.4° (-2.9  ̶  2.5°)], and 
lumbar spine [dif = 0.1° (-1.4  ̶  1.2°)] early excursion. (Figure 
1). Post-Treatment: Both groups’ MODQ and NRS scores 
improved (p < 0.01), but compared to SF, MST had a greater 
reduction in MODQ scores [MST: ∆ -19.3% (-16.7  ̶  -21.9%); 
SF: ∆ -11.7% (-9.1  ̶  -14.3%) ] and lower average NRS scores 
[MST: ∆ -3.3 (-2.9  ̶  -3.8); SF: ∆ -2.5 (-2.1  ̶  -3.0)]. MST 
changed knee [∆ +18.6° (14.6   ̶  22.1°)], hip [∆ +10.8° (8.5   ̶
13.1°)], and lumbar spine [∆ -2.0° (-3.0  ̶  -1.0°)] early joint 
excursion. SF did not change early joint excursion (all p > 0.72). 
6-Month Follow-up: The differences between MST and SF 
were maintained for all outcomes (p > 0.26). 
Conclusions 
If a goal of treatment for people with CLBP is to modify altered 
movement patterns to improve LBP and function, our data 
suggest MST is superior to SF. 
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Figure 1: Primary findings for MST and SF over time in MODQ, average NRS, and early lumbar excursion. 
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Summary 

Inter-limb leg stiffness changes during weight transfer of 

gait were used to uncover the body support strategies of 

children with hemiplegic cerebral palsy (HCP). Compared 

to controls, children with HCP showed greater stiffness 

sharing on the sound side both during weight release and 

weight acceptance, suggesting a strategy for decreasing 

affected side stiffness sharing.  

Introduction  

Hemiplegic cerebral palsy (HCP) is an irreversible and non-

progressive disorder, often resulting in muscle weakness and 

spasticity mainly on the affected side.  This asymmetry may 

lead to different strategies in controlling the bilateral leg 

stiffness during weight transfer of gait between the affected 

and sound side. Such bilateral leg stiffness changes can be 

determined using the spring-mass model, which incorporates 

information of the kinematics and kinetics of both the lower 

limbs while supporting the body during walking [1].  The 

current study aimed to investigate the inter-limb leg stiffness 

changes during weight transfer of gait in children with 

spastic HCP. 

Methods 

Ten children with spastic HCP and 10 age-matched controls 

(Control) each walked on a 8-m walkway while their gait 

data measured.  The leg stiffness (Ls) was calculated as the 

ratio of the change of the effective ground reaction force and 

the change in the effective leg length during a given period 

of time [1]. Stiffness values were averaged over weight 

acceptance (i.e., loading response phase, LR) and weight 

release (i.e., pre-swing phase, PS).  The sum of the stiffness 

values of both sides (total stiffness), and the proportional 

share of the total stiffness by each lower limb (IS) were 

calculated.  One-way ANOVA was performed to compare 

the variables between Control and the affected and sound 

sides of HCP.  Paired t-tests were used for within-group 

comparisons of IS (α=0.05). 

Results and Discussion 

No significant differences of Ls during LR and PS, and total 

stiffness were found between HCP group and Controls 

(Table 1).  Compared to Controls, the affected side of the 

HCP showed decreased IS during LR but increased IS 

during PS.  The affected side of the HCP showed decreased 

IS during both LR and PS than the sound side (Table 1).  
 

For differences between IS, the Control showed greater IS 

during LR than during PS (Table 1) (Figure 1).  The HCP 

group showed greater IS of sound side during LR than IS of 

affected side during PS (Table 1 and Figure 1).   

The HCP group was found to increase the IS during weight-

release (PS), and decrease IS during weight-acceptance (LR) 

for weight transfer.  This strategy indicates a compensatory 

shift of leg stiffness from the affected limb to the sound limb, 

compromising the smooth weight acceptance during LR. 

 

Figure 1: Inter-limb sharing of IS during double limb support 

phase of gait in HCP and Control. p-values of the differences 

between LR and PS are also shown. 

Conclusions 

The HCP group appeared adjust their body weight transfer 

strategy to shift the stiffness of their affected limb to the 

sound limb such that both limbs share more or less evenly 

the overall stiffness to provide the necessary body support 

during weight transfer.  However, this modulation of inter-

limb leg stiffness may decrease the efficiency of weight 

transfer of gait with increased effort of the sound limb.  It is 

suggested that evaluation of inter-limb sharing of total leg 

stiffness will be useful to uncover the changes of control 

strategy of the locomotor system in HCP in response to 

treatment. 
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Table 1: Means (standard deviations) of the leg stiffness (N/m) and inter-limb stiffness-sharing (%total stiffness, IS) during double limb 

support of gait.  Pp: p-values of differences between LR and PS; Pg: p-values of between-group differences. 

Group LR PS Total Stiffness IS of LR Limb IS of PS Limb Pp 

Control 12.93 (4.55) 4.50 (2.62) 17.42 (6.37) 74.9% (9.8) 25.1% (9.8) <0.01! 

Affected Limb 12.45 (8.78) 7.01 (4.10) 27.27 (22.52) 50.6 % (12.0) 35.9% (17.0) 0.87 

Sound Limb 13.10 (8.91) 14.82 (15.61) 20.11 (11.79) 64.1% (16.9) 49.4% (12.0) 0.03! 

Pg 0.98 0.05 0.34 <0.01*# <0.01*#  
#: significant difference between affected side of HCP and Control. *: significant difference between affected and sound side of HCP.  
!: significant difference in IS between LR and PS. 
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Summary 

Head stabilization has been considered an important variable 

for motor control strategies, however, is not habitual include it 

in clinical gait analysis. The research goal of this study was to 

analyze the stability of the position of the head during the heel 

strike and toe-off events of the gait cycle in person with 

spastic diplegia.    

 

Introduction 

Stabilization of the head is the dynamic process of maintaining 

a position of equilibrium of the same in space [1]. It has been 

argued that postural control during gait depends to great extent 

on head stability [2-3].  

 

Methods 

Nine patients with spastic diplegia (6 males, 3 females; age: 

17.4 ±4.2 yrs; mass: 52.3 ± 13.6 kg; height: 159.1 ± 15.4 cm) 

participated in the study after provided informed consent 

approved by the University of Extremadura research 

committee.  Each patient performed 10 repeated single 

walking trials on a 7 m walkway at self-selected speed. Full 

body kinematics were collected and processed using a Simi 

motion capture system (100 Hz, eight-camera Simi Reality 

Motion Systems, GmbH, Germany) and low-passed filtered 

using residual analysis [4]. The methodological approach of 

the uncontrolled manifold hypothesis (UCM) has been applied 

to separate multi-joint variance into the variance that stabilize 

head posture (VUCM) and the one that destabilizes it (VORT) 

(Figure 1) at the heel-strike and toe-off events of the gait 

cycle. The synergy index (VUCM/VORT) was used to quantify 

whether joints formed  synergies to stabilize the head at heel-

strike and toe-off events. A factorial ANOVA was conducted 

to analyze whether movement plane (sagittal and frontal) and 

body side (left and right) affect synergies. According to the 

UCM hypothesis a synergy is formed when the synergy index 

is positive, with higher values means stronger synergy.      

 

Results  

For the sagittal plane the synergy index was the following: 

right heel-strike (-0.023 ± 0.28), left heel strike (0.036 ± 

0.39), right toe-off (-0.0067 ± 0.3) and left toe-off (-0.14 ± 

0.2). For the frontal plane, the synergy index was the 

following: right heel-strike (0.25 ± 0.41), left heel-strike (0.14 

± 0.23), right toe-off  (0.5 ± 0.4), and left toe-off (0.16 ± 

0.23). The ANOVA indicated a significant effect of the plane 

factor (p < 0.01). Sidak’s post-hoc analysis indicated 

significant differences between the sagittal and frontal plane, 

but for the right body side (p<0.001). 

 
Figure 1:  Stick figure showing the how segmental angles were 

computed in the sagittal and frontal plane (1 & 8: shank; 2 & 7: thigh: 

3: pelvis; 4: abdomen; 5: thorax; 6: head). 

 

Discussion and Conclusion 

The quantification of the kinematic synergies allowed the 

description, analysis and evaluation of movement control 

during gait in patient with spastic diplegia. The analysis of the 

results revealed significant differences regarding the motor 

control process for the sagittal and frontal planes, that is in 

line with previous studies [5]. The results could be very 

relevant for planning the therapeutic approach and monitoring 

the clinical evolution in people with spastic diplegia. This 

could offer to human movement specialists a window onto the 

functioning of the complex control mechanisms that the 

central nervous system use to coordinate the multiple degrees 

of freedom during gait. 
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Table 1: ANOVA table for synergy index 

 ANOVA Sum of squares DOF Mean Squares F (DFn, DFd) P value 

Interaction 0.1549 1 0.1549   F(1,68)=1.47 P=0.230 

Plane 1.584 1 1.584 F(1,68)=15.03 P<0.001 

Side 0.3147 1 0.3147 F(1,68)=2.986 P=0.089 

Residual 7.167 68 0.1054   
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Summary 

We investigated whether the effects of ankle foot orthoses 

(AFOs) and AFO-tuning using incremented heel height is 

comparable between overground and treadmill walking in 

healthy adults. Results of this study indicate that small but 

consistent differences between treadmill and overground 

walking exist, but the effect of AFOs and AFO-tuning is 

independent of overground versus treadmill walking. These 

findings open up the possibility for interactive gait analysis on 

a treadmill allowing for real-time evaluation of effectiveness 

of AFOs and AFO-alignment on gait in children with cerebral 

palsy. 

Introduction 

Ankle foot orthoses (AFOs) are frequently prescribed to 

improve gait in children with cerebral palsy (CP). Different 

studies show that effectiveness of AFOs is dependent on  

alignment with respect to the ground reaction force (GRF) [1-

3], which can be tuned using by making small adjustments to 

its design, for example by incrementing heel height [1-3]. 

Although AFOs and alignment with respect to knee and shank 

kinematics are usually evaluated with an overground  (OG) 

clinical gait analysis, novel techniques such as interactive gait 

analysis on a treadmill (TM) can provide augmenting 

information. Interactive gait analysis on a treadmill can help to 

evaluate instantaneously whether adjustments applied during 

tuning have the desired effect on gait kinematics and kinetics 

over a large numbers of steps, providing real time feedback. 

However, since small differences exist between treadmill and 

overground walking [3], it is not straightforward that an 

optimally tuned AFO in a TM lab, is also optimally tuned for 

overground walking. Therefore, the aim of the present study is 

to investigate whether the effect of AFO tuning is comparable 

between OG and TM walking.  

Methods 

Fourteen healthy adults (age: 23.5±2.4y) underwent 3D-gait 

analysis on an instrumented treadmill with embedded force 

plates (GRAIL system, Motek Medical BV) as well as in an 

overground gait lab. In both labs, participants walked barefoot 

and wearing a unilateral custom fabricated carbon AFO, under 

which the heel height was incremented with three different 

wedges (5-, 10- and 15mm). During all conditions, 

participants walked at constant comfortable walking velocity. 

Conditions were applied in a randomized order. Key kinematic 

and kinetic parameters were calculated using Human Body 

Model [4]. Differences were tested for significance using a 

two-way ANOVA.      

Results and Discussion 

For OG versus TM, main effects were found at midstance for 

knee flexion angle (TM:11.0±1.2º, OG: 9,5±1.0º; p<.04) and 

shank to vertical angle (TM: 15.4±1.3º; OG:13.1±1.0º; p<.01). 

Although participants walked with greater knee flexion on the 

treadmill, kinetic analysis revealed decreased internal knee 

extensor moments on the treadmill (TM: -0.129±0.03 Nm/kg; 

OG: -0.021±0.02 Nm/kg; p<.01), indicating compensations of 

the trunk position. Incremented heel height was associated 

with increased knee angles (p<.01), SVA (p<.01) and internal 

knee extension moments (p<.01), (Figure 1). No significant 

interaction effects were found between heel height and lab for 

knee angles (p=.217), SVA (p=.455) or knee moment (p=.856)   
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Figure 1: Effect of incremented heel height on sagittal knee 

kinematics (left) and moments (right) for overground (green, solid) 

and treadmill (blue – dashed) walking. BF: barefoot, AFO: ankle foot 

orthosis.    

Conclusions 

Since differences between barefoot versus AFO walking and 

the effects of incremented heel height were consistent for 

OG/TM, AFO tuning can be equally evaluated on a treadmill. 

However, the small but significant differences between 

OG/TM stress the necessity to evaluate effects with OG/TM 

appropriate reference data. Our study also emphasizes the 

importance to include kinetics in the evaluation of AFOs, 

since effects with respect to GRF cannot always be derived 

from kinematics. Future studies should investigate how the 

present results relate to AFO optimization in children with 

cerebral palsy.  
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Summary 

Flat feet resulting from a collapsed arch are a common concern 

for children with cerebral palsy (CP). Surgeries aim to restore 

the arch and improve pain, ambulatory efficiency, and brace 

tolerance. To evaluate these surgical outcomes, plantar 

pressures (PP) from patients indicated for a lateral column 

calcaneal lengthening procedure were obtained pre- and post-

operation. Pressure distribution shifted laterally from pre- to 

post-op, however arch pressures did not change. 

Introduction 

Children with CP often exhibit flat feet as the soft tissue 

structures that maintain the medial longitudinal arch are 

insufficient resulting in midfoot collapse. Chronic flat feet can 

result in pain with weight bearing and brace intolerance, due to 

callus or ulcer formation. One surgical option used in flat foot 

correction is the lateral column calcaneal lengthening (LCCL) 

procedure. [1] This involves inserting a trapezoidal wedge of 

bone graft into a lateral calcaneal osteotomy to lengthen the 

lateral column of the foot and improve weight distribution in 

ambulatory patients. The purpose of this project was to evaluate 

walking foot pressure distribution following LCCL procedures. 

Methods 

Seventeen patients with CP indicated for LCCL procedures 

were enrolled. All surgeries were performed by one surgeon 

(FC). Barefoot PP measurements were obtained prior to surgery 

(Pre-op) and at follow up appointments (Post-Op1, 2) up to 45 

months after surgery (Table 1). A single rater (RP) manually 

masked all PPs by identifying the foot midline via the center of 

the heel and distal 2nd toe. Once the midline was defined, the 

heel, arch, and forefoot were split at 30 and 60% of the foot 

length from heel to toe (Figure 1).  

All valid trials and steps were used to compute arch index, 

lateral ratio, gait speed, cadence, stride length, and stride width. 

Arch index is the sum of arch pressures (medial and lateral 

sides) compared to the total pressure. [2] Lateral ratio is the sum 

of all pressures lateral to the midline compared to the total 

pressure. Temporal-spatial variables were computed as percent 

of age-matched controls (lab reference database).  

The average arch index, lateral ratio, and temporal spatial 

variables were calculated for each patient at each visit. Kruskal-

Wallis analysis of variance was used to test for significant 

differences between visits (α=0.05). Matlab was used for all 

masking, data processing, and statistics.  

Results and Discussion 

Thirteen participants completed the study with 21 feet that 

received the LCCL procedure and had valid PP data for 

comparison. Visit times, pressure variables, and temporal-

spatial parameters are shown in Table 1. Lateral ratio increased 

from Pre-Op (0.40±0.09 mean±SD) to Post-Op2 (0.49±0.10, 

p=0.036). There was no overall change in arch index or gait 

performance measured via temporal-spatial parameters. 

Conclusions 

Foot pressures, measured via lateral ratio, shifted from 

predominantly medial at pre-op to balanced 2-3 years after the 

LCCL procedure. The lateral shift suggests a reduction of 

medial arch collapse, which may improve brace tolerance by 

reducing callus prevalence on the medial structures of the foot 

and reducing pain in these patients.  
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Table 1: Timeline and results at pre-op and each post-op. Shaded cell shows a significant difference from Pre-Op values. 

  Time from Surgery Arch Index Lateral Ratio Gait Speed Cadence Stride Length Stride Width 

  months unitless unitless % of reference % of reference % of reference % of reference 

  Mean Range Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

Pre-Op 7.0 0.3-23.6 0.25 0.17 0.40 0.09 64.23 34.30 83.92 21.51 71.15 23.63 113.38 38.36 

Post-Op1 14.8 10.7-20.8 0.30 0.14 0.45 0.13 73.25 27.26 93.50 21.67 77.00 18.60 124.75 60.29 

Post-Op2 31.5 23.8-44.5 0.35 0.19 0.49 0.10 48.62 23.26 77.88 18.22 56.38 22.64 147.00 49.34 

Pre-Op        Post-Op1         Post-Op2 

Figure 1: Example PPs and masking from a patient at all 3 visits. 
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Right 
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Summary 

Motor control complexity is reduced in individuals with 
cerebral palsy. However, it is unclear whether the observed 
reduction is a product of the primary neurologic injury or an 
outcome from a pathologic gait pattern. In this study, motor 
control complexity was evaluated for typically-developing 
(TD) individuals emulating gait patterns commonly seen in 
cerebral palsy (CP) to distinguish between the effect of 
primary and secondary impairment on motor control. In a 
three-person pilot population, gait pattern modulation resulted 
in inconsistent deviations in motor control complexity, 
demonstrating that altered gait patterns can lead to altered 
motor control.    

Introduction 

Cerebral palsy (CP) is a neuromuscular disorder caused by a 
brain injury occurring near the time of birth. Individuals with 
CP commonly exhibit reduced motor control complexity 
compared to TD peers [1] and often demonstrate toe-walking 
(equinus) or flexed-knee (crouch) gait patterns. While both 
kinematic and motor control impairments in CP have been 
extensively investigated, the causal link between the two 
remains unclear.  Whether observed reductions in motor 
control are a direct consequence of the primary neural 
impairment or merely a coincidental result of the 
biomechanics of pathological gait is an open question. Prior 
work has attempted to clarify this distinction by demonstrating 
that TD participants emulating CP gait patterns achieve 
kinematic and muscle activation patterns representative of 
pathologic trends [2-3]; however, motor control has not been 
studied to the same end. The aim of this study was to 
investigate if motor control in TD participants during 
volitional adaptation of CP gait patterns would resemble 
pathologic measures of complexity. We hypothesized that TD 
individuals who achieve kinematic similarity to CP gait 
patterns would exhibit reduced motor control complexity.  

Methods 

Three TD adult volunteers (1M/2F; age 24.6 ± 1.5) 
participated in this pilot study. Participants walked on an 
instrumented treadmill (Bertec Inc; Columbus, OH) in all 
trials. Three normal gait (NG) trials were performed at self-
selected (SS) speed. Three, four-minute emulated gait trials 
were performed for three gait patterns typically seen in CP: 
mild crouch gait (MiC), moderate crouch gait (MoC), and 
equinus (EQ). MiC and MoC were defined as 20° and 30° 
knee flexion during standing, respectively [5]. In all crouch 
trials, knee flexion angle was set with a goniometer and 
reinforced with a rope fixed at the participant’s eye level 
during walking   

Kinematic data were collected from a 10-camera motion 
capture system (Qualisys; Sweden). Electromyography (EMG)  

 

data were collected from a bilateral, sixteen muscle set 
spanning the hip, knee, and ankle joints. Average joint angles 
were calculated using OpenSim 3.3. Muscle synergies were 
computed on the dominant leg for samples of ten concatenated 
strides, segmented using a sliding window over the entire trial. 
Total variance accounted for (tVAF) by a one-synergy 
solution was used as a summary metric of motor control 
complexity. Two-sample t-tests were used to evaluate 
differences between baseline and emulated joint patterns at the 
hip, knee, and ankle. Two-sample t-tests were also used to 
evaluate the similarity in tVAF between baseline and emulated 
trials.  

Results and Discussion 

All participants were able to significantly modify joint angles 
at the hip (p≤0.02), knee (p ≤0.01), and ankle (p ≤0.05) across 
all emulated patterns. The adopted patterns followed the 
expected qualitative trends seen in CP [2-4].  Similarly, all 
participants demonstrated significant deviations in tVAF 
between normal gait and emulated patterns (p ≤ 0.005).  

 
Figure 1: The range of tVAF1 for baseline and emulated gait patterns 

for three participants.   

Conclusions 

Altered kinematic strategies resulted in significant deviations 
in tVAF for all participants; however not all deviations 
represented a reduction in motor control complexity. Although 
future studies with larger sample sizes are needed, this may 
suggest that reductions in complexity are not simply effects of 
biomechanical constraints but also have neurogenic aspects.  
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Summary 

The development of wearable inertial sensors has provided the 

possibility to assess and diagnose Parkinson’s disease (PD) 

based on the patients’ gait pattern. The goal of this study was 

to compare the classification performances from fifteen 

different combinations of sensor configurations using three 

different machine learning techniques among the group of 

eighteen subjects. The best configuration was achieved by the 

sensors placed on chest, wrist and shank together. The optimal 

single sensor configuration was produced by chest sensor.  

Introduction 

Parkinson’s disease (PD) is a type of chronic disease with 

progressive neurodegenerative disorder that affects the 

patient’s movement. It is necessary to monitor their movement 

and assess the risk of falling for the PD group due to the 

motion-related symptoms. The development of wearable 

sensors provided much easier, faster and lower-cost 

techniques for the potential diagnosis of PD. However, the 

previous research [1, 2, 3] still cannot explain how to choose 

the optimal sensor placement on the body for the diversified 

subjects. The goal of this study was to explore the various 

combinations of sensor configurations and search for an 

optimal configuration for the monitoring and diagnosis of PD.  

Methods 

Eighteen subjects were recruited: six young healthy subjects, 

six old healthy subject and six old patients with PD. All the 

healthy subjects had no history of functional disorders or 

postural control problems. All the subjects were required to 

sign an informed consent form before testing. 

In this study, six IMUs at sampling frequency 128 Hz were 

placed on the both wrists, both ankles, low back and sternum 

respectively. All the subjects were asked to perform a static T-

pose test. Then the subjects were instructed to perform level 

walking at their self-selected speed four times.  

Here, the sensor configuration is defined as the sensor 

placement on the human body. There are 15 combinations 

from four sensor locations. Three types of machine learning 

techniques including k-Nearest Neighbor (KNN) Classifier, 

Naïve Bayesian (NB) Classifier, and Random Forest (RF) 

were used to differentiate the three groups. The input features 

consist of the step time, asymmetrical ratio of step time, arm 

swing angular velocity and leg swing angular velocity, 

maximum, minimum, mean and variance values of 

accelerations, angular velocities and angles from all sensors. 

Results and Discussion 

The best classification results among all the sensor 

combinations under three algorithms is achieved with the 

sensor combination of chest, wrist and shank using NB 

algorithm. It is clearly seen that chest sensor has the best 

average classification performance (83.33% sensitivity, 

91.41% specificity and 87.04% accuracy) while the low back 

sensor produces the worst classification results (72.22% 

sensitivity, 63.13% specificity and 59.26% accuracy). The 

classification performance and the number and location of 

sensor units does not show any strong relationship since the 

accuracy is not improved apparently with the increasing of the 

number of sensors. 

Conclusions 

This study has shown that the ability of wearable sensors 

based on gait features can assist to discriminate the patients 

with PD from the young healthy and old healthy individuals 

depending on the number and location of sensors placed on 

the human body. A single sensor configuration can also 

produce very high accuracy like the chest sensor. It is possible 

for the clinicians to choose the features and the sensor 

placement to define the gait-related manifestations, not 

specifically for PD patients, when referring to the research of 

this study. 
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Table 1: The average sensitivity, specificity and accuracy of three  

machine learning techniques at each individual sensor location. (unit: %) 

Location Sensitivity Specificity Accuracy 

Chest 83.33 91.41 87.04 

Low back 72.22 63.13 59.26 

Wrist 72.22 86.11 77.78 

Shank 83.33 75.93 74.07 
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Summary 
This study was to investigate the effects of spatiotemporal 
variables during maximum speed 540° turning task for PD 
with Freezing of gait (FOG, Freezers), without FOG (Non-
freezers), and controls group. Step length and time was 
significantly difference between the groups with and without 
FOG and controls group. This study revealed a negative 
correlation between the NFOGQ score and the asymmetry of 
step length, step time, and step length of OMA (outer step of 
more affected side), step length of IMA (inner step of more 
affected side) in the group with FOG. The maximum speed 
540° turning task is considered to be of clinical significance. 

Introduction 
FOG in patients with Parkinson's disease (PD) is defined as a 
transient absence or significant reduction in the forward 
progress of the foot despite the intent to walk and it is an 
environmentally sensitive symptom for PD. FOG occurs at the 
start of a walk or when turning, passing over obstacles and 
narrow doorways, dual tasking, approaching a destination such 
as a chair, and pressing the time tasks. Particularly, the turning 
tasks are the most common tasks that cause FOG, which is 
exacerbated by the fact that these tasks are essential and 
cannot be avoided in activity of daily life. However, FOG and 
gait characteristics related to turning remain unclear. The 
purpose of this study was to investigate the effects of 
spatiotemporal variables during maximum speed 540° turning 
task for the Freezers, Non-freezers, and controls group. 

Methods 
The research subjects were patients diagnosed with idiopathic 
PD, based on the criteria provided by the UK Parkinson's 
Disease Society Brain Bank. Twelve PD with FOG, twelve PD 
without FOG, and twelve individuals from controls group 
participated in the experiment. The New Freezing of Gait 
Questionnaire (NFOGQ) was used to determine the presence 
of FOG in the patients with PD. The main task of this study 
was 540° turning task, which is an applied version of the 
Timed up & go (TUG) task. Performance was measured based 
on the more affected side (disease-dominant side) moved 
toward the inner direction (inner step of more affected side, 
IMA) and toward the outer direction (outer step of more 
affected side, OMA). This was measured three repetitions in a 
random order, and they were averaged and analyzed. 

Results 
The total steps was found to be significantly higher for the 
IMA than the OMA in the group with FOG (p = 0.029). The 
step length was significantly shorter in the groups with and 

without FOG (p = 0.004) than the controls group both IMA 
and OMA. In the controls group (p = 0.014), the OMA was 
significantly longer than IMA.  The step speed was 
significantly lower in the groups with and without FOG (p = 
0.001) than controls group. In the maximum speed 540° 
turning, correlation analysis between the clinical 
characteristics and the spatiotemporal variables of the group 
with FOG revealed negative correlation between FOG and 
step time of the OMA (r = –0.620) and step length of IMA (r = 
–0.690) and OMA (r = –0.612). There was also negative 
correlation between the Unified Parkinson's disease rating 
scale (UPDRS) total score and step length of the OMA (r = –
0.689) and step speed of the OMA (r = –0.666). The H&Y 
stage and step length of the IMA (r = –0.629) showed negative 
correlation (Table 1). 

 
Table 1. Correlation analysis between the clinical characteristics and 

the spatiotemporal variables of the group with FOG 

Conclusions 
The maximum speed 540° turning task is considered to be of 
clinical significance to assessment FOG and its severity. 
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Summary 

People with Parkinson’s disease (PD) who fall demonstrate 
alterations in temporospatial, segmental and kinematic 
parameters of gait. Performance of a dual task involving 
cognitive executive function (e.g. subtraction, verbal fluency) 
also affects gait. This study examined differences in gait 
parameters between PD fallers and non-fallers and age-
matched controls while performing a secondary motor task 
during walking. The results showed that postural control 
deficits in PD fallers may impair their capacity to adapt to 
different task constraints. In an everyday activity, carrying a 
glass of water, PD fallers had increased segmental instability 
and altered kinematics. The risk of falling for people with PD 
may be increased when performing secondary tasks. 

Introduction 

People with Parkinson’s disease (PD) who fall demonstrate 
alterations in temporospatial, segmental and kinematic 
parameters of gait [1]. PD fallers also demonstrate different 
segmental and joint kinematics when walking on compliant 
surfaces relative to PD non-fallers and age-matched controls 
[2]. Performance of dual tasks while walking results in 
decreased performance in people with PD. The aim of this 
study was to determine how gait patterns were altered when 
performing a secondary motor task. Given that PD fallers have 
been shown to have poorer segmental control during 
controlled walking tasks, their risk of falling could be 
exacerbated under conditions that challenge postural stability.   

Methods 

PD patients (n=44) and healthy age-matched controls (n=32) 
were assessed using three-dimensional motion analysis 
(Vicon) while walking barefooted at a self-selected pace 
during normal walking and while carrying a glass of water.  
Six trials were recorded for each condition. Twenty-eight 
markers were positioned in accordance with the Helen Hayes 
marker set [23], modified to include the upper body and head.  

Falls were recorded prospectively over 12 months using daily 
falls calendars. 

Results and Discussion 

Based on the prospective falls data, participants were divided 
into four groups; PD Fallers (n=29); PD Non-Fallers (n=15); 

Control Fallers (n=17); and Control Non-Fallers (n=17). PD 
fallers and non-fallers had similar disease severity based on 
the UPDRS and Hoehn & Yahr scores. PD fallers had 
significantly greater disease duration, Freezing of Gait score 
and increased fear of falling than non-fallers. Average daily 
Levodopa dose was not different between the PD fallers and 
non-fallers. 

During normal walking PD fallers walked significantly more 
slowly than PD non-fallers and control participants and took 
significantly shorter strides than controls. PD fallers spent 
more time in stance and double support phase when compared 
to controls. They also had reduced arm swing and increased 
mediolateral head motion when normalized to walking 
velocity. 

For both the PD and Control groups, the secondary task 
resulted in a decrease in walking velocity, cadence, stride 
length and toe clearance. Stance and double support time were 
increased. Trunk flexion, mediolateral pelvis motion and knee 
flexion/extension range were increased.  

Relative to PD non-fallers and Controls, PD fallers were 
characterised by slower walking velocity, decreased toe 
clearance, reduced arm swing, increased trunk flexion and 
mediolateral motion of the head and pelvis, and increased 
knee flexion. Performance of the secondary task by PD fallers 
exaggerated differences in mediolateral pelvis motion and 
knee flexion angle in stance and swing legs, particularly at 
peak toe clearance. 

Conclusions 

Postural control deficits in PD fallers may impair their 
capacity to adapt to different task constraints. In an everyday 
activity, carrying a glass of water, PD fallers had increased 
segmental instability and altered kinematics. The risk of 
falling for people with PD may be increased when performing 
secondary tasks. 
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Summary 

The aim of this study was to investigate differences of gait 

patterns among healthy control, Parkinson’s disease and scans 

without evidence of dopaminergic deficit (SWEDD) subjects. 

Spaio-temporal gait variables were measured. ANOVA and 

post hoc test were performed to compare the groups. 

Compared to PD patients, SWEDD patients walked with 

longer step length. On the other hands, SWEDD patients had 

shorter step length as compared to the controls. These results 

suggest that some spatio-temporal variables would be useful 

for distinguishing among the groups. 

Introduction 

Parkinson’s disease (PD) is a progressive neuro-

degenerative disorder and occur as a result of loss of 

dopaminergic cells in the substantia nigra pars compacto 

[1]. Some of patients clinically diagnosed with PD showed 

no evidence of the loss of dopaminergic cells on dopamine 

transporter imaging (DAT). The patients have been referred 

to as scans without evidence of dopaminergic deficit 

(SWEDD). Differentiating SWEDD from early stage PD is 

challenging study because of their similar clinical 

manifestation. Gait disorder is one of cardinal clinical 

symptoms of PD[2]. The aim of this study was to 

investigate whether exist difference of gait patterns among 

SWEDD, PD and healthy control subjects. 

Methods 

Eight patients with PD, 12 patients with SWEDD and 14 

healthy people of similar age, height, and weight were 

participated in this study. Normal dopamine transporter (DAT) 

imaging on visual interpretation were defined as SWEDD. 

Gait was evaluated by a GAITRite (CIR Systems Inc. Clifton, 

NJ, USA). Each patient was instructed to walk straight 

along linear walkway at self-selected comfortable speed. 

As outcome measures, step length and HH Base support 

were selected in this study. One-way ANOVA and post 

hoc test was used for comparing three groups. Differences 

among the groups were considered statistically significance at 

p < 0.05.  

Results and discussion 

As shown in fig. 1, SWEDD subjects showed longer step 

length in comparison with PD subjects. Also, they showed 

shorter step length compared to health control subjects. HH 

base support of PD and SWEDD subjects was greater than that 

of health control subjects. This indicates that the PD patients  

may adopt a more conservative and cautious gait strategy to 

maintain stable balance by taking shorter step. [ fig. 2 ] HH 

base support could not be differentiate between PD and 

SWEDD patients.  

Conclusions  

Step length was good indicator for differentiating among PD, 

SWEDD and normal subjects. The present findings will 

contribute to early differentiate SWEDD patients from PD 

patients as well as from healthy normal subjects, and the 

understanding of gait strategies of SWEDD patients would 

lead to their effective medications and treatments. More 

clinical characteristics of SWEDD patients should be 

quantitatively investigated as in further studies. 

 

Figure 1: Graph of the Step Length each group 

 

   Figure 2: Graph of the HH Base Support each group 
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Summary 

Patients with Parkinson’s disease (PD) suffer from daytime 

symptom fluctuations, which results in slow and unstable 

walking performance or freezing of gait during times when 

medication attenuates (OFF). These symptoms can partly be 

compensated for by providing rhythmic cues that function as 

an external pacemaker for the patient. The ultimate aim of the 

overall project is to use a single waist-worn mobile phone to 

provide these cues, based on real-time detection of deficient 

walking patterns. Our initial observation in 10 PD patients 

during ON (i.e. when medication is effective and symptoms 

are minimal) and OFF times provides evidence that 

accelerometer data from a single mobile phone can capture 

deficient gait characteristics during ON and OFF times. 

Introduction 

Common PD symptoms include postural instability, stooped 

posture and small amplitude walking patterns [1], which leads 

to an increased fall risk [2]. Established pharmacological 

strategies exist for treating of motor symptoms in PD patients, 

but their effectiveness typically fluctuates throughout the day, 

resulting in ON and OFF time intervals [3]. To promote the 

continuation of a repetitive gait pattern, normalize small 

amplitude walking, or overcome episodes of freezing of gait, 

external auditory, visual or haptic cues have been successfully 

used in the clinic to act as an external pacemaker [4]. This 

project aims to identify deficient OFF walking patterns using a 

single waist-worn accelerometer (i.e. mobile phone) in order 

to develop a system capable of providing rhythmic cues during 

OFF intervals in everyday situations.  

Methods 

Ten PD patients, with average(SD) age 70(9) years, height 

172(6) cm, weight 73(14) kg, Hoehn & Yahr score 2.5(1), and 

time since diagnosis 11(5) years, were visited at home both in 

the early morning before intake of the medication (OFF) and 

later in the day, 30 minutes after medication intake (ON). 

Comprehensive on-site gait analysis was performed with an 

IMU-system (APDM, USA). Additionally, a conventional 

mobile phone was waist-mounted over the right hip and three-

axial linear accelerations were recorded using the Datalogger 

app [5]. Two-tailed paired t-tests were used to evaluate 

changes in IMU-derived gait outcomes during ON versus OFF 

periods. The root mean square was calculated from the 

resultant of three-axis linear acceleration to quantify overall 

body acceleration (RMS). Pearson correlation coefficients 

were calculated to evaluate the association between gait 

outcomes and RMS. All statistical tests were performed in 

SPSS 25 (IBM, USA). 

Results and Discussion 

PD patients walk significantly slower and with shorter strides 

during OFF times (Table 1). Furthermore, RMS was 

significantly correlated to gait speed (r = 0.81; p < 0.01) and 

step length (r = 0.77; p < 0.01) (Figure 1). 

 

Figure 1: Correlation between gait speed and RMS. 

Conclusions 

Correlation analysis shows that linear acceleration data 

appears to be indicative of deficient walking patterns. Thus, a 

single waist-mounted mobile phone may suffice when 

identifying OFF periods, thus presenting an opportunity of 

intervention outside the clinic in everyday situations. Future 

approaches will include machine learning techniques for 

refined identification of ON and OFF walking patterns.  
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Table 1: Paired t-test statistics for gait outcomes gait speed and stride length during ON and OFF walking periods. 

Outcome Mean ON (SD) Mean OFF (SD) Mean difference 95% CI mean difference t p 

Gait speed [m/s] 0.95 (0.21) 0.88 (0.24) 0.07 0.03 – 0.11 3.75 0.006 

Stride length [m] 1.05 (0.18) 0.98 (0.23) 0.06 0.03 – 0.10 3.79 0.005 
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Summary 

Gait asymmetry is detrimental as it alters knee stability. To 

better understand how gait asymmetry affects knee stability 

fifteen healthy individuals performed an asymmetric walking 

protocol. Autoregressive (AR) modelling was employed to 

quantitatively and graphically delineate differences in peak 

sagittal plane knee kinematic patterns. The results determined 

that individuals adopted more stable knee kinematic patterns 

in response to the asymmetric walking perturbation. 

Introduction 

Over 250,000 people suffer an anterior cruciate ligament 

(ACL) injury each year; often resulting in ACL reconstruction 

surgery [1]. Yet, despite extensive rehabilitation, individuals 

often adopt an asymmetric gait in response to altered 

neuromuscular function. This asymmetry alters knee pattern 

stability and places them at risk for developing early onset 

knee osteoarthritis [1]. To better understand these changes in 

knee dynamics, AR modelling was used to assess knee 

stability. AR is a valuable tool because one can infer the 

dynamic behaviour and stability of a times series both 

quantitatively and graphically from the AR model coefficients 

[2]. Here, like the study by Winter et al. (2017) [3], time series 

were constructed from sagittal plane knee kinematic peaks to 

evaluate knee stability during asymmetric walking. We 

hypothesized that individuals would adopt more stable knee 

biomechanics during asymmetric gait based on AR modelling. 

Methods 

Fifteen healthy controls (10 males, 5 females; age: 23.9 ± 4.9 

yrs; mass: 66.7 ± 11.6 kg; height: 1.7 ± 0.2m) completed a 

walking protocol. Participants walked on an instrumented 

split-belt treadmill during symmetric (both limbs at 1.0 m/s) 

and asymmetric (one limb at 1.0 m/s and one limb at 1.5 m/s) 

conditions for one minute each. Sagittal plane knee kinematics 

were acquired from experimental marker trajectories.  
 

Peak sagittal plane knee angles were extracted from the knee 

kinematic signal to generate a peak knee angle time series 

(Fig. 1). Then a second order AR model was fit to each time 

series. The two AR coefficients, AR(1) and AR(2), produced 

were plotted on the stationarity triangle (Fig. 1). Coefficients 

that resided closest to the center of the triangle represented 

more stable dynamics. The distance the AR coefficients were 

from the centroid of the triangle was used to quantify time 

series stability. A paired t-test was performed to assess  

 

differences in sagittal plane peak knee angle time series mean, 

standard deviation and AR distance (α=0.05).  

Results and Discussion 

Individuals exhibited significantly different sagittal plane peak 

knee angle patterns between the symmetric and asymmetric 

conditions for both the left (p=0.001) and right (p=0.005) 

limbs (Fig. 1; Table 1). No differences in peak knee angle time 

series mean or variance were reported (Table 1). 
 

The asymmetric gait AR coefficients migration towards the  

center of the triangle indicated that the individuals adopted 

more stable knee strategies due to the gait perturbation. 

Previous studies supported that individuals adopted a more 

restrictive gait with reduced sagittal plane knee motion during 

asymmetric walking [1]. Differences were only reported in AR 

model coefficients, suggesting that temporal pattern analyses 

may be more sensitive to detecting changes in knee stability. 

 

Figure 1. a) Sagittal plane knee angle and b) extracted knee flexion 

peaks during the walking protocol. c-d) Stationarity triangle with AR 

model coefficients and fitted ellipses for symmetric and asymmetric 

gait for the left and right limbs. 

Conclusions 

The results indicate that AR modelling can identify underlying 

temporal patterns in knee stability. Future work will 

investigate how these patterns are correlated with altered 

muscle function. 
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Table 1. Comparison of Sagittal Peak Knee Time Series Mean, Variance and AR Distance during Symmetric and Asymmetric Gait 

 Left Limb  Right Limb 

Variables Symmetric Asymmetric P-Value  Symmetric Asymmetric P-Value 

Peak Mean (deg) 2.8 ± 2.4 4.2 ± 5.4 0.39  3.5 ± 2.7 4.9 ± 3.9 0.27 

Peak Variance (deg2) 24.6 ±44.9  10.6 ± 9.7 0.26  10.2 ± 6.8 9.8 ± 8.1 0.88 

AR Distance  0.67 ± 0.09 0.48 ± 0.16 0.001  0.62 ± 0.08 0.50 ± 0.18 0.005 
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Summary 
We tested the efficacy of real-time biofeedback to augment peak 
knee extensor moment (KEM) during walking, an outcome 
relevant to the development of posttraumatic osteoarthritis 
(PTOA) following knee injury. Subjects averaged changes in 
peak KEM up to +62% and -57% of normal values, with 
concomitant and potentially favorable changes in knee flexion 
excursions during weight acceptance. In addition, VL muscle 
fascicles accommodated weight acceptance in walking largely 
through isometric rather than the eccentric action commonly 
presumed. 

Introduction 
Aberrant gait biomechanics following anterior cruciate ligament 
reconstruction (ACLR) may contribute to altered joint tissue 
loading and contribute to PTOA development. Quadriceps 
avoidance and/or dysfunction following ACLR can cause “stiff 
knee” walking, characterized by smaller KEM and less knee 
flexion excursion throughout stance. Diminished KEM in people 
following ACLR persist following return to sport and are 
associated with poor functional outcomes. Moreover, some 
evidence suggests that this “stiff knee” strategy may 
inadequately attenuate knee joint load and hasten the 
development of PTOA [1]. Thus, there is an immediate need for 
rehabilitation strategies that directly target knee extensor 
moments during walking while characterizing the 
interdependent effects on knee flexion excursion and quadriceps 
muscle function. The purpose of this study was to evaluate real-
time peak KEM biofeedback as a means to manipulate gait 
biomechanics and quadricep muscle behavior relevant to 
individuals with knee joint pathology. We hypothesized that 
KEM biofeedback would elicit prescribed increases and 
decreases in peak KEM that would be accompanied by 
systematic changes in knee flexion excursion and vastus lateralis 
activation and fascicle length change during weight acceptance. 

Methods 

Six healthy young adults have participated to date (age: 23 ± 1.5 
years, 3 females). Subjects completed five, 2-min walking trials 
at their preferred overground speed (1.3 ± 0.1 m/s) as follows. 
Subjects first walked normally without biofeedback. We 

immediately analyzed that trial using a real-time surrogate 
model of the lower limb to extract peak KEM targets for use in 
our biofeedback paradigm. Biofeedback trials, presented in 
random order, cued subjects to walk with ±20% and ±40% of 
normal values by matching their peak KEM extracted from each 
step, shown as a ball on a monitor in front of the treadmill, to a 
target line. We recorded 3D motion capture and the activity of 
seven muscles spanning the left knee. In addition, a 60 mm 
ultrasound transducer recorded B-mode images through a 
longitudinal cross-section of subjects’ right vastus lateralis. We 
estimated joint kinematics using inverse dynamic and vastus 
lateralis fascicle length and pennation via manual tracking at two 
time points: (i) at heel-strike and (ii) at the instant of peak KEM. 

Results and Discussion 
Compared to normal walking, subjects averaged +62% 
and -57% of normal KEM values in response to +40% and -40% 
KEM targets, respectively (Fig. 1A). These conditions were 
accompanied by 23% more (36% less) knee flexion excursion 
during weight acceptance, respectively (Fig. 1B). Increasing 
peak KEM with biofeedback elicited greater lengthening of the 
VL muscle-tendon unit (MTU) during weight acceptance (Fig. 
1C); however, VL muscle fascicles largely operated 
isometrically across conditions (Fig. 1D), rather than 
eccentrically as is commonly assumed. Together, this suggests 
that quadricep tendon stretch contributed more to MTU 
lengthening when targeting greater than normal peak KEM. 

Conclusions 
Targeted biofeedback can successfully augment peak KEM 
during walking, with concomitant changes in knee flexion 
excursions that together may be sought to improve rehabilitation 
following ACLR. We add that the VL muscle fascicles 
accommodate weight acceptance in walking largely through 
isometric rather than eccentric action, particularly when faced 
with larger than normal demand placed on the quadriceps. 
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Figure 1.  Average (A) KEM, (B) knee flexion, (C) VL MTU length, and (D) VL muscle fascicle lengths at heel-strike and peak KEM. 
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Summary 
Ankle impedance plays a critical role in how we interact with 
our environment. Understanding the mechanisms underlying 
these interactions is especially important when joint function is 
impaired. Ankle impedance is proportional to ankle torque and 
muscle activation during postural control tasks; however, 
during dynamic tasks this relationship no longer holds. While 
muscles crossing the joint likely have a large contribution to 
joint impedance during dynamic tasks, their role is unknown. 
Therefore, we sought to determine how musculotendon 
kinematics vary with ankle impedance during dynamic tasks. 
Subjects completed different tasks where ankle angle and 
torque were systematically altered, resulting in concentric and 
eccentric contractions with varying torque demands. Our main 
findings indicated that during eccentric muscle contraction, 
ankle stiffness was inversely related to fascicle velocity. This 
study will ultimately provide further insight into the 
relationship between ankle impedance and musculotendon 
kinematics. 
Introduction 
The ability to vary joint impedance allows for our seamless 
interaction with the external environment. It is crucial to 
understand how joint impedance is controlled to determine how 
we are able execute these interactions and how it is 
compromised following injury. Impedance is the relationship 
between an imposed displacement and the torque generated in 
response. It arises from the mechanical properties of the passive 
structures that cross the joint (tendons, ligaments, joint 
capsule), and activation-dependent muscles. During postural 
tasks ankle impedance is proportional to ankle torque and 
muscle activation [1, 2]. However, during dynamic tasks this 
relationship no longer holds [3]. Furthermore, it is currently 
unknown what behaviour of the passive and active structures 
give rise to joint impedance during dynamic conditions. 
Therefore, we aim to investigate the relationship between ankle 
impedance and medial gastrocnemius musculotendon 
kinematics during dynamic conditions. 
Methods 
Two young adult male subjects participated in this ongoing 
study. Subjects were seated with their foot rigidly secured to a 
rotary motor and which had a 6 degree-of-freedom load cell. 
The motor controlled the ankle angle while subjects produced 
the appropriate level of plantarflexion torque according to 
visual feedback. Imposed stochastic displacement perturbations 
combined with system identification analysis was used to 
estimate ankle impedance [4]; the stiffness component is 
reported here. Subjects completed three tasks where angle and 
torque were systematically altered resulting in concentric and 
eccentric contractions (Figure 1). B-mode ultrasound images of 

the belly of the medial gastrocnemius and musculotendon 
junction were captured. Using these images, fascicle length and 
velocity were determined.  

 
Figure 1: Ankle angle (a) was varied sinusoidally while plantarflexion 
torque (b) was either held constant (red), out of phase with angle 
(green), or in phase with angle (blue). Comparisons between 
conditions were made at the same ankle angle and torque (asterisks).  

Results and Discussion 
We found that both ankle stiffness and fascicle shortening 
velocity were relatively similar whether torque was increasing, 
decreasing, or constant during concentric contractions. In 
contrast, during eccentric contractions ankle stiffness varied 
dramatically across the different torque conditions; stiffness 
was the greatest as torque increased and the smallest as it was 
decreasing. Interestingly, we observed an inverse relationship 
between ankle stiffness and fascicle lengthening velocity, as the 
highest ankle stiffness occurred when the fascicle lengthening 
velocity was the slowest (Figure 2). 

 
Figure 2: a) Average ankle stiffness and b) average fascicle velocity 
across the tasks. Arrow direction indicates whether plantarflexion 
torque (T), ankle angle (A) were constant (S), increasing or decreasing. 
Increasing angle indicates an increase in medial gastrocnemius length 
or moving from plantarflexion to dorsiflexion.  

Conclusions 
Overall, through the use of an innovative paradigm, we 
observed that during eccentric contractions, fascicle velocity 
was inversely correlated with ankle stiffness. This study will 
provide further insight into the relationship between ankle 
impedance and musculotendon kinematics.  
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SUMMARY 

Usage of prophylactic ankle braces have been shown to reduce 
risk of injury while performing various jumping tasks, however 
the magnitude of the force acting on the knee has not been 
quantified. This study examined sagittal and frontal plane knee 
angle and moment at peak ground reaction force (vGRF) while 
performing braced maximal effort countermovement jumps. 
Lack of significant findings indicated that there is not a 
difference in jump performance as frontal plane knee angle, 
moment and movement patterns were similar in both males and 
females with braces.  

INTRODUCTION  

Prior research has demonstrated that limiting sagittal plane 
ankle range of motion, such as with a prophylactic ankle brace, 
results in increased frontal plane knee moment while 
performing various jumps [1]. Limited sagittal plane motion 
employs a reliance of frontal plane knee moment in order to 
control deceleration of the body’s center of mass [2]. However, 
frontal plane knee angle and knee moment at vGRF and vertical 
jump height has not been quantified in a braced condition. The 
purpose of this study is to examine sagittal and frontal plane 
knee angle and moments vGRF and jump height in males and 
females performing braced maximal effort countermovement 
jumps.  

METHODS 

23 healthy adults (11 females, 12 males, 24.72±3.22 years of 
age; 1.72±0.12 m; 73.30±16.96 kg) were recruited for 
participation in this study. Participants performed three 
maximal effort countermovement jumps while wearing non-
rigid ASO Ankle Stabilizer braces. To control for differences in 
shoe type, participants wore laboratory owned shoes for all 
jumps (Vazee Pace v2; New Balance Athletics, Inc., Boston, 
MA, USA). During the jumps simultaneous three-dimensional 
lower extremity kinematic (200 Hz, Vicon Nexus Ltd., Oxford, 
UK) and kinetic (1000 Hz, Advanced Mechanical Technology, 
Inc. Watertown, MA, USA) were obtained. Raw trajectory and 
force data were exported to Visual 3D for processing where 
digital low-pass Butterworth filters were applied (10 and 50 Hz, 
respectively). Variables of interest include sagittal and frontal 
plane knee angle and moment at vGRF, vGRF and jump height. 
Kinetic data were normalized to participants’ body mass for 
comparison. Jump height was computed through the impulse-
momentum relationship. A two (limb) by two (sex; 
male/female) analysis of variance (α=0.05) was used to test for 
statistical significance for each variable. If an interaction was 
detected, dependent t-tests were used for both unilateral 
comparisons between sexes and between-sex comparisons 
within limb (α=0.05). If no interaction was detected, limb main 

effects and sex main effects were examined after applying the 
Sidak adjustment. Independent t-tests (α=0.05) were used to test 
for statistical differences in jump height between males and 
females. 

RESULTS AND DISCUSSION 

Sagittal plane knee angle did not have a significant interaction 
(p=0.553) or sex or limb main effect (p=0.434 and p=0.927). 
Frontal plane knee angle did not have a significant interaction 
(p=0.863) or sex or limb main effect (p=0.720 and p=0.538). 
Frontal plane knee moment did not have a significant 
interaction (p=0.923) or sex main effect (p=0.457), but did have 
a significant limb main effect (p=0.042). Vertical jump height 
was not statistically different between sexes (p=0.075). Lack of 
statistically significant differences indicates that performing 
braced maximal effort countermovement jumps has no adverse 
effects on the knee or performance between males and females, 
which are consistent with previous literature [3]. 

 
Figure 1: Frontal plane knee angle and moment in males and females 
Positive knee angle = adduction; positive knee moment = abduction. 

CONCLUSIONS 

Performing a maximal effort countermovement jump while 
wearing prophylactic ankle braces did not elicit changes in 
sagittal and frontal plane knee angles or moments or jump 
height in healthy individuals. Despite the reduction in range of 
motion of the ankle, there was no increased risk of injury due to 
external forces on the knee. Therefore, the use of an ankle brace, 
between males and females, while performing various jumps 
may provide support for the individual without increasing force 
on the knee and affecting performance.  
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Summary 

The impact of spasticity on walking is currently unclear. 
Assessments of spasticity require the assessor to move a limb 
as fast as possible, with potential discrepancies in testing 
velocity and range of motion between clinicians, as well as 
between what is observed during functional activities such as 
walking. This study examines whether low-cost technology 
can provide accurate measures of joint range of motion and 
angular velocity during clinical spasticity assessments. 

Introduction 

Spasticity after neurological injury is common in a range of 
diagnoses. As such, clinical assessment of spasticity is 
routinely performed, with international consensus statements 
recommending the use of the Modified Tardieu Scale [1]. 
Research often focuses on the angle of muscle reaction whilst 
moving the limb as fast as possible (R1) and the type of 
muscle response (e.g. catch and release, fatigable clonus). 
Despite this, the nature of the muscle response is likely to be 
dependent on the range of motion the joint is moved through 
and the angular velocity in which the limb is moved. 
Therefore, clinicians need to be mindful of the range of 
motion and angular velocity during clinical spasticity 
assessment to ensure consistent results. Instrumented 
assessment is required to accurately determine joint angles and 
angular velocity, however current methods are cumbersome 
and expensive. Evolving technologies that are clinically 
feasible (e.g. three-dimensional depth cameras and orientation 
sensor enabled Smartphone applications) have shown 
promising results [2,3]. These devices may provide clinicians 
with an efficient and accurate measure of joint range of 
motion and angular velocity during spasticity assessments. 

The aim of this study was to examine whether a three-
dimensional depth camera or a Smartphone could be used to 
accurately measure joint angles and angular velocities 
(compared to three-dimensional motion analysis system) 
during a lower-limb spasticity assessment.  

Methods 

Participants in this study included a convenience sample of 35 
healthy controls, 35 patients with a neurological condition and 
34 rehabilitation professionals (physiotherapists and 
rehabilitation doctors). The protocol for the Modified Tardieu 
Scale was used to assess the spasticity of the quadriceps, 
hamstrings (at 40° and 90° of hip flexion), soleus, and 
gastrocnemius. Three trials of V1 (slow speed) and V3 (fast 
speed) were recorded for each muscle group. The first stage of 
the study, to pilot our data collection, involved one assessor 
completing the spasticity assessments on the healthy control 
group, which resulted in 30 trials per participant (three V1 and 

three V3, for five muscle groups). Three assessors then 
assessed the spasticity of the patient cohort, totalling 90 trials 
per participant. This enabled the analysis of inter-rater 
reliability, which has been presented in a separate study [4]. 

Data for each trial were recorded concurrently using our 
criterion reference Optitrack three-dimensional motion 
analysis system as well as a Microsoft Kinect camera and a 
Smartphone (Samsung Galaxy S5). The Smartphone used the 
inbuilt inertial measurement unit to obtain joint angles and 
angular velocity, whilst the Kinect automatically tracked 
anatomical markers to calculate outcome measures. 

Concurrent validity of the Kinect and Smartphone was 
assessed using Spearman’s rho for rank order agreement, and 
exactness and consistent of agreement using absolute and 
relative intraclass correlation coefficients.  

Results and Discussion 

In total, 1050 trials were analysed for the healthy control 
group and 3150 trials for the patient group.  

The Smartphone displayed very strong agreement for 57/60 
and 54/60 values for joint range of motion and angular 
velocity (e.g. Figure 1) respectively, compared to the 
Optitrack system. The Kinect had very strong agreement for 
58/60 and 40/60 values for joint range of motion and angular 
velocity, against the Optitrack system, indicating lower 
agreement for the Kinect to measure joint angular velocity. 

  

Figure 1: Example agreement between a Smartphone and Optitrack. 

Conclusions 

Clinically feasible, low-cost technologies can provide accurate 
measures of joint range of motion and angular velocity during 
spasticity assessments. The Smartphone provided excellent 
measures of range of motion and angular velocity, and was 
superior to the Microsoft Kinect for angular velocity. 
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Summary 

We present initial performance metrics of a robotic system for 

in vitro simulation of 3D physiologic human shoulder motion. 

Scapular and humeral positions and orientations in the cadaver 

were driven by 3D human shoulder motions acquired using a 

biplane fluoroscopy system. An industrial robot base allowed 

dynamic 3D orientation of the scapula and active muscle 

tensioning applied to the humerus provided articulation of the 

humerus to achieve prescribed glenohumeral joint angles. This 

system will allow laboratory simulation of motions from 

healthy, pathologic, and surgically altered populations using 

native cadaver anatomy and specimens after arthroplasty or 

soft tissue repair.  

Introduction 

In vitro simulation of human shoulder motion allows 

morphologic and kinematic factors to be tested in the 

laboratory, as well as clinical interventions like implant 

systems and soft tissue repairs. Yet current experimental 

shoulder models [1,2,3] lack features such as 3D 

scapulothoracic motion, physiologic (healthy, pathologic, or 

repaired) target motion profiles representing variability of 

scapulohumeral ratio (SHR), soft tissue constraints, and 

speeds emulating typical human activities. This limits clinical 

applicability of study results where only a small subset of 

tested conditions mimic the in vivo kinematics of the affected 

glenohumeral joint. Our goal was to develop a robotic 

simulation system that addresses these key limitations. 

Methods 

A fresh frozen upper extremity specimen (right, male, 65 

years) was tested. Seven lines of spectra cord were sutured at 

the rotator cuff tendon insertions (supraspinatus, 

subscapularis, teres minor and infraspinatus) and deltoid 

tuberosity (anterior, middle and posterior heads) and routed 

along the muscle lines of action to stepper driven linear 

actuators (Bimba). In-line load cells (Futek) monitored the 

forces applied by each actuator. Optotrak (NDI) rigid bodies 

affixed to humerus and scapula provided glenohumeral 

positions and orientation in real time. Scapular plane elevation 

motions from (N=3) healthy volunteers acquired using a 

biplane fluoroscopy motion capture system were used as input 

motion trajectories for the humerus and scapula. The scapula 

was mounted on an industrial robot (Fanuc F200) which 

provided 3D motion of the scapula. During the humeral 

motion path planning phase, joint orientations were sampled 

around the motion of interest while recording corresponding 

actuator positions. An algorithm based on locally linear 

models [4] was used to determine positions of the linear 

actuators required to achieve targeted glenohumeral 

orientations. Next, the scapular and humeral robots were run 

in synchrony to replicate the target motion. Root mean 

squared (RMS) errors were calculated between the target and 

simulated motion profiles for each rotational degree of 

freedom (DOF) along the entire trajectory. 

Results and Discussion 

The simulator performed motions at 31±7 °/s in glenohumeral 

elevation in the scapular plane (primary DOF), which was 

50% of input subject-specific speeds from biplane fluoroscope 

data. Accuracy of simulated motion was 5.5±2.1° in scapular 

plane elevation, 7.4±6.9° in plane of elevation and 4.8±2.4° in 

axial rotation (RMS error ± SD) through the motion.  

 

Figure 1: Target and simulated elevation motion profiles of a healthy 

subject. Right axis shows absolute error (mean ± SD of 3 subjects).  

Conclusions 

These data demonstrate the feasibility of simulating subject-

specific 3D glenohumeral motion with accurate SHR, 

approaching physiologic speeds. The control system allows 

for all three primary glenohumeral joint angles to be optimized 

simultaneously, minimizing error between the planned and 

simulated motions. Ongoing research is testing the simulator 

using N=20 subject-specific motions from healthy individuals, 

and will be applied to pathologic and surgically repaired 

cohorts as data are collected with biplane fluoroscopy.  
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Summary 

Clinically, short foot exercise (SFE) is provided to raise the 
medial longitudinal arch. However, there is no evidence 
whether this intervention could change the stiffness of medial 
plantar soft tissue during SFE. The findings in this study 
demonstrated that Novel Foot Plantar Dynamometer (NFPD), 
which have been developed in our laboratory, had confirmed 
to measure the stiffness of medial plantar tissue between the 
rest and during SFE. The stiffness of the medial plantar soft 
tissue during SFE was significantly higher than that of during 
rest. The results implied that the stiffness of the longitudinal 
arch may be increased by the significant increase in active 
IFMs tension during the SFE. 

Introduction 

Short foot exercise (SFE) is a clinical intervention to isolate 
the contraction of the intrinsic foot muscles (IFMs). The SFE 
can shorten the foot by using the IFMs to pull the metatarsal 
heads towards the calcaneus as the medial longitudinal arch 
(MLA) is elevated [1]. Recent the longitudinal arch load-
sharing system of foot has proposed, the tension load-bearing 
elements were the plantar fascia, plantar ligaments, plantar 
intrinsic foot muscles, and extrinsic foot muscles [2]. While 
the IFMs were actively serve to stiffen the longitudinal arch 
and to prevent excessive longitudinal arch flattening, the IFMs 
may become stiffer and the plantar fascia would be placed a 
less tension position. Nonetheless, there is no quantitative 
evidence whether the stiffness of medial plantar soft tissue can 
measure during the SFE. The changes of the medial plantar 
soft tissue stiffness during the SFE was examined by the 
NFPD, which have been developed in our laboratory. 

Methods 

Ten healthy subjects recruited in this study (5 males and 5 
females, mean (SD) age: 25.4±4.58 years; body weight: 
60.68±10.61 kg, and body height: 1.69±0.07 cm). In the 
starting position, the subjects' hip and knee joints were placed 
90 degrees with dominant leg supported by suspension under 
distal thigh in sitting position. The foot was placed neutrally 
on the midline of the NFPD. The height of central axis was set 
to slight contact to skin of plantar foot during no air pressure 
in the NFPD. The front plate was fixed to the highest position 
by the foam mats. The pressure was set up at 2 kgf/cm2. In the 
rest condition, the participants foot was placed on the NFPD 
without any movement. In the SFE condition, the mini sensor 
of the EMG was placed on the abductor hallucis (AbdH) to 
confirm the muscle activation.  
The more linear slope of the middle one-third of the force 
displacement curve was represented as the stiffness of the 

medial plantar soft tissue. The differences between the 2 
conditions were compared using the Wilcoxon signed-rank 
test. The statistically significant values were set as p < 0.05. 

Results and Discussion 

There was a significant difference in stiffness between the rest 
and SFE conditions. The stiffness of the SFE condition was 
larger than that of the rest condition. (p=0.01, Figure 1). Based 
on the theory of the load-sharing system, the passive and 
active elements of the foot could work synergistically to 
maintain the integrity and the function of the longitudinal arch 
during weight bearing activities.  

 

Figure 1: Force-displacement curves in the SFE (blue line) and 
rest (black line) condition in healthy participants.  

Conclusions 

The NFPD may provide quantitative measure of the stiffness 
of medial plantar tissue in different conditions. The stiffness 
of the medial plantar soft tissue during the SFE has shown to 
be higher than that of during rest, supporting the theory of 
load-sharing system of the foot.  
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Summary 

A previous study determined optimised glenosphere 

placement on reverse total shoulder arthroplasty (RTSA) in 

order to improve impingement free range of motion (ROM). 

The current study has evaluated the effect of this optimised 

placement on micromotion at the bone-implant interface using 

a finite element study and physiologically relevant joint 

contact forces. Overall, the optimised configuration did not 

have a significant effect on micromotion which was found to 

be below the critical threshold for bone ingrowth. 

Introduction  

RTSA is a successful surgery for subjects with rotator cuff 

arthropathies. However, range of motion and implant 

loosening have been reported as complications [1]. Many 

studies have looked at optimised RSA glenoid placement to 

improve ROM, but there are little known how this improved 

placement can affect fixation. The aim of this finite element 

(FE) study is to characterise the micromotion experienced at 

the bone-implant interface for a default and an optimised 

configuration of the RTSA prosthesis.   

Methods 

The 3D reconstructed right scapula of five CT scans each 

underwent a virtual surgery in Mimics (Materialise NV, 

Belgium) using the Delta XTEND Reverse Shoulder System 

(DePuy Synthes, USA). Each scapula was implanted with a 

default and an optimised glenoid placement (Fig 1), thereby 

creating 10 models [2]. Each scapula was modelled as a 

linearly elastic, isotropic, and non-homogenous material, with 

properties assigned using a linear interpolation of the 

Hounsfield units from the CT data. After performing a mesh 

convergence study, a transitional mesh of linear tetrahedral 

elements was implemented for each scapula: a fine mesh (0.75 

mm edge length) at the bone-implant interface and a coarse 

mesh (2 mm edge length) for the remainder of the bone. The 

implant components were meshed using the fine mesh edge 

length to match the scapula at the bone-implant interface.  

 

 

Figure 1: Prosthesis components (left), and the default (centre) and 

optimised (right) prosthesis configurations.  

Contact at the bone-implant interface was modelled using 

surface-to-surface interactions that had normal (hard contact) 

and tangential (penalty-based friction) behaviours. A fixed 

boundary condition was placed along the medial border of the 

scapula and the FE models were loaded using physiological 

joint contact forces calculated from a customised 

musculoskeletal (MS) model [3]. The models simulated three 

humeral elevations (abduction, forward flexion, and scapular 

plane elevation). The corresponding joint contact forces at 

30°, 60°, and 90° of elevation were applied to the FE models. 

Abaqus Standard (version 6.14-1, Simulia Corp, USA) was 

used to calculate micromotion at the bone-implant interface 

(µm). Non-parametric Wilcoxon rank-sum tests were 

performed to analyse the micromotion data and statistical 

significance was observed when P < 0.05.     

Results and discussion 

Micromotion (Fig 2) for both glenoid placements, was 

dependent on the type of motion and elevation angle. 

Statistical significances were observed in majority of 

comparisons between 30° and 60°, and 30° and 90° for 

abduction and scapular plane elevation. This dependency was 

predominately attributed to the destabilising nature of the 

anteroposterior shear component of the joint contact force. In 

general, mean and peak micromotions experienced by the 

default and optimised configurations were not significantly 

different and were well below the critical threshold for implant 

loosening [4].  

 

Figure 2: Peak metaglene micromotion 

Conclusions 

Minimal differences between the effect of the default and 

optimised configuration on micromotion were observed. Thus 

it is suggested that clinicians can follow recommendations for 

optimised glenoid placement that improves ROM without 

increasing risk of implant loosening.  
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Figure 1: Risk score calculation for representative subject 
during low resistance propulsion. Dashed line= tendon thickness. 

Shoulder Mechanical Impingement Risk Associated with Manual Wheelchair Tasks 

 

Joseph D. Mozingo, Mohsen Akbari-Shandiz, Naveen S. Murthy, Meegan G. Van Straaten, Beth A. Schueler,  

David R. Holmes III, Cynthia H. McCollough, and Kristin D. Zhao 

Mayo Clinic, Rochester, MN, USA 

Email: zhao.kristin@mayo.edu  

 

Summary 

Shoulder mechanical impingement is a possible contributor to 

shoulder pain in individuals with spinal cord injury (SCI) who 

use a manual wheelchair (MWC). Biplane fluoroscopy and 

model-based tracking were used to measure the subacromial 
space during daily tasks in MWC users, and impingement risk 

was compared based on frequency and amount of rotator cuff 

tendon compression. Scapular plane elevation (scaption) and 

propulsion, but not pressure reliefs, were defined by periods of 

impingement in most participants. Impingement risk was 

greater during scaption than propulsion, and did not vary with 

load/resistance. These findings should be considered in terms 

of frequency of, and technique used to complete, daily tasks. 

Introduction 

Most individuals with SCI who use a MWC report shoulder 

pain. Shoulder mechanical impingement, due to narrowing of 
the subacromial space, is a common mechanism theorized to 

contribute to shoulder pain [1]. The purpose of this study was 

to compare impingement risk associated with MWC tasks by 

using biplane fluoroscopy with model-based tracking to 

dynamically measure the subacromial space, and relating these 

measures to tendon thicknesses. 

Methods 

10 individuals with thoracic SCI (26-58 yrs., 1F/9M) 

participated in this IRB-approved study. Biplane fluoroscopic 

images of the dominant shoulder were obtained during 

scaption (while holding 0/2/4 kg hand weight), propulsion (at 

low/medium/high resistance), and pressure reliefs (side lean; 
weight raise). Next, a CT scan of the shoulder was obtained, 

and 3D models of the humerus, scapula, rotator cuff tendon 

footprints (supraspinatus, infraspinatus, subscapularis), and 

coracoacromial (CA) ligament were created. Last, ultrasound 

images of the tendons were obtained, and the thickness of each 

was measured at the insertion. Model-based tracking was used 

to register bone models to images [2, 3]. The minimum 

distance was then computed from each footprint to the CA 
arch (acromion, CA ligament, coracoid) at each frame. For a 

given activity, impingement risk was defined for each tendon 

with a metric incorporating frequency and amount of 

compression (Fig. 1). Activity risk was defined as the sum of 

the 3 tendon risk scores (max= 300%), a higher score 

indicating greater impingement risk. Friedman’s tests were 

performed on activity risk scores with activity as the within-

subject factor, and post hoc Wilcoxon signed rank tests with 
Bonferroni adjustment (α= .05). 

 

 

 

 

 

 

 

 

Results and Discussion    

Periods of impingement were identified during scaption and 
propulsion, but not pressure reliefs. There was a significant effect 

of activity on activity risk score [p< .0001]. Activity risk was 

significantly higher for scaption compared to each other activity, 

significantly higher for propulsion compared to each pressure 

relief, and pressure reliefs were not significantly different (Table 

1). Activity risk was not significantly different between scaption 

loading conditions [p= 0.2] or propulsion resistances [p= 0.2]. 
However, scores for the 4 kg condition were greater than the no 

load condition in 6 participants, and scores for the high resistance 

were greater than the low resistance for 5 participants.  

Impingement risk was greatest during scaption, with a median 

score an order of magnitude larger than the other tasks. However, 

propulsion impingement risk may be important to consider given 

the frequency it is completed. Activity risk was invariant to 

altered load/resistance, perhaps highlighting the importance of the 
kinematics inherent to a task as the precipitating factor for 

impingement more so than kinematic deviations that might result 

from increased demand. Despite minimal risk during pressure 

reliefs, recurrent exposure of the shoulder to high loads may lend 

to pain/injury. Future work will assess frequency of and technique 

used to complete daily tasks, and the shoulder elevation and 

region of the workspace used in the free-living environment.   
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Scaption 0 kg Scaption 2 kg Scaption 4 kg Propulsion low Propulsion med Propulsion high Side lean Weight raise 

110.8 (69.1 – 127) 124.5 (78.8 – 148.9) 123.2 (97.8 – 130.4) 4 (.9 – 11.6) 3.9 (.3 – 11.4) 4.6 (.2 – 9.7) 0 (max: 1.2, n=1) 0 (max: .2, n=1) 

 Tendon 
Risk  = 

d d
n
 

Table 1: Group median activity risk scores with 1st and 3rd quartiles (%). 
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Summary 
Personalized surgical treatment of the foot such as customize 
artificial bones and customized joint replacements, rely on the 
morphology of the bones of the contralateral side. This 
approach is based on the implicit assumption that there is high 
level of symmetry in the tarsal bones of an individual’s feet. In 
this study, this level of symmetry was explore by comparing the 
left to right morphology of hindfoot bones models obtained 
from CT imaging of the feet of ten healthy individuals. The 
comparison that was based on surface-to-surface distance 
mapping indicate high level of symmetry with surface-to-
surface deviations below 5%. 

Introduction 

Surgical restoration of the morphology of deformed tarsal 
bones caused by severe arthritis, cancer, and complex fracture 
may require procedures such as custom total bone replacement 
[1] and bone reconstruction of complex fractured.  For such 
surgical procedures, reliance on a representative general 
morphology is not desirable since there are large inter-subject 
variations in size and shape of tarsal bones. For such 
procedures, personalized surgery, relying on custom made 
components, may be necessary. With current advances in 
medical imaging, and modern manufacturing techniques such 
as 3D printing, these personalized procedures are currently 
feasible [2,3]. The patient’s contralateral side provides the 
geometrical data necessary for the bone restoration. This 
approach relies on the implicit, and little verified assumption, 
of a high level of symmetry between left and right tarsal bones. 
The purpose of this study was to evaluate and quantify this 
assumption using three-dimensional bone models obtained 
from computed tomography. The study focused on the hindfoot 
bones including the calcaneus, talus and distal tibia. 

Methods 
Bilateral CT scans (CurveBeam, USA) of pathology-free feet 
from 10 subjects were processed (Analyze Direct, USA) to 
produce 3D renderings of the articulating bones (Talus, Tibia, 
Calcaneus). Bone renderings were further processed 
(Geomagic, USA) to remove major segmentation artefacts 
using spatial filtering. The bone models of the right hindfoot 
were mirrored and registered with the contralateral side using a 
best fit least-square spatial algorithm. A 3D comparison 
procedure was performed based on a computed color-coded 
map, referred to as distance mapping [4] showing the surface-
to-surface distance between the bones. In addition to the 
distance mapping, the left-t-right percentage variations in bone 
volumes and surface areas where computed.  

 

 

Results and Discussion 
Talus: Left-to-right differences in volume and surface areas 
were smaller than 3%. The average maximum surface-to-
surface difference between the two sides as obtained from the 
distance maps, was ± 0.43mm (Figure 1). When the talar dome 
alone was considered, these differences were smaller (avg. max: 
± 0.3mm).   
Tibia: Differences in bone volume and surface area between the 
left and right tibia were found to be < 2%. The average 
maximum surface-to-surface difference between the two sides 
was ± 0.35mm (Figure 1).  
Calcaneus: Left-to-right differences in volume and surface 
areas were smaller than 2%. The average maximum surface-to-
surface difference between the two sides was ± 0.5mm.  

 
Figure 1: Surface-to-surface comparison using distance maps, of the 
high level of left-to-right symmetry of the talus (top) and distal tibia 
(bottom) for four subjects showing high level of symmetry.  

Conclusions 

The pathology-free hindfoot bones (distal tibia, talus, talar 
dome, and calcaneus) possess high level of left-to-right 
symmetry with surface-to-surface deviations that do not exceed 
5%.  These results are significant since they imply that the 
morphology of the contralateral bones of the foot can be used 
reliably for personalized surgery such as complete bone 
replacement with artificial custom-made substitute, custom 
total ankle replacements, and subject-specific preoperative 
planning.  
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Summary 
Surrogates for pronation, such as the longitudinal arch angle 
(LAA), the rear foot angle (γ), the Achilles tendon angle (β) 
and the Foot Posture Index (FPI-6), are often quantified. To 
date, it is unknown whether the FPI-6 is an appropriate proxy 
for the LAA, γ or β, and also, whether any of these variables  
describes pronation. The four key variables (LAA, γ, β & FPI-
6) were collected both statically and dynamically. Correlations 
and a Principal Component Analysis (PCA) were performed. 
No significant correlations were found between any variables 
and the FPI-6. The PCA revealed three major components 
(LAA, β and γ) in the data set. These findings suggest that the 
FPI-6 does not quantify the same movement as the other 
variables, LAA, γ and β, which all are assumed to quantify 
foot pronation. 

Introduction 
The inwards rotation about the subtalar joint axis, known as 
pronation, has been frequently studied in the past [1]. Many 
different variables have been used to quantify the movement 
due to the inaccessible location of the subtalar joint axis. 
Three variables that have commonly been used are the 
longitudinal arch angle (LAA) [2], the rear foot angle (γ) and 
the Achilles tendon angle (β) [3]. In the past decade, a novel 
variable, the Foot-Posture-Index (FPI-6) [4], has been 
proposed to assess the posture of the foot in static conditions. 
A scoring system that includes six sub-measures results in an 
overall score, which indicates a pronated (+ score) or 
supinated (- score) foot. 

The objectives of this study were to a) correlate the FPI-6 with 
the LAA, γ and β, and b) reduce the data set to its dominant 
factors. 

Methods 
Three over ground walking and running trials were collected 
with motion capture from 40 participants. All trials were 
averaged and the following variables calculated: γ and β at 
heel strike, 10% of the stance phase, maximum, change 
between heel strike and 10% of the stance phase and change 
between heel strike and maximum of the stance phase. Similar 
time points (10%, minimum and maximum) were collected for 
the LAA. Static variables included the γ, β, LAA and FPI-6 
during bipedal standing. Spearman correlations were 
performed between the FPI-6 and all other variables with a 
significance level adjusted with the Benjamini-Hochberg 
method (p ≤ 0.0018). A Principal Component Analysis (PCA) 
was performed on the total data set including all sub-
measurements of the FPI-6 separately. 

Results 
The correlations revealed no significant results between the 
FPI-6 and any static or dynamic variable of γ, β or LAA. The 
PCA showed three Principal Component vectors (PCs) that 
explained 90.0% of the variance in the data set (Figure 1). No 
variables of the FPI-6 were included in the first three PCs 
(PC1 all LAA variables; PC2 all β variables, PC3 all γ 
variables). 

 
Figure 1:  Explained variance of the first three PCs (> 5%) 

and its dominant variables (> 0.3 PC magnitude). 

Discussion & Conclusions 
The overall FPI-6 score did not show any correlation to the 
traditionally used “pronation” variables. Therefore, the FPI-6 
does not quantify the same characteristic as the LAA, γ and/or 
β. The separation of each variable (LAA, γ and β) into 
individual PCs supported this result further. Moreover, the 
PCA indicates that each part of the foot should be described 
by one specific variable, such as the mid foot by the LAA, the 
rear foot by γ and the rear foot relative to shank by using β. 
These measurements may be used in conjunction to 
understand the movement of the different parts of the foot in a 
holistic manner. However, this study showed that combining 
multiple sub-measurements resulting in one overall score 
(FPI-6) does not seem to be a meaningful alternative to 
quantifying the movement around the subtalar axis. 
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Summary 

We used ultrasound (US) imaging to locate the center of the 
humeral head, representing the glenohumeral joint center 
(GHJC), and compared its location to predictive and 
functional methods as related to digitized scapular landmarks. 
Implications on dynamic 3D glenohumeral joint movement 
measurements will be discussed. 

Introduction 

In movement analysis biomechanical models are used to 
determine joint kinematics and kinetics based on surface 
marker trajectories during everyday tasks. The shoulder joint 
most often is modelled as a spherical joint that requires 
accurate localization of the GHJC with many clinical, 
biomedical, and biomimicry implications from injury 
evaluation to arthroplasty to robotics. Methods of locating and 
tracking the GHJC involve predictive regressions, intracortical 
pins, functional analyses, or the use imaging technology such 
as CT and MRI scans or fluoroscopy. These methods have 
various strengths, but also weaknesses including inflexible 
applicability, invasiveness, structural simplifications, 
radiation, and cost and accessibility. 

By tracking a US probe while producing multi-planar scans of 
the humeral head and relating those locations to surface-
marker clusters affixed to the humerus and acromion, we seek 
to utilize inexpensive, non-invasive imaging technology to 
locate the GHJC and compare it to established methods.  

Methods 

Twenty (20) young, right-handed adult males (26 ±2.8 yo) 
with no shoulder pathologies participated in this project. 
Humeral, scapular, and upper torso motion was tracked using 
17 reflective markers, including 3-marker humeral and 
acromial clusters, via a 10-camera motion capture system 
(Motion Analysis Corporation, Rohnert Park, CA). The 
coracoid process (CP), acromial angle (AA), base of the 
scapular spine (TS), and inferior angle (IA), were digitized 
relative to the acromial cluster. 

The US method proposed here involves tracking the US probe 
with an attached rigid cluster while scanning the humeral 
head. Eight scans were used across four perspectives (anterior 
and posterolateral with vertical and horizontal probe 

orientation). Five points on the surface of the humeral head 
were digitized from each scan. The resulting 40 points were 
related to the humeral cluster and used to calculate the center 
of the humeral head.  

Two additional widely used robust methods, predictive 
regression [1] and functional [2] were also implemented in 
determining the GHJC. 

All GHJC calculated positions from the different methods 
were produced for each subject and were localized by 
orthogonal offsets in an AA-TS-IA reference frame [3], 
proportional to TS-AA length. 

Results and Discussion 

Mean and standard deviation values of these orthogonal 
offsets for all three methods were comparable (Table 1), with 
the GHJC located 5-11% laterally and 29.4-33.6% forward 
from AA. We do see some discrepancy (almost double) in the 
inferior direction for the functional method (27.7%) compared 
to predictive and US.  

The comparable offsets determined by the US method are 
promising and are limited by the lack a gold standard method 
(e.g. CT), the potential errors introduced through the digitizing 
process, and the skin motion artifacts (inherent to all methods 
used here). 

Conclusions 

Our findings indicate that the utilization of US imaging to 
locate the GHJC is viable as a more cost-effective, non-
invasive, subject-specific method with potential for broader 
research at this level of detail. 

An analysis on the sufficient number of US scans needed and 
the impact of the small differences in the GHJC location by 
each of these methods on the 3D dynamic glenohumeral joint 
motion will be discussed.  
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Table 1: Mean (SD) values of orthogonal offsets for GHJC via three methods, proportional to TS-AA length, originating at AA. 

 TS to AA (Lateral) On Plane (Inferior) Normal to Plane (Forward) 

 Predictive Functional US Predictive Functional US Predictive Functional US 

Mean 0.110 0.050 0.065 0.121 0.277 0.148 0.336 0.312 0.294 

SD (0.088) (0.061) (0.060) (0.049) (0.093) (0.053) (0.102) (0.085) (0.102) 
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Summary 

The longitudinal changes in foot pressure asymmetry for 

n=30 children with unilateral clubfoot was measured. 

Asymmetry for foot size and contact area were measured. 

Asymmetry between the unaffected and affected sides 

increased in all parameters. Significant increases in 

asymmetry were seen for the foot length, total contact area 

and contact area of the third-fifth metatarsals. These results 

indicate that as children with clubfoot grow, foot symmetry 

worsens.   

Introduction 

Foot pressure loading can be asymmetric between the left 

and right sides at the onset of independent walking until up 

to 3-4 years of age in typically developing populations [2]. 

In order to understand symmetry changes throughout growth 

for children with clubfoot, a longitudinal assessment is 

needed. The purpose of this analysis is to assess the 

longitudinal change, from age 2 until age 5, in foot pressure 

asymmetry for children with unilateral clubfoot. 

Methods 

A total of 30 children with unilateral clubfoot were 

consented. Subjects walked across a foot pressure plate 

(emed x, Novel Electronics Inc. Germany) at their self-

selected speed, three trials were collected and then averaged 

for each foot. These subjects will be followed for three years, 

assessing foot pressure asymmetry at every clinical follow-

up. For a list of parameters used in analysis, see Table 1. 

Foot pressure asymmetry was measured using the 

Asymmetry Index. Asymmetry Index (ASI) is defined as 

ASI=|(2(XU-XA))/(XU+XA)|*100%, where XU and XA is the 

same variable on the unaffected side and affected side 

respectively and where an ASI of 0 is perfect symmetry [4]. 

A repeated measures ANOVA with a Bonferroni post-hoc 

test was used to assess the asymmetry changes over time. 

Results and Discussion 

This study is still ongoing and interim results will reported 

for an average follow-up time of 1.3(0.5) years (Range 0.5-

2.3 years). Pair-wise comparisons from the post-hoc test and 

the average ASI for each parameter are presented in Table 1. 

Symmetry worsened over time for all parameters, regardless 

of significance. The ASI for foot length, heel width, total 

contact area and contact area of the third-fifth metatarsals 

significantly increased over time. 

Conclusions 

An increase in ASI during the 1.3 years follow-up is 

indicative of decreasing symmetry between the unaffected 

and affected sides. These results indicate that as children 

with unilateral clubfoot grow, symmetry between the 

clubfoot and the uninvolved side decreases. These results 

support previous findings, where the clubbed foot is 

significantly different from that of the uninvolved side. 

The subjects in this study are still within the age range where 

symmetry is not yet achieved, less than 4 years of age. At the 

completion of this study all subjects will be over the age of 5 

years. It remains to be seen if symmetry will continue to 

decrease as age increases or if the symmetry of children with 

clubfoot will reflect that of their typically developing cohorts 

and become more symmetrical after the age of 4 years. 
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Parameters Foot Length Forefoot Width Heel Width CA Total 
CA Medial 
Hindfoot 

CA Lateral 
Hindfoot 

CA Medial 
Midfoot 

Visit 1 10.99(3.93)* 15.68(13.82) 12.53(9.94) 17.73(8.08)* 12.48(7.71) 21.09(15.64) 49.45(30.65) 

Visit 2 88.75(37.66)* 24.40(19.04) 15.35(10.55) 376.027(146.21)* 35.41(31.50) 51.34(34.87) 295.25(258.89) 

p-value 0.012 0.185 0.009# <0.001 0.236 0.075 0.175 

Parameters 
CA Lateral 
Midfoot 

CA First 
Metatarsal 

CA Second 
Metatarsal 

CA Third-Fifth 
Metatarsals 

CA Hallux 
CA Second 

Toe 
CA Third-Fifth 

Toes 

Visit 1 8.23(6.98) 59.60(44.92) 9.74(4.62) 12.80(7.31)* 40.07(34.13) 28.61(29.74) 54.52(42.28) 

Visit 2 69.10(48.32) 114.18(97.88) 59.00(48.71) 121.26(56.35)* 98.58(83.85) 50.85(56.17) 71.98(62.63) 

p-value 0.053 0.402 0.139 0.026 0.409 0.506 0.232 

Table 1. Repeated Measure ANOVA Results: *Indicates significant difference between visits. (CA–Contact Area) 
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Summary 

Soft tissue artefacts (STA) between markers and bones 

introduces errors in the calculation of foot kinematics. The 

aim of this study was to quantify STA of markers on the foot 

and their effect on the calculated foot kinematics according to 

the Oxford Foot Model (OFM) and Rizzoli Foot Model 

(RFM). Participants were placed on a loading device in a CT-

scanner with an OFM and RFM marker set on their right foot. 

The foot was placed in different positions to quantify the 

movement of the markers with respect to the corresponding 

bones. The largest STA were present for the marker on the 

most proximal posterior aspect of the calcaneus during 40° 

plantar flexion. STA influenced the kinematics as calculated 

by OFM and RFM by introducing a clinically significant 

amount of error up to 4.5° on average, which suggests that 

some of the marker locations should be reconsidered.  

Introduction 

Marker-based multi-segment foot models are used to 

determine foot kinematics during gait. The Oxford Foot Model 

(OFM) and Rizzoli Foot Model (RFM) are among the most 

frequently used [1]. These models assume that skin-mounted 

markers represent the motion of the underlying bones. 

However, soft tissue between markers and bones introduces 

errors, which are called soft tissue artefacts (STA). Their 

effect on the kinematics as calculated by OFM and RFM is 

unknown. Therefore, the aim of this study was to quantify soft 

tissue artefacts of markers on the foot and their effect on the 

calculated foot kinematics according to OFM and RFM. 

Methods 

So far, five out of the intended 15 participants with an 

asymptomatic right foot and ankle were included in this study 

(3F, 24.4±2.5 yrs). Each subject got a combined OFM [2] and 

RFM [3,4] marker set on their right foot and was placed on a 

simulated weight bearing loading device [5] in the CT-

scanner. One unloaded scan with neutral foot position was 

made and 9 loaded scans (70% body weight) with the foot 

placed in different positions, ranging from 20° dorsal flexion 

to 40° plantar flexion and from 10° inversion to 10° eversion. 

Bone poses and marker positions were measured in each scan. 

Marker positions were expressed in their corresponding bone 

coordinate system, which was based on the axes of inertia. 

STA for each marker was quantified by the 3D distance 

between the marker position in each foot position and the 

intended marker position as measured in the neutral unloaded 

scan. Hindfoot orientation was calculated according to OFM 

and RFM definitions with and without STA. 

Results and Discussion 

Most markers on the foot had STA between 1 and 3mm. The 

marker with the significantly largest STA was the one on the 

most proximal posterior aspect of the calcaneus (CALP) 

(7.6±3.2mm) and was most pronounced when the foot was in 

40° plantar flexion. STA resulted in an average error up to 

4.5° and maximum values of 7.9° when calculating hindfoot 

orientation. In extreme foot positions, hindfoot orientation was 

most affected in the sagittal plane for RFM and the frontal 

plane for OFM (Fig.1). This is probably caused by the fact that 

CALP is the origin of the hindfoot coordinate system within 

RFM, while OFM only uses it to determine the vertical axis.  

 

Figure 1: Average soft tissue artefacts in degrees for the hindfoot 

orientation when the foot orientation is varied in the sagittal plane. 

Ev/Inv=Eversion/Inversion, Ext/Int Rot=External/Internal Rotation, 
PF/DF=Plantar/Dorsal flexion. Ev/Ext/PF are positive values. 

Conclusions 

STA influence the foot kinematics as calculated by OFM and 

RFM considerably, especially in the sagittal and frontal plane. 

This study shows that STA affect the hindfoot orientation up 

to 4.5° on average, which is a clinically significant amount of 

error, that should be realized when interpreting clinical data. 

Furthermore, this study provides insight in which marker 

locations are most susceptible to STA and suggests 

reconsidering the use of CALP.   
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Summary 
Common post-mastectomy breast reconstructions require the 
removal of key shoulder muscles, which can alter shoulder 
biomechanics and may affect a patient’s ability to perform 
activities of daily living. However, the extent to which post-
reconstruction shoulder biomechanics influences clinical 
outcomes is unclear. The current investigation aimed to 
determine direct and indirect impact of breast reconstruction 
type on post-operative patient-reported outcomes using 
shoulder strength and stiffness as mediators. Our results 
indicate that post-mastectomy breast reconstructions affect a 
patient’s ability to perform activities of daily living with their 
upper extremity only to the extent that adduction and 
abduction shoulder strength is reduced. 

Introduction 
Following mastectomy for breast cancer, many women will 
undergo a breast reconstruction to return the look and feel of 
natural breast tissue. Breast reconstructions require alternative 
soft tissues in order to provide coverage for an implant or to 
reshape the breast mound. These tissues include the pectoralis 
major (subpectoral), latissimus dorsi (lat flap), or the deep 
inferior epigastric perforators (DIEP flap) - a collection of skin 
and adipose found on the abdomen. Tissue coverage for a 
tissue expander and eventual implant is provided by the 
removal of the pectoralis major from the costal cartilage and 
sternum or the latissimus dorsi from the spine. DIEP flap 
reconstructions do not require the removal of shoulder 
musculature. Subpectoral and lat flap reconstructions may lead 
to reduced adduction, abduction, and internal rotation strength, 
and reduced shoulder stiffness during the maintenance of 
adduction torques, while also affecting ones’ ability to 
perform activities of daily living [1,2]. However, it is unclear 
to what extent post-reconstruction shoulder function 
modulates post-operative clinical outcomes. Therefore, we 
examined the direct and indirect relationships between breast 
reconstruction type and clinical outcomes, using post-
operative shoulder biomechanics as mediating factors.  

Methods 
Thirty-four women who had previously undergone a 
subpectoral (n=14), lat flap (n=10), or DIEP flap (n=10) breast 
reconstruction participated in a single experimental session. 
Participants’ treated arm was placed in a removable cast 
attached to a single axis rotary motor equipped with a high 
precision encoder and 6DOF load cell. Participants were tested 
in a single posture: with the shoulder abducted 90° and flexed 
0°, the elbow flexed 90°, and the wrist neutral. Shoulder 
strength was tested in ±elevation, ±plane of elevation, and 
±rotation. Shoulder stiffness was quantified using established 
protocols while participants maintained shoulder torques 
scaled to 0 and ±10% MVC in elevation and plane of elevation 
[3].  The ability to use the upper extremity during activities of 
daily living was assessed using the Patient Reported Outcomes 

Measurement System (PROMIS) survey. The role of shoulder 
biomechanics as a mediator of clinical outcomes was assessed 
using mediation-based regression analyses (PROCESS macro, 
Hayes Model Type 6, SPSS 24) where breast reconstruction 
type was the independent variable (X), PROMIS score was the 
dependent variable (Y), and individual measures of shoulder 
strength and stiffness were mediators (M1, M2) [4]. All 
analyses utilized α=0.05.  

Results and Discussion 
Reconstruction type directly predicted shoulder adduction 
(β=8.76, p=0.0025, 95%CI=[3.32, 14.2]), abduction (β=7.20, 
p=0.015, 95%CI=[1.49, 12.9]), and internal rotation (β=3.95, 
p=0.018, 95%CI=[.737, 7.17]) strength, as well as shoulder 
stiffness during the maintenance of adduction torques (β=9.65, 
p=0.013, 95%CI=[2.46, 16.8] (Figure 1). Abduction strength 
directly predicted PROMIS score (β=.1885, p=0.037, 
95%CI=[0.123, .365]. The direct effect of reconstruction type 
on PROMIS score was not significant (All p>0.5). However, 
reconstruction type, when mediated by adduction (β=1.19, 
p=0.04, 95%CI=[.028, 4.64]) or abduction strength (β=1.36, 
p=0.04, 95%CI=[.011, 3.55]), indirectly predicted PROMIS 
score. No other combination of mediators predicted PROMIS 
score. Our findings that reconstruction type predicts multiple 
shoulder strength measures reinforces previous reports that 
post-operative shoulder function is affected differently 
depending on the reconstruction approach used. Additionally, 
our finding that abduction strength predicted PROMIS score is 
unsurprising, as many upper extremity activities require 
maintaining postures with the arm abducted away from the 
body. Interestingly, shoulder stiffness, which provides insight 
into joint stability, did not predict PROMIS score. 

 
Figure 1: Mediation regression models (Hayes Model Type 6) 

investigated the role of shoulder biomechanics in the modulation of 
clinical outcomes. Statistically significant direct (blue arrows) and 

indirect (red arrows) relationships between variables are represented. 
Reconstruction type predicted PROMIS score only when mediated by 

adduction (A) or abduction (B) strength. 
Conclusions 
Breast reconstruction type affects a patients’ ability to perform 
activities of daily living with their upper extremity insofar as 
adduction and abduction strength is decreased. 
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Summary 

Fatigue related to wheelchair propulsion is a likely risk factor 

for shoulder pain in persons with spinal cord injury (SCI). 

Interventions should target persons injured later in life and 

improve muscular activation and propulsion technique.  

Introduction 

While wheelchairs enable mobility for persons with SCI, 

wheelchair propulsion has been related to a high prevalence of 

shoulder pain. To lower shoulder loads, it is recommended to 

propel with long, smooth strokes [1]. Muscles stabilizing the 

mobile shoulder joint are prone to fatigue. However, the effect 

of wheelchair propulsion-induced fatigue on injury risk is 

unclear. This project examines (1) how wheelchair propulsion-

induced fatigue effects neuromuscular activation, propulsion 

biomechanics, and (2) susceptibility to fatigue.  

Methods 

This is a quasi-experimental study using a one-group pretest 

posttest design (n=34, 50.8±9.7 years of age; 82% males, 

27.8±12.0 years of time since injury (TSI)). Main outcome 

variables are electromyography (EMG, root mean square 

(RMS) and mean power frequency (MPF)) of pectoralis, 

biceps brachii, upper and lower trapezius and deltoideus pars 

acromialis (Noraxon, Inc. USA), resultant force (FR; i.e., 

vector sum of all applied forces) and push angle (Smartwheel, 

Three Rivers Holdings, Inc. Mesa, AZ) measured during 30 

seconds treadmill propulsion at 45W. The stress protocol was 

pushing at maximum velocity on a figure-8 track (including 

right-and left turns, full stops and start-up propulsion) for 12 

minutes with two 90 seconds of rests [2]. Statistical parametric 

mapping, one way repeated measures ANOVAs, and two-

sample t-tests [3] were used to answer the research questions.  

Results and Discussion 

Participants fatigued as defined by a significant increase in 

perceived fatigue (rate of perceived exertion (RPE)) and 

performance (heart rate) after the protocol [4]. The protocol 

did not affect FR (Figure 1) but slightly reduced push angle 

(78° to 76°, p=0.02). The increased RMS and reduced MPF in 

some muscles is associated with fatigue (Table 1). Persons 

susceptible to fatigue (47%) (i.e., significant increase in heart 

rate and RPE > 2 x SEM) propelled less efficiently (shorter 

push (p=0.002) and greater FRmax (p=0.02)), with less EMG 

as a % of maximum contractions, were slightly heavier (+ 8.1 

kg (SE 4.1), p=0.06), had less TSI (- 9.3 yrs (SE 3.8), p=0.02), 

and were older at injury (+ 9.7 yrs (SE 3.2), p=0.005).  

 

Figure 1: Resultant force (N) during the push phase of treadmill 

wheelchair propulsion at 45W pre and post figure-8 protocol. The 

scalar output statistic, SPM{t} is the t statistic calculated separately at 
each individual time node (statistical parametric map). 

Conclusions 

The fatigue seen in this study could lead to muscle imbalance 

and be a risk factor for injury. Fatigue was associated with age 

at injury, TSI, propulsion technique and muscular activation.  
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Table 1: Change (SD) in RMS (%initial) and MPF (Hz) with fatigue in susceptible (S) and not-susceptible (NS) persons (* represents α≤0.05). 

 Pectoralis Deltoid Upper trapezius Lower trapezius Biceps 

 RMS%ini MPF (Hz) RMS%ini MPF(Hz) RMS%ini MPF(Hz) RMS%ini MPF(Hz) RMS%ini MPF(Hz) 

S 
+ 28.5 

(48.6)* 

- 20.3 

(23.0)* 

+ 17.2 

(26.1)* 

- 7.4 

(14.7)* 

+ 18.5 

(28.0) 

- 6.5 

(18.7) 

+ 22.2 

(41.8) 

+ 1.9 

(9.6)* 

+ 42.0 

(95.2)* 

- 3.5 

(15.0)* 

NS 
+ 15.1  

(41.4)* 

+ 0.7 

(6.7) 

- 1.0 

(25.2) 

- 2.3 

(12.4)* 

+ 39.5 

(126.5) 

- 1.9 

(12.8) 

+ 81.8 

(273.9) 

+ 7.8 

(10.9)* 

+ 22.9 

(64.3)* 

- 13.7 

(21.4)* 
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Summary 

Current literature provides evidence that moving adjacent body 

segments can alter muscle activity, but there is a gap on the 

effects at the glenohumeral joint. The purpose of this study is to 

investigate differences in glenohumeral muscle activation 

elicited by altering torso angle during shoulder flexion. Pilot 

electromyography (EMG) data from a single, healthy subject 

were collected from the supraspinatus during shoulder flexion 

while the subjected was strapped to a tilt table at 0° and 90°. 

While muscle activation changed with the angle of the tilt table, 

there are currently insufficient data to attempt to draw any 

conclusions. Data collection and analysis are ongoing.  

Introduction 

Shallow bony connections and a small number of ligaments at 

the glenohumeral joint result in a dependence on musculature 

for stability. A combination of muscles acting on the humerus 

is also responsible for movement of the joint [3].  

While muscles play an important role in the control of 

movement, contributions of individual muscles can be altered 

by changing body or joint position. A study using wedges to 

alter ankle joint angle resulted in changes to lower extremity 

muscle activation [1]. Another study compared the activity of 

the abdominal muscles during a curl-up and found that the 

position of the upper and lower extremities affected abdominal 

muscle activation [2]. 

While current literature provides evidence that moving 

additional body segments can alter muscle activity, there is a 

lack of evidence regarding changes in muscle activation in 

glenohumeral musculature [1,2]. The purpose of the present 

study is to investigate the differences in glenohumeral muscle 

activation elicited by altering torso angle during a specific 

exercise. 

Methods 

One healthy pilot subject (female) was recruited from the 

University of Oregon. Exclusion criteria included history of 

surgery or rotator cuff tear on the dominant shoulder, needle-

induced syncope, pain while performing active arm elevation, 

or a neurological disorder. The subject provided consent prior 

to testing.  

The subject was instrumented with surface and fine-wire 

electromyography (EMG) sensors (4 surface, 2 fine-wire; 

Delsys Inc. Boston, MA USA) on the anterior, middle and 

posterior deltoid, lattimus dorsi, supraspinatus (fine-wire), and 

infraspinatus (fine-wire). The subject was also instrumented 

with two inertial measurement units (IMU), one on the distal 

humerus of the dominant arm and one on the contralateral side 

of the torso. Only supraspinatus EMG data are presented.  

The subject performed two Maximal Voluntary Contractions 

(MVCs) during each of the following shoulder movements: 

flexion, extension, abduction, horizontal abduction, and 

external rotation. The highest MVC for each movement was 

used to normalize the EMG data of the corresponding muscle. 

Following completion of the MVCs, the subject was strapped 

to a tilt table. In a randomized order, the table was positioned at 

either 0° (upright) or 90° (supine). The subject completed three 

trails of weighted (2.3 kg) and unweighted humeral elevation in 

the sagittal plane at each table position. Only unweighted trials 

are presented. 

Results and Discussion 

Figure 1 shows the supraspinatus activity as a percent of 

maximum of a single subject during humeral elevation in the 

sagittal plane, specifically calculated as the mean across the 

three unweighted trials, with the table positioned at 0° (upright) 

and 90° (supine).  

 

Figure 1: Supraspinatus activity during shoulder flexion. 

When the tilt table is at 90°, the supraspinatus appears to have 

greater maximum EMG activity during shoulder flexion when 

compared the tilt table at 0°. 

Conclusions 

There are currently insufficient data to attempt to draw any 

conclusions. Data collection and analysis are ongoing. 
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Summary 

A comparative computational probabilistic analysis assessed 

influences of evolutionarily important musculoskeletal 
features on rotator cuff function for human and chimpanzee 

glenohumeral joints. Species-specific distinctions emphasized 

differences in primary shoulder function and provide novel 

context for rotator cuff pathology origins in modern humans.  

Introduction 

The human upper extremity has evolved essential strengths, 

such as high-velocity throwing and fine motor control [1] 

However, consequential concomitant vestigial adaptations 

have occurred, including a high propensity for rotator cuff 

pathology [2]. Understanding the origins of these problematic 

adaptations is essential. Comparison with species that retain a 

greater shoulder capacity could explain the propensity of 

modern human shoulder to rotator cuff pathologies. 

The study created and evaluated probabilistic musculoskeletal 

models of both chimpanzee and human glenohumeral joints to 

assess the contribution of different bony features on rotator 

cuff muscular effort during a bimanual climbing task. 

Methods 

 
Figure 1: Visualized human (L) and chimpanzee (R) models. 

Probabilistic simulations used an existing human [3] and a 

novel, analogous chimpanzee geometric computational 

glenohumeral model (Figure 1). Models included: (1) a 

moment module to derive external glenohumeral forces and 

moments; (2) a geometry module, with a shoulder rhythm, to 

determine bony orientations and muscular geometries; and (3) 
an optimization-based muscle force prediction module to 

distribute demands across contributory muscles [3].  

Bimanual climbing postural data were used as inputs to both 

models.  

The geometric scalability of both models allowed probabilistic 

adaptation using NESSUS software (Southwest Research 
Institute). The geometric input variables of anthropological 

significance selected for perturbation included origins of 

rotator cuff muscles, deltoid insertion, glenoid inclination and 

intrinsic stability of the glenoid. All input variables were 

assigned mean and variance values based on known or 

inferred musculoskeletal variability. A series of 2500-iteration 

Monte Carlo simulations determined probabilistic output 

distributions of task-based rotator cuff muscle forces.  

Results and Discussion 

The human muscle forces distributions reflected the difficulty 

of human climbing compared to chimpanzees. Humans relied 

more on and overloaded the infraspinatus (Figure 2) and teres 
minor in the support phase of the climbing cycle. 

Chimpanzees had more dispersed rotator cuff muscle forces 

(Figure 2), avoiding specific muscular overload. Sensitivity 

factors indicated that muscle attachment positions most 

influenced muscle force distributions. This relationship was 

complex, as perturbation of individual muscle attachment 

position affected many output muscle distributions.  

Conclusions 

The results give insight into the evolutionary foundation of 

rotator cuff injuries in modern humans. Accompanying the 

evolutionary shift to non-weight-bearing upper extremity use, 

human rotator cuff muscles have become smaller compared to 
synergistic muscle groups [2]. While these evolutionary 

changes are beneficial to many modern behaviors, they may 

also lead to pathological joint changes in high force behaviors 

that uniquely initiate injury pathways.  
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Figure 1: Predicted distributions for the upper and lower elements of the infraspinaus muscle during early support. Bar height represents the 50th 

percentile; error bars represent the 95th percentile range. 
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Summary 

The purpose of the current study was to investigate the 

association between upper body joint motions and propulsive 

efficiency in pediatric manual wheelchair users. The results 

highlight the role of wrist motion in the optimization of the 

force applied to the pushrim during manual wheelchair 

propulsion.  

Introduction 

Manual wheelchair propulsion has been associated with upper 

limb injury [1]. The repetitive nature of the task and the high 

forces applied on the pushrim have been suggested as the main 

factors promoting the mechanisms responsible for injury [1]. 

Previous studies have reported that almost 50% of the forces 

exerted at the pushrim are not directed toward forward motion 

and, therefore, wasted [2]. Pediatric wheelchair users are at a 

high risk for eventual upper body injury due to their early onset 

of wheelchair activity [3]. Therefore, to optimize manual 

wheelchair propulsion in pediatrics, it is necessary to determine 

which patterns are associated with efficient pushrim forces. The 

purpose of this study was to determine which joint motion 

features were associated with efficiency during manual 

wheelchair propulsion in pediatrics. 

Methods 

Twelve adolescent manual wheelchair users with varying 

diagnoses and movement impairments propelled a standard and 

ultra-lightweight wheelchair across level floor. Pushrim forces 

were recorded using a SmartWheel (Out-Front, Mesa, AZ), and 

upper body joint angles were collected using Inertial 

Measurement Units (MVN Biomech, Xsens, NL). The 

following variables were analyzed: fraction of effective force 

(FEF); shoulder flexion (SF), abduction (SA), and rotation 

(SR); elbow flexion (EF) and rotation (ER); wrist flexion (WF), 

abduction (WA), and rotation (WR); and trunk flexion (TF), 

abduction (TA), and rotation (TR). A principal component 

analysis (PCA) was performed on each participant to determine 

the contribution of each joint motion to the largest possible 

variance across all variables during the propulsive cycle. 

Pearson’s correlation coefficients between FEF and each joint 

motion’s principal component coefficients were calculated. 

Results and Discussion 

Wrist ab/adduction was positively associated with FEF (Table 

1, Fig.1). This joint motion has the ability to finely control the 

direction of the force being applied to the pushrim by the upper 

limb particularly in the initial and final phases of contact with 

the pushrim, thereby increasing the FEF across the stroke. 

Lower FEF and PC coefficient of WA movement were 

observed in participants with more upper limb dysfunction (Fig. 

1). In this study, participants with cerebral palsy, Friedreich's 

ataxia, spinal muscle atrophy, and one with spina bifida (SB) 

had significant upper limb involvement; whereas those with 

spinal cord injury (T5 and T6), ganglioneuroma, movement 

disorder, and one with SB had no upper limb dysfunction. 

Trunk movement was negatively correlated with FEF across 

conditions. These results should be interpreted with caution, 

since these correlations resulted from the presence of an outlier 

for trunk motion. This 

participant had increased 

trunk motion compared 

with the sample mean, 

and low FEF. Removing 

this participant from the 

sample results in non-

significant correlations 

(TF: ρ=.23, p=.29; TA: 

ρ=.09, p=.66; TR: ρ=.19, 

p=.39). However, this 

still results in a 

significant WA-FEF 

correlation (ρ=.49, 

p=.02). 

Conclusions 

The findings highlight the association between wrist movement 

and efficiency of force transmission, and this suggests the 

importance of maximizing wrist/hand function in rehabilitation 

programs for manual wheelchair users. 
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Figure 1:  WA and FEF for each participant with 
two wheelchair types  

Table 1: Correlation coefficients (ρ) and p values for the correlations between FEF and each joint motion’s principal component coefficients 

Joint Motion SF SA SR EF ER WF WA WR TF TA TR 

ρ, p value .12, .57 .11, .60 .02, .90 .10, .62 .24, .25 .20, .34 .57,  <.01 .17, .42 -.72, <.01 -.59, <.01 -.57, <.01 

 

Friday, August 02 2019: Posters (1600-1800) 967

Extremity - Lower 2



 

 

Identifying Predictors of Upper Extremity Muscle Elasticity with Healthy Aging 

Evie F. Chodock1, Cheryl A. Setlock1, David B. Lipps1 
1School of Kinesiology, University of Michigan, Ann Arbor, MI, United States 

Email: echodock@umich.edu  

Summary 

Advanced age influences muscle fiber composition and can 
potentially lead to declines upper extremity function. 
Ultrasound shear wave elastography provides direct measures 
of muscle mechanics, providing new insights into how both 
biological age and function influence muscle stiffness. The 
current study explored how the passive elastic properties of 
five upper extremity muscles relate to posture, biological age, 
sex, body mass index, and clinical measures of upper 
extremity function. Our results indicate humeral elevation and 
functional clinical measures are better predictors of muscle 
elasticity than biological age.  

Introduction 

Increased muscle stiffness leads to a loss of independence, 
increased pain, decreased quality of life and higher medical 
costs for older adults [1,2]. Prior attempts to quantify muscle 
stiffness in humans were made indirectly using joint 
assessments, subjectively with tissue palpation, or required the 
use of invasive biopsies [3]. Ultrasound shear wave 
elastography (SWE) can provide accurate in vivo 
measurements of muscle mechanics and provide new insight 
into the effect of advanced aging on muscle. Establishing 
normative values for older adults will further aid in 
dissociating between advanced age and neuromuscular 
pathologies and assist clinicians with improved diagnosis and 
treatment strategies. Our objective here was to determine 
whether SWE-based measures of passive muscle mechanics 
from five upper extremity muscles were influenced by posture, 
biological age, sex, body mass index, and clinical measures of 
upper extremity function for healthy adults across the lifespan.  

Methods 

A single arm of 35 participants was examined (15 males, 20 
females; 31 dominant, 4 non-dominant due to injury to 
dominant; mean (SD) age 63.4 (20) years (range 20-89) and 
BMI 27.3 (4.7) kg/m2). The arm was placed in a plastic 
removable fiberglass cast and attached to a servomotor to 
support the arm against gravity. A Supersonic Imagine 
Aixplorer ultrasound shear wave elastography system measured 
shear wave velocity (SWV) of five upper extremity muscles: 
anterior deltoid (AD), biceps brachii (BB), clavicular (CL) and 
sternocostal (SC) region of the pectoralis major and middle 
trapezius (MT). Shear wave velocity is related to the shear 
elastic modulus of muscle and increases as the muscle becomes 
stiffer. Each muscle was imaged at five humeral elevation 
angles relative to the trunk: 105, 90, 75, 60 and 45 degrees. The 
order that images were acquired were randomized by muscle, 
and then by angle. Three images were taken at each position, 
resulting in 75 total images. Functional measures of grip 
strength using a hand dynamometer and the times required to 
complete the Purdue pegboard and button a blouse were also 
acquired. Linear mixed models for each muscle were used to 

assess how SWV was influenced by humeral elevation, 
biological age, sex, BMI and the three functional measures. All 
significances are reported at α=0.05. 

Results and Discussion 

The clinical measures that significantly influenced SWV are 
shown in Table 1. Humeral elevation effected shear wave 
velocity at a statistically significant level for AD, BB, SC and 
MT (all p<0.039). Parameter estimates indicated SWV 
increased with humeral elevation for BB and SC and 
decreased for AD and MT. Sex was only a significant effector 
for MT (β= -0.65, p=0.01), indicating a reduced SWV for MT 
in males compared to females. Time to complete the Purdue 
Pegboard and time to button a blouse were significant 
predictors of SWV for BB and CL (both p<0.035). Biological 
age and grip strength were not predictors of SWV for any 
muscle (all p>0.06).  The results suggest that functional 
measures of the upper extremity are better indicators of 
muscle mechanics than an individual’s biological age. Future 
research will whether these changes are related to differences 
in muscle fiber composition, as type II dominant muscles are 
more susceptible to age-related declines in muscle quality [4]. 
Directly quantifying how muscle mechanics change across the 
lifespan in healthy individuals has the potential to aid 
development of ultrasound SWE in detecting functional 
deficits following neuromuscular pathologies associated with 
advanced age, including stroke and cancer.  

Table 1: Clinical measures that significantly affect shear wave 
velocity for the five examined muscles.  

Clinical Measure 

Shear Wave Velocity 
(* indicates p < 0.05) 

AD BB CL SC MT 

Humeral Elevation ↓* ↑* ↑ ↑* ↓* 
Male (relative to female) ↑ ↑ ↑ ↓ ↓* 

BMI ↑ ↓ ↑ ↑ ↑* 
Purdue Pegboard Time ↓ ↓* ↓* ↓ ↑ 
Time to Button Blouse  ↓ ↑* ↑* ↓ ↓ 

Conclusions 

Humeral elevation and functional clinical measures are better 
predictors of passive muscle elasticity than biological age.  
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Summary 

In response to increased musculoskeletal injury risk as a 

consequence of increasing prevalence of obesity worldwide, 

this study explored relationships between body composition 

and strength. Negative correlations between strength 

normalized by body weight and body composition (adiposity, 

BMI) suggest current assumptions may problematically 

overestimate strength capabilities. 

Introduction 

Over 60% of Canadian adults are now overweight or obese 

[1], creating a new class of vulnerable workers. Higher BMI 

raises vulnerability to back and upper extremity injury [2,3]. 

Relationships between BMI and strength, the latter of which is 

used to assess job acceptability, are largely unknown.  

Methods 

104 participants (sex: 46M, 58F; age:18-78 yrs) across body 

compositions (BMI=16.3-50.2; %body fat=13.5-55.0%) 

participated in this study.  Body composition was measured 

using dual X-ray absorptiometry (DXA) scans. Five functional 

manual strength tests were performed: exerting up, down, 

pushing, pulling, and lifting in a standing posture. Body 

weight was permitted to contribute to force generation during 

functional strength tests. Six isometric joint strength tests were 

also performed: low back flexion (LBFlex) and extension 

(LBExt) (standing) and shoulder flexion (ShFlex), extension 

(ShExt), internal rotation (ShIR) and external rotation (ShER) 

(seated). The joint of interest was isolated for the isometric 

joint strength tests. A programed robot arm (Motoman HP50, 

West Carrollton, OH) positioned a handle attached to a 6-dof 

force transducer (MSA-6, AMTI, Watertown, MA). Force data 

were digitally smoothed with a lowpass BW filter (fc=6 Hz) 

and normalised to body weight (N). Pearson Product Moment 

correlations defined relationships between: a) body weight 

normalized strength and BMI and b) body weight normalized 

strength and %body fat, by sex.  

Results and Discussion 

BMI was negatively correlated with body weight normalized 

strength for all tested exertions for both sexes. For females, 

the strongest correlations were between functional strength 

tests (Up, Lift) and % body fat (r=0.61) (Figure 1). For males, 

the strongest correlations were within both the isometric joint 

strength (Sh Ext, r=0.44) and functional joint strength (lift, 

r=0.64) tests. In females, there were stronger relationships 

between % body fat and strength than between BMI and 

strength, with up to a 41.5% increase in the r value (Table 1). 

These differences were less pronounced in males, with a 

maximum increase in the r value of 20.8%.       
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Figure 1: Relationships between functional strength during upwards 

exertions and % body fat (r = -0.61, -0.39, respectively).  

Conclusions 

Negative relationships existed between strength and body 

composition for both functional and joint strength tests. 

Current ergonomics approaches typically scale predicted 

strength based on sex and height, but do not account for body 

composition. Female and male strength was 22-44% and 25-

71% less, respectively, in people with >29.9 BMI compared to 

people with BMI ˂24.9. Thus, with current ergonomics design 

standards, large opportunities for strength capacity 

overestimation exist and should be addressed.   
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Table 1: PPM correlation coefficients between BMI and strength and %body fat (%BF) and strength for males and females.  

 Up Down Push Pull Lift LBExt LBFlex ShER ShIR ShExt ShFlex 

Females 
BMI -0.49 -0.37 -0.19 -0.05 -0.52 -0.31 -0.33 -0.01 -0.02 -0.52 -0.39 

%BF -0.61 -0.52 -0.25 -0.18 -0.61 -0.38 -0.40 -0.06 -0.07 -0.45 -0.51 

Males 
BMI -0.35 -0.31 -0.05 -0.27 -0.53 -0.38 -0.37 -0.15 -0.29 -0.30 -0.42 

%BF -0.39 -0.31 -0.00 -0.24 -0.64 -0.29 -0.32 -0.17 -0.29 -0.44 -0.43 
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Summary 

Self-report measures and objective motion capture are some of 
the methods to evaluate upper extremity (UE) function. The 
Kinect camera offers portable and low-cost motion capture 
capabilities. The purpose of this study was to determine the 
association between actual UE functional movement obtained 
by the Kinect and four self-report UE functional assessment 
measures: SPADI, SST, DASH, and Quick-DASH. Methods: 
20 volunteers with unilateral shoulder pathology completed 
self-report assessments and a movement test to capture the 
total functional reaching spatial volume (FRV) of the arm 
recorded using a Kinect camera. Results: A positive 
correlation was obtained for SST (R2 = 0.655) and negative 
for Quick DASH (R2 = -0.552), SPADI (R2 = -0.777) and 
DASH (R2 = -0.737). Statistical significance was found (p 
<0.05) for all the evaluated data. Conclusions: The FRV is a 
useful and practical metric to assess the functionality and 
mobility of the upper extremity. 

Introduction 

Shoulder pathologies generate important limitations in the 
activities of daily life [1]. There are several methods to 
evaluate the upper limb function including self-report tests [2] 
and complex 3D motion capture systems. The Kinect sensor 
can be used in a portable way and at low cost [3], which could 
allow measuring UE function quickly and objectively using a 
global movement index called the Functional reach volume 
(FRV). The FRV is the total spatial volume reachable by the 
hand. The objective of this work was to determine if there is 
an association between the FRV as a global movement index 
obtained by a single Kinect camera and common self-report 
measures SPADI (Shoulder Pain and Disability Index), DASH 
(Disabilities of the arm, shoulder and hand), Quick-DASH 
(short version of DASH) and SST (Simple Shoulder Test)] in 
a group of patients with shoulder musculoskeletal pathologies. 

Methods 

Twenty volunteers (10W and 10M), aged 19-80 years, with 
unilateral UE musculoskeletal disorders completed the 
SPADI, DASH, Quick-DASH, and SST. The FRV was 
calculated from as subjects performed maximum 
circumduction’s of the UE in the three planes of movement, 
recorded a Kinect camera (version 2, Microsoft). 

Each patient was situated two meters in front of a desk with 
the camera above, and performed three arm circumduction 
movements for each plane, with the affected side first and 

unaffected side after. To calculate the FRV from the 
coordinates registered by the Kinect camera, an algorithm was 
developed in the Matlab software (version 2015b, Mathworks) 
(Figure 1a). The statistical analysis was carried out using the 
IBM SPSS Statistics version 24 software. 

Results and Discussion 

A positive correlation was obtained between FRV and the SST 
questionnaire (R2 = 0.655), and negative for the Quick-DASH 
test (R2 = -0.552), SPADI (R2 = -0.777) and DASH (R2 = -
0.737). Statistical significance was found (p <0.05) for all the 
evaluated data. Figure 1b shows the results of Spearman’s 
Correlation between FRV and DASH. 

 

a)                               b)  

Figure 1: a) FRV Kinect reconstruction. b) FRV v/s DASH 
correlation. 

Conclusions 

For DASH, Quick-DASH and SAPADI tests a higher score 
indicates greater disability. There is an association between 
the self-report tests and the volume of functional range 
obtained by the Kinect sensor, being higher between the 
SPADI and DASH tests. This FRV obtained through Kinect is 
a useful and practical tool to assess the functionality and 
mobility of the upper limb in a clinical context. 
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Summary 
Glenohumeral stability is maintained by articular geometry, 
capsuloligamentous restraint, and rotator cuff muscle 
activation. Many rotator cuff force profiles have been 
employed in the cadaveric setting to maintain stability. This 
study aims to compare the glenohumeral joint stability 
afforded by commonly applied rotator cuff force profiles 
during a simple scapular plane abduction motion. 

Introduction 
The shoulder is a dynamic joint with a wide range of motion 
commonly termed the perfect balance between stability and 
mobility [1]. Glenohumeral joint stability can be quantified by 
translation of the humeral head, which is minimized by the 
actuation of the rotator cuff muscles. A variety of RC force 
profiles have been used in the cadaveric setting [2-5]. Our goal 
was to compare joint translations for commonly used RC force 
profiles during a simple motion. We hypothesized that 
dynamic RC actuation is needed to stabilize the joint during 
scapular plane glenohumeral ABD from 60-90˚. 

Methods 
One fresh-frozen intact human shoulder (Medcure, Inc.) was 
examined using a validated robotic testing system with six 
degrees-of-freedom (DOF) [6]. The skin and the muscles were 
removed, then the rotator cuff (RC) muscles were dissected 
free of their origins, and sutures were placed through their free 
ends. The scapula was rigidly fixed with the medial border 
vertical and then titled 10˚ anteriorly [4]. The RC muscles 
were then attached to motors by fishing line and a series of 
eye hooks. This allowed the muscles to be loaded along their 
physiological lines of action [4]. Electromagnetic sensors were 
rigidly fixed to the scapular spine and the deltoid tuberosity of 
the humerus. To protect the specimens, testing was performed 
at a reduced speed (duration of motion, 28 seconds) [6]. The 
arm was raised in the scapular plane from 60 to 90 degrees of 
GH joint abduction for five repetitions after a single 
preconditioning trial. Using an electromagnetic motion 
tracking system (Liberty, Polhemus), the motion of the bone-
embedded sensors was recorded at 120 Hz. Stepper motors 
were adjusted by a force control feedback loop to apply a 
varying loads to each RC muscle throughout the motion: A) 
No Load: 1N to each RC muscle [2], B) Static Load: 20N to 
each RC muscle [3], C) Dynamic 1: dynamic force profile 
similar to Hurschler et al. [4] and D) Dynamic 2: dynamic 
force profile similar to Wu et al.[5]. The kinematic GH-center 
was estimated from passive motion of the arm within its 
available ROM and translation was defined according to Wu 
et al. [7]. 

Results and Discussion 

The Dynamic 2 RC force profile limits the translation of the 
GH-center during this range of motion for this specimen. This 
suggests that this loading profile, characterized by larger 
forces at the beginning of the motion and decreasing forces as 
the humerus approaches 90˚ of abduction, may improve the 
stability of the joint over other RC loading profiles. The 
overall translation of the GH-center for all conditions is 
comparable to that seen previously [8]. However, the exact 
balance between stability (amount of translation) and mobility 
(safely achievable ROM) is not fully understood. Further 
specimens are being tested to further elucidate the RC’s effect 
on GH-center translations for this motion. 

 
Figure 1: Overall GH-center translations for four different RC 
loading profiles during scapular plane abduction from 60-90˚. 

Conclusions 
A specific dynamic force profile [4] limits GH-center 
translation and therefore may increase joint stability for this 
specimen geometry, but further samples are needed to better 
understand this phenomenon. 
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Summary 

The relationship between countermovement jump (CMJ) 
performance and foot anthropometric measures were 
investigated. For women, a strong negative correlation existed 
between foot length and CMJ performance as well as toe 
length and CMJ performance. This was not the case for men. 
These results highlight the need for incorporating more 
diverse subject pools and caution should be exercised when 
generalizing across sexes. Further, the unexpected result that 
smaller feet and toes predicted higher jumps for women 
warrants further investigation. 

Introduction 

Male sprinters have been shown to have shorter heel lengths 
and longer toes than non-sprinters [e.g., 1]. Others have found 
running cost to be correlated with heel length [e.g., 2]. 
Vertical jump performance is critical for many sporting 
activities and similar anthropometric adaptations could 
potentially predict jumping performance. The purpose of this 
study was to investigate the relationship of various 
anthropometric measures and jump performance. This study 
included both men and women in an attempt to identify 
possible differences between sexes. We hypothesized that a 
shorter heel length, a greater arch height, and longer toes 
would produce a greater CMJ jump height in both sexes.  

Methods 

Forty-two subjects (21 females) performed three maximal 
countermovement jumps (CMJ). Jumps occurred on a force 
plate and jump height was calculated using the impulse-
momentum relationship. Various common anthropometric 
measures as well as specific foot measures were taken for each 
subject. Correlational analysis was used to determine the 
relationship between anthropometric measures and jump 
height for both sexes, with a priori significance set at 0.05. 

Results and Discussion 

There was no significant correlation between any 
anthropometric variable and CMJ height for men (Table 1, 
Figure 1). However, for women, foot length and toe length 
showed significant negative correlations with CMJ height 
(Table 1, Figure 1)). Previous results using only male subjects, 
suggest that longer toes might be beneficial for jumping 
performance in a single-joint jumping task [3]. Similarly, 
previous work has found foot length to be positively correlated 
with jump height in men, but not women. Here we found 
negative correlations for women for both foot length and toe 
length, which was unexpected. It has been suggested that 
women might employ different strategies than men to achieve 
maximal vertical impulse during the jumping task, which 
could potentially be associated with anthropometric variability 

[4]. Contrasting results between this and other studies, as well 
as suggested differences between sexes suggest that much is 
still to be learned about how anthropometric variability effect 
performance.  

Table 1: Correlations between CMJ height and various 
anthropometric measures for men and women 

 Men Women 

 r p r p 

Stature 0.229 .317 -0.351 .118 

Mass -0.079 .733 -0.377 .092 

Foot Length -0.062 .788 -0.533 .013* 

Toe Length 0.105 .652 -0.604 .004* 

Heel Length -0.208 .365 -0.223 .332 

Arch Height 0.056 .810 -0.088 .706 

r = 0.365*

r = -0.604*

r = 0.105
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Figure 1: Relationship between CMJ height and toe length for 
women (open circles, dashed line – significant negative correl.) and 
men (closed circles, solid line). As a group (men and women – dotted 
line) a significant positive correlation existed. 

Conclusions 

Our results show that the relationship between jump 
performance and anthropometric measures associated with the 
foot appears to be different for men and women.  
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Summary 

Anatomical evidence points to the existence of 6-8 

architecturally distinct partitions within the pectoralis major 

(PM), suggesting differential contributions of these partitions 

to humeral movement. This study investigated the activation 

of PM partitions using high-density electromyography in three 

humeral positions in males. Increased activation of the middle 

and inferior partitions occurred across all positions examined, 

creating key basic and clinical science implications. 

Introduction 

The pectoralis major (PM) is imperative for many daily tasks. 

Recent anatomical findings indicate the presence of 6-8 

partitions within the PM [1], suggesting differential 

contributions to muscle function. This study investigated the 

activation of neuromuscular partitions in PM during humeral 

movement in healthy men.  

Methods 

15 healthy, male participants (25.1 ± 4.9 years) participated. 

Two high-density multichannel electromyography grids 

recorded PM muscle activity (each grid: 64 channels; 8x8 

matrix; 10 mm inter-electrode distance; EMGUSB2+, 

OTBioelecttronica, Italy) in monopolar mode (sampling 

frequency: 2048 Hz; band-pass 10-500 Hz). Participants 

performed 2 MVCs for each position. Submaximal exertions 

were scaled to the mean resultant force in each position. 

Participants performed submaximal, ramped isometric 

exertions (15, 25, 50, and 75% maximal voluntary contraction 

(MVC) in 3 humeral positions: 1) adduction from 60° 

abduction (AD60); 2) adduction from 90° abduction (AD90); 

and 3) internal rotation from 60° abduction (IR), in a block-

randomized order. Participants were provided with visual 

feedback of their required force output on a monitor. Raw 

EMG signals were band pass filtered with a 3rd order 

Butterworth filter (20-500 Hz). Differential mode and root 

mean square (RMS) were quantified for 128 channels. Based 

on the resultant force during hold, the first 10s of each 

exertion were extracted to quantify mean RMS across 

partitions. Channels were grouped based on anatomical data 

[1], yielding a clavicular (clav) and 7 sternocostal partitions. A 

2-way Conover’s ANOVA was performed with within subject 

factors EXERTION (15, 25, 50, 75%) and PARTITION (clav, 

s1, s2, s3, s4, s5, s6, s7) within each humeral position. For 

significant interactions, a Wilcoxon test was performed with 

Bonferonni correction. Significance was set to p < 0.05.  

 

 

Results and Discussion 

Overall, middle and inferior (s3, s4, s5, s6, s7) activated more 

than superior partitions (clav, s1, s2) in AD60 (F21, 294 = 22.5, 

p = 0.0001; Figure 1), AD90 (F21, 294 = 4.03, p = 0.039), and 

IR (F21, 294 = 9.18, p = 0.005). In AD60 and IR, the middle and 

inferior partitions activated more across all exertions. For 

AD90, all partitions activated equally in 15, 25, and 50%, but 

middle and inferior partitions activated more in 75% exertion.  

 

Figure 1: Mean partitional PM activation during AD60 across 

intensities. 

Middle and inferior partitions of the PM are preferentially 

activated and functionally important in humeral adduction and 

internal rotation. These results align with anatomical data 

showing larger adductor moment arms [4] and greater lateral 

pennation angles [1] for middle and inferior relative to 

superior partitions. In contrast to AD60 and IR, whereby the 

middle and inferior partitions were predominantly activated in 

all exertion levels, in AD90 all partitions were equally 

activated at 15, 25, and 50%. In AD90, the shift to middle and 

inferior partition activation emerges only when exerting at 

75%, in contrast to earlier findings [2]. Current findings 

suggest that in tasks requiring low-to-moderate exertions in 

90° of humeral abduction, all partitions equally activate.  

Conclusions 

The middle and inferior partitions of the PM should be 

evaluated in humeral adduction and internal rotation. These 

findings have implications for surgical procedures performed 

on breast cancer survivors, such as two-stage implant-based 

breast reconstruction, which involves disinsertion of the 

middle and inferior partitions in ~60% of all post-mastectomy 

reconstructions [3].  
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Summary 
Limited research has investigated sex differences in muscle 
activation, especially in the upper extremity. This study used 
high-density electromyography to investigate sex differences 
in activation of the clavicular (PecC) and sternocostal (PecS) 
regions of the pectoralis major in three different arm positions 
during two exertions. Differences existed within all positions 
comparing sex and region. Further, females generally 
activated the PecC over PecS during both exertion levels in 
internal rotation. This has implications for clinical procedures 
involving the pectoralis major in both males and females. 

Introduction 
The pectoralis major (PM) is a flat, fan-shaped muscle, 
traditionally composed of 2-3 regions (clavicular, sternocostal, 
and abdominal) that lies over the chest, contributing to internal 
rotation, adduction, and horizontal adduction [1-2]. Limited 
research has quantified differences in neuromuscular 
activation patterns between males and females, although 
results indicate that in general, males have higher overall PM 
activations [3].  High-density electromyography (HD-EMG) 
was used to assess the activity patterns of the clavicular 
(PecC) and sternocostal (PecS) regions of the PM in males and 
females during isometric exertions in different arm positions. 

Methods 
Twenty right-handed, healthy adults (10 M, 10 F; mean (SD) 
age = 23.3 (3.31) years) with no history of shoulder or upper 
extremity dysfunction were enrolled. An 8x8 channel grid of 
HD-EMG electrodes (OT Bioelettronica, Torino, Italy) was 
placed over the right PM, covering the PecC and PecS regions 
of the muscle belly, sampled at 2048 Hz in monopolar mode. 
Maximum voluntary contractions (MVCs) were collected in 
the three positions: adduction from 60˚	of abduction (AD60), 
internal rotation from 60˚	 of abduction (IR), and adduction 
from 90˚ of abduction (AD90). Visual feedback assisted 
participants during a force matching task scaled to 25 and 50% 
MVC for all positions. Participants held the force levels for 60 
and 30 seconds, respectively. Participants completed two trials 
of each condition in a block-randomized order. 
The first 10 seconds of each exertion were selected using force 
data. HD-EMG were analyzed with a bandpass filter from 20-
500 Hz using a 3rd order Butterworth filter. Following 
filtering, each row of channels was subtracted from the 
proximal row, resulting in differential EMG. Differential 
EMG was used to quantify root mean square (RMS), where 
the mean RMS for each differential row was extracted. Rows 
1-3 were considered the PecC, while rows 4-7 were considered 
the PecS [4]. A 3-way Conovers ANOVA assessed if the RMS 

amplitude of each region (PecS, PecC) differed in males and 
females during different exertions (25%, 50%) for each 
position (AD60, AD90, IR). Wilcoxon post-hoc tests were 
used to test interactions. Significance was set to p<0.05. 

Results and Discussion 
Anticipated significant sex*region interactions existed across 
all positions (AD60: F1,18=7.318, p=0.01; AD90: F1,18=5.293, 
p=0.034; IR: F1,18=16.904, p=0.001). A significant 
exertion*region*sex interaction existed for AD60 
(F1,18=15.333, p=0.001) and IR (F1,18=16.721, p=0.001). Post-
hoc comparisons revealed that females activated PecC over 
PecS during AD90 (p=0.0001). Males activated PecS over 
PecC during both exertions in AD60 (p=0.037). Females 
activated PecC over PecS during both IR exertions (p=0.005), 
while the opposite occurred for males (p=0.013) (Figure 1). 

Figure 1: IR RMS amplitudes of PecS (blue & gray) and PecC 
(orange & yellow) in males and females during 25 & 50% exertions. 
New insights into healthy PM activation patterns emerged. For 
the first time, differences in activation strategies between 
regions of the PM were reported in males and females. Future 
work will investigate if these differences persist at other 
activation levels.  

Conclusions 
Sex differences in activation strategy for the pectoralis major 
exist. This research has clinical implications for surgical and 
rehabilitative procedures involving the pectoralis major. 
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Summary 

Unilateral transtibial amputees have an altered walking gait 
including asymmetry between the intact limb and the 
prosthetic limb. Here we show that ankle taping on non-
amputees induces left-right asymmetries in anterior/posterior 
ground reaction forces during walking similar to those seen in 
individuals with unilateral transtibial limb loss and passive 
prostheses.  Passive ankle restriction may be an effective 
method for studying the sources of gait deviations following 
limb loss. 

Introduction 

Individuals with transtibial amputations show considerable 
asymmetry in their walking kinematics [1] and ground 
reaction forces (GRF) [2] between their intact limb and 
prosthetic, but the source of this asymmetry is not fully 
understood. Potential sources of asymmetry may be the loss of 
muscles on the prosthetic side, which are important in forward 
propulsion, as well as the stiffness of the prosthetic. Many 
amputees also suffer from comorbidities such as diabetes, 
heart disease, and kidney disease [3], making it difficult to 
assess the contribution of the aforementioned sources to gait 
asymmetry or to study this population in large numbers. A 
simple method for inducing amputee-like gait in non-amputees 
would be helpful for learning more about amputee gait. 

Here we used the Gibney closed-basket-weave ankle taping 
method on non-amputees to immobilize the ankle and limit the 
ability of muscles to perform joint work in order to investigate 
the effect of ankle immobilization on gait symmetry in the 
presence of force-producing muscles. We expected that 
restricting the ankle range of motion unilaterally via athletic 
taping would cause similar GRF asymmetries seen in 
unilateral transtibial amputees: decreased peak vertical and 
peak propelling GRF in late stance in the taped leg vs. the 
untaped leg.  

Methods 

Four non-amputee subjects (two females, two males, ages 21-
38 yrs) had the ankle of their dominant leg braced by standard 
athletic tape. All ankle tapings were performed by the same 
certified athletic trainer.  The GRF of the taped and untaped 
leg were measured at 1000 Hz while subjects walked over 
eight consecutive Kistler force platforms at self-selected 
speed. The second vertical peak and anterior-posterior (AP) 
propelling peak in late stance were obtained from each step 
and averaged over steps to give a representative value for each 
leg.  The GRF peaks were compared between legs (taped vs. 
untaped) by calculating z-scores, defined as the difference in 
means over the standard deviation of the untaped leg. Motion 
capture data were collected for inverse dynamics modeling but 
are not reported here. 

Results and Discussion 
All four subjects had smaller peak propelling forces on the 
taped leg compared to the untaped leg (z = -0.80, -0.81, -1.17, 
-2.68). The second vertical peak forces showed minimal 
differences between the taped leg compared to the untaped leg 
(z = -0.34, -0.31, 0.06, 0.33).  

 
Figure 1. Average peaks in propelling ground reaction force on the 

taped and untaped legs for each subject. 

The AP peak force decreased from untaped to taped limb, 
which is a similar trend seen in transtibial amputees when 
comparing intact limb to prosthetic. The same trend was also 
expected for the second vertical force peak, but was not seen 
here [2].  

Conclusions 

With a taped ankle, muscles are still present but unable to 
perform work on the joints. The similar decreases in peak AP 
force when comparing taped individuals and amputees 
suggests that gait deviations may be due to the loss of muscle 
work, rather than the loss of muscle force. The present results 
motivate a larger and broader examination of emulating the 
gait mechanics of limb loss via ankle taping. 
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Summary 

The foot’s role in walking on sloped surfaces is currently 

unclear. Here, we used a multi-segment foot model to explore 

how the foot adapts its mechanical work production to incline 

and decline walking.  

Introduction 

Inclined walking requires increased production of total positive 

mechanical work (i.e., energy generation) to raise the body’s 

centre-of-mass (COM), and declined walking requires greater 

negative work production (i.e., dissipated energy) to lower the 

COM [1]. How the hip, knee, and ankle adapt to changes in 

work production during sloped gait has been studied previously, 

but how the foot’s kinematics and kinetics change is unclear.  

The foot could play a role in producing greater amounts of 

positive work by utilizing the windlass mechanism [2]. 
Engaging the windlass mechanism (greater metatarso-

phalangeal joint [MTPJ] dorsiflexion) during simulated gait 

increases energy storage in the arch [3]. This stored energy may 

be able to release and help propel the COM during gait. The 

foot could also aid in decline walking by producing greater 

amounts of negative work; the heel pad can dissipate 17-19% 

of the total mechanical energy during the stance phase of gait 

[4]. Utilizing these structure-function relationships, the foot 

may play a large role in sloped walking.  

The purpose of the present study was to investigate what type 
of adaptations the foot makes during sloped walking. It was 

hypothesized that inclined walking would elicit greater positive 

work done by the foot by means of engaging the windlass 

mechanism more (i.e., greater MTP joint range of motion 

[ROM]). Furthermore, it was hypothesized that downhill 

walking would increase the magnitude of negative foot work. 

Methods 

Four participants’ data have been processed thus far (age 25 ± 
2.2 yrs, height = 1.74 ± 0.05 m, mass = 70.0 ± 11.0 kg). Subjects 

are healthy, young adults aged 19 to 35 years old. Participants 

walked on an instrumented treadmill while simultaneous 3D 

motion capture cameras collected kinematic data. Subjects 

walked for at least 1 minute at level ground (0° incline), at an 

incline (5° and 10°), and at a decline (-5° and -10°) at 1.25 m/s. 

Inverse dynamics and multi-segment foot modelling yielded 

MTPJ angle and foot mechanical work [5]. One-factor repeated 

measures ANOVAs were used to compare these variables 

between sloped conditions (α = 0.05). 

Results and Discussion 

When walking uphill, the foot significantly increased positive 

work production from 0.18 ± 0.03 J/kg at level, to 0.39 ± 0.06 

J/kg at 10° incline (p = 0.01, 117% increase). This increase in 

foot positive work did not occur alongside an increase in MTPJ 

ROM as hypothesized (level: 44.2 ± 7.1°, incline 10° = 47.4 ± 

5.9°, p > 0.05). When walking downhill, the foot significantly 

increased the magnitude of negative work, from -0.27 ± 0.03 

J/kg at level to -0.44 ± 0.07 J/kg at 10° decline (p = 0.045, 63% 

increase in magnitude). 

 

Figure 1. Foot work per step (J/kg) across sloped conditions (N=4). 

Conclusions 

The foot appears to adapt to incline and decline walking by 

modulating its work production. The foot increases its positive 

work output during inclined walking to help accommodate the 

increased demands of the task. The foot also increases the 

magnitude of negative work to help slow the body during 

declined walking. The foot increased its positive work so much 

that its net work was positive, indicating that elastic structures 
(e.g., plantar facia) alone cannot account for the work 

production during inclined walking. Our data so far indicates 

that MTPJ ROM did not explain the increased foot positive 

work when walking uphill. Thus, the foot may be adapting 

through other mechanisms, like increased activation of the 

intrinsic foot muscles [6] to increase positive work.  
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Summary 

Sustained postero-lateral glide at the glenohumeral joint is a 

manual therapy technique used for treating patients with 

shoulder pain. The aim of this study was to assess the effect of 

sustained glide on scapular muscle activity ratio. We used 

surface electromyography to monitor activity of three scapular 

muscles: upper trapezius (UT), lower trapezius (LT), and 

serratus anterior (SA). Participants performed 10 repetitions of 

shoulder abduction at baseline, intervention and follow-up. At 

baseline and follow-up, there was not glide applied to the 

shoulder. During intervention, a clinician administered the 

sustained glide. Muscle activity levels were measured at 

baseline, intervention and follow-up time points. A univariate 

model for repeated measures of analysis of variance was used 

to assess differences in scapular muscle activity ratio (UT/LT, 

UT/SA and LT/SA) between each time point. Our findings 

suggest there were no differences in ratio of scapular muscle 

activity between time points.  

Introduction 

Shoulder subacromial pain can lead to altered movement 

patterns and scapular and shoulder muscle activity imbalance. 

Glenohumeral sustained glides is a common manual therapy 

intervention used in the management of patients with shoulder 

subacromial pain. Its underlying mechanisms of action are still 

unclear. It is possible that glenohumeral sustained glides 

interfere with motor control of scapular and shoulder muscles. 

The aim of this study was to compare the effect of sustained 

glide on scapular muscle activity ratios before, during and 

after the sustained glide was applied to the glenohumeral joint.  

Methods 

Twenty-two asymptomatic individuals took part in the study. 

Muscle activity was recorded using surface electromyographic 

(EMG), with frequency sample (fs) of 3000 Hz; and gain of 

500. Surface EMG electrodes were placed on the upper and 

lower trapezius, and serratus anterior muscles, following the 

SENIAM guidelines. Arm movement was recorded using a 3D 

motion analysis system (fs: 120 Hz). These equipment were 

synchronised using an analogue channel (fs: 2400 Hz). EMG 

recordings were processed using root mean squared (RMS). 

Each EMG recording was normalised by its peak RMS value 

recorded during the maximal voluntary isometric contraction 

testing. Robust one-way ANOVA based on trimmed means 

(20% trimming level, with bootstrap) was used for assessing 

differences in mean scapular muscle activity ratio at different 

time points (baseline, intervention and follow-up). 

Results and Discussion 

Our findings suggested no differences between time points 

(Table 1) for each of the ratios during concentric and eccentric 

phases of shoulder abduction.  

Table 1: Mean scapular muscle activity ratio at time points (baseline, 

intervention and follow-up) and between - time point comparisons. 

 UT/LT UT/SA LT/SA 

Concentric Phase    

Baseline 1.32 ± 1.21 0.65 ± 0.41 0.69 ± 0.47 

Intervention 1.51 ± 1.08  0.65 ± 0.44 0.56 ± 0.43 

Follow-up  1.39 ± 1.14 0.70 ± 0.50 0.66 ± 0.45 

One-way ANOVA    

t-statistic 0.3 0.2 0.4 

p-value 0.7 0.8 0.6 

    

Eccentric Phase    

Baseline 1.20 ± 1.00 0.67 ± 0.40  0.87 ± 0.76 

Intervention 1.79 ± 1.46 0.69 ± 0.40 0.58 ± 0.65 

Follow-up  1.15 ± 0.95 0.62 ± 0.38 0.81 ± 0.81 

One-way ANOVA    

t-statistic 2.5 0.1 2.0 

p-value 0.1 0.9 0.1 

Our previous research showed that asymptomatic individuals 

present reductions in scapular and shoulder muscle activity 

levels when sustained glide is applied to the glenohumeral 

joint [1, 2]. Previous studies suggest that patients with 

shoulder pain present imbalanced scapular muscle activity 

ratio, with higher UT/LT and lower LT/SA activation ratios 

[3, 4].  

Conclusions 

Sustained glides at the glenohumeral joint did not change 

scapular muscle ratios during abduction in asymptomatic 

individuals.  
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Summary 

The height of the medial longitudinal arch (MLA) is a main 

parameter to classify foot normality and an indicator of 

potential injuries of the foot and ankle.  The current study 

aimed to quantify the development of MLA under the 

influence of gender and normalization in school-age children 

in Taiwan via 3D foot sole measurements.  The arch height 

was found to be affected by age but not when normalized to 

truncated foot length.  This suggests that the normalized arch 

height considers the foot length and is a better parameter for 

foot classification.  The current 3D foot sole shape database of 

school-age children will be useful for further studies on foot 

assessment and relevant applications. 

Introduction 

The medial longitudinal arch (MLA) is an important feature of 

the foot structure, playing a critical role in the postural 

alignment and shock absorption of the lower limb.  The arch 

height is also correlated to injuries of the lower extremities [1].  

For children with flatfoot, reduced height of MLA often led to 

abnormal biomechanical performance of the lower extremities 

[2].  With the development of the MLA, the arch height (AH) 

is expected to increase with age and differ between gender, 

and so is the foot length.  Therefore, the AH alone may not be 

sufficient in quantifying the true nature of the MLA.  

Normalizing the AH by foot length has been recommended for 

classifying the arch without the influence of the foot length [3].  

Measurement of the MLA in 3D under weight-bearing 

conditions enables an accurate analysis of the development of 

MLA.  The current study aimed to quantify for the first time 

the development of the MLA in 3D and the effects of gender 

and normalization in school-age children in Taiwan. 

Methods 

A total of 1591 healthy children (school grade/male:female = 

1st/168:130; 2nd/189:142; 3rd/105:99; 4th/144:119; 5th/123:119; 

6th/125:128) from local elementary schools were assessed 

while standing on a novel foot assessment system (FAST, 

Enford International Co., Taiwan) with the feet apart to the 

shoulder width.  The system created the 3D impression of the 

tested foot on a grid of hundreds of pins that were displaced 

downward by the foot.  The 3D surface of the impression was 

reconstructed from an image of the displaced pins taken by a 

single camera (bias: 0.06 mm and precision: 0.26 mm).  The 

height of MLA and the normalized arch height (i.e., 

NAH=arch height/truncated foot length) were then obtained.  

One-way ANOVA was used for statistical analysis (α=0.05). 

Results and Discussion 

Significant differences in AH among different age groups and 

gender were found (p<0.001, Fig. 1).  The older, the higher the 

AH and the foot length.  The NAH was not affected by age 

and thus foot size, and may be a better parameter for foot 

classification. The NAH was only affected significantly by 

gender (p<0.001).  Girls had significantly higher AH and 

NAH than boys (p < 0.001) in 1st, 2nd and 6th grades, 

corresponding to the early body development and the 

beginning of adolescence.   

 

Figure 1: Means and standard deviations of arch height (AH) and 

normalized arch height (NAH) of the MLA across school grades and 

gender (significant difference: *: age, +: gender, p < 0.05; blue: effect 
on AH, orange: effect on NAH). 

Conclusions 

The development of MLA under the influence of gender and 

normalization was quantified for the first time in school-age 

children in Taiwan via 3D foot sole measurements.  The effect 

of age on arch height was significant but not on the 

normalized arch height.  However, the girls were found to 

have significantly higher NAH than boys during early body 

development and the beginning of adolescence.  The current 

findings suggest that the NAH is a reliable and valid 

parameter for quantifying the MLA under weight-bearing 

conditions.  The 3D foot sole shape database of school-age 

children will be useful for further studies on foot assessment 

and relevant applications. 
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Summary 

Mobilisation is used for improving range of motion and 
reducing pain in patients with shoulder disorders. It is 
currently unclear what the underlying mechanisms of that 
technique are. This study aimed to assess the effect of inferior 
shoulder mobilisation on scapular and shoulder muscle 
activity, during resisted shoulder abduction in asymptomatic 
individuals. This is a repeated-measures, cross-over, 
randomised controlled study. Twenty-two participants were 
recruited. The order of intervention was randomised. 
Participants performed 5 repetitions of resisted shoulder 
abduction before and after the control or mobilisation 
conditions. Surface electromyography recorded activity of: 
anterior, middle and posterior deltoids; infraspinatus; upper 
and lower trapezius; serratus anterior; and latissimus dorsi 
muscles. We observed significant reductions in activity levels 
(infraspinatus, middle and posterior deltoid, and serratus 
anterior muscles) following the mobilisation during the 
eccentric phase of shoulder abduction. This may be related to 
differences in neural control between concentric and eccentric 
contractions. 

Introduction 

Suboptimal scapular and shoulder muscle recruitment patterns 
are common findings in patients with shoulder disorders [1]. 
Manual therapy is one technique used by physiotherapists in 
the management of shoulder disorders. It is proposed that the 
mechanical force applied during joint mobilisations initiates 
neurophysiological responses, which are responsible for 
clinical outcomes (e.g. improved range of motion, and reduced 
pain) [2]. It is unclear whether manual therapy facilitates or 
inhibits scapular and shoulder muscle recruitment [4, 5]. The 
primary aim of this study was to assess the immediate 
response of scapular and shoulder muscles responses 
following the control and mobilisation conditions, during 
resisted shoulder abduction. 

Methods 

This study is a repeated-measures, cross-over, randomised 
controlled design. Participants completed 5 repetitions of 
resisted shoulder abduction, with 5% of body mass, before 
(pre) and after (post) each condition, with both conditions 
measured on the same day. There was a 10-minute washout 
period between conditions to minimise carry over. Surface 
electromyography (sEMG) recorded scapular and shoulder 
muscle activity levels (sampling frequency of 3000Hz with a 
gain of 500). A 3D motion analysis system was used to 
monitor upper limb movement, with a sampling frequency of 
120 Hz. These equipment were synchronized. Data was 
smoothed using root mean square (RMS) with an average 

window of 50 ms, and normalized by the maximal isometric 
voluntary contraction. During the mobilisation condition, a 
clinican applied the inferior joint mobilisation at the 
glenohumeral joint of participants. We used a mixed-effect 
model for conducting between-condition comparisons. 

Results and Discussion 

During the eccentric phase, significant reductions in muscle 
activity levels were observed at follow-up following the 
mobilisation condition compared to the control condition. No 
changes were observed during the concentric phase.  

Table 1: Between-condition mean differences and 95% CI. 
Values expressed as % of maximal voluntary isometric 

contraction. 

Muscle Control – Mobilization 
Concentric phase 

 
Eccentric phase 

UT -4.6 (-15.2 to 5.9) -2.9 (-9.6 to 3.8) 

LT -6.7 (-13.6 to 0.1) -3.0 (-7.7 to 1.7) 

Infra -7.0 (-17.8 to 3.7) 7.4 (1.6 to 13.2)* 

AD -7.1 (-15.4 to 1.2) -0.4 (-4.8 to 4.1) 

MD -2.4 (-7.7 to 2.9) 28.9 (23.7 to 34.2)* 

PD -2.6 (-5.9 to 0.7) 8.8 (4.6 to 12.9)* 

LD -3.4 (-6.8 to 0.1) 0.3 (-0.3 to 0.8) 

SA 1.2 (-12.3 to 14.8) 28.4 (16.0 to 40.8)* 

Between-condition differences were calculated as control - 
mobilization. * = statistically significant difference.  

Conclusions 

Inferior glenohumeral mobilisation, compared to the control, 
leads to reductions in scapular and shoulder muscle activity 
levels during the eccentric phase of shoulder abduction in 
asymptomatic individuals.  
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Summary 

The purposes of this study was to investigate the arch 

supporting effects of the Low-Dye taping with elastic tape on 

the healthy adults with pronated foot. Secondary, we also 

observed whether the supporting effect can last till the end of 

the exercise. Foot arch indices such as vertical navicular 

height, navicular drop, the angle of calcaneus eversion, and 

foot posture index were measured. The results showed that the 

elastic tape had a significant supporting effect on the pronated 

foot and the effect still maintained after 20-min jogging.  

Introduction 

Excessive pronated of the foot is considered to be a risk factor 

for lower extremities injuries [1, 2]. Customized or 

prefabricated foot insoles, motion-controlled footwear, and 

anti-pronation taping are clinically recommended methods for 

prevention and treatment. In a meta-analysis study, efficacies 

of these three external controls for excessive foot pronation 

were compared. The results conducted that three methods can 

effectively reduce the calcaneus valgus, but the anti-pronation 

taping had the best effect [3]. Especially in some specific 

sports, when athletes cannot put an insole on special sports 

shoes, anti-pronation taping will be the best choice to reduce 

the impact on the foot during exercise.  

Low-Dye taping is a kind of anti-pronation taping which is the 

most commonly used in clinical, but studies have shown that 

when using a non-elastic tape, the effect does not last longer 

than 10-20 min [4,5]. The purpose of the study is to evaluate 

the effects of Low-Dye taping with elastic tape for participants 

with asymptomatic pronated foot in the vertical navicular 

height, navicular drop, the angle of calcaneus eversion, and 

foot posture index before and after taping and exercise.  

Methods 

Twenty healthy adults (aged between 20 and 65 years) with 

asymptomatic pronated foot were enrolled in this study. Effect 

size was determined by using G power 3.1 software program. 

A pronated foot type was defined as a foot posture index ≥7 

that was evaluated by one experienced physical therapist [6].  

The elastic tape with full tension was used to support the foot 

arch as the original way of the Low-Dye taping. The vertical 

navicular height, navicular drop, the angle of calcaneus 

eversion, foot posture index were measured by calliper, 

protractor, foot posture index to reveal the effect of the arch 

support. All tests were repeated again after 20 minutes of 

jogging. SPSS software was used for statistical analyses.  

Results and Discussion 

The results showed significant differences in increasing the 

vertical navicular height, reducing navicular drop and 

calcaneus eversion, and improving foot posture index after 

anti-pronation taping with elastic tape. After jogging exercise, 

most taping effects can be maintained, less vertical navicular 

height, and increased navicular drop were noted. (Figure 1).  

 

Figure 1: Differences in related parameters before taping, after 

taping, and after exercise (A) Foot posture index (B) Navicular 

height (C) Navicular drop (D) Calcaneus eversion. 

Conclusions 

The Low-Dye taping with elastic tape can provide arch 

support for healthy adults with pronated foot. In addition, the 

effect can be maintained after a short period of exercise.  
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Summary  
The Low Flexion (LF) test is a clinical test to quantify 
glenohumeral joint (GHJ) posterior capsule tightness (PCT). 
However, there is a concern that the lack of scapula 
stabilization during the measurement may affect the test. This 
study analyzed scapula positioning during the application of 
the LF test in asymptomatic individuals. Thirty individuals 
without shoulder pain had both shoulders assessed. 3-D 
scapula positioning was recorded during the LF test by an 
electromagnetic tracking device. Scapula orientation at two 
distinct positions (initial and final position) of the 
measurement was compared using paired-sample t test with 
statistical significance set at p < 0.05. Decreased upward 
rotation and increased anterior tilt of the scapula were found at 
the final position of LF test as compared to the initial position 
of the test. Although scapular positioning was altered at the 
final position of the LF test, the changes were not clinically 
meaningful.  
Introduction 
PCT is a common tissue adaptation in individuals who 
perform overhead sports or activities, and has been associated 
with shoulder pain. The LF test is a new clinical test to 
quantify PCT. This test quantifies the amount of GHJ joint 
internal rotation (IR) range of motion (ROM) with arm 
flexion. Although this test has been shown to be a reliable and 
valid method to assess PCT, it is not known if the 
measurement is influenced by scapula position changes during 
the test. Therefore, the purpose of the present study was to 
analyze scapula positioning during administration of the LF 
test in asymptomatic individuals to determine the influence of 
scapula position and stability on the measurement. 
Methods 
Thirty individuals without shoulder pain participated in this 
study (13 women; 17 men; 25.7 ± 3.9 years; 1.72 ± 0.09 m; 
71.74 ± 12.83 kg). Individuals were eligible to participate if 
they had no shoulder or cervical pathology based on a clinical 
screening examination and self-reported history. Both 
individuals’ shoulders were evaluated. The Flock of Birds® 
electromagnetic tracking system was used to track the 3-D 
scapular position for all individuals. Local coordinate systems 
were established for the trunk, scapula, and humerus using the 
digitized landmarks following the protocol recommended by 
the International Society of Biomechanics [1]. The LF test 
measurement was performed as previously described by 
Borstad, Dashottar and Stoughton [2]. The test is performed 
by passively flexing the subjects arm to 60º in the sagittal 
plane, supporting their elbow, and allowing GHJ IR to reach 
the end of passive motion [2]. One second of data was 
collected for two distinct phases of the measurement: the 
initial position and the final position. For the initial position, 
the subjects shoulder was passively positioned at 60° GHJ 
flexion without internal rotation using a digital inclinometer. 
For the final test position, internal rotation was added and the 

amount of internal rotation quantified with the inclinometer. 
This sequence was performed three times. A paired t test was 
conducted to compare the mean scapula orientation between 
the initial and final test positions. The level of significance 
was set at p < 0.05. 
Results and Discussion 
No significant differences were found for scapular internal 
rotation between the initial and final positions of LF test (t=-
0.67; p=0.50). Decreased upward rotation (t=3.93; p<0.05) 
and increased anterior tilt (t=-2.21; p=0.03) of the scapula 
were found at the final position of LF test when compared to 
the initial position. 
TABLE 2. Mean Scapula Angles at the Initial and Final Positions 

of the Low Flexion Test 

Scapular Motion 
Initial 

position Final position 
Mean 

Difference† 
Scapula Internal 

Rotation (º) 
41.35 ± 7.67 41.48 ± 7.74 -0.13  

(-0.51; 0.26) 
Scapula Upward 

Rotation (º) -13.97 ± 5.52 -14.87 ± 5.6* 
0.90  

(0.43; 1.37) 
Scapula Anterior 

Tilt (º) -5.35 ± 5.46 -5.07 ± 5.46* 
-0.28  

(-0.54; -0.02) 
Results: mean ± standard deviation 
* p<0.05, when compared to initial position 
† Values in parentheses are 95% confidence interval 
 
Despite the statistical significance between the initial and final 
positions for scapula upward rotation and anterior tilt, the 
change in position was small and probably not the clinically 
meaningful estimate of 5° [3].  LF test side-to-side differences 
of 7° have been recommended for determining PCT, making it 
unlikely that scapula position changes of less than 1° will 
impact interpretation of the test. Similarly, these small 
differences between initial and final test position are bilateral, 
further minimizing any influence on side-to-side 
interpretation.  It is important to recognize that skin-slip 
errors, placement of the scapular sensor, and variability in 
digitizing and bony landmark palpation can all influence 3-D 
scapula orientation data and contribute to the small differences 
in scapular orientation noted in the study.  

Conclusions 
The results of this study suggest that scapula orientation 
between the initial and final positions of LF test is not 
meaningfully different and should not alter clinical 
interpretation of the measurement.   
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Summary 

Repetitive overhead work remains a potent risk factor for 
development of musculoskeletal shoulder disorders. This 
study evaluated how subjective and objective measures of 
shoulder performance, and indicators of muscle fatigue, varied 
as a function of exertion height during a complex hand force 
exertion profile. The overhead condition resulted in lower 
endurance time, decreases in shoulder muscle frequency 
content and increased perceptions of discomfort, but no 
consistent differences in strength were observed.  

Introduction 

Occupational shoulder overexposures, including increased 
muscle activity and associated localized muscle fatigue, 
typically scale with manual exertion height during static holds 
[1] or intermittent overhead work [2].  It is unknown how this 
response is affected during complex (i.e. multi-directional and 
varying magnitude) manual force exertions, and how this work 
profile may attenuate task performance (e.g. endurance time). 
The purpose of this study was to evaluate the influence of 
manual exertion height on shoulder muscle fatigue responses 
during a multi-directional manual exertion protocol. 

Methods 

Sixteen (8M, 8F) healthy participants conducted fatiguing 
shoulder-intensive manual efforts at three exertion heights in 
the sagittal plane: overhead (shoulder height + 20% stature), 
shoulder (shoulder height) and low (shoulder height – 20% 
stature). Condition order was randomized and completed on 
different days (>3 days apart), following an initial 
familiarization session. Forces were generated with the fist 
against a 6-DOF force transducer, with online visual feedback.  
The shoulder fatigue protocol consisted of intermittent manual 
force exertions in four directions (up, down, left, right) at four 
magnitudes (10%, 20%, 30% and 40% of the respective 
direction’s maximum voluntary force [MVF]). MVF 
exertions, for each direction, were performed at the beginning 
and end of each cycle (each cycle lasting 195 seconds) to 
progressively assess fatigue and recovery throughout the 
protocol. The session was terminated after 1-hour (15 cycles) 
or upon volitional exhaustion. Surface EMG was recorded 
from anterior (Adel) and middle deltoid (Mdel), infraspinatus 
(Infra) and upper trapezius (Utrap) at a frequency of 1,500 Hz. 
Manifestations of shoulder fatigue were monitored using 
several subjective and objective measures. This abstract 
focuses on ratings of perceived shoulder discomfort (RPD), 
EMG mean power frequency (MnPF) and decline in MVF; all 
normalized baseline values). Separate RM ANOVAs, with the 
within-variables of height and time (at baseline, then 
following cycles 1, 3 & 5), were used to assess MnPF (n=4 
muscles), RPD and MVF decline. A RM ANOVA also 

assessed the influence of height on endurance time. Tukey’s 
HSD were used to interpret significant effects (p<0.05).  
Results and Discussion 

The overhead condition resulted in a 2.3x, 8.5x and 2.6x 
greater change in MnPF for Adel, Mdel and Infra, respectively 
(Figure 1). For RPD, height interacted with time (p<0.02), 
with differences observed between low and overhead at cycle 
3 (RPD = 2.4±2.2 vs. 3.9±2.2) and cycle 5 (RPD = 3.4±2.3 vs. 
5.1±2.8). Endurance time was 22% longer at the low height 
condition (p<0.05) compared to overhead. No height 
difference was found for decline in MVF, though substantial 
fatigue occurred as a function of time (p<0.001).  
 

 
Figure 1: % Change in MnPF. Bars with the same letter are different 
(p<0.05) and errors bars indicate SE (n=40). ANOVA p-values: Adel 
(p<0.05), Mdel (p<0.03), Infra (p<0.02). Utrap (N.S.). 
 
Increased shoulder fatigue, discomfort and a decrement in task 
endurance, occurred at the overhead height, consistent with 
complementary research [1,2]. Interestingly, the relative 
decline in strength was similar across heights, which could be 
a consequence of muscular and force compensation strategies 
often associated with shoulder fatiguing tasks. Further 
analyses will explore the role of the multi-directional exertions 
on transient recovery within and between cycles.  

Conclusions 

This research provides novel evidence that working at 
overhead heights exacerbates the shoulder fatigue response in 
a complex hand force scenario, and should be avoided/reduced 
whenever possible to mitigate risk for shoulder discomfort and 
disorder development.  
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Summary 
Daily use of a manual wheelchair (MWC) has been identified 
as a potential source of shoulder pain in individuals with a 
spinal cord injury (SCI). Compression of the rotator cuff soft 
tissue beneath the coracoacromial (CA) arch is hypothesized 
to contribute to this pain. This study aimed to determine the 
difference in estimated compression risk of the supraspinatus 
(SS) under the acromion between (1) common propulsion 
strategies, arc (ARC) and semi-circular (SC) propulsion; and 
(2) preferred and coached strategies. In a laboratory setting, 
ARC and SC propulsion did not significantly differ in 
compression risk during either push or recovery phases; 
however, individually preferred strategies trended toward 
lower estimates of compression risk. Future work will 
investigate the kinematics associated with these differences. 

Introduction 

MWC users who have experienced a SCI commonly report 
shoulder pain [1]. Overuse of the rotator cuff during upper 
extremity activities, such as wheelchair propulsion, has been 
suggested as a contributor to this shoulder pain. Compression 
of the SS tendon is hypothesized to occur when proximities 
between the humerus and the CA arch fall below the thickness 
of the tendon (approx. 5mm [2]), potentially contributing to 
tendon damage. Clinical guidelines encourage a SC strategy 
for propulsion [3], therefore we hypothesized that compression 
risk would be lower with SC propulsion than with ARC 
propulsion. Secondarily, the impact of individual strategy 
preference upon compression risk was also determined.   

Methods 
MWC users with SCI were recruited to participate in this IRB-
approved study. Electromagnetic sensors (Liberty, Polhemus 
Inc.) were placed on the thorax, scapula and humerus and used 
to collect shoulder kinematics at 120 Hz while subjects 
propelled on custom rollers. Proximity between the humeral 
SS attachment and the acromion were determined from 
animations of humerus and scapula bone surface models using 
subjects’ glenohumeral kinematics. 

Participants propelled in a maximum of three conditions: 
preferred (self-selected), ARC and SC. In the first trial, 
participants were asked to use their preferred strategy, which 
was identified using video coding. Participants were then 

coached to perform ARC and/or SC propulsion trials, 
whichever was not represented by the self-selected trial.  

Five propulsion cycles were selected and analyzed by phases, 
push and recovery. Compression risk was estimated as the 
percentage of each phase (%phase) where the proximity of the 
SS relative to the acromion was below 5mm. The group 
distribution was observed to be non-normal.  Wilcoxon-signed 
rank tests were used to compare compression risk between SC 
and ARC and between preferred and coached strategies.  

Results and Discussion 
Ten MWC users completed this study (age: 39±12yr, 9 male, 
SCI range C5-T6, time since SCI: 10±11yr). Five MWC users 
self-selected ARC, three self-selected SC and two selected 
neither (single-loop). No significant difference in compression 
risk (%phase) was observed between ARC and SC strategies 
during push or recovery phases. When ARC or SC was self-
selected (N=8), the preferred strategy yielded lower median 
compression risk (%phase) compared to the coached strategy 
(median [IQR]: 18.4% [0.9,26.5] vs. 25.4% [6.0,42.5] 
(p<0.05) and 20.3% [0.1,69.8] vs. 42.5% [4.8,72.5] (p<0.05)) 
for push and recovery phases, respectively (Fig. 1).  

Conclusions 
These preliminary results showed no significant difference in 
compression risk between SC and ARC strategies; however a 
trend towards lower compression risk with an individual’s 
preferred strategy emerged. Future exploration of the 
kinematics responsible for these differences is required.  
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Figure 1: Mean±SD for individual compression risk during  push and recovery phases of propulsion (lower % is better).  No bar represents 0%. 
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Summary 

Quantifying shoulder motion using body-worn inertial 
measurement units (IMUs) is not straight forward and requires 
addressing numerous challenges. We describe these challenges 
and use a sample data set to illustrate effects of protocol and 
algorithm choices on calculated shoulder angles. Finally, we 
make recommendations for how to use IMU data responsibly to 
conduct studies that require measurements of shoulder motion 
in real-world, non-laboratory environments. 

Introduction 

To advance our understanding of the mechanisms of shoulder 
function and overuse injury, it is important to understand the 
real-world use of the shoulder. IMUs provide a way to quantify 
shoulder motion during daily living. Unlike lab-based motion 
capture, which enables easy measurement of body segment 
orientations and positions, IMUs measure accelerations and 
angular velocities, which can be used to estimate body segment 
orientations and positions. 

Challenges in using IMUs to Quantify Shoulder Motion 

Motion of the shoulder complex can be fully quantified by 
measuring the orientations of the thorax, clavicle, scapula, and 
humerus, where joint and segment rotations are calculated from 
the anatomical orientations of the segments [1]. With current 
IMU technology, quantifying shoulder motion is limited to 
tracking the orientation of the thorax and humerus and requires 
addressing the following challenges: 

Placement of body-worn IMUs is limited and IMUs do not fully 
track the underlying anatomy. In participant-initiated data 
collections, only the humerus segment rotation relative to the 
thorax can be estimated, from which we calculate the shoulder 
angle and plane of elevation [2]. IMUs may shift throughout the 
day or move independently of the thorax and humerus. 

There are no standards for defining anatomical axes for body 
segments. Rather than utilizing anatomical landmarks to define 
the anatomical orientations of body segments, techniques such 
as functional calibration movements [3] must be utilized to 
define anatomical orientations when using IMUs. Differences 
in definitions can result in large differences in how the motion 
of body segments is quantified, as illustrated by the differences 
between IMU and body segment elevation angles in Figure 1A. 

Body segment orientations must be estimated from IMU 
measurements and be resolved in the same reference frame. 
Inertial navigation [4] can be used to estimate the orientations 
of the IMUs and body segments. In the absence of a uniform 
magnetic field, orientations relative to gravity (pitch and roll) 
are accurate but estimates of heading or yaw must be corrected 
by leveraging known postures and biomechanical constraints. 
Depending on the elevation angles of the humerus and thorax 

relative to vertical, a range of angles of elevation are possible if 
the relative orientations of body segments are unknown (Figure 
1B). Uncorrected shoulder angle and plane (Figures 1B and 1C) 
result from using body segment orientations that are not 
resolved in the same reference frame. By using known postures 
from our functional calibration, we resolve orientations in the 
same reference frame, resulting in corrected angle and plane of 
elevation estimates. 

Recommendations for Responsible use of IMU Data 

The implementation of a data collection protocol and algorithm 
for calculating shoulder angles from IMU data requires making 
numerous assumptions and introduces uncertainty into the 
calculations. Figure 1 illustrates that while the exact values of 
angles are sensitive to data processing choices, relative 
directions and magnitudes of movements are robust to these 
choices. Until accepted standards for the use of IMUs are 
developed for the shoulder, we recommend that angular data be 
used and interpreted with caution. However, utilizing data that 
is not sensitive to choices in methodology (angular velocities 
and magnitudes and directions of movements) is recommended. 
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Figure 1: Data from left upper arm and thorax IMUs collected during 
our functional calibration protocol. Four phases are highlighted: C1 
static upright posture, C2 single arm T-pose, C3 single arm straight in 
front of body, and C4 dynamic flexion/extension of the torso. (A) 
Elevation angles relative to vertical versus time. (B) Shoulder angles 
of elevation versus time. (C) Shoulder planes of elevation versus time.
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Summary 
Evaluating active translational shoulder stability is essential to 
quantifying clinically-relevant deficits in individuals with 
shoulder instability. Estimating impedance with random 
perturbations allows for this assessment of active translational 
stability that is not possible with clinical techniques. Given the 
presence of amplitude dependence in previous rotational joint 
impedance studies, our objective was to quantify passive and 
active anterior translational shoulder impedance while varying 
perturbation amplitude. Our results displayed decreases in 
impedance at increasing amplitudes that were slightly more 
pronounced during active conditions. These results highlight 
the sensitivity of translational shoulder impedance to 
perturbation amplitude and inform the proper interpretation of 
translational impedance during future experimental paradigms. 

Introduction 
The study of shoulder stability guides development of optimal 
diagnostic and treatment strategies for individuals with 
shoulder instability. Clinical shoulder examination only allows 
for passive assessment of stability, which limits our 
understanding of how muscles act to actively stabilize the 
shoulder. To address this limitation in quantifying active 
stability, random perturbations have been applied to measure 
active rotational shoulder impedance (dynamic relationship 
between position and the resisting force) [1]. In contrast, 
active translational, not rotational, deficits are suggested in 
shoulder instability, requiring the development of methods to 
quantify active translational stability. When quantifying 
rotational joint impedance using random perturbations, 
dependence on varying perturbation amplitude has been 
demonstrated under active and passive conditions [2]. This 
amplitude dependence has been attributed to non-linear 
properties of muscle [3] particularly relevant when muscles 
are lengthened during joint rotation. While translational 
perturbations are instead applied orthogonally to how muscles 
act at the shoulder, these muscles still play a unique role in 
providing translational stability. Thus, a gap remains 
investigating if similar amplitude dependence is present during 
translation. Understanding the extent of amplitude dependence 
ensures robust interpretation of results as translational 
perturbations are applied to varying experimental paradigms 
and shoulder pathologies. 
Our objective was to measure anterior translational shoulder 
impedance during passive and active muscle conditions while 
varying perturbation amplitude. We hypothesized impedance 
would vary inversely with perturbation amplitude, and this 
relationship would be greater during active conditions due to 
the increased engagement of contracting shoulder muscles. 

Methods 
Instrumented measures of three healthy dominant shoulders 
(2M, 1F) were obtained by attaching the humerus to a linear 

motor via a custom fiberglass cast. The arm was placed at 90° 
shoulder abduction and the humerus was anteriorly translated 
to 70% of its maximum possible displacement. Displacements 
and forces were quantified by a digital encoder and six degree-
of-freedom load cell attached to the linear motor. The motor 
applied translational pseudo-random binary sequence 
perturbations at three peak-to-peak amplitudes (2mm, 4mm, 
7mm). During passive conditions, subjects were instructed to 
fully relax while perturbations were applied. During active 
conditions, subjects maintained a single isometric horizontal 
abduction torque (4-7N•m) to maximize the involvement of 
posterior rotator cuff muscles that oppose anterior translation. 
Impedance was computed as the frequency response function 
between position and torque. We specifically analysed 
stiffness, the low frequency impedance component (<1.0Hz).  

Results and Discussion 
Anterior shoulder stiffness decreased over the full range of 
amplitudes during passive (-1.3±0.7N/mm, -18±4%) and 
active (-2.7±1.3N/mm, -24±5%) conditions (Figure 1); the 
decrease was slightly greater actively. Stiffness was greater 
during active than during passive conditions at all amplitudes. 

 
Figure 1: Anterior stiffness at increasing amplitudes during     

passive (A) and active (B) conditions from three subjects (S1-3). 

Conclusions 
Anterior translational shoulder impedance varied inversely 
with perturbation amplitude; this dependence was marginally 
amplified during active conditions. These results may reflect 
weak muscle engagement passively or non-linear properties of 
other passive tissues in the shoulder. Amplitude dependence 
should be considered when using random perturbations to 
assess translational deficits in shoulder instability. 
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SUMMARY 
The 3D shoulder kinematics of 11 male volleyball players was 
compared at specific humerothoracic elevation angles (15º, 
45º, 60º, 75º and 90º) in a) constrained arm elevation motion 
(in the scapular plane or scaption) and b) functional arm 
elevation motion (proprioceptive neuromuscular facilitation 
diagonal 2 for flexion). Humeral and scapular kinematics was 
significantly different (p < 0.05) at specific humeral elevation 
angles between the two conditions. These findings should be 
considered in future research and rehabilitation of shoulder 
movement-related problems.  

INTRODUCTION  
Scapular kinematics may be significantly different between 
constrained and functional shoulder movements [1]. The 
applicability of traditional scapular measures commonly 
performed during relatively constrained humeral movements, 
such as arm elevation/depression in the sagittal, coronal and 
scapular (scaption) planes, to optimize and rehabilitate the 
performance of functional activities involving the upper limb, 
including overhead sports gestures, seems therefore 
insufficient. This exploratory research aimed to compare the 
3D shoulder kinematics between a constrained (scaption) and 
a functional arm elevation task (proprioceptive neuromuscular 
facilitation diagonal 2 for flexion or PNF–D2–flx).  

METHODS 
The kinematics of the spiking shoulder of 11 male volleyball 
players ([mean ± sd] age = 24.2 ± 5.7 yrs; height = 1.90 ± 0.09 
m, mass = 85.2 ± 8.5 kg, BMI = 23.7 ± 2.3 kg/m2), all right-
handed, was collected using a 6DOF FASTRAK 
electromagnetic system (Polhemus Inc.; MotionMonitor v9 
software, Innovative Sports Training, Inc.) at a sampling rate 
of 30Hz per sensor. Sensors were firmly attached to the skin 
covering the spinous process of the 3rd thoracic vertebra, the 
superior surface of the acromion and to a cuff at the distal 
humerus. Athletes sat upright on a standard chair for palpation 
and digitisation of selected anatomical landmarks to construct 
the local coordinate systems of the trunk, scapula and 
humerus, following the recommendations of the International 
Society of Biomechanics [2], and performed the previously 
trained arm elevation tasks. Keeping their spine against the 
backrest of the chair, players completed at a self-paced rhythm 
unilateral a) scaption with the thumb pointing upwards (2 
reps) and b) PNF–D2–flx (5 reps). Data were exported to 
MATLAB (MathWorks Inc., vR2016a) and reduced to 
increments of 15º from 15° to 90° of humerothoracic (HT) 
elevation. Repetitions for each condition were averaged for 
analysis. Two-way repeated measures ANOVA (IBM SPSS 
v25) was completed for each dependent variable (scapular 
internal rotation, upward rotation, and tilting; and humeral 
elevation plane, and axial rotation) comparing condition 

(scaption and PNF) and HT elevation angles (15º, 45º, 60º, 75º 
and 90º). Significant interactions of condition and angle were 
analysed using Bonferroni post hoc testing comparing between 
conditions at each selected HT elevation angle. Alpha level 
was set at 0.05. 

RESULTS AND DISCUSSION 

Overall, the pattern and magnitude of humeral and scapular 
kinematics were significantly different (p < 0.05) at specific 
HT elevation angles between the two conditions (Figure 1). 
Notably, from 15º to 90º of HT elevation, the humerus 
persisted relatively more externally rotated in scaption, but the 
angular displacement of humeral external rotation was, in 
average, the double in PNF-D2-flx (10.9º vs. 23.9º). The 
scapula moved further into internal rotation in scaption (8.7º) 
and into relatively external rotation in PNF–D2–flx (17.1º). 

 
Figure 1: Shoulder kinematics during scaption and PNF–D2–flx. * 

indicates a significant interaction (p < 0.05) of condition Í HT angle. 

CONCLUSIONS 
The pattern and magnitude of humeral and scapular 
kinematics between constrained and functional humeral 
movements were significantly different. These findings should 
be considered in future biomechanical researches and 
rehabilitation of shoulder movement-related problems.  
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Summary 
Maintaining joint stability is crucial for proper simulation of 
glenohumeral joint kinematics in the cadaveric setting. This 
study uses updated methodology to isolate the native 
intraarticular pressure’s role in glenohumeral joint stability. 

Introduction 
Shoulder pain results in 4.5 million annual doctor visits [1, 2], 
and the direct cost associated with the treatment of shoulder 
dysfunction constitutes as much as $7 billion [3]. Our current 
understanding of the shoulder joint’s stability combines static 
and dynamic stabilizers with the naturally-occurring negative 
intraarticular pressure (IAP)[4]. The shoulder capsule is a soft 
tissue conglomerate that encompasses the glenohumeral (GH) 
joint and maintains a constant volume around the humeral 
head. When perturbed, the capsule experiences a negative IAP 
that aids the rotator cuff in keeping the humeral head against 
the glenoid and maintaining stability [4-6]. While the 
shoulder’s negative IAP is universally acknowledged, its 
importance on GH kinematics has been overlooked in all but a 
few cadaveric studies [6]. In this investigation, we studied the 
shoulder’s naturally occurring negative IAP during passive 
motion of the GH joint in cadavers. We hypothesized that the 
condition of the capsule would alter the GH translation during 
abduction. 

Methods 
One fresh-frozen intact human shoulder (Medcure, Inc.) was 
examined using a validated robotic testing system with six 
degrees-of-freedom (DOF) [7]. The skin and the muscles were 
removed, then the rotator cuff muscles were dissected free of 
their origins, and sutures were placed through their free ends. 
The scapula was rigidly fixed with the medial border vertical 
and then titled 10˚ anteriorly [6]. The rotator cuff muscles 
were then attached to motors by fishing line and a series of 
eye hooks. This allowed the muscles to be loaded along their 
physiological lines of action [6]. Electromagnetic sensors were 
rigidly fixed to the scapular spine and the deltoid tuberosity of 
the humerus. To protect the specimens, testing was performed 
at a reduced speed (duration of motion, 28 seconds) [7]. The 
arm was raised in the scapular plane from 60 to 90 degrees of 
GH joint abduction for five repetitions after a single 
preconditioning trial. Using an electromagnetic motion 
tracking system (Liberty, Polhemus), the motion of the bone-
embedded sensors was recorded at 120 Hz. Stepper motors 
were adjusted by a force control feedback loop to apply a 
static load (20N) to each rotator cuff muscle throughout the 
motion. After intact data was collected, a 27G needle was 
passed into the joint posteriorly to vent the capsule pressure to 

atmosphere and testing was repeated. The kinematic GH-
center was estimated from passive motion of the arm within its 
available ROM and translation was defined according to Wu 
et al. [8]. 

Results and Discussion 
The native negative IAP within the unloaded joint was 
measured to be -0.65psi (-46 cmH2O). Releasing the native 
pressure within the joint increased the overall translation of 
the GH head during motion (Figure 1). Both the anterior and 
superior translations of the head were increased as well (not 
shown). With further testing, an attempt to re-establish the 
native pressure within the joint will be made. 

  
Figure 1: Total GH-center displacement, mean of five trials for a 

single shoulder during 0-90˚ abduction in the scapular plane in intact 
and vented (IAP released to atmosphere). 

Conclusions 
The native IAP plays a role in joint stability, as has been 
previously reported [4, 6]. The native IAP should not be 
ignored in the cadaveric setting when joint translation is a 
concern. It is not yet known if re-establishing this native 
pressure returns the joint to the stability seen in the intact 
state.  
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Summary 
When faced with changes in surface stiffness, humans opt to 
preserve efficient movement dynamics by altering the spring-
like mechanics of their legs, maintaining an invariant series 
stiffness of leg and surface [1]. Here we examined the 
contribution of the foot to this mechanism. 

Introduction 
The human foot operates in a spring-like manner [2]. Recent 
evidence shows that active muscular contraction within the foot 
modifies this function [3]. While prior work [4] has shown that 
muscles adapt leg mechanics to different surfaces, the effect of 
varied surface demands on foot function remains unclear. Here 
we present neuromechanical adaptations of human feet to 
changes in surface stiffness during a bilateral hopping task. We 
hypothesized that measures of foot stiffness and intrinsic foot 
muscle activation would increase on compliant surfaces to 
maintain a net system stiffness. 

Methods 
Ten participants performed a bilateral hopping protocol at their 
preferred frequency (mean 2.4 Hz) on surfaces of low, medium 
and high stiffness while foot kinematics, ground reaction forces 
and muscle activation of abductor hallucis (AH), flexor 
digitorum brevis (FDB), tibialis anterior (TA) and soleus (SOL) 
were recorded. Low and medium stiffness conditions were 
achieved with a sprung platform. A multi-segment foot model 
was used to compute the angular displacement of the calcaneus 
relative to the metatarsals (Cal-Met angle) and the 
metatarsophalangeal (MTP) joints in the sagittal plane of the 
foot. Greater angular displacement indicated greater 
compression of the long arch of the foot and extension of the 
toes, respectively. Joint kinetics were computed using an 
inverse dynamics analysis. EMG data were band-pass filtered 
before root mean square (RMS) signals were calculated. EMG 
envelopes were normalised to the mean amplitude recorded 
during ground contact on the high stiffness (force plate surface), 
control condition. 

Results and Discussion 

As expected, there was a significantly lower Cal-Met angular 
displacement t(10)=3.51, p=0.007 and mid-foot moment 

t(10)=5.29, p=0.004 during the low stiffness surface condition 
with respect to the high/control stiffness surface (table 1). In 
contrast to our hypothesis, moment vs. angle plots and RMS 
EMG signal amplitudes (fig. 1) show that lower net work was 
performed about both midfoot and MTP joints in the medium 
and low stiffness conditions and was linked to lower FDB and 
AH RMS signal amplitudes.  

 
Fig. 1: Comparisons of MTP and Cal-Met kinetics and FDB and AH 
activation. A and B plot Cal-Met and MTP angle against midfoot and MTP 
moments, respectively for the low (blue line), medium (pink line) and 
high/control stiffness (green) surface conditions surface conditions. Group 
mean (± s.d.) (n=10) normalised RMS signal amplitude are plotted for 
FDB (A) and AH (B) defined from toe-off to toe-off. Solid black lines 
indicate the instance of foot-surface contact. 

Conclusions 
While foot muscle activations and foot mechanics are adjusted 
on compliant surfaces, they do not act to increase the stiffness 
of the foot in line with the leg. 

References 
[1] Alexander (1996). J. Appl. Physiol., 82: 13-14. 
[2] Ker et al. (1987) Nature, 325: 147-149. 
[3] Kelly et al. (2016)  Sci. Rep., 8: 1-6. 
[4]  Farley et al. (1998)  Am. J. Physiol.,  85: 1044-1055.

 
Table 1: Mean (± s.d.) peak Cal-Met and MTPJ kinematics and kinetics on the high/control and low stiffness surface conditions (n=10). N.b. change 
in angle with respect to angle at touchdown.  

 High/Control Low  High/Control Low 

D Cal-Met angle (°) 21.48 (± 4.81) 15.73* (± 5.57) Midfoot moment (Nm.kg-1) 1.13 (± 0.24) 0.74* (± 0.18) 
D MTP angle (°) 6.61 (± 4.85) 6.25 (± 3.18) MTP moment (Nm.kg-1) 0.42 (± 0.14) 0.31 (± 0.15) 

* denotes a statistically significant difference between the high/control and low stiffness surface conditions (p < 0.01). 
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Summary 
Rotator cuff disease is a common cause of pain and 
dysfunction. Understanding the mechanism of rotator cuff 
injury is required for prevention and effective treatment. The 
effect of kinematics on rotator cuff pathology is not well 
understood — finite element modeling may be used to 
understand the mechanics through a range of motion. A model 
of the glenohumeral joint (scapula, humerus, and 
supraspinatus) simulated an arm elevation, and the mechanics 
were observed. The stress within the supraspinatus tendon 
increased with arm elevation, undergoing large deformation, 
particularly torsion. Additional model development and 
application is ongoing. 

Introduction 
Rotator cuff injury is common, leading to limited function and 
pain [1]. The majority of these injuries are chronic, implying 
injury may be a result of mechanical loading and fatiguing of 
the tendon rather than an acute event. Although there has been 
much speculation on factors that influence supraspinatus 
tendon risk across the range of motion, there are no data to 
describe the mechanics of this motion. The purpose of this 
study was to quantify the stress in the tendon over a functional 
reaching motion, and identify how imposing different 
kinematics, specifically differing humeral translations, impacts 
these mechanics. 

Methods 
A subject-specific, three-dimensional (3D) model was created 
based on magnetic resonance imaging. Mimics software 
(Materialise) was used to manually segment the scapula, 
humerus, coracoacromial ligmant, and supraspinatus muscle 
and tendon to create the 3D models. Each structure was 
meshed using Hypermesh software (Altair) with linear 
tetrahedral elements. FEBio finite element solver (University 
of Utah) was used to model the scapula and humerus as rigid 
bodies, which were used to prescribe the motion of the joint. 
Kinematics from a previous study of a functional reach motion 
were simulated at 0˚, 30˚, 60˚, 90˚, and 120˚ of 
humerothoracic elevation [3]. The supraspinatus tendon was 
modeled as an incompressible fiber-reinforced hyperelastic 
material, with one fiber group in a Mooney-Rivlin matrix, 
based on previously reported material properties [2]. A 
prescribed, active muscle contraction 50% of maximum was 
imposed on the supraspinatus muscle throughout the range of 
motion. The humeral head was centered in the glenoid 
throughout the range of motion. The model was then 
simulated with differences in superior and inferior translation 
(+/- 2mm, +/- 5mm) across the range of motion to analyze 
how these kinematic variations impacted the mechanical 
environment of the tendon.  

Results and Discussion 

Over the range of arm elevation, the effective stress within the 
supraspinatus tendon increased as angle of elevation increased 
(Figure 1). Superior translation tended to decrease the stress 
within the tendon, while inferior translation tended to cause an 
increase relative to the no translation condition. 

 
Figure 1: Effective stress across range of motion 

The locations of peak stress on the tendon corresponded to the 
locations where rotator cuff tears commonly occur. 
Throughout the range of motion, the tendon underwent visible 
torsion (Figure 2), which may be a cause of tissue ischemia. 
The fibers within the tendon are aligned to enhance the 
strength of the tendon. In this position, however, the fibers are 
not well aligned, which may lead to reduced tissue strength 
and ultimate failure.  

 

 

Figure 2: Torsion of 
supraspinatus tendon at end 

range elevation 

 
 

Conclusions 
To best inform treatment of pain due to rotator cuff tears, the 
mechanism of injury must be understood. Finite element 
modeling may be used to understand the internal mechanics at 
play that lead to cuff degeneration. This study found the stress 
within the supraspinatus tendon increases with shoulder 
elevation. This model also demonstrated significant torsion of 
the tendon, corresponding to locations of increased stress. 
Further model development is ongoing to address more 
specific clinical questions. 
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Summary 

This study investigated EMG activation of the neuromuscular 

partitions of supraspinatus and infraspinatus during external 

rotation and abduction tasks against elastic resistance. 

Twenty-two participants completed dynamic arm movements 

using Theraband™ elastics while EMG activity from two 

partitions of each muscle was collected. When timing of peak 

activity was assessed as a percentage of the overall movement, 

significant differences between the partitions of supraspinatus 

were found. Findings add to a growing body of literature, 

providing a better understanding of the functions and 

relationships of the neuromuscular partitions of supraspinatus 

and infraspinatus. 

Introduction 

New insights on distinct neuromuscular partitions identified 

within the supraspinatus and infraspinatus have prompted 

novel fine-wire electromyographic (FWEMG) evaluations 

where electrodes are placed within distinct partitions in each 

muscle [1,2,3], providing a better understanding of unique 

regional contributions. No study has investigated activity of 

these partitions during common rotator cuff focused 

therapeutic exercises with elastic resistance. Thus, the purpose 

of this study was to examine activity of the partitions of 

supraspinatus and infraspinatus during external rotation and 

abduction exertions against elastic resistance. 

Methods 

Twenty-two (12M/ 10F) healthy participants (mean age 

24.53.4) performed three dynamic exertions (ER 90; ER 

30; Abduction 0-110) against Theraband with resistance 

corresponding to 50% of their 5 repetition maximum. 

Exertions were repeated three times at a set cadence, 

randomized, with a 2-minute rest between. FWEMG 

electrodes were inserted into two partitions of supraspinatus: 

anterior (SPA) and posterior (SPP), and two partitions of 

infraspinatus: superior (IS) and middle (IM) and sampled at 

2000Hz (Delsys Trigno™). All EMG signals were linear 

enveloped and normalized to peak activation across varying 

maximal voluntary isometric contractions (MVICs) [2]. 

Peak EMG values for each sub-region were determined for 

each repetition and averaged within scenarios for each 

participant. Accelerometer data was used to plot data as a 

percentage of the overall movement. Paired-samples t-tests 

were used to compare timing of peak activation between 

partitions within each muscle. P value was adjusted for 

comparisons (0.05/3 =0.0167). 

Results and Discussion 

Mean peak activation of muscle partitions (% MVIC) during 

each Theraband exertion is summarized in Table 1.  All 

partitions displayed peak activation in the first 50% of the 

movement. Peak SPP was significantly earlier in the 

movement than SPA during Abduction 0-110 (P=0.005). 

Peak activity during the movement cycle for SPA and SPP for 

each exertion is presented in Figure 1.  No significant 

differences in timing were found between IM and IS.  

Table 1: Mean peak activity (% MVIC  SD) for each partition 

during Theraband exertions 

Muscle 

Partition 

Theraband Exertion 

ER 90 ER 30 Abduction  

SPA 38.67 (27.91) 37.24 (32.25) 63.21 (64.61) 

SPP 55.72 (29.01) 59.65 (26.60) 63.82 (30.39) 

IS 41.77 (26.93) 42.60 (25.08) 41.04 (28.39) 

IM 38.51 (24.27) 41.79 (24.95) 41.42 (41.87) 

 

Conclusions 

Findings further support mounting evidence that functions of 

SPP and SPA are distinct. Results are in line with previous 

findings [1,3] that suggest SPP is important for tensioning the 

rotator cuff. 
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Summary 

Achilles tendon moment arm (ATma) has previously been 

correlated with walking speed in slower walking older adults 

who were also heavier than faster walkers [1]. Here we 

investigate the relationship between ATma and locomotor 

function in end-stage ankle osteoarthritis (OA) patients. 

Performance on three locomotor tasks was positively 

associated with ATma among patients with the highest BMIs.  

Introduction 

Plantarflexor strength is an important determinant of 

locomotor function that is in turn potentially influenced by the 

plantarflexor moment arm of the Achilles tendon (ATma). 

Previously, larger ATma was shown to correlate with faster 

walking speed in older obese adults [1]. Ankle plantarflexion 

moment (MA) and ATma are reduced in older adults, and 

ankle OA has been associated with reduced MA [2, 3]. It may 

be that patients with ankle OA (and especially heavier 

patients) may reduce MA to limit intra-articular contact force 

as a pain management strategy, but that greater MA are 

possible with less muscle force and contact force when ATma 

is greater. We hypothesize an interaction between ATma and 

BMI, such that locomotor function will be positively 

correlated with ATma in ankle OA patients with higher (but 

not lower) BMI. 

Methods 

Twelve end-stage ankle OA patients awaiting total ankle 

replacement surgery (7 M, 5 F; age at testing: 64.8 ± 9.4 y; 

height: 1.72 ± 0.07 m; body mass: 101.3 ± 17.4 kg) were 

tested after informed consent was obtained. All procedures 

were approved by the Penn State IRB.  Five Eagle motion 

analysis cameras (Motion Analysis Corp.) captured cyclical 

non-weightbearing ankle motions performed at 0.5 Hz using 

clusters of reflective markers placed on the foot, on the shank, 

and on an ultrasound probe that imaged the Achilles tendon. 

Finite helical axis decomposition was used to find the axis of 

ankle rotation and ATma was computed as the moment of a 

unit tendon force about an arbitrary point on the axis of 

rotation projected onto the same axis. 

Locomotor function was assessed using four measures: 

walking speed during a six-minute walk test (6MW) that was 

either raw (speedraw) or normalized by height (speednorm), a 

timed-up-and-go (TUG) test, and a single limb balance (SLB) 

task in which SLB time for the involved limb was normalized 

by SLB time for the contralateral limb. Pain scores were 

obtained using the Short Form-36 questionnaire. 

General linear models that included ATma, BMI, and an 

ATma*BMI interaction term were created to investigate 

relationships between function and these variables. 

Performance on functional tasks was also correlated with pain 

scores. The level of significance was set at α = 0.05. 

Results and Discussion 

The models fit the ATma and BMI data well, and there were 

significant interaction terms, for speedraw (adj. r2 = 0.724 p = 

0.013, pint = 0.015) and speednorm (adj. r2 = 0.669, p = 0.021, 

pint = 0.023); and moderately well for TUG (adj. r2 = 0.308, p 

= 0.145, pint = 0.050). Normalized SLB time was the only 

response variable significantly correlated with pain (r = -

0.775, p = 0.005), and controlling for pain in the above models 

did not improve their fits (all p > 0.1). Interaction plots 

revealed a strong positive relationship between ATma and 

walking speed for higher BMI patients (Figure 1). Individuals 

with larger BMI are expected to experience higher joint forces 

[4], and our results suggest that the ability of our patients with 

larger BMI depended on the length of their ATma. 

 

Figure 1: Interaction plot of speednorm versus ATma for varying 

levels of BMI. A strong positive association was evident only for 

those patients with the highest BMI. 

Conclusions 

For end-stage ankle OA patients with higher BMI, ATma 

appears to be positively associated with locomotor function. 
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Summary 

Individuals with spinal cord injuries (SCI) who use manual 

wheelchairs (MWCs) are more susceptible to shoulder 

pathology than able-bodied individuals. A gap in knowledge 

exists in understanding how shoulder function of MWC users 

during daily living compares with the able-bodied population. 

To start to address this gap, inertial measurement units (IMUs) 

were used to quantify humeral elevation angles of MWC users 

and matched able-bodied controls during daily living. 

Early/mid MWC users spent a significantly higher percentage 

of their day in the 30-60º range than the controls, and 

significantly less time in the 0-30º humeral elevation range on 

the non-dominant side. Future work will connect trends in 

shoulder function to shoulder pathology.  

Introduction 

Sixty-three percent of MWC users will have shoulder tendon 

pathology after decades of MWC use as compared to 15% of 

age-matched able-bodied adults [1]. Understanding differences 

in shoulder use during daily living may aid in explaining this 

disparity. The aim of this study was to quantify humeral 

elevation during daily living in early/mid (<10 yrs MWC use) 

and chronic (>10 yrs MWC use) MWC users and a matched 

able-bodied cohort. We hypothesized that MWC users would 

spend more of their day at higher humeral elevation angles. 

Methods 

Under Mayo Clinic IRB approval, 31 participants with SCI 

[20 early/mid users (sex:15m/5f, age:36 ± 13 yrs, injury 

level:C6 –L1, years of MWC use: 3.0 ± 2.5 yrs); 11 chronic 

users (10m/1f, 49 ± 8 yrs, C6-L1, years of MWC use: 23.1 ± 

8.1 yrs)] and 20 able-bodied individuals who were age and sex 

matched to the early/mid users (15m/5f, 37 ± 12 yrs) were 

enrolled. Participants wore three wireless IMUs (Emerald, 

APDM, Inc.) on their bilateral upper arms and anterior torso 

sampling at 128 Hz throughout a typical day and performed a 

calibration protocol. Custom MATLAB (MathWorks, Inc.) 

code calculated the orientations of the anatomical axes relative 

to the IMU-fixed reference frames from each participant’s 

calibration movements. Humeral elevation angles for the 

dominant (D) and non-dominant (ND) side were calculated 

throughout the day. To more closely align with humero-

thoracic angles, data were excluded with trunk angles >30º. 

The percentage of daily wear time each participant spent in 

five humeral elevation bins was calculated (0-30º, 30-60º, 60-

90º, 90-120º, and 120-180º). T-test comparisons were made 

between early/mid MWC users and controls (paired) and 

between SCI groups (non-paired).  

Results and Discussion 

All groups spent the largest percentage of time of their day in 

30-60º of humeral elevation for both the D and ND sides (Fig 

1). Early/mid MWC users spent significantly more time in 30-

60º of humeral elevation on their D (p<0.05) and ND side 

(p<0.01) and significantly less time in 0-30º of humeral 

elevation than the controls (p<0.01) on the ND side. This 

indicates a different functional humeral workspace for MWC 

users compared with able-bodied controls. Chronic MWC 

users spent a significantly higher percentage of their day in the 

60-90º humeral elevation range with their D arm than the 

early/mid users (p<0.05); further research is needed to 

investigate this difference. Rotator cuff tendon compression 

likely occurs between 0-60º [2]; however, further research is 

needed to more fully define the range of compression risk and 

directly relate tendon pathology to humeral elevation.  

 

Figure 1: Percentage of time controls (C), early/mid (S-e) and 

chronic (S-c) MWC users spend in humeral elevation levels for their 

dominant (A) and non-dominant (B) arms throughout a typical day. * 
indicates p<0.05 and ** indicates p<0.01. 

Conclusions 

MWC users have a different functional humeral workspace 

than able-bodied controls which could contribute to the higher 

incidence of pathology in the shoulder.  
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Summary 

The purpose of this study was to examine the effects of upper 
body posture on shoulder muscle activity and kinematics 
during shoulder exercises using TheraBand® elastic 
resistance. 12 healthy individuals performed 4 shoulder 
exercises using a TheraBand® CLX: 1) unilateral flexion to 
90, 2) bilateral flexion to 90, 3) external rotation, 4) external 
rotation with a towel. All exercises were performed with either 
no postural cues, poor posture, or corrected posture. 3D 
kinematics and surface electromyography (EMG) from 16 
upper extremity muscles were recorded. During unilateral and 
bilateral flexion there was a significant increase in muscle 
activity for almost all of the muscles tested during the poor 
posture condition. For the external rotation exercise, 
infraspinatus muscle activity was greatest during the poor 
posture condition. These results suggest a potential 
neuromuscular inefficiency during the poor posture conditions 
that may lead to muscle fatigue and/or overuse.   

Introduction 

The shoulder complex is one of the most versatile joints in the 
human body. A complex arrangement of muscles must balance 
mobility and stability demands during most tasks [1].  
Shoulder injuries are one of the most prevalent and expensive 
musculoskeletal injuries [2]. Rehabilitation of shoulder 
injuries often involves elastic resistance, and thus, proper 
exercise technique is essential for optimizing the rehabilitation 
process. However, there is currently a poor understanding of 
how posture might affect muscle activity during shoulder 
rehabilitation exercises. The aim of this study was to examine 
the effects of upper body posture (and technique) on shoulder 
muscle activity and kinematics during shoulder exercises 
using TheraBand® elastic resistance.   

Methods 

12 healthy participants performed 4 exercises using a 
TheraBand® CLX, including: 1) external rotation, 2) external 
rotation with towel, 3) unilateral shoulder flexion to 90º and 4) 
bilateral shoulder flexion to 90º. Participants completed 3 sets 
of 5 repetitions for each exercise with 3 postural conditions, 
including: 1) no postural cues, 2) poor posture (relaxed and 
slumped), 3) with postural cues (instruction and 
reinforcement). 30 seconds of rest was given between sets and 
2 minutes between exercises/postures. 3D kinematics of the 
upper extremity were collected using a 10-camera motion 
capture system (Vicon, Oxford, UK), sampled at 120 Hz. 
Individual markers were secured to anatomical landmarks and 
rigid bodies to mid-segmental regions, bilaterally. Surface 
EMG was recorded from 16 upper extremity muscles and 
sampled at 2160Hz (Bortec Biomedical Ltd, Calgary, 
Canada), including: anterior deltoid (AD), middle deltoid 

(MD), posterior deltoid (PD), lower trapezius (LT), middle 
trapezius (MT), upper trapezius (UT), infraspinatus (IN), 
supraspinatus (SU), latissimi dorsi (LA), serratus anterior 
(SA), biceps brachii (BB), triceps brachii (TB), pectoralis 
major (sternal head) (PS), pectoralis major (clavicular head) 
(PC) and cervical extensors (CE). Muscle activity was low 
pass filtered and normalized to muscle-specific maximal 
voluntary contractions (%MVC). Kinematic data was used to 
identify the concentric and eccentric phase of each repetition 
such that mean and maximum EMG could be determined.  

Results and Discussion 

Body posture changed significantly during the three postures. 
Poor posture resulted in greater forward head translation and 
greater thoracic spine flexion/rounded shoulders. During 
unilateral and bilateral flexion, there were significant increases 
in muscle activity for 10/16 muscles during the poor posture 
condition compared to the no cue, or corrected postures 
(Figure 1). For the external rotation exercise, IN muscle 
activity was greatest during the poor posture condition (No 
cue: 27.8 ± 11.9 %MVC; corrected: 25.0 ± 14.1 %MVC; poor: 
30.3 ± 11.6 %MVC). For external rotation with towel, MT and 
LT increased by 21.3% and 16.8% from poor to corrected.  

 
Figure 1: Muscle activity (%MVC) during unilateral flexion.            

* indicates significant increase for poor posture condition (P<0.05). 

Conclusions 

A rounded (slouched) upper back and forward head translation 
increased muscle activity for most muscles during the 
shoulder exercises tested. Poor postures increased activity in 
muscles not typically targeted by the exercise being performed 
and this could lead to fatigue and/or overuse.  
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Summary 

Traumatic brachial plexus injuries (BPI) are debilitating and 

result in lifelong upper extremity dysfunction. Surgical 

restoration of motor function relies on salvageable nerves and 

muscles for transfer procedures. Kinematic data from subjects 

after a brachial plexus reconstruction was analysed during 

activities of daily living (ADLs). Significant compensatory 

trunk motion was evident for subjects, along with clinically 

relevant changes in shoulder and elbow motion. The kinematic 

analysis can provide insight for surgical advances aimed at 

restoring motor function after a BPI. 

Introduction 

Upper extremity function is significantly compromised 

following a traumatic brachial plexus injury. In an effort to 

restore motor function to the affected upper extremity, surgical 

reconstruction is undertaken with the primary goal to restore 

elbow flexion [1]. Depending on available donor nerves and 

muscles, other motions can be restored to maximize function. 

The prioritization of which motions should be restored is 

debated. Quantitative analysis of ADLs may provide insight 

into the prioritization of certain motions. It was hypothesized 

that individuals treated for a BPI would have insufficient 

external rotation at the shoulder to complete ADLs compared 

to healthy controls. 

Methods 

Upon providing informed consent, six individuals after 

brachial plexus reconstruction (1 female) and 6 age/BMI 

matched control subjects (1 female) participated in this IRB 

approved study. 33 retroreflective markers were placed on 

each subject’s upper extremities, torso, and head. Subjects 

performed simulated feeding and dressing ADLs while marker 

trajectories were tracked using a 10-camera system (120 Hz, 

Motion Analysis Corp., Rohnert Park, CA). Data were 

reduced in Cortex (Motion Analysis Corp., Rohnert Park, 

CA), then imported into Visual3D (C-Motion, Germantown, 

MD) for processing following ISB recommendations [2]. 

Trunk, glenohumeral, and elbow ranges of motion (ROM) 

were compared between groups (p<0.05) for each task using a 

two-sample t-test (JMP, SAS Institute Inc., Cary, NC). 

Results and Discussion 

Statistically significant differences in shoulder rotation and 

elbow flexion ROM for BPI patients compared to controls 

during both tasks did not exist. However, significant 

differences in trunk ROM in all planes were observed between 

the groups (Table 1) in both tasks. This increased ROM is 

compensatory, as subjects with BPI reconstruction have fewer 

functional muscles to complete ADLs, forcing them to swing 

their arm using their trunk. All subjects were asked to begin 

tasks with their hands in their lap. However, BPI subjects then 

dropped their arms into full extension to help swing their arm 

upwards. This requirement increased elbow ROM required for 

the motions compared to controls who began motions with 

their hand in their lap. Clinically important differences in 

ROM (>5°) were present at the shoulder and elbow, albeit not 

statistically significant. 

Conclusions 

Subjects who have had a brachial plexus reconstruction rely 

on trunk motion to complete ADLs. Shoulder rotation was not 

significantly different. Notably, clinically relevant ROM 

differences existed for shoulder and elbow motions. Continued 

exploration into the clinical interpretation of these alterations 

is worthwhile to provide insight for future surgical advances in 

brachial plexus reconstruction. 
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Table 1: Mean(standard deviation) range of motion (°) for simulated feeding (shaded) and dressing (white) tasks. 

 Trunk Lateral Bending Trunk Flexion/Extension Trunk Rotation 
Glenohumeral 

Rotation 

Elbow 

Flexion/Extension 

Control 0.9(0.2) 1.1(0.2) 1.0(0.3) 9.3(1.8) 69.0(6.0) 

BPI 3.8(2.2) 4.5(2.3) 5.5(3.7) 14.6(6.0) 80.1(23.3) 

p-value 0.005 0.005 0.005 0.063 0.284 

Control 1.7(0.8) 1.7(0.7) 2.5(1.1) 26.9(11.7) 55.5(8.0) 

BPI 6.8(5.3) 6.2(3.3) 17.2(5.7) 25.1(13.7) 77.9(24.3) 

p-value 0.008 0.005 0.005 0.811 0.057 
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Summary  

A combination of X-ray, CT and 3D-bone-fitting has been 

conducted (n=1) to investigate the effect of different shoes on 

foot bone kinematics. Kinematics were acquired using 

fluoroscopy while 3D geometry of the foot was recorded with 

a CT. The participant had to move from a one-legged stance 

into a tip-toe stance. Afterwards the rotation angles of the foot 

bones were measured for each time step and compared to 

literature.  

Introduction  

In vivo foot bone kinematics under loads are quite difficult to 

be measured. Most known are efforts by Arndt et al. [1] and 

Lundgren et al. [2], who have been using bone pins to get a 

detailed information about foot bones during running.  

In a previous study [3], we have investigated foot bone 

kinematics using a non-invasive method combined with a MBS 

foot model to asses for the recorded motion of the foot bones. 

Compared with values reported in literature, the MBS model 

showed plausible results regarding rotation and deformation of 

the human foot during running.  

With this study we now tried to investigate how different shoes 

affect the rotational motion of foot bones in comparison to 

barefoot condition.  

Methods  

X-Ray (AXIOM-Artis, Siemens, Germany) sequences (7.5 Hz) 

from two different views were taken from the subject’s foot 

bones while he was moving from one-legged stance into one-

legged tip-toe stance. This was repeated in three different 

scenarios: barefoot, using a soft shoe and a stiff shoe.   

During the fluoroscopy additional 3D marker based motion 

tracking (Simi Motion, Germany) was conducted to compare 

the information that can be derived from skin mounted markers 

compared to the real bone movements.  

To acquire the 3D geometry of the participant’s foot bones, the 

foot was scanned using CT (Ingenuity Core 128, Philips, 

Netherlands). The images were segmented using ITK SNAP [4] 

to create the 3D models of the bones. 

Afterwards the 3D bones were fitted into the fluoroscopy 

pictures of each scenario and each time step. From these 

reconstructions various bone-to-bone angles and the navicular 

drop were calculated.  

Results and Discussion  

  

  

Table 1: Navicular Drop and medial longitudinal arching  

  Navicular Drop [mm]  

Barefoot  7.85  

Soft Shoe  6.17  

Stiff Shoe  5.95  

Rauner et al.[3]  10.57  

Nielsen et al.[5]  5,3 ± 1,7 (max 13.4) 

Dicharry et al. [6] 8,8 ± 1,8  

  

As seen in Table 1 values reported in literature for the 

navicular drop for running show that the values of the static 

measurement are within the values measured in dynamic 

load situations.   

Obviously the different shoes seem to decrease the ROM of 

the navicular bone. For the majority of the other bones we 

further observed reduced amount of bone rotation with 

increasing stiffness of the boot.   

When comparing the navicular drop with running it is 

obvious that due to the lack of dynamic impact the overall 

movement of the navicular bone is smaller compared to its 

drop during a highly dynamic motion.   

Also the recorded rotational displacement values for the joint 

between Talus and Calcaneus lie within values reported by 

Lundgren et al. [2] as well as Arndt et al. [1].  

Conclusions  

In the next step we will implement the recorded motion with 

in the MBS foot model to use them to validate it against the 

measured values.  

If the model proves to be valid, it will be used for further 

investigations regarding energy storage in passive structures 

of the foot.  
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Summary 
The purpose of this study was to further develop robust ways to 
non-invasively measure and report scapular dynamics used by 
diverse reverse total shoulder arthroplasty (RTSA) patients. 

Introduction 
A major challenge in understanding shoulder movement is the 
difficulty to non-invasively measure scapular motion under 
stationary skin. Acromion marker clusters (AMC) have been 
developed to derive a direction cosine matrix (DCM) between 
the scapula anatomical reference system and the AMC tracking 
reference system during multiple calibration poses [1,2].  
The purpose of this study was to learn how scapulothoracic (ST) 
orientation measurements differ across multiple calibration 
poses and across patients before combining DCMs from 
multiple poses into an “interpolated” relationship [2]. We 
hypothesized that during scapular-plane arm elevation 
(scaption) the patterns of ST orientation calculated using the 
DCM from each calibration pose would differ across patients.  

Methods 
15 pre-operative RTSA patients volunteered in accordance with 
the IRB to undergo optical motion analysis during three 
repetitions of scaption (Optitrack, OR, USA). A three-marker 
AMC was used to track the scapula using multiple static 
calibration poses: anatomic stance (Apose), 90° scaption (90°), 
hand to opposite shoulder (OppShdr), and hand to the back 
pocket with internal shoulder rotation (BackPocket) [1,2] (Fig 
1). ISB-recommended conventions were used to calculate HT 
and ST orientations [3] (Mathworks, MI, USA). 1-D statistical 
parametric mapping (SPM; paired t-test, α=.01) compared ST 
orientations across calibration poses for each patient only if 
there was ≥ 5° difference between poses in ST orientation 
consistently throughout scaption (thereby avoiding reporting 
statistical results that may not be functionally/clinically 
relevant). Statistically different calibrations poses were 
qualitatively compared to determine if patterns were consistent 
across all patients. Eight exemplary patients were chosen such 
that there were two groups of four patients using either high or 
low HT elevation ranges of motion (Subject 7 highest, Subject 
5 lowest). This submission only presents ST upward rotation 
(lateral rotation), but these analyses include the other euler 
angles (protraction & posterior tilt) and the other seven patients. 

Results and Discussion 
Across patients, different patterns were identified in how each 
calibration pose DCM estimated ST orientation.  (Fig. 1, Table 
1). For example, the BackPocket calibration pose (Fig. 1, red) 
estimated the largest ST upward rotation for Subjects 4 & 5, but 
the lowest ST upward rotation for Subjects 2, 3, 6, 7 & 8. 
Subjects 6-8 used similar patterns despite achieving very 
different HT ranges of motion (Table1). Further, the 
orientations measured during dynamic scaption did not always 
align with those obtained during the static pose (Fig. 1).  

 
Figure 1: ST upward rotation vs. HT elevation during scaption (0.1s 
between each data point) for eight exemplar subjects. ST upward 
rotation was calculated using the ACM tracking-to-anatomic DCM 
derived from each calibration pose (green, blue, black, red).  

Conclusions 
The findings of this study prompt further considerations about 
how to best incorporate patient-specificity, calibration poses 
outside of the scapular plane (e.g., OppShdr & BackPocket), 
and how to responsibly report scapular orientation when it is 
very much dependent on which calibration pose DCM is used. 
References 
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Table 1: P-values of ST upward rotation during scaption compared across poses; p-value color indicates the larger angle of the two poses compared.    
Calibration Poses Subjects:   1  2 3 4 5 6 7  8 
APose vs. 90° < 0.001 < 0.001 < 0.001 < 0.001 < 5° diff. < 5° diff. < 5° diff. < 5° diff. 
APose vs. OppShdr < 0.001 < 0.001 < 5° diff. < 5° diff. < 5° diff. < 0.001 < 0.001 < 0.001 
APose vs. BackPocket *No BackPocket < 5° diff. < 5° diff. < 5° diff. < 0.001 < 0.001 < 0.001 < 5° diff. 
90° vs. OppShdr < 5° diff. < 0.001 < 5° diff. < 5° diff. < 0.001 < 0.001 < 0.001 < 0.001 
90° vs. BackPocket *No BackPocket < 0.001 < 0.001 < 0.001 < 5° diff. < 0.001 < 0.001 < 0.001 
OppShdr vs. BackPocket *No BackPocket < 0.001 < 5° diff. < 5° diff. < 0.001 < 0.001 < 0.001 < 0.001 
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Summary 
The prevalence of shoulder pathology increases with age, but 
the progressive changes driving this pathology remain 
unknown. Identifying the changes preceding symptom onset 
may permit early detection and prevention of pathology. 
Altered strength and coordination are thought to contribute to 
tissue degeneration, but changes in these factors have not been 
confirmed to precede pathology in humans. The feasible 
torque space, a measure of strength in all directions, is 
sensitive to both muscle strength and coordination and may 
therefore be able to detect age-related changes in these factors. 
Our objective was to quantify the impact of simulated age-
related changes in muscle strength on the feasible torque space 
of the shoulder in a musculoskeletal model. We found a 
significant difference in the feasible torque space of the 
shoulder between a younger and older model, demonstrating 
the potential utility of these metrics for detecting age-related 
changes in shoulder strength. 

Introduction 
The causal mechanisms of age-related insidious shoulder pain 
are not precisely known [1], limiting our ability to detect and 
prevent disease progression. While altered strength and 
muscle coordination are thought to contribute to disease 
progression, current assessments lack the sensitivity required 
to detect changes in these factors in early asymptomatic states. 
To combat this limitation, we developed multi-dimensional 
strength metrics to characterize the feasible torque space of the 
shoulder [2]. Different from typical strength measures, multi-
dimensional measures are sensitive to changes in both muscle 
strength and coordination and reflect the torques required for 
daily tasks. It is unknown how the feasible torque space of the 
shoulder changes with healthy aging. Therefore, our objective 
was to quantify healthy age-related differences in the feasible 
torque space of the shoulder using a musculoskeletal model. 

Methods 
The feasible torque space represents strength in all directions 
[3]. Using a previously developed model [4], we compared the 
feasible torque space about the shoulder of a healthy young-
adult and older-adult model. Age-related differences in muscle 
strength were simulated in the older-adult model by scaling 
each muscle’s force-generating capacity by the ratio of muscle 
volume in older compared to younger adults (1.1-.52 across 
muscles) [5]. We determined the maximum feasible shoulder 
torque in 2036 directions and fit an ellipsoid to these data to 
quantify each model’s overall strength, strength balance, and 
weakest direction (Fig. 1). Assuming a population variability 
equal to that seen in our young-adult experimental data [2], we 
computed a z-score for each metric independently. In addition, 
we computed the Mahalanobis distance (Md) [6] as a multi-
variate comparison between all strength metrics describing the 
feasible torque space of the younger and older-adult models.  

Results and Discussion 
The older-adult model produced less torque in all directions 
(Fig. 1). We found no significant difference between models 
when comparing each metric independently (Table 1). Using 
the multi-variate analysis, however, we were able to detect a 
significant difference in the feasible torque space between the 
younger and older-adult model (Md=45.5, p<0.001).  

Figure 1: Feasible torque space of the shoulder for the young (grey) 
and older-adult (blue) models shown from two views. 3D torque data 
were fit by an ellipsoid to compute overall strength (Euclidian norm 
of radii), strength balance (ellipsoid center, white dot), and weakest 
direction (minor axis of ellipsoid, vectors). ER/IR: external/internal 
rotation, EXT/FLEX: extension/flexion, ABD/ADD: ab/adduction. 
Table 1: Metrics describing the feasible torque space of each model. 

Overall 
Strength 

(Nm)

Strength Bias (%) Weakest Direction 
ABD/ 
ADD

ER/ 
IR

EXT/ 
FLEX

ABD/ 
ADD

ER/ 
IR

EXT/ 
FLEX

Young 98.9 9.9 -4.1 36.2 0.42 -0.87 0.25 
Older 81.0 10.6 -7.4 30.7 0.41 -0.88 0.23 

Z-score
(p-value)

-1.00
(0.32)

0.11 
(0.91) 

-0.93
(0.35)

-0.95
(0.34)

-0.09
(0.93)

-0.05
(0.96)

-0.05
(0.96)

Conclusions 
Age-related differences in strength alter the torque capacity of 
the shoulder. While unidimensional measures are often unable 
to detect these changes, we showed that in a simulated model 
of healthy aging multi-dimensional measures of strength are 
sensitive for detecting differences. Differences in the feasible 
torque space of the shoulder may be the direct result of 
changes in muscle strength or due to a compensatory change 
in muscle coordination. In future projects, we plan to confirm 
these findings experimentally and dissociate differences in 
strength from muscle coordination with electromyography. 
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Summary 
Foot stiffness plays an important role in its mechanical 
function. The medial longitudinal arch (MLA) is thought to be 
the primary determinant of foot stiffness. Cadaveric studies 
bisecting the plantar fascia that maintains the MLA found that 
stiffness decreased by 25% [1,2]. Mathematical and physical 
models [3] and foot stiffness measurements in human subjects 
[4] suggest that the transverse arch plays a crucial role in 
determining foot stiffness by coupling sagittal plane bending 
with transverse stretching. Therefore, bisecting structures that 
restrict transverse splay should decrease foot stiffness. Using a 
three-point bending test on a cadaveric human foot, we found 
that the effect of bisecting the deep and superficial transverse 
metatarsal ligaments and tissues connecting the metatarsals on 
foot stiffness was as great as the effect of bisecting the plantar 
fascia. This suggests that the role of the transverse arch in 
determining foot stiffness is as important as the MLA.  

Introduction 

In the sagittal plane, the MLA is the primary contributor to the 
foot’s elastic response [5]. When the forefoot is loaded, the foot 
is bent in the sagittal plane by the ground reaction force, loading 
the plantar fascia. However, the foot is a three-dimensional 
elastic body that also deforms in more complex ways. 
Specifically, when the foot is loaded, the transverse tarsal arch 
(TTA) causes the foot to expand in the transverse direction by 
coupling midfoot bending and transverse stretching [3,4]. Due 
to this coupling, ligaments that resist transverse stretching 
likely have an important contribution to foot stiffness.  Because 
the metatarsals are much stiffer than the soft tissue within the 
foot, the greatest transverse stretching would be at the distal 
metatarsals where the deep transverse metatarsal ligaments 
(DTMLs) and superficial transverse metatarsal ligaments 
(STMLs) resist transverse splay. To examine the role of 
transverse tissues in foot stiffness, we measured foot stiffness 
before and after cutting these ligaments. Additionally after 
cutting these ligaments, we incised the tissues connecting the 
metatarsals while keeping the plantar fascia intact to measure 
the role of these constraints on transverse splay.  

Methods 
A fresh frozen cadaveric foot (55 y.o. female) was loaded in a 
three-point bending test in a materials testing system (Instron). 
The tibia was transected midshaft and implanted in Bondo 
(3M) and secured to the Instron actuator. The foot was placed 
in a neutral position in 0° toe dorsiflexion on a lubricated flat 
surface to allow the foot to deform naturally under load. The 
displacement required to achieve a load of 3x body weight was 
measured and then cyclically applied for 10 cycles. Average 

stiffness over the displacement range of the intact foot was 
measured in the tenth cycle in the intact condition, after 
bisecting the DTMLs and STMLs, and after cutting the skin, 
muscle and fascia connecting the metatarsals.  

Results and Discussion 

The average stiffness of the foot decreased by 31% after 
bisecting the superficial and deep transverse metatarsal 
ligaments compared with the intact foot (136.9 N/mm vs. 198.6 
N/mm; Figure 1). There was an additional decrease after 
incising the tissues connecting the metatarsals (117.7 N/mm). 
In sum, removing the tissues constraining transverse stretching 
resulted in a 41% decrease in average foot stiffness. These data 
suggest that the transverse arch is an important contributor to 
foot stiffness via its role in coupling transverse stretching and 
midfoot bending. 

 
Figure 1: Force-displacement curves for the intact foot (blue), after 

bisecting the transverse metatarsal ligaments (red), and after bisecting 
these ligaments and the skin, muscle and fascia connecting the 

metatarsals (MTs; yellow). The horizontal dashed lines indicate how 
average stiffness was measured over the displacement range of the 

intact foot. Average stiffness decreased as these tissues constraining 
transverse splay were incised.  

Conclusions 
The transverse arch plays as important of a role in foot stiffness 
as the medial longitudinal arch.  
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Summary 

Foot ligaments are non-linear viscoelastic structures that 
become stiffer as loading rate increases. This study aims to 
characterize the rate dependent stiffness of foot ligaments at 
various loading rates. After excising and potting bone-
ligament-bone specimens, ligaments were displaced to 10% 
strain during 34 cycles of triangle waves and at randomized 
physiological frequencies (1, 2, 3, 5, 10 Hz). The association 
between ligament stiffness and loading rate was determined. 
Results indicate that stiffness significantly increased as 
displacement rate increased for all ligaments (p = 0.0007).  

Introduction 

Ligaments are collagenous structures that connect the bones of 
the body and play a critical role in joint function. Like other 
biological materials, ligaments exhibit a non-linear 
viscoelastic response and become stiffer as loading rate 
increases. One challenge associated with measuring ligament 
material properties is in replicating the in vivo loading 
conditions to determine the non-destructive stress response. 
While previous studies have examined the ultimate load of 
foot and ankle ligaments [1,2], these studies do not address the 
non-destructive stiffness as displacement rate is varied. 
Therefore, this study aims to characterize the stiffness 
properties of foot ligaments at various displacement rates. We 
hypothesize that there will be a significant increase in stiffness 
as test frequency increases and that proximal ligaments will be 
stiffer than distal ligaments at all frequencies.  

Methods 

A secondary analysis was performed on previously collected 
data [3], where ligaments from 5 fresh frozen cadaveric 
specimens were mechanically tested. The ligaments tested 
were the short plantar ligament (SPL), inferior 
calcaneonavicular ligament (ICN), interosseous between the 
second and third cuneiform (IC2C3), and the interosseous 
between the fourth and fifth metatarsal (IM4M5).  

After bone-ligament-bone specimens were excised, a 5N 
weight was suspended from one end and length measurements 
were taken using callipers. Coiled wire was fixed to drilled 
holes in the cortical bone of each bone-ligament-bone 
specimen. Ligaments were potted using polymethyl 
methacrylate (PMMA).  

Ligaments were mechanically tested (ElectroForce 3400, Bose 
Corporation, Minnetonka, MN) in a custom environmental 
chamber which maintained a constant temperature (35 ± 1oC) 
and nearly 100% humidity. Each ligament was subjected to 34 
cycles of triangle waves displaced to 10% strain at a range of 

randomized physiological frequencies (1, 2, 3, 5, 10 Hz), with 
10 minutes of recovery between tests.   

The last four triangle waves at each frequency were used to 
determine stiffness by taking the first derivative of the loading 
portion of the actuator force vs. applied displacement curve. A 
repeated measures ANOVA (Excel, Microsoft, Redmond, 
WA) was used to determine the association between ligament 
stiffness and displacement rate.   

Results and Discussion 

Ligament stiffness significantly increased in as test frequency 
increased for all ligaments (p = 0.0007) (Figure 1).  The ICN 
was the stiffest ligament and the IC2C3 ligament was the least 
stiff.  The IM4M5 ligament had similar stiffness magnitude to 
the IC2C3 at each test frequency. The SPL ligament had 
stiffness values less than the ICN ligament but greater than the 
IM4M5 and IC2C3 ligaments at each test frequency.    

 
Figure 1: Ligament stiffness as loading rate increases. Standard 

deviation of stiffness is represented in the shaded region.  

Standard deviations of stiffness measurements indicate 
considerable variability in stiffness for all conditions. The 
stiffness decreases slightly for the SPL and ICN ligaments 
between the 2 Hz and 3 Hz tests. This could be due to many 
factors some of which include: shifting in the grips of the 
mechanical testing machine, or compliance in the potting.  

Conclusions 

The results support our hypothesis, stiffness increases as 
displacement rate increases. Additionally, there is a decrease 
in stiffness from proximal to distal ligaments.  
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Summary

The windlass mechanism of the human foot is a well known
anatomical feature [1] that causes the height of the medial
longitudinal arch (MLA) to rise in response to toe dorsiflexion
under constant load. It is interpreted as a stiffening mechanism
which is hypothesized to work by increasing the moment arm
of the plantar fascia about the midfoot, thereby increasing its
overall stiffness [2]. However, no direct load-displacement
measurements of the foot exist at different levels of windlass
engagement. Here we perform three-point bending tests on
a cadaveric foot at different levels of toe dorsiflexion. The
resulting load-displacement curves indicate a small change in
average stiffness while the true stiffness given by the slope of the
curve changes by an even smaller amount. We hypothesize that
engaging the windlass likely unloads the foot causing the MLA to
rise, while leaving the true stiffness of the foot relatively constant.

Introduction

The stiffness of a spring is defined as the slope of its
load-displacement curve at a specified load or displacement. For
nonlinear springs such as the human foot, the average stiffness
is generally different from the local stiffness along the curve.
The average stiffness can be affected by a shift in position
of the load-displacement curve, such as caused by an added
constant load, but the local stiffness remains unchanged under
such a shift. Whether the windlass produces a change in local
stiffness, a change in average stiffness or a combination of both
is unknown. A three point bending test can distinguish between
these conditions. We applied displacements to the foot and
measured incremental changes in the reaction force in order to
estimate the true stiffness of the foot to quantify its dependence
on windlass engagement.

Methods

A fresh frozen cadaveric foot (female, 55 y.o., body weight 1021
N) was loaded using a materials testing machine (Instron). The
proximal tibia was potted in a resin (3M). The heel and the
forefoot rested on a flat surface in neutral posture over a layer of
lubricant on acrylic to allow the foot to deform naturally under the
load. Vertical displacements were imposed to the tibia at 1 mm/s
until the load reached ∼ 3 body weights. A rigid wall at the distal
end of the foot was used to constrain the toe in various dorsiflexed
positions. Average stiffness was calculated as the total increase
in force divided by the total displacement, and local stiffness at
peak load was calculated as the slope at peak load of the rising
load-displacement curve.

Results and Discussion

Load-displacement characteristics showed small differences in
average stiffness, and smaller differences in the peak local slope

at different levels of toe dorsiflexion. Compared to a neutral
toe position, the average stiffness increased by about 9% at 10◦

dorsiflexion, and 6% at 16◦. The local stiffness increased by 7%
at 10◦ dorsiflexion, and about 2% at 16◦. This indicates that the
engagement of the windlass affected the average stiffness of the
foot while the local stiffness of the foot at peak load changed by
a smaller amount.

Conclusions

Engaging the windlass likely unloads the foot, and the true
stiffness of the foot remains relatively unchanged.

Figure 1. Engaging the windlass at three different degrees of toe
dorsiflexion led to small changes in the average stiffness of the foot as
indicated by different force levels at the same maximum displacement.
The local stiffness at the peak load is however fairly constant between
the three levels of dorsiflexion.

Table 1. Average and local stiffness of the foot in N/mm at various
levels of toe dorsiflexion

dorsiflexion average stiffness local stiffness
0◦ 188.13 601.89

10◦ 205.04 641.83
16◦ 198.57 615.31
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Summary 
This is a biomechanical study evaluating the micromotion of a 
baseplate in a reverse shoulder arthroplasty during simulated 
abduction. We tested the following factors: bone density, 
screw length, number of screws, screw angle, and central peg 
length. Our findings corroborate the importance of higher 
bone densities, longer central peg length, and greater 
peripheral screw length in improving initial fixation of the 
baseplate. 

Introduction 
Reverse Shoulder Arthroplasty (RSA) is typically performed 
in patients with cuff tear arthropathy (1). A common type of 
RSA baseplate has a central peg and four peripheral screws 
inserting into the glenoid surface (2). Baseplate failure is a 
significant post-operative complication which reduces 
prosthetic longevity and usually requires revision surgery (3). 
The purpose of this study was to evaluate the contribution of 
mechanical factors on initial baseplate fixation. 

Methods 

This study simulated glenoid baseplate loading in a RSA.  
Using a half-fractional factorial design, five factors were 
tested: bone density (10, 25 pounds per cubic foot), screw 
length (18, 36 mm), number of screws (two, four), screw angle 
(neutral, diverging), and central peg length (13.5, 23.5 mm). 
Trials were cyclically loaded at a 60° angle with 500 N for 
1000 cycles. Micromotion at four peripheral screw positions 
was analyzed using a multi-factorial ANOVA (p<0.05). 

 

 

 

Results and Discussion 

We found an increase in micromotion with three scenarios: 1) 
lower bone density at all screw positions; 2) shorter central 
peg length at the inferior, superior, and anterior screws; and 3) 
shorter screw length at the inferior and anterior screws (Table 
1). There were interactions between bone density and screw 
length at inferior and anterior screws, and between bone 
density and central peg length at inferior, superior, and 
anterior screws. 

 
Table 1: Average micromotion for all factors.  

Conclusions 

Greater bone density, a longer central peg, and longer screws 
provide improved initial glenoid fixation in a RSA, while 
number of screws, and the angle of screw insertion do not. 
These findings may help minimize baseplate failure and 
revision surgeries. 

References 
[1] Lee LH et al. (2014). World J. Orthop. 5(3): 255-61. 
[2] Gutiérrez S et al. (2008) J. Bone Joint Surg. Am. 

90(12):2606-2615 
[3] Chae SW et al. (2015). Orthop. Traumatol. Surg. Res.        
101(4):421-4

 

Friday, August 02 2019: Posters (1600-1800) 1001

Extremity - Lower 2



 

 

The Role of the Midfoot in Lower Limb Energetics 
 

Sarah E. Kessler1, Glen Lichtwark1, Lauren Welte2, Michael Rainbow2, Luke Kelly1 
1School of Human Movement and Nutrition Sciences, University of Queensland, Brisbane, QLD, Australia 

2Department of Mechanical Engineering, Queens University, Kingston, ON, Canada 

Email: s.kessler@uq.edu.au  

 

Summary 

Biomechanical studies typically model the ankle as a rigid foot 

segment, and thus the contribution of structures within the foot 

to overall leg stiffness has been largely neglected. We 

designed a study to investigate the contributions of the ankle, 

midfoot and forefoot to lower limb stiffness. We hypothesized 

that with increasing hopping frequency, midfoot stiffness 

would increase in a similar manner to the ankle. Generally, the 

midfoot was stiffer than the ankle, but both structures 

increased stiffness with hopping frequency (P < 0.0001). 

These findings suggests that mechanics of the midfoot may be 

adjusted in a similar fashion to the ankle during single leg 

hopping. 

Introduction 

Humans utilize spring-like mechanics to recycle mechanical 

energy during locomotion. The capacity to actively modulate 

stiffness of the leg spring is a key feature that enhances the 

economy and versatility of human locomotion [1]. It has been 

established that the ankle plantar flexor muscles play an 

important role in modulating leg stiffness [2]. The foot is also 

known to possess spring-like properties and contributes 

between 8-17% of the mechanical work required for each step. 

Previous research suggests that the intrinsic foot muscles are 

capable of contributing to mechanical work and may have the 

potential to actively stiffen the midfoot and forefoot during 

locomotion [3]. The contribution of the foot to lower limb 

stiffness modulation remains unclear. Therefore, the aim of 

this study was to determine if mid-foot stiffness is modulated 

with ankle stiffness when hopping frequency is varied. A 

secondary aim was to determine the role of the intrinsic foot 

muscles in contributing to this process. We hypothesized that 

as leg stiffness increased with hopping frequency, mid-foot 

stiffness would increase resulting in decreased dorsiflexion 

range. 

Methods 

Nine healthy participants (5 female, 4 male, height: 1.73 ± 

0.11m, Weight: 63.43 ± 27.12kg) were recruited and asked to 

perform three single-leg barefoot hopping tasks. Participants 

hopped for ten seconds at pre-determined frequencies: slow 

(120 bpm), medium (138 bpm), and fast (156 bpm). Reflective 

markers, adhered to the skin of the foot, were tracked using an 

optoelectronic motion capture system (Qualysis, Sweden). 

Ground reaction force data was also collected (AMTI, USA), 

with all data being collected synchronously. 

Data was analyzed from foot contact to the next consecutive 

contact. Individual hops were excluded from the analysis if 

they were outside of ±5% of the pre-defined hopping 

frequency. Joint angles and moments were calculated in the 

sagittal plane for the ankle and mid-foot. Joint dorsiflexion 

range was calculated as the difference of the angle at contact 

and the maximum joint angle. Subsequently, quasi-joint 

stiffness was calculated by fitting a line to the joint angle – 

moment curves during the negative moment phase for each 

respective joint (Figure 1). Significance was set at P < 0.05. 

Results and Discussion 

As hopping frequency increased there was a significant 

increase in peak moments about the ankle (P < 0.01) and 

midfoot (P < 0.01). Quasi-stiffness increased by 44% for the 

ankle (P < 0.0001) and 32% for the midfoot (P < 0.0001) from 

the slowest to fastest hopping conditions. Finally, ankle joint 

dorsiflexion range reduced by 42% from the slowest to fastest 

frequency, whereas mid-foot dorsiflexion range remained 

relatively constant [FIGURE 1]. 

 

Figure 1: Group Mean Angle and Stiffness of the Ankle and Midfoot during 

Single-Leg Hopping. Each color signifies a new frequency. Green represents 
the slowest frequency (120 bpm) and purple represents the fastest frequency 

(156 bpm).  

Conclusions 

The increase in stiffness of the ankle and midfoot supports the 

theory that the midfoot may help modulate leg stiffness along 

with the ankle.  
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Summary 
The concept of foot type may be quantified across three 
dimensions: structure (planus, rectus, and cavus), function 
(over-pronating, neutral, and over-supinating), and flexibility 
(high, moderate, and low).  The significance is that certain 
foot pathologies/injuries have a greater prevalence with certain 
foot types. In this study foot function was assessed with 
barefoot plantar pressures in a group training as cadets at the 
United States  Military Academy (USMA) of West Point.  The 
research question was: does foot function change in response 
to a short period of intensive exercise (8 weeks of basic 
training)? Peak plantar pressures were significantly reduced 
beneath the overall foot, hallux, and 2nd metatarsal head. 
Force time integrals were significantly increased beneath the 
overall foot, 1st, 2nd, 3rd, 4th, and 5th metatarsal heads and the 
medial arch. These findings remained after accounting for 
bodyweight as a covariate. Foot function changed in as little as 
8 weeks of aggressive training. 

Introduction 
Different foot types are associated with different 
biomechanical function [1].  In a cohort of cadets from West 
Point differences in foot type have already been observed 
across sex, race, injury incidence [2].  As part of their training 
to become officers in the US Army cadets train rigorously, 
especially in the first 8 weeks of basic training.  Although over 
1/3 of the cadets will experience a musculoskeletal injury over 
their first year of training it is not clear if longitudinal changes 
are occurring to their foot type.  In specific, it was the aim of 
this study to determine if foot function changed over just 8 
weeks of basic training. 

Methods 
At baseline 1090 incoming male and female cadets from the 
USMA at West Point were recruited to participate in this study 
(16,3% female, mean age of 18.5 years, and a BMI of 
24.5kg/m2). The cadets were free of any current 
musculoskeletal injury.  At 8 weeks, after basic training, 106 
of these cadets were available for follow-up.  Although part of 
a larger investigation, relevant to this study, all 106 
participants walked at their comfortable walking speed across 
an emed-X plantar pressure measuring device (Novel, Munich, 
Germany) which had less than 5% full scale error with ICC 
values greater than 0.70 [3]. Five left and five right footprints 
were acquired for each cadet. The maximum pressure 
throughout stance phase was segmented into 12 regions of 
loading using a masking algorithm from Novel.  Five variables 
were of interest: peak pressure, maximum force, pressure-time 
integral, force-time integral, and contact area were computed  

 

in each region.  This study is a repeated measures design: each 
cadet was seen at both time points. To test for significant 
changes bilaterally a generalized estimation equation (GEE) 
analysis was employed using SPSS software. The Wald χ2 test 
was employed with a p value ≤ 0.05 for significance.   

Results and Discussion 
Peak plantar pressures (N/cm2) were significantly reduced 
beneath the overall foot, hallux, and 2nd met. head (Figure 
top). Force time integrals (Ns) were significantly increased 
beneath the overall foot, 1st, 2nd, 3rd, 4th, and 5th met. heads and 

the medial arch (Figure bottom). These findings remained 
after accounting for bodyweight as a covariate.  
Conclusions 
Foot function changed in as little as 8 weeks of training. 
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Summary 

Toe walking is less stable with smaller base of support and 

consumes more energy compared to heel-toe walking. 

Sometimes humans walk on their tip toes, such as to walk 

silently and walk on stepping stones. In healthy persons, foot 

motion during toe walking is different from heel-toe walking. 

In this study, maximum and minimum angles of the forefoot 

dorsiflexion to hindfoot decreased in the sagittal plane. 

However, hindfoot inversion angles in frontal plane and 

rotation angles in transverse plane did not change in toe walking. 

Changes of foot motion during toe walking in young healthy 

persons were different from those in pathologic pes equinus. 

Introduction 

Toe walking is the way of gait only with toes touching the floor 

during stance phase, meanwhile heel-toe walking is a common 

gait pattern with both heel and toe touching the floor in order. 

Toe walking is less stable than heel-toe walking due to smaller 

base of support and more energy consumption. Joint moments 

act on ankle differently compared to heel-toe walking, and 

kinematics of knee and hip joints changes as well. Various 

neurological and musculoskeletal disorders, such as cerebral 

palsy, muscular dystrophy, stroke and traumatic brain injury etc. 

can induce toe walking. Foot motion during this pathologic pes 

equinus gait caused by spasticity, contracture of muscles and 

imbalance of agonist and antagonist muscles due to paralysis, 

can be different from toe walking of healthy person. And 

understanding kinematic changes of normal foot during toe 

walking can help to understand the difference and etiology of 

pathologic pes equinus gait caused by various disorders. 

Therefore, we compared the foot motion of healthy person 

between heel-toe walking and toe walking. 

Methods 

The study group is consisted of 20 young healthy people. The 

group were tested on a single visit, subjects walked across 10-

meter-long gait in the motion analysis laboratory in self-

selected comfort speed during both toe walking and heel-toe 

walking. Each subject performed toe walking and heel-toe 

walking in random order, taking a two-minute break between 

each walking. They performed toe walking at the most 

comfortable height, but the heel did not touch the floor during 

gait. Each trial were recorded using a 6-camera motion analysis 

system(MX-T10, Vicon, UK) and kinematic data were 

calculated. A modified Helen Hayes marker set for lower limbs 

and Oxford Foot Model(OFM) for foot and ankle were used for 

analysis. The measured angles are the angle of the centerline of 

the Tibia and Hindfoot, and the centerline of the forefoot and 

hindfoot.  

Angles between heel-toe gait and toe gait were analyzed by 

paired t-test using SPSS 25. 

Results and Discussion 

Maximum and minimum angles of the forefoot dorsiflexion to 

hindfoot decreased in the sagittal plane (p < 0.05).  

However, hindfoot inversion angles in frontal plane and 

rotation angles in transverse plane did not change in toe walking. 

 

Figure 1: Difference of angle of hindfoot/tibia between toe walking 

and heel-toe gait.(Bold line : Toe gait, Thin line : Heel-Toe gait) 

Conclusions 

Previous studies reported that hind foot inversion and forefoot 

supination motion increase in pathologic pes equinus caused by 

spasticity and muscle contracture. However, those motions did 

not change in toe walking of young healthy persons. 

 Understanding kinematic changes during toe walking in young 

healthy persons can help to define the etiologic difference of 

pathologic pes equinus caused by various neuromuscular 

disorders. 
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Summary 

Flatfoot is a complex multi-plane deformity of the foot, but is 

often classified using planar foot prints.  A novel foot sole 

scan system (FAST) enables fast measurement of the three-

dimensional foot sole surface and thus relevant morphological 

parameters.  The current study aimed to assess the intra-rater, 

inter-rater and inter-session reliability of repeated 

measurements of typical foot parameters using FAST, in terms 

of intraclass correlation coefficients.  The results showed that 

the FAST system had high system and test protocol reliability 

of repeated measurements of foot parameters. 

Introduction 

Flatfoot is a multi-plane deformity, characterized primarily by 

reduced medial longitudinal arch height and increased hind 

foot eversion.  Previous studies have suggested that school 

children should be assessed routinely to monitor the 

development of the foot arches [1].  Planar foot prints have 

been used to classify foot arch types but the results can be 

unreliable as the foot sole surface height was not included.    

While radiographs and CT scans can provide more details of 

the foot structure, radiation dosage is a major concern.  A 

novel foot sole scan system (FAST, Enford International Co., 

Taiwan, bias: 0.06 mm and precision: 0.26 mm) is available 

on the market as a convenient and effective tool to measure 

3D foot sole surface and obtain foot parameters under weight-

bearing conditions.  However, its measurement reliability has 

not been established.  The current study aimed to bridge the 

gap by assessing its intra-rater, inter-rater and inter-session 

reliability of measurements of typical foot morphological 

parameters in terms of intraclass correlation coefficients. 

Methods 

Eight adults (4 females, 4 males; BMI: 21.7 ± 3.6; Age: 23.8 ± 

2.5) and two experienced physical therapists participated in 

the current project with informed written consent.  Each 

subject was assessed separately by the two raters each for 6 

times using the FAST system, giving 6 sets of 3D feet sole 

surfaces to determine the test protocol reliability.  Each sole 

surface (impression) was also measured 6 times to test the 

system reliability. A re-test was performed with a minimum 

24 hours interval followed by same test procedure to assess 

the inter-session reliability. Reliability of these repeated 

measurements was assessed in terms of intraclass correlation 

coefficients (ICC) [2] using a two-way mixed-effects model 

(ICC3,1) for intra-rater assessments and a two-way random-

effects model (ICC2,k) for inter-rater assessments while a two-

way random-effects model (ICC3,k) was used for inter-session 

reliability. The values of ICC indicated high (0.81-1.0), good 

(0.61-0.80), moderate (0.41-0.60), fair (0.21–0.40), and poor 

(below 0.2) reliability [3], respectively. 

Results and Discussion 

All foot parameter measurements were found to have high 

intra-rater (ICC > 0.99 for system reliability and ICC > 0.89 

for test protocol reliability), inter-rater (ICC > 0.93 for system 

reliability and ICC > 0.91 for test protocol reliability) and 

inter-session (ICC > 0.95 for system reliability and ICC > 0.90 

for test protocol reliability) reliability (Table 1 and 2).  Further 

analysis of the data for other foot parameters will be needed. 

 
Table 1: Reliability of repeated measures of a 3D foot impression per 

subject (system reliability) 

 

Table2: Reliability of repeated measures of multiple foot assessment 

tests per subject (test protocol reliability) 

 

Conclusions 

The current results show that the FAST system had high 

system and test protocol reliability in measuring the 3D foot 

sole surface and the selected foot parameters, suggesting that 

the system can be used to provide reliable foot assessment 

outcome for basic and clinical applications. 
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Intra-Rater 

 
Inter-Session 

 
Inter-

Rater 
 

Rater 1 Rater 2 
 

Rater 1 Rater 2 
 

Foot Length 1.00 1.00 
 

0.99 1.00 
 

0.93 

Foot Width 0.99 0.99 
 

0.95 0.97 
 

0.95 

Arch Index 0.99 0.99 
 

1.00 0.98 
 

0.94 

Arch Height 0.99 0.99 
 

0.98 0.97 
 

0.95 

Arch Angle 0.99 0.99 
 

0.96 0.96 
 

0.99 

Normalized 

Arch Height 
0.99 0.99  0.98 0.97  0.95 

 
 Intra-Rater 

 
Inter-Session 

 
Inter-

Rater 
 

 Rater 1 Rater 2 
 

Rater 1 Rater 2 
 

Foot Length  0.94 0.94 
 

0.99 0.99 
 

0.91 

Foot Width  0.93 0.90 
 

0.90 0.94 
 

0.95 

Arch Index  0.91 0.91 
 

0.98 0.96 
 

0.91 

Arch Height  0.96 0.92 
 

0.97 0.98 
 

0.95 

Arch Angle  0.89 0.90 
 

0.95 0.98 
 

0.98 

Normalized 

Arch Height 

 
0.96 0.92  0.97 0.97  0.95 
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Summary 

Anatomically accurate reconstruction of joint structures, 

including bone and cartilage, is necessary in  musculo-skeletal 

modelling and prosthesis designs. Correspondingly, CT and 

MRI shall be used, possibly in combination. A single ankle 
specimen was analyzed by producing 3D bone and cartilage 

models from medical imaging scans, using three CT and two 
MRI different technologies. Best bone plus cartilage models 
were obtained from Cone-Beam CT and 3.0 T MRI. 

Introduction 

In total joint replacement, surgical failures are accounted for to 
the geometry of implanted prosthesis components, often not 

fully respectful of the  original joint anatomy or function. This 

seems more evident in small joint replacements, like ankle-
arthroplasty, due to their dimensions. Custom-made prosthesis 
might reduce failure incidence by optimizing component 

design and fixation/matching [1]. To this scope, reliable 

medical-imaging analyses are mandatory to achieve accurate 

patient-specific joint models for custom-made 3D prosthesis 
designing/printing. Several medical-imaging technologies 

exist, traditional and innovative, but, generally, relevant 

advantages and limitations are not still established. The aim of 
this study was to investigate on a few of these technologies, 

via an original in-vitro experiment, for the final definition of 

an accurate customized morphological model of ankle bones. 

Methods 

A cadaver shank-foot specimen with normal ankle anatomy 

was tested. Before image scanning, 6 radio-opaque hard 

plastic beads embedding smaller concentric hydrogenised gel 
beads were rigidly attached to the specimen as fiducial 

markers in Computer-Tomography (CT) and Magnetic-

Resonance-Imaging (MRI); relative foot-to-shank pose was 
fixed in neutral position by casting with plaster the specimen 
and  the beads. Afterwards, CT scans were performed, based 

on standard (STCT), Dual-Energy (DECT) and recent Cone-

Beam (CBCT) [2] technologies. This was repeated in 1.5 and 
3.0 T MRI. Relevant DICOM files were imported in dedicated 

software for image segmentation to create 3D CAD models for 

the tibia and talus, cartilages and beads. Model registrations to 

combine bone and cartilage were based either on the fiducial 
beads via Singular-Value-Decomposition (SVD) or on the 

entire surface via Iterative-Closest-Point (ICP) procedure. 

Distance map analysis (DMA) was used to assess both 
registration accuracy and inter-model differences [3]. 

Results and Discussion 

Registration of cartilage CAD models from 3.0 T MRI on 
bone models from CBCT and DECT resulted generally in 

more uniform distance maps (Fig.1), the former being slightly 

better and more marked in ICP registartions. Model 

compenetration and general less uniform distance maps were 
observed using surfaces derived from STCT and 1.5 T MRI.  

 

Figure 1: DMA after bone-to-bone registration via SVD: STCT-

DECT (A); DECT-CBCT (B); STCT-CBCT (C). Colour-map is from 

max penetration (-1 mm, in blue) to max separation (6 mm, in red) 
passing for a best matching (in green), as for the colour scale. 

Furthermore, the calculated diameters of the circles best fitting 

the medial and lateral talar crests compare well among the 3 

talus bone models from CT. Best bone plus cartilage models 
were obtained from CBCT and 3.0 T MRI (Fig. 2).  

 

Figure 2: DMA of cartilage-to-bone models registered via ICP: on 
the talus (top row) and tibia (bottom) bones from CBCT scans, with 
both 1.5T and 3T MRI. 

Conclusions 

Originally, the main features of different medical imaging 
technologies in producing reliable subject-specific joint 

models were evaluated and exploited. The most recent and 

innovative technologies, the CBCT and 3.0 T MRI, resulted in 

better final bone-cartilage models. In personalized 
orthopaedics, these findings support the definition of subject-

specific morphological models for better custom-made 
prostheses in ankle surgery [1,3] and may be applicable to 
other joint replacements. 
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Summary 

In the last two decades, quantitative magnetic resonance 
imaging (qMRI) has grown into a powerful tool for exploring 
in-vivo biomechanical and functional properties of the 
musculoskeletal system. However, most qMRI methods are 
developed and maintained in-house, which results in a lack of 
transparent and well-documented implementations, thus 
imposing a challenge to their reproducibility and easy 
adoption. To tackle this issue on multiple levels, we started the 
open-source software project qMRLab (https://qmrlab.org) to 
bring a large collection of qMRI methods under one umbrella. 
Natively developed in the MATLAB/Octave programming 
language, qMRLab is equipped with cutting-edge software 
development technology to create a streamlined pipeline for 
easy use of qMRI methods, and to provide its users with 
comprehensive documentation, educational materials and 
interactive support.  

Introduction 

Relaxometry-based biophysical characterization of cartilage 
appears to be at the forefront of qMRI applications in 
biomechanics [1]. A brief look at the methodology used by the 
studies reviewed by Binks et al. (2013) shows that qMRI 
analyses exhibit significant variability due to various MRI 
phenomena and in-house implementations for calculating T1, 
T2 and T1r maps. Similar issues are present in MRI 
relaxometry measurements of the skeletal muscle in exercise, 
pathology and aging [2]. 

More advanced qMRI methods such as diffusion and 
magnetization transfer (MT) imaging have also gained vast 
popularity in musculoskeletal research. For example, a recent 
study showed the feasibility of non-invasive measurement of 
myofiber diameters using time-dependent diffusion [3]. In 
addition, quantitative MT in the musculoskeletal system has 
shown potential to account for collagenous components [4]. 

Although advanced methods such as quantitative MT open 
more exciting avenues for biomechanics research, they come 
at the cost of increased methodological complexity, further 
increasing the variability in qMRI implementations. This 
points to a need for a unifying platform that can implement 
and compare a wide range of qMRI methods.  

Methods 

An object-oriented framework was created in MATLAB to 
modularize three main components of qMRI with individual 
classes describing: i) multi-dimensional data ii) biophysical or 
signal model and iii) fitting function. Several simulation 
modules are also implemented depending on the qMRI 
method. These simulations include “Single Voxel Curve” to fit 
qMRI data, “Sensitivity Analysis” to estimate the precision of 

fitted parameters for a given noise level, and “Multivoxel 
Distribution” to estimate parameter precision for a wide range 
of parameter combinations. A user-friendly graphical user 
interface (GUI) was designed to process qMRI data, visualize 
outputs and get descriptive statistics using an ROI toolbox. 
Batching is also enabled to serialize processing across subject 
and different methods.  

The open codebase is hosted on GitHub for version control, is 
distributed under and MIT license, and uses Travis CI for 
integration tests. For further details regarding the qMRLab 
software ecosystem and to access all related resources, please 
visit https://qmrlab.org.   

Results and Discussion 

 
Figure 1: Axial slice of a magnetization transfer saturation map (3D) 

of in-vivo human lower-leg at 3T, processed using the MTsat [5] 
method. Visit https://rebrand.ly/msk to execute this processing 

online.  

Conclusions 

Non-invasive relaxometry, diffusion and MT measurements 
can bring unparalleled insights to the exploration of in-vivo 
biomechanical properties of the musculoskeletal system and to 
the development of computational models. Currently, 
qMRLab implements 11 different qMRI methods, and is 
actively used by more than 10 research labs around the world. 
Numerous qMRI methods are in dire need of standardization, 
and we believe qMRLab is an important step in this direction.   
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Summary 

Bone healing and (re)modelling depends on the interaction of 

mechanical loading with molecular processes. Multimodal 

imaging technology is needed to better understand these 

interactions, which could play a key role in novel treatments 

and therapies. We have developed an improved local in vivo 

environment (LivE) imaging pipeline to examine protein and 

gene expression from multiple single cells in parallel with 

mechanical information from micro-finite element analysis 

(micro-FE), enabling investigation of these interactions. 

Introduction 

LivE imaging is a technique to examine protein or gene 

expression from multiple single cells in parallel with micro 

computed tomography (micro-CT) based micro-FE. We have 

previously used LivE imaging to examine Sclerostin 

expression in osteocytes in 3-dimensions in a mouse vertebra-

loading model [1]; however, the technique was limited to 

small numbers of histological sections due to unreliable 2D-

3D registration. We have developed an improved pipeline to 

enable application of the technique to serial sections.  

Methods 

For development of the improved pipeline, micro-CT data and 

histology sections were collected from an in vivo femur defect 

study. Time-lapsed micro-CT images were collected at the 

time-point of the defect surgery and each week for 7 weeks at 

an isotropic 10.5 μm resolution (vivaCT 40, Scanco Medical 

AG, Switzerland). At the end of the study, the complete femur 

was embedded in paraffin, decalcified, and sliced manually in 

a serial fashion at 10 μm thickness using a microtome (HM 

355S; Microm AG, Switzerland). 174 slices containing bone 

tissue were stained with Safranin-O/Fast Green. Histological 

sections were imaged at a 0.4 μm resolution (Slide Scanner 

Panoramic 250, 3D Histech, Hungary).  

Results and Discussion 

A newly developed pre-processing tool was used to extract 

regions of interest from the histological sections, followed by 

segmentation and rescaling to 10.5 μm resolution. A new 

manual graphical registration tool (Figure 1) was used to 

perform an initial registration of the pre-processed histology 

section to the micro-CT image. The registered slice then 

served as the initial guess for automated 2D-3D registration 

using a genetic algorithm to search for the optimal alignment 

of the adjacent histological section within the micro-CT image 

using a rigid transformation. Developing an initial guess for 

the automated registration was previously difficult, leading to 

poor registration outcomes; however, with the newly 

developed manual tool, it is now possible to generate an initial 

guess in as little as five minutes, based on image landmarks.  

 

Figure 1. Manual graphical registration tool. 

Images were found to have similar registration accuracy to 

previous applications of LivE imaging: slices (Figure 2) had a 

mean-squared error of 10.1%, compared to 9.2% in our 

previous work. 

 

Figure 2. Registration overlay (left) showing micro-CT image 

(green), segmented histological structures (red), and overlapping area 

(yellow). Corresponding histology slice (right).  

We plan to automate the process further by performing 2D-2D 

registration between serial histology slices during pre-

processing, producing a 3D volume. This will convert the 

currently difficult 2D-3D registration step into a 3D-3D 

registration, which is easier to solve. 

Conclusions 

Our preliminary results demonstrate that the improved LivE 

pipeline can reliably be applied to a large number of slices.  
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Summary 
Dynamic CT presents the potential to study joints while they 
undergo motion [1]. Kinematic parameters can also be extracted 
automatically/semi-automatically from these images using 
image processing techniques like registration. However, few 
studies have evaluated the accuracy of the motion parameters 
extracted via image registration. In this study, a custom-made 
circular polymethylmethacrylate (PMMA) phantom was 
designed to undergo controlled rotations. We implemented a 
two-step image registration approach to recover the induced 
rotations. Our registration approach was capable of recovering 
the true rotations with a mean absolute error of 0.52º [95% 
CI:0.36º-0.68º].  

Introduction 
Wide beam CT scanners, have the potential to acquire images 
from the same anatomic area over lengths up to 16cm.  As such, 
detailed analysis of joint morphology and dynamic phenomena 
can be investigated. Potential clinical applications involve 
automatically computing kinematic parameters from the images 
using image processing techniques like registration. Such 
applications could be helpful in therapeutic decisions and the 
design of prosthetic devices. Insight into the accuracy of 
kinematic parameters obtained via this technique is essential to 
facilitate clinical applications. This study therefore aims at 
evaluating the accuracy of motion parameters computed using 
image registration.  

Methods 
A PMMA circular phantom (70 mm radius) with 9 mm-deep 
circular cavities of varying radii (1 mm, 2 mm, and 3 mm) was 
constructed for this study. A Trinamic 24V electric motor 
(TRINAMIC Motion Control Hamburg, Germany) together 
with an Arduino uno board (Arduino AG) was used to control 
the amount of rotation induced (Figure 1a). 

The phantom was rotated by 0.25º, 10º, 30º, 60º, 70.25º and 
120º. A 256-slice CT (GE Healthcare) was used to acquire 
images with the phantom at a “static” position (0º) and at each 
of the angles listed above. The phantoms axis of rotation was 
perpendicular to the CT gantry. Experiments were repeated 5 
times at 30º to measure precision.  

A two-step approach was implemented in simple elastix [2] to 
register each rotated (n°) phantom position to the static (0°) 

position. Firstly, corresponding points were automatically 
computed between the static position and each of the rotated 
positions using scale invariant feature transformation (SIFT). 
The detected points were used to control a 3-dimensional rigid 
registration step. Accuracy was computed as the absolute 
deviation from the true rotations and repeatability by the 
coefficient of variation (CV).  

Results and Discussion 
For all n°, our registration method was able to recover the 
induced rotations with an accuracy of 0.52° [95% CI:0.36°-
0.68°] and a CV of 1.2% (Figure 1b). Table 1 shows the 
accuracy for a selection of rotations.  

 
Figure 1: (a) Phantom setup; overlay of CT images of phantom 

before (b) and after the registration (c) 

Conclusions 
Our model provides an insight into the potential of image 
registration for automatically extracting motion parameters in 
dynamic CT scans of joints. Future experiments will investigate 
rotations along non-perpendicular axes to the CT gantry. 
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Table 1: Registration accuracy for selected rotations (10°-120°). 

True 
Rotation(º) 

Measured 
rotation (º)  True 

Rotation(º) 
Measured 
rotation (º) 

10 9.85±0.12  70.25 70.85±0.85 
20 19.52±0.23  120 120.74±1.45 
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Summary 

One of the main limitation of CT imaging and especially 
Dynamic CT acquisitions of the lower limb is the 
unavailability of devices that create weight-bearing (WB). 
This study aimed to validate a novel device developed for this 
proposes. 15 healthy subjects performed a series of orthostatic 
squats, followed by a series of “horizontal” squats on the 
device at different resistances based on body weight 
percentage (BW%). 3D-kineamtics and surface EMG were 
recorded. To explore the degree of similarity between both 
settings, the 3D-kinematics of left knees were compared using 
Linear Fit Method and mean differences. Very high average 
correlation was found for most BW%. Average rotational 
differences were below 10˚ for nearly all components. The 
novel device seems able to replicate knee kinematics when 
compared to a true orthostatic wall squat. 

Introduction 

Dynamic Computed Tomography (4DCT) is a novel approach 
to study to examine intra-articular pathologies as it provides 
excellent spatial and temporal resolution of bone motion. One 
of its main limitations regarding lower limb (LL) acquisition is 
the fact that it is performed with the patient in a horizontal 
position and therefore in a non-WB setting. The lower limb is 
constantly under load and been able to reproduce the subject 
physio(patho)logical movement may provide a better insight 
of patients' pathology. However, there are no devices able to 
provide load during a dynamic movement of the LL. The aim 
of this study was to validate a novel device that will allow 
dynamic weight-bearing during CT acquisition. 

Methods 

15 healthy volunteers (mean age 26±6 years) were included in 
this study. The novel device (similar to a leg press) consists of 
four main components: a fixed part that can be attached to a 
standard CT table, a sliding bed on top, a push-off platform for 
the feet and a counter weight system. The latter provides 
resistance and brings the bed backward. Each subject 
performed 6 squats in an orthostatic position (OS) with the 
back against a wall and 6 squats in a horizontal position (HS) 
on the device. The two sets were repeated 8 times in a random 
order, one for each resistance based on body weight 
percentages (BW%): 30, 35, 37, 40, 42, 45, 50, 55. A 6-
camera VICON MX F20 system at 250 Hz was adopted for 
knee 3D-kinematics recordings. Marker trajectory was then 
reconstructed and Cardan angles were computed. ZYX 
composition sequence was adopted for angle estimation based 
on local reference frames of pelvis, thigh, shank and foot. X-
axis represented flexion-extension, Y-axis internal-external 
rotation and Z-axis add-abduction. In addition, surface EMG 
of Rectus Femoris, Bicep Femoris, Tibialis Anterior and 

Gastrocnemius Lateralis was also recorded using a wireless 
bioPLUX research unit. Waveform similarity was assessed 
using a Linear Fit Method [1] and by computing differences 
between the kinematic curves of OS and HS for each BW%. 
Left knees 3D-kinematics were analysed. 

Results and Discussion 

Results from the X-axis of the knee showed R2 ranging from 
0.99 to 0.98 (p<0.05), with intercept and slope of the 
regression line varying from 4.59° to 2.54°, and from 0.95 to 
0.87 respectively. Regarding Y-axis, R2 ranged 0.86 to 0.79 
(p<0.05), with intercept and slope varying from 1.68° to 1.03°, 
and from 0.94 to 0.83 respectively. R2 from the Z-axis ranged 
0.98 to 0.96 (p<0.05), with intercept and slope varying from 
2.86° to 2.06°, and from 1.16 to 1.01 respectively. Average 
differences nearly ever exceeded 5˚ difference, with CI below 
5° for Y-axis and 10° for the X- and Z-axis for most BW% 
(Figure 1). 

 
Figure 1: Differences of knee 3D-kinematics between OS and HS  

Knee kinematics showed high averaged correlation for all 
BW% for all three motion components, with minimal shift 
(intercept) between the curves and scaling factor (slope) very 
close to 1. Regarding average differences between the curves 
better results were observed for BW% over 37% but without a 
significant difference among them. 

Conclusions 

No significant difference was found between 3D-kinematics of 
the knee performed in a standing position and in a horizontal 
position with the aid of a loading device. Excellent similarity 
was reached for most BW%. This highlights the capability of 
the device to reproduce orthostatic kinematics independently 
from the selected BW%. Definitive choice of the best BW% to 
use for clinical application on knee motion could be made 
based on the results of surface EMG activity. 
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Summary 

Peripheral quantitative computed tomography (pQCT) can 

be used to assess the structural and geometrical changes in 

bone whilst exposing participants to minimal radiation. 

Structural parameters are analysed automatically, but 

geometrical measures are not. pQCT images were converted 

into binary before the region of interest (tibia) was 

abstracted. A series of functions were applied to the tibia 

section to obtain the outer geometry. The validity of the 

method was determined using a uniform object of known 

diameter. Further investigation assessed natural variation in 

an able-bodied population over 12 months. Absolute 

differences in diameter of 1mm were identified from the 

validation scans. Coefficient of variation was below 4% for 

total bone area, and density. The proposed method allows 

increased specificity of the pQCT derived measures and 

quantifies outer geometry. The natural variation displayed in 

an able-bodied population must be considered when 

analysing a clinical population. 

Introduction 

An increase in strain produced as a result of mechanical 

stimuli can encourage bone formation [1]. pQCT scans are 

advantageous as they assess bone structure and geometry 

whilst exposing participants to minimal radiation. In 

analysing the external geometry, bone strength and 

subsequent bone health can be inferred. Previous research 

has used pQCT to assess changes in bone geometry as a 

result of changes in mechanical loading with exercise [2]. 

However, this is not a common measure. 

As such, we developed a method of processing pQCT 

images to assess the variation in bone geometry across a 12-

month period in a healthy, able-bodied population.  

Methods 

An overview of the image processing method is outlined in 

Figure 1. The scans were exported as .mdl and converted 

into .tiffs images in RGB format through Image J [3]. The 

images were read into Matlab in RGB greyscale. Figure 1 

shows the process identifying the outer geometry of the tibia 

bone. Initially, a validation of the method was carried out 

using a cylinder of 160 mm diameter. Six healthy able-

bodied participants (mean ± 1S.D. 41 ± 13 years, 1.83 ± 0.05 

m, 90.3± 12.9 kg) were recruited. Bone scans were collected 

at baseline, 6 months and 12 months. Participants placed 

their dominant leg (right leg) in the scanner and scans were 

taken at 4, 14 ,38 and 66% of tibial length in order to obtain 

details of both cortical and trabecular bone. A consistent 

active lifestyle was maintained by participants. All scans 

were performed by a trained operator using a Stratec XCT 

2000 pQCT (Stratec Medizintechnik, Germany).  

Bone mineral density and area were automatically analysed 

by the pQCT software. Bone images were segmented into 

30º sections [4] in order to analyse how uniformly 

distributed the geometrical changes are.  

Figure 1: Process of identification of external cortical 

bone geometry from pQCT scan. Images are sequenced 

top left, clockwise to conclude at the bottom left. 

Results  

The validation exercise showed a maximum coefficient of 

variation (CoV) of 1.3% from repeated scans. Results from 

the longitudinal study showed an average CoV for the bone 

total area of 4% or less for all sites along the tibial length. 

CoV for total bone density was 3% at the 4% site, and 1% 

for both the 14 and 38% sites.  

Conclusion 

The results show natural variation within the able-bodied 

population across a 12-month period. These variations are 

low, which is to be expected, but must be taken into 

consideration when analysing a clinical population. 

Future Applications 

The current method enables the extraction of parameters, 

such as bone curvature and can be used to evaluate the bone 

geometry, thus enabling calculation of shape inferred 

strength. This could be used to monitor the progression of 

clinical populations or for accurate scaling of subject-

specific computer models of bone. 
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Summary 

Free Achilles tendon shape and 3D geometry measured using 

MRI and 3DUS are similar. 3DUS may be a better alternative 

to MRI for measuring free Achilles tendon geometry due to 

faster acquisition time and higher image resolution. 

Introduction 

Personalised computational models of the Achilles tendon 

(AT) are required for non-invasive estimates of localised AT 

stress and strain during common locomotor and rehabilitation 

tasks [1]. Nonetheless, AT stress and strain distribution 

estimates are largely affected by shape and tissue geometry 

[2]. Two main 3D imaging modalities to measure free AT 

geometry are magnetic resonance imaging (MRI) and freehand 

3D ultrasound (3DUS) methods. The purpose of this study 

was to assess if similar estimates of free AT shape and 3D 

geometry can be obtained when using MRI and freehand 

3DUS methods. 

Methods 

Thirteen elite middle-distance runners (25 ± 5.6 yrs, 1.77 ± 

0.07 m, 61.7 ± 6.2 kg) with no prior history of AT injury 

participated in the study. Participants refrained from strenuous 

physical activity in the 24 hours prior to testing. Following AT 

preconditioning [4], participants underwent MRI scans of their 

free AT using a Philips Ingenia 3.0T MR scanner. High 

resolution ankle joint MRI (T1W 3D FFE, TR/TE 8.0/4.1 ms) 

was used to image the free AT with the ankle in neutral 

position; the slice thickness and slice gap were 0.6 mm and 0.3 

mm, respectively. The AT was subsequently scanned using a 

3DUS method by sweeping the instrumented ultrasound 

transducer (Canon PLT-805) along the free AT, while motion 

capture data were recorded synchronously using an 8-camera 

Vicon motion capture system [3]. 2D ultrasound images and 

motion capture data were acquired at 30 Hz and 100 Hz, 

respectively. To mimic MRI scans, 3DUS images were 

obtained with the ankle in neutral position. MRI and 3DUS 

slices were then segmented using Stradwin software (Version 

5.4). Shape similarity was assessed using Jaccard index, 

Hausdorff distance, and root mean square error. Free AT 

volume, average cross-sectional area (CSA) and length 

obtained using MRI and 3DUS were assessed using Bland-

Altman analysis. Regional CSA measured using MRI and 

3DUS was compared using statistical parametric mapping. 

Results and Discussion 

Jaccard index, Hausdorff distance, and root mean square error 

were 0.77 ± 0.04, 2.60 ± 0.60 mm, and 0.60 ± 0.01 mm 

respectively. A visual representation of difference (root mean 

square error) in free AT shape between MRI and 3DUS is 

show in Figure 1. 

 

Figure 1: Distance error between free AT 3D reconstructions 

obtained using MRI and 3DUS. 3DUS reconstructions are displayed 

in white, and the distance errors are displayed using a colour map. 

Compared to MRI, 3DUS underestimated volume and average 

CSA by 3.6 (mean) ± 40.1(standard deviation) mm3 (0.24 ± 

1.6%) and 1.7 ± 1.5 mm2 (2.5 ± 2.0%), respectively, and 

overestimated length by 0.8 ± 0.7 mm (2.2 ± 2.0%). The 95% 

confidence intervals, defined as difference between upper and 

lower limits of agreement for volume, length, and average 

CSA were 157 mm3 (6.2%), 2.6 mm (7.7%), and 5.7 mm2 

(7.7%), respectively. Regional CSA measured across the 

length of the free AT using MRI and 3DUS were similar. 

Critical threshold (t* = 3.562, α = 0.05) was not exceeded; 

indicating no significant difference in measurements obtained 

using MRI and 3DUS.  

Conclusions 

Our results indicate MRI and 3DUS can be used 

interchangeably as the differences in shape and 3D geometry 

observed across a range of free AT geometries are minimal. 

Faster acquisition time and higher resolution associated with 

freehand 3DUS will enable researchers to obtain additional 

information such as free AT mechanical stiffness and twist.  
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Summary  

The versatile soft tissue contrast of magnetic resonance 
imaging (MRI) has enabled studying local strains in muscle 
fiber direction (!") as probed by diffusion tensor imaging 
(DTI). Recently, tracked fascicles of medial gastrocnemius 
(GM) muscle showed heterogeneous !"	distributions. As 
opposed to a uniform !" expectation of the classical view-
point, but in association to locations of e.g., neurovascular 
tracts. We analysed the reproducibility of the techniques used 
to quantify !", such as the effects of algorithm parameters, and 
applicability of various quantitative MRI (qMRI) metrics. 
Results showed reproducibility of previously reported !" 
amplitudes in passive GM, in a different scanner and 
processing pipeline. The overall !"	distribution pattern was 
easily reproduced and not sensitive to algorithm parameters, 
unlike !" amplitudes. Variations in local tissue structure 
revealed by T1 have a significant predictive effect over mean 
!"	 !" . Quantitative MRI shows promise to study the link 
between muscle structure and function.       

Introduction 

Significance of the epimuscular myofascial force transmission 
[1] in-vivo has been an active research topic. This has driven 
the development of MRI-DTI approach to quantify !" in GM, 
for studying the effects of passive knee extension [2] and 
isometric plantar-flexion [3]. In agreement with previous finite 
element modelling [1], proximal and distal GM fascicle 
regions undergo differential length changes. In passive 
muscle, this trend manifests as proximally lengthened and 
distally shortened fascicle bundles, explained by the effect of 
distally directed myofascial loads ascribed to the mechanical 
interaction of the muscle with its surrounding tissues. This is 
contrary to the classical viewpoint, which ignores myofascial 
loads and expects uniform length changes along the fiber 
length. Non-invasively decoupling the origins of epimuscular 
mechanical interactions within a wide and volumetric field-of-
view is challenging. However, qMRI methods convey 
information about the underlying tissue properties, which can 
be a valuable asset. We aimed at conducting the protocol 
described in [2] to assess the portability of the protocol to a 
different scanner and processing pipeline, the effects of 
algorithm parameters and added contribution of qMRI metrics 
with regard to the variance of !".   

Methods 

 Montreal Clinical Research Institute Ethical Review Board 
approved the study. In a 3T scanner equipped with 300mT/m 
gradients, the passive knee extension experiment was 
conducted (29 years, healthy female) as described in [2]. 
Additional acquisitions were performed for calculating MTsat 
[4], T1 and B1 maps (FLASH; flip angles=5º, 15º, 25º; 
repetition time=35ms; echo time=2.86ms, MT frequency 
offset=1.2kHz, resolution=1.5x1.5x5mm). Tractography was 

performed in MITK-diffusion (https://mitk.org). Mean and 
serial fiber direction length changes were calculated in 
MATLAB R2015b. Quantitative metrics MTsat, T1 and RD 
were calculated using qMRLab (https://qmrlab.org) with B1 
field correction. Multiple linear regression was performed to 
assess their predictive ability of !". 

Results and Discussion 

 
Figure 1: Serial and mean distributions of !", T1, MTsat and RD.  

Amplitude (0.07±0.05 $%&, 0.08±0.06 $%') and the general 
pattern of the deformations (Figure 1) show repeatability of 
those reported in [2] using a different scanner and processing 
pipeline. Different parameter configurations of the algorithm 
altered the $% amplitude considerably, but not the general 
pattern. The pair minimizing the mean squared registration 
error was the one selected in [2]. MTsat in GM varied from 
0.9 to 2.7, and this is the first time it is reported. Serial T1 
distribution showed a compartmentalized appearance, with 
longer values in the proximal half and a significant effect on 
the $%, $%&, $%' (Table 1). T1 carries fundamental yet intricate 
information about biophysical microenvironment. Hence, its 
distribution is informative of the variations in local tissue 
composition. The quantified qMRI parameters in the context 
of myofascial force transmission requires further research. 

Conclusions 

This study showed multi-site reproducibility of the developed 
MRI-DTI techniques and quantified the effects of parameter 
changes on calculated strain amplitudes. Predictive ability of 
the present method over known strains should be studied with 
the optimal parameter configurations. Quantitative MRI 
informed biomechanical analyses can provide a new window 
in characterizing the observed spatial variations of !".  
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Table 1 Results from the multiple linear regression analysis.

 b-!" SE-!" b-!"& SE-!"& b-!"' SE-!"' 
MTsat 0.021 0.018 0.08 0.020 0.095 0.080 
T1* -0.30 0.020 -0.18 0.229 -0.26 0.079 
RD 0.036 0.018 -0.06 0.212 -0.04 0.047 
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Summary 

Free Achilles tendon external twist can be quantified using 

high resolution MRI and freehand 3D ultrasound methods. 

Internal fascicle twist may be measured by using feature 

tracking methods.   

Introduction 

Personalised computational models of the free Achilles tendon 

(AT) are required for non-invasive estimates of localised AT 

stress and strain during common locomotor and rehabilitation 

tasks [1]. Nonetheless, AT stress and strain distribution 

estimates are affected by shape, 3D geometry, material 

properties and twist [2]. Currently, Achilles tendon twist 

implemented in computational models are based on theoretical 

values [2]. The purpose of this study was to quantify and 

compare in vivo free AT external (combined subtendon twist) 

and internal twist (fascicle twist) from magnetic resonance 

imaging (MRI) and freehand 3D ultrasound (3DUS) methods. 

Methods 

Fifteen elite middle-distance runners (25.2 ± 5.6 yrs, 1.78 ± 

0.05 m, 62.7 ± 5.9 kg) with no prior history of AT injury 

participated in the study. Participants refrained from strenuous 

physical activity in the 24 hours prior to testing. Following AT 

preconditioning [4], participants underwent MRI scans of their 

free AT using a Philips Ingenia 3.0T MR scanner. Subtraction 

ultrashort echo time (UTE) (sWIP 3D FFE TR/TE 11.43/0.15 

ms) was used to image the free AT with the ankle in 

approximately 30° plantarflexion; the slice thickness and slice 

gap were 2 mm. High resolution ankle joint MRI (T1W 3D 

FFE, TR/TE 8.0/4.1 ms) was used to image the free AT with 

the ankle in neutral position; the slice thickness and slice gap 

were 0.6 mm and 0.3 mm, respectively. The AT was 

subsequently scanned using a 3DUS method by sweeping the 

instrumented ultrasound transducer (Canon PLT-805) along 

the free AT, while motion capture data were recorded 

synchronously using an 8-camera Vicon motion capture 

system [3]. MRI and 3DUS slices were then segmented using 

Stradwin software (Version 5.4). External twist of free AT 

was measured from high resolution ankle MRI and freehand 

3DUS. A transverse plane was created to slice rigidly 

registered free AT 3D reconstructions (from high resolution 

ankle MRI and 3DUS) from distal to proximal end at 0.5 mm 

intervals. An ellipse was fit to each 2D free AT shape in the 

transverse plane obtained post slicing, and its orientation was 

computed with respect to the image coordinate system. To 

measure external twist of free AT, cumulative sum of the 

difference between consecutive ellipse orientations was 

obtained. Free AT external twist measures obtained from both 

methods were compared using statistical parametric mapping. 

Internal twist of the free Achilles tendon will be measured 

from subtraction UTE and freehand 3DUS data by tracking 

distinct features across transverse plane slices from distal to 

proximal end. First, distinct features will be identified on the 

distal slice of the free AT [5]. Following this step, the distinct 

features obtained in the distal slice will be tracked from the 

distal to the proximal end of the free Achilles tendon using 

nearest neighbor feature tracking method. On completion of 

the tracking process, a spline will be fit to each tracked feature 

to represent individual features across length of the free AT.      

Results and Discussion 

External twist measured using the two imaging methods were 

similar. Critical threshold was not exceeded t* = 4.499, α = 

0.05; indicating no difference between the two imaging 

methods (figure 1B). Free AT rotated in the clockwise 

direction from the distal to proximal end. Preliminary results 

of tracking internal structure from 3DUS data are presented in 

figure 1B. 

 

Figure 1: A) External twist measured using high resolution ankle 

MRI (green) and freehand 3DUS (red), B) Critical threshold 

(t*=4.499, α=0.05) was not exceeded, indicating no significant 

difference between methods and C) preliminary internal feature 

tracking results from freehand 3DUS method. 

Conclusions 

Our results indicate in vivo free AT external twist can be 

determined from MRI and freehand 3DUS data. Internal 

fascicle twist was tracked using freehand 3DUS data. 

Currently, we are working on comparing internal fascicle twist 

obtained from freehand 3DUS with MRI and cadaver data.  
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Summary 
Definition of reference frames for the bones articulating at the 
ankle joint, that can be identified with high accuracy and 
repeatability, is essential for many biomechanical and clinical 
applications. Marker-inspired reference frames, representing 
the majority of exiting reference frame systems provide 
relatively low repeatability and accuracy since they rely on 
palpation and/or visual identification of a small number of 
anatomical landmarks. In this study, we introduce reference 
frames for the tibia and talus based on bony morphological 
features that can be easily identified in the 3D renderings of 
the bones obtained from medical imaging. A procedure for 
identifying the long axis of the tibia, essential for the tibial 
reference frame identification, from a partial view of its distal 
part is also presented.  

Introduction 
Definition of reference frames for the tarsal bones that lead to 
their robust and repeatable identification is essential for many 
applications. These include standardized description of foot 
and ankle movements, and surgical interventions, such as 
identification of bone cutting planes and alignment of total 
ankle replacements. However, most popular reference frames 
introduced in the past [1] rely on small number of points 
represented by specific anatomical landmarks. Such reference 
frames are essential for external marker-based systems, often 
used in motion analysis. Identification of these points relies on 
palpation of anatomical landmarks, which is subjective, 
inaccurate, and non-repeatable. An additional problem with 
these reference frames when adopted to image-based systems 
is that many such systems provide only a partial view of the 
tibia. The goal of this study was to propose an ankle joint 
reference frame based on bony morphological features that can 
easily be identified in the 3D renderings of the bones obtained 
from medical imaging. Also presented is a procedure for 
identifying the long axis of the tibia from a partial view that 
does not contain its proximal end.  

Methods and Results 
The main morphological features of the talus and tibia related 
to ankle function are the talar dome with its anterior and 
posterior borders, the tibial plafond, and the long axis of the 
tibia. The definitions that follow are based on these features. 

 
Figure 1: Definition of the Talar and Tibial reference frames 

Definition of the Talar Reference Frame  (Figure 1): The YZ-
plane is defined as the best-fit plane that contains the medial 
shoulder of the talar dome between its anterior end (MABP) 
and its posterior end (MPBP). The origin coincides with the 
center of the best-fit circle in this plane that contains the 
shoulder points between MABP and MPBP. The Y-axis is a 
line in this plane through the origin and parallel to the line 
connecting MABP and MPBP. The X-axis is the line 
perpendicular to the YZ-plane at the origin and finally, the Z-
axis is the common perpendicular to X-axis and Y-axes. 

Definition of the Tibial Reference Frame  (Figure 1): The 
origin of the tibial reference frame is defined to coincide with 
the centroid of the tibial plafond. The Z-axis is taken as the 
line connecting the origin with the centroid of the tibial 
plateau on the proximal side. This axis is often termed the 
long axis or the mechanical axis of the tibia. The XY-plane is 
defined as the plane perpendicular to the Z-axis and containing 
the origin. To define the XZ-plane, a best-fit line is fitted 
through the points on the medial gutter of the tibia and is 
projected onto the XY-plane. This projection defines the X-
axis. The Y-axis is then defined as the common perpendicular 
to X-axis and Z-axis. 

The definition of the tibial reference frame relies on the long 
axis of the tibia. In many image-based application only a 
partial view of the distal part of the tibia is available (Figure 
1). For such cases, it is essential to use morphological features 
of the distal part to estimate the long axis. This was achieved 
as follows. A bounding sphere that contains the tibial plafond 
surface was identified (Figure 2 left). Then, concentric spheres 
originating from the origin, with incrementally increasing radii 
were intersected with the distal tibial shaft (Figure 2 center). 
The centroids of the intersecting curves on the tibial shaft 
were then obtained. The best-fit line through the plafond 
centroid and the centroids of the tibial sphere intersections 
were iteratively compared to the long axis of the tibia using 
CT images obtained from 20 individuals. It was found that 
radii ranging from 3.0 to 4.5 times tibial plafond bounding 
sphere produced the best approximation of the long axis of the 
tibia with errors of less than 2 degrees (figure 2 right).  

                                                  
Figure 2 – Tibial plafond bounding sphere (left). Intersection 
of one sphere with the tibial shaft (center), Best-fit line 
approximating the long axis of the tibia (right). 
 
Discussion and Conclusions 
This study defines talar and tibial reference frames for use in 
image-based application. Repeatability is expected to be high 
and will be reported in future studies. 
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Summary 

We performed ultrashort echo time magnetic resonance 
imaging (UTE-MRI) on 13 young and 10 older (>60 yrs) adults. 
Bicomponent exponential fits were used to characterize the 
bound (short decay time, 𝑇 ,

∗ ) and free (long decay time, 𝑇 ,
∗ ) 

water in the Achilles tendon. Older adults exhibited 
significantly longer (+54%) 𝑇 ,

∗  than young adults, which could 
reflect a disruption in the highly-ordered collagen structure. 
Older tendons also tended to exhibit a reduction in the fraction 
of bound water, which may result from a reduction in 
proteoglycan GAG side-chains in the tissue. Similar changes in 
UTE metrics are seen in tendinopathies. 

Introduction 

Ultrashort echo time magnetic resonance imaging (UTE-MRI) 
can be used to characterize the relative amounts of bound and 
free water in tendon [1]. Bound water refers to the water 
molecules bound to proteoglycan glycosaminoglycan (GAG) 
side-chains in the tissue, which exhibit a short transverse 
relaxation time (𝑇 ,

∗ ) following MR excitation. The free water 
refers to the unbound water diffused throughout the tissue, 
which exhibits a longer transverse relaxation time (𝑇 ,

∗ ). 
Previous studies have shown that tendinopathies [2,3] and 
healing tendons [4] exhibit prolonged 𝑇 ,

∗  and diminished 
fractions of bound water (𝐹 ). The risk of Achilles tendinopathy 
increases substantially with aging, presumably due to 
accumulated microdamage and disruption of the fibrous 
structure [5]. Hence, older tendons may exhibit altered UTE 
signatures even in an uninjured state. The purpose of this study 
was to test the hypothesis that asymptomatic Achilles tendons 
of older adults would exhibit prolonged 𝑇 ,

∗  and reduced 
fraction of bound water in UTE-MRI images. 

Methods 

The right Achilles tendons of 13 young (7 F, age 25±5) and 10 
older adults (3 F, age 67±4) were imaged (in-plane resolution: 
0.63x0.63 mm, sagittal slice thickness: 3.0 mm) using a UTE 
imaging sequence implemented on a 3T scanner (GE 
Healthcare, Waukesha WI). The UTE sequence included four 
scans of five echo times each, with echo times ranging from 
0.18 to 11.31 ms. The images were ordered by echo time, co-
registered, and segmented to isolate the free tendon in three 
mid-tendon slices. A two-compartment model was used to 
describe the signal intensity, S(TE), of segmented voxels 
(Figure 1): 

 𝑆(𝑇𝐸) = 𝐴 × 𝐹 × 𝑒 ,
∗
+ (1 − 𝐹 ) × 𝑒 ,

∗
 

where 𝐹  is the fraction of bound water, 𝑇 ,
∗  is the bound water 

component, 𝑇 ,
∗  is the free water component, and A is a scaling 

factor based on hardware gain and proton density. 

 
Figure 1: Biexponential fit (—) to signal intensities revealed a distinct 
age-related difference in the signal decay at shorter echo times. 

Results and Discussion 

Older adult tendons exhibited a significantly (p=0.01) longer  
𝑇 ,
∗  than young adult tendons by an average of 54% (Figure 2). 

The fraction of bound water, 𝐹 , tended (p=0.06) to diminish in 
older adults by an average of 7%. These age differences are 
comparable in magnitude to what has been observed in patients 
with tendinopathy [2,3] and thus may reflect accumulated 
microdamage. The highly ordered and aligned structure of 
collagen fibers in tendon normally restricts the motion of bound 
water, which increases dipolar interactions and shortens  𝑇∗ [6]. 
Hence, an age-related disruption in collagen structure may 
reduce dipole interactions between water molecules and 
contribute to the longer 𝑇 ,

∗  observed [3]. The lower 𝐹  observed 
may be the result of decreased proteoglycan GAG side-chains 
that bind water, which are known to decrease with aging [5]. 

 
Figure 2: Older adults exhibited longer 𝑇 ,

∗  and a tendency toward 
lower fractions of bound water (𝐹 ) than young adults. 

Conclusions 

Asymptomatic Achilles tendons exhibit prolonged short 
relaxation times in UTE-MRI images that may reflect 
disruptions in the order and alignment of collagen fibers. 

Acknowledgments 
NIH AG051748. Special thanks to Sara John, Kelli 
Hellenbrand, Marti Garcia, Jenelle Grogan, and Haley Cilliers. 

References 
[1] Du J et al. (2012). Magn. Reson. Med., 67: 645-649. 
[2] Juras V et al. (2012). Magn. Reason. Med., 68: 1607-1613. 
[3] Kijowski R et al. (2017). J. Magn. Reson Imaging, 46: 1441-1447. 
[4] Takamiya H et al. (2000). Jpn. J. Physiol, 50: 569-576. 
[5] Tuite DJ et al. (1997). Scand. J. Med. Sci. Sports, 7: 72-77. 
[6] Erickson SJ et al. (1993). Radiology, 188: 23-25.

TE = 0.18 TE = 4.03 TE = 8.08 TE = 11.31

Friday, August 02 2019: Posters (1600-1800) 1017

Imaging: MRI + CT 2



 

 

Piecewise Multi-modal Spine Registration to Build Personalized Neck Musculoskeletal Model 
Yu Zhou1, Suman K. Chowdhury1, Curran Reddy,1 Bocheng Wan1, Xudong Zhang1  

1Department of Industrial & Systems Engineering, Texas A&M University, College Station, TX, USA 

Email: xudongzhang@tamu.edu or suman3919@tamu.edu  

 

Summary 

An accurate and reliable procedure to co-register CT and MR 

images of the cervical spine (C1-C7) is essential to construct a 

personalized model of the neck musculoskeletal system. In this 

study, we proposed principal component analysis (PCA) based 

a simple and fully automated registration technique to register 

multimodal 3D images of the cervical spine and to determine 

the differences in their angular orientations. We used CT and 

MRI data from three healthy male participants to co-register the 

bimodal cervical imaging data. The results showed notable 

differences (flexion-extension - 10.3°, lateral bending - 4.8°, 

and axial rotation - 6.0°) in the 3D orientations of the cervical 

spine (C1 - C7) in both CT and MR imaging modalities. 

Introduction 

To develop personalized musculoskeletal models, imaging 

technologies such as magnetic resonance imaging (MRI) and 

computed tomography (CT) are commonly used as the “gold 

standard” to image hard (e.g., bone) and soft (e.g., muscles, 

tendons) tissues, respectively [1]. However, it is challenging to 

integrate the skeletal model from CT images and muscular 

model from MR images to develop a personalized neck 

musculoskeletal model since they use entirely different 

equipment and imaging protocols. In other words, even though 

both imaging modalities require subjects to be in a supine 

position, a slight variation in their head position could result in 

higher variability in vertebral orientation between CT and MR 

images. To tackle this challenge, a simple but robust co-

registration technique is required to match the orientation of the 

CT bones—the moving image—to the orientation of the MR 

bones—the fixed image—so that the vertebrae could perfectly 

align with the surrounding soft tissues. However, to our 

knowledge, there is no guideline or method available in the 

literature to precisely register bimodal (CT and MRI) cervical 

images. Therefore, this study seeks to develop a PCA based 

algorithm to co-register bimodal spinal images and to quantify 

the variability in bimodal vertebral orientation. 

Methods 

In this study, we use CT and MRI data from three healthy male 

participants to co-register the cervical spine. In the first step, we 

segmented the vertebral bone data of both modalities in Mimics 

20.0 platform and created 3D skeletal models (Figure 1).  In the 

second step, we exported the point clouds of the reconstructed 

skeletal models into MATLAB 2017a software and projected 

the point clouds on three orthogonal planes—XY, YZ, and XZ 

respectively represent sagittal, transverse, and coronal planes—

in a global coordinate system. In the third step, we employed a 

PCA algorithm to determine the principal axis of the 2D point 

cloud for each vertebra. The difference in orientation for a 

vertebra was the angle between the principal axes of the point 

clouds in a particular plane.  In the last step, the transformation 

matrix was created based on three rotational angles (α, β, and γ) 

and was applied to co-register bimodal skeletal models.  

Results and Discussion 

The angular difference in 3D orientations was notably greater 

in the sagittal plane (10.3) compared to the difference in 

transverse (6.0) and coronal (4.8) planes for the whole 

cervical spine (C1 – C7). For individual vertebra, the angular 

differences at C3, C4, and C7 bones were relatively larger 

compared to those at C5 and C6. The angular difference 

between C1 and C2 were not consistent on the transverse plane, 

which could be explained by the fact that C1-C2 joint is the 

atlanto-axial joint wherein C1 pivots around C2.  

 

Figure 1: PCA based bimodal cervical spine co-registration process. 

Conclusions 

Our preliminary analysis showed that the PCA based spine co-

registration algorithm is a simple but robust method to match 

the orientation of CT bones with the orientation of MR bones.  
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Table 1: Differences in 3D cervical vertebral orientation between CT and MR imaging modalities. 

 C1 C2 C3 C4 C5 C6 C7 C1-C7 

α (°) 2.90(0.66) 7.21(3.03) 10.16(6.22) 2.48(1.47) 2.1 (4.9) 3.34(1.41) 14.05(9.50) 6.03(1.21) 

β(°) 9.88(2.25) 9.87(1.64) 14.29(4.43) 12.11(4.02) 7.64(3.06) 8.55(2.02) 9.86(1.99) 10.31(0.41) 

γ(°) 4.98(1.50) 2.86(0.97) 5.65(1.33) 5.36(1.28) 5.38(0.82) 3.91(0.75) 5.54(0.12) 4.81(0.18) 
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Summary 

The aim of this study was to investigate the site- and joint 

angle- dependence in the elastic properties of the iliotibial 

band (ITB). The stiffness of ITB was measured on five sites 

of the right lower limb with nine combinations of hip and knee 

joint angles using ultrasound shear wave elastography (SWE). 

ITB became stiffer as hip extended and knee flexed. ITB 

showed different stiffness over the sites. 

Introduction 

The iliotibial band is the lateral thickening of the fascia lata 

on the thigh, which is composed mainly of longitudinally 

oriented fibers [1]. The ITB syndrome is defined as an overuse 

injury inducing lateral knee pain during exercises such as 

running. The major factor of this injury is suggested to be 

repetitive compressive stress generated in ITB over the lateral 

femoral epicondyle during knee extension and flexion. 

The ITB length is a function of hip and knee joint angles, thus 

the joint configurations may affect the mechanical properties 

of ITB. A recent study showed that the stiffness of ITB 

increased by the hip extension [2] but not much is known 

about the effect of knee and hip joint angles on ITB 

mechanical properties. 

Some previous studies focused on the distal site (e.g. superior 

border of the patella [2,3]) of ITB and measured its stiffness 

using ultrasound shear wave elastography while not 

investigating the site dependence of ITB mechanical 

properties. We aimed to investigate the site- and hip/knee joint 

angle-dependence of the elastic properties of ITB. 

Methods 

Twelve healthy males participated in this study (age: 26 ± 3 

years, height: 174.1 ± 4.3 cm, body mass: 66.7 ± 10.9 kg; 

mean ± SD). Shear wave velocity (SWV) of ITB was 

measured using SWE (Aixplorer ver.6.4, Supersonic Imagine, 

France) with a probe placed on the skin of five sites (1: 

proximal part of the ITB, 2: distal part of the vastus lateralis 

(VL), 3: midpart of 1 and 2, 4: superior border of the patella, 

and 5: between femur and tibia) of the right lower limb when 

the subject rested at nine different positions (knee angles at 0, 

25, 90˚ x hip angles at 0, 40, 90˚). 

A two-way ANOVA (5 sites x 9 positions) was performed to 

compare SWV of ITB among sites and positions, followed by 

a one-way ANOVA with Bonferroni-corrected post-hoc tests. 

The significance level was set at p<0.05. 

Results and Discussion 

There was a significant interaction between sites and positions 

(Figure 1). Both hip and knee angles affected SWV of ITB, 

with the hip angles remarkably affecting measurements 

compared with the knee, regardless of sites.  

The highest SWV of ITB was observed at the superior border 

of the patella at hip 0˚/knee 90˚ (9.5 ± 2.6 m/s). ITB at the 

above site was stiffer than other sites when the knee was at 

25˚ regardless of the hip angles (except for hip 90˚). On the 

other hand, ITB showed the lowest SWV over the distal site 

of VL. Previous studies showed that the ITB syndrome 

frequently occurs near the patella [4] with the knee at 20-30˚ 

flexion, possibly due to the compressive stress between ITB 

and lateral femoral epicondyle [5]. The significant differences 

of the stiffness of ITB between sites (e.g. superior boarder of 

the patella: stiff vs. distal site of VL: compliant) could be 

related with ITB syndrome frequently reported near the 

patella.  

 

Figure 1: SWV of ITB at each site (distal part of the VL and     

superior border of the patella) and position. 

Conclusions 

ITB showed site- and joint angle- dependent elastic properties, 

which could be associated with ITB syndrome. 
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Summary 
It is currently unclear whether shear wave velocity (SWV) is 
able to predict changes in muscle stiffness independent of 
changes in stress, as these covary in muscle and SWV is 
known to depend on both stress and the material properties of 
a tissue. Our unique animal model allowed us to match 
ultrasound estimates of SWV with direct mechanical measures 
of muscle stress and stiffness in a passive and active muscle. 
We found that muscle stress alone can predict SWV in passive 
muscle, and that activation increases SWV beyond the 
estimate made considering only stress. These results 
demonstrate the importance of considering the full state of a 
muscle when trying to interpret the results from shear wave 
elastography. 

Introduction 
Shear wave velocity (SWV) can be used to characterize the 
mechanical properties of unstressed tissues [1]. It has also 
been used to study passive and active muscle [2]. 
Measurements of SWV have been interpreted to provide an 
estimate of the material properties on muscle, mostly stiffness 
[3], or sometimes an estimate of muscle stress or force [4] 
since muscle stiffness and force covary during active 
contractions [5]. However, few have considered the influence 
of muscle stress on SWV, independent from the stress-
dependent changes in muscle stiffness. Recent work has 
demonstrated that SWV provides a reliable estimate of tendon 
stress [6]. It is unclear if this same simple relationship holds 
for muscle, which unlike tendon can exhibit a wide range of 
activation-dependent material properties. 
The aim of this study was to examine the relationship between 
muscle stress and SWV in passive and active muscle. A single 
relationship would imply that SWV can be used to estimate 
muscle force, as is possible for tendon. A different relationship 
between active and passive conditions would imply that SWV 
cannot be used to uniquely estimate muscle force or stiffness 
over the full range of active and passive conditions. 

Methods 
We measured force and ultrasound SWV in the soleus muscle 
of three isoflurane-anesthetized cats. We applied controlled 
changes in force, by lengthening the muscle, and in both force 
and stiffness, by maximally activating the muscle. We 
compared our experimental results with a simple model that 
assumes SWV can be accounted for solely on the basis of 
muscle force (Figure 1, red line [6]). Differences between our 
simplified model and the experimental data can be used to 
quantify the magnitude of other contributions, such as 
activation-dependent changes in muscle stiffness, on SWV. 
Force values were normalized across the different imposed 
muscle lengths. 

Results and Discussion 
SWV variation in passive conditions was no different from 
predictions accounting for stress only (R2=0.89; p=0.46, 
Figure 1). Upon activation however, the intercept of the 
SWV2/stress relationship differed between the measured 
values with maximally active muscle and the ones predicted 
by the stress model (R2=0.81; p<0.001), with a maximum 
within the physiological range for muscle length changes in 
cat soleus (1.5 cm, or less than ~2 kPa for passive-stress). 

 
Figure 1: Exemplar data from one animal showing effects of passive 
(black stars) and active (black circles) stress on SWV. A model (red 
line; SWV2 = stress / muscle density) including effects of stress only 
is superimposed on the experimental data. 

Conclusions 
Our results demonstrate that the SWV in passively stretched 
muscles depends largely on muscle stress, but that muscle 
activation changes this relationship by increasing SWV 
beyond what would be predicted considering only the 
influence of stress. Within the physiological range of muscle 
excursions, this is likely due to the activation-dependent 
changes in the material properties of muscle. These results 
illustrate the importance of understanding the relative 
contributions of muscle stress and stiffness to SWV and how 
those factors affect the ability to use elastography to 
understand muscle function. 
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Summary 
Ultrasound shear wave velocity (SWV) is used to assess 
material properties of skeletal muscle, such as stiffness. 
Because specific tension and normalized short-range stiffness 
of muscle tissue vary linearly with activation and in a similar 
fashion across muscles with different architectures, we expect 
SWV to be consistent across muscles as well. We found 
instead that SWV differs across muscles with different 
architectures, under both active and passive conditions, even 
when controlling for passively and actively generated forces. 
As there was a weak correlation between SWV and 
architectural parameters such as pennation angle, it appears 
that variation of SWV may be dependent on other muscle 
properties that are different between muscles. 

Introduction 
Although there is an increasing use of SWV to quantify 
material properties, such as stiffness, little is known about the 
variability in different muscles. We have previously shown  
that specific tension and short-range stiffness of muscle tissue 
vary linearly with activation and in a similar fashion across 
muscles with different architectures [1]. This suggests SWV 
might be constant in muscles if activation and sarcomere 
length are the same, as different passively or actively 
generated forces would proportionally alter muscle stiffness. 
Alternatively, architectural variations in pennation angle and 
fiber length, as well as the presence of stiffer aponeuroses can 
lead to heterogeneous strain distribution [2, 3]; thus, muscle-
specific differences in stress-strain relationships may occur 
during passive stretching and active contractions. This 
suggests that differences in SWV may also exist. 
AIM: To assess the difference in SWV across muscles with 
different architecture, specifically pennation angle: biceps 
brachii (parallel), tibialis anterior (moderately pennate), 
gastrocnemius (highly pennate). We tested these muscles at 
matching levels of activation and similar muscle lengths 
(relative to optimal length) to limit differences in force across 
muscles. We hypothesized that the dependency of SWV on 
these parameters will be independent of muscle type. 

Methods 
Twelve healthy young adults were instructed to contract the 
muscle of interest (isometric contractions at different levels of 
activation between 5% to 50% maximum voluntary 
contraction (MVC) in 5% MVC increments) while ultrasound 
(Aixplorer, SuperSonic Imagine), torque, and 
electromyography (EMG) data were simultaneously collected. 
EMG data was given as visual feedback, while torque was 
used to match activation relative to optimum across muscles. 
Passive conditions were also conducted. This was repeated 
with the elbow or ankle joint positioned at three different joint 

angles (around optimal muscle length), plus one at the 
minimum possible angle (‘short’, Fig. 1B). The latter allowed 
us to assume the muscle was at a ‘short’ length where passive 
force is at a minimum. Transducer/fascicle angle, a proxy for 
pennation angle effects, was calculated from the B-mode 
images using manual digitization. 

Results and Discussion 

Shear wave velocity squared (SWV2) increased with 
progressively higher levels of muscle activation (p<0.001), but 
the relationship between SWV2 and activation was different 
across muscles (p<0.001, Fig. 1A). In passive conditions, 
SWV2 covaried with muscle length and was different across 
muscles (Fig. 1B, p<0.001), even at shortest lengths, when 
differences due to passive force were minimal. Variation of 
SWV was only partially explained by changes in pennation 
angle during contraction (p = 0.004, R2 = 0.4). 

 
Figure 1: Dependency of shear wave velocity squared on activation 
(%MVC) and joint angles (from short to long muscle lengths) across 
different muscle types in active and passive conditions. DF: 
dorsiflexion. 

Conclusions 
SWV varied across the muscles under active conditions and 
even at the ‘short’ muscle lengths. This suggests that 
controlling for passive force could not account for the 
differences. As there was little correlation with pennation 
angle, it appears that SWV may be dependent on other muscle 
properties that are different between the three muscles. 

References 
[1] Cui L  et al. (2008), J. Biomech., 41: 1945-1952. 
[2] Blemker SS et al. (2005), J. Biomech., 38: 657-665. 
[3] Azizi E (2014), Front. Physiol., 5: 1-5. 

Friday, August 02 2019: Posters (1600-1800) 1022

Imaging Ultrasound + Electrography 2



 

 

High Resolution Synchrotron Microtomography Strain Measurement of Native Intervertebral Disc 
 

C. M. Disney1, A. Kilkenny2, A. Eckersley2, J. Mo3, J. A. Hoyland2, M. J. Sherratt2, P. D. Lee3, B. K. Bay4  
1School of Mechanical, Aerospace and Civil Engineering, University of Manchester, UK 

2Division of Cell Matrix Biology and Regenerative Medicine, School of Biological Sciences, University of Manchester, UK. 
3Mechanical Engineering, Faculty of Engineering Sciences, University College London, UK. 

4School of Mechanical, Industrial & Manufacturing Engineering, Oregon State University, Corvallis, OR, US. 
Email: catherine.disney@manchester.ac.uk 

 

Summary 

We have previously shown that volumetric imaging of native 
intervertebral disc (IVD) is possible using synchrotron x-ray 
microtomography (sCT) [1]. Subsequently, we have imaged 
an intact disc under sequential compression for structural 
deformation characterisation and strain measurement. Our 
latest imaging results are greatly improved through 
experimental setup refinement and reconstruction, resolving 
whole disc microstructure, including cells. Strain transfer was 
measured in different regions, including degeneration-prone 
posterior-lateral. Further to these technical advances, the 
application of these methods has potential to predict 
mechanical causes of degeneration and provide benchmarks 
for future regenerative strategies.    

Introduction 

Remodelling during IVD degeneration is a result of 
mechanically overloading cells. However, native IVD micro- 
structural and mechanical environment is poorly understood. 
Hence, we aimed to characterise the 3D microstructure of 
intact intervertebral disc under increasing compression. Next, 
we aimed to apply these methods to study disc degeneration 
and needle injury.  

Methods 

Rat lumbar spine segments (endplate and IVD) were dissected. 
Three sample groups were tested: control, trypsin digested (ex 
vivo model of degeneration), and needle injury (22G and 
30G). Samples were set in holders, four 2% cumulative 
compression steps were applied, and the sample imaged at 
each step. In-line phase contrast sCT at the Diamond-
Manchester Branchline (I13-2) was used to resolve soft tissue 
microstructure. Reconstruction with ring artefact removal and 
distortion correction was used. The application of Paganin 
phase retrieval reconstruction was assessed for image 
processing and digital volume correlation. Avizo 8.0 was used 
for image processing and the XFiber extension used to trace 
collagen bundles in the disc. Disc deformation was tracked 
using digital volume correlation for strain measurement. 

Results and Discussion 

IVD microstructure was resolved at an unprecedented level of 
detail for volumetric imaging (4 µm resolution, inner lamella 
thickness). Tissue regions are visible such as the tendon-like 
annulus fibrosus (AF), cartilaginous nucleus pulposus (NP) 
(Fig 1a) and calcified endplates. The 3D complexity of the AF 
lamellar structure can be seen (Fig 1c) and quantified such as 
the varied lamellae thickness, partial lamellae and collagen 

bundle orientation. Clustered NP cells and radial fibres have 
been resolved in the centre of the disc (Fig 1b). 

 
Figure 1: Transverse sCT slices of native IVD; a) slice across whole 

IVD, b) NP cells resolved in a region of interest scan, and c) all 
lamellae were resolved which is comparable to histology sections (d).  

Strain measurement in different regions of the disc was used 
to investigate possible causes of posterior-lateral degeneration. 
Current work analyses strain for ex vivo degenerated samples 
and assesses the local strain field around needle injuries 
required for injecting replacement tissues.  

Conclusions 

Notably, technical advances have been made and will be used 
as a basis in volumetric imaging, structural characterisation 
and strain measurement of native soft tissue.    
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Summary 

The one-step self-calibrating bundle adjustment (BA) is a 
calibration approach for high-speed biplanar videoradiography 
(HSBV).  This study demonstrates that the BA, in comparison 
to a modified direct linear transformation (DLT) calibration, 
results in kinematic differences and reduced bias.  This is 
attributed to the improved orientation parameters of the BA. 

Introduction 

DLT calibrations are commonly used in biomechanics, 
including systems that employ HSBV (e.g. [1]).  However, the 
DLT approach can suffer from low quality orientation 
parameters, and potential errors associated with the separate 
calibration of each source and camera pair [2,3].  The BA 
approach has been developed [2] to overcome these issues and 
the HSBV system has previously been evaluated in terms of 
accuracy [0.2(1.1) mm, 0.01(0.06)o] [2,3] and stability (0.07-
0.19 mm) with implementation of the BA [4].  In the HSBV 
approach, bone kinematics are obtained using two-
dimensional to three-dimensional (2D-3D) registration, where 
3D bone models are aligned with the two 2D HSBV images 
concurrently. This study investigates what affect the 
calibration method (i.e., modified DLT vs. BA) has on the 
outcome of the 2D-3D registration for HSBV.  The improved 
BA orientation parameters are hypothesized to result in 
reduced systematic bias in the HSBV output kinematics. 

Methods 

Walking data (1.2 m/s, 120 Hz, 0-26% stance phase of one 
step) for two healthy participants (S01 and S02, males, 25 and 
56 years) were collected using HSBV. Informed consent was 
obtained in this Ethics Board approved study (REB15-0554). 
Magnetic resonance (MR) images of the knee were obtained 
(Steady State Free Precision, slice thickness 1 mm; between 
slice spacing 0.5 mm; field of view 24×24 cm; Matrix 
512×512 pixels; TE 2.32 ms; TR 7.513 ms; flip angle 35o; TA 
7’01”).  MR images were segmented, and 3D bone models 
generated in Amira (VSG, Burlington, USA).  The 3D models 
were imported into Joint Track Biplane (University of Florida) 
and used for manual 2D-3D registration for each frame of the 
distortion corrected (DC) HSBV images (DLT: DC per [5]; 

BA: DC using BA interior orientation parameters). As these 
different calibrations result in changes in the absolute camera 
positions, the 2D-3D registration was completed once for each 
calibration.  Relative Euler angles and translations (tibia 
relative to femur) were calculated.  The estimated noise 
variances (ENV) of the kinematics were calculated with a 
function that minimizes the generalized cross-validation score 
(GCV) [6] using Matlab (Natick, USA).  Differences in frame 
by frame kinematics (abs(BA minus DLT)) were averaged. 

Results and Discussion 

The BA approach provides a reduced bias in 2D-3D 
kinematics compared to the modified DLT as evidenced by 
ENV values that are lower in 9 of 12 cases (i.e., lower 
variance with respect to the GCV spline) (Table 1).  The 
differences between kinematics across all frames (means) 
were 0.81-1.34 mm and 1.12-3.85o.  In particular, internal 
rotation had the largest value (3.85o), which is both the third 
rotation in the angle sequence (i.e., highest error) and the most 
challenging aspect of 2D-3D registration.  These differences 
can be attributed to the improved BA orientation parameters.  

Conclusions 

The BA provides improved calibration for HSBV compared to 
the modified DLT resulting in reduced bias and differences in 
kinematic variables obtained from 2D-3D registration. 
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Table 1: Estimated noise variances (ENV) and kinematic differences for S01 and S02 

 Anterior 
Translation 

Superior 
Translation 

Lateral 
Translation Extension Varus Internal 

Rotation 
BA ENV (S01, S02) 0.07, 0.14 mm2 0.14, 0.00 mm2 0.18, 0.28 mm2 0.03, 0.05 (°)2 0.19, 0.00 (°)2 0.06, 0.92 (°)2 
DLT ENV (S01, S02) 2.03, 0.11 mm2 0.45, 0.27 mm2 0.32, 0.53 mm2 0.10, 0.12 (°)2 0.43, 0.31 (°)2 0.05, 0.26 (°)2 
S01 abs(BA minus DLT) 
kinematics 0.81(0.59) mm 0.70(0.73) mm 1.34(1.15) mm 1.04(0.85)° 1.91(1.20) ° 2.42(1.30) ° 
S02 abs(BA minus DLT) 
kinematics 1.22(0.96) mm 1.08(0.77) mm 0.81(0.63) mm 1.67(1.17) ° 1.12(0.70) ° 3.85(2.37) ° 
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Summary 

The study proposed a model-based tracking procedure 
integrating an asynchronous biplane imaging system, motion 
compensated frame interpolation and two different image 
registration strategies, namely forward-projection and 
backward-projection methods, for measuring 3-D dynamic 
joint motion. Successful registration rate, residual errors and 
run time of the method via the two image registration 
strategies in determining the tibiofemoral spatial poses were 
evaluated. The results showed that the forward projected 3-
D/2-D image registration yielded more accurate pose 
estimation, greater successful registration rates and higher 
computational costs in comparison to those of the backward 
projected 3-D/3-D registration.  

Introduction 

Model-based tracking (MBT) in conjunction with biplane x-
ray fluoroscopic images have been widely developed for the 
non-invasive measurement of 3-D joint dynamic motion. 
However, to diminish cross-scatter effects, clinically equipped 
biplane x-ray imaging system were typically not able to 
synchronously acquire the dual images, which in tune lead 
unacceptable errors in pose estimation with the MBT 
techniques [1]. To bridge the gap, the study aimed to propose 
a new MBT procedure based on an asynchronous biplane 
imaging system; and to compare the robustness of the new 
method via forward-projected and backward-projected image 
registration methods in measuring the 3-D tibiofemoral poses.  

Methods 

The subject’s knee joint was firstly scanned by computed 
tomography (CT) to reconstruct the volumetric CT-based bone 
model, and subsequently imaged by the asynchronous biplane 
x-ray imaging system to collect interleaved biplane x-ray 
images when the subject performed the tested motion tasks. 
The interleaved images were turned into synchronous image 
pairs by generating absent images using the motion 
compensated frame interpolation [2] in accordance with the 
adjacent image frames. The pose parameters of the bone 
models were determined through two different image 
registration strategies. For the forward-projection method, the 
pose parameters were iteratively updated by an optimization 
routine such that the projected digitally reconstructed 
radiographs best matching to x-ray images. For the backward-
projection method, the pose parameters were determined by 
minimizing the 3-D gradient differences obtained from the 
CT-based bone model and coarsely reconstructed gradient 
field [3]. Mean target registration errors (mTRE) before and 

after the image registration were computed. Successful 
registration rate, residual errors and run time were evaluated 
via an in vitro cadaveric experiment  

Results and Discussion 

The initial and final mTRE were shown in Fig. 1A. The 
registration accuracy and the successfully registration rates 
were consistently higher with the forward-projection method, 
(Fig. 1B and C), whereas the backward-projection method 
appeared to be more efficient in computations (Fig. 1D). High 
successful registration rates for trials with high initial mTRE 
indicated the feasibility of executing the fully automated 
model-based motion tracking with the proposed method. 

 
Figure 1: Robustness indices of the forward- and backward-projected 

image registration methods 

Conclusions 

A new MBT procedure based on asynchronous biplane 
imaging system and two image registration strategies was 
developed and experimentally evaluated for the robustness in 
measuring tibiofemoral spatial poses. In general, forward 
projected 3-D/2-D image registration would yield more robust 
and accurate measurement of tibiofemoral poses. 
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Summary 

Lateral instability of ankle has been shown to be associated 

with various pathological conditions of ligaments and cartilage. 

The purpose of the current study was to compare the 

variations of repeated motions of the ankle joint complex in 

healthy individuals and patients with lateral ankle instability 
(LAI).  A three-dimensional (3D) fluoroscopy method with a  

bi-plane fluoroscopy was used to measure the motions of the 

talocrural and subtalar joints following the repeated paths.  

The results showed that the control of motions in patients with 

LAI was more unstable than those in healthy subjects while 

performing the same activity. 

Introduction 

Knowledge of the in vivo 3D motion of the ankle joint 

complex (AJC) during activities is vital for basic research and 

clinical applications.  Kinematics of the AJC has been 

observed in healthy individuals and lateral ankle instability 

(LAI) patients, but the control stability of the motion in both 
groups remains unclear [1].  The purpose of the current study 

was to compare the motion control stability of the talocrural 

and subtalar joint in terms of the variability of motions 

between forward and return paths during activity in both 

healthy subjects and LAI patients using a three-dimensional 

(3D) fluoroscopy method via biplane fluoroscopy [2]. 

Methods 

Fourteen healthy subjects (age: 22.2 ± 1.6 years; BMI: 22.1 ± 

3.9kg/m2) and twelve LAI patients with anterior talofibular 

ligament (ATFL) partial tear (age: 24.3 ± 5.5 years; BMI: 22.1 

± 3.0kg/m2) performed non-resisted ankle dorsi-/plantar-

flexion on a purpose-built testing platform and the motions of 
bones were measured by a bi-plane fluoroscopy system.  

Three-dimensional bone geometric models of the tibia, talus 

and calcaneus were reconstructed from computed tomography 

images.  The 3D fluoroscopy method [2] was used to 

determine the motions of the bones over all image frames, 

which were then then used to calculate the angles of the 

talocrural and subtalar joints against the ankle dorsi-/plantar-

flexion.  The angles were then used to calculate the root mean 

square errors between the forward and return paths during 

motions in order to quantify the variability of motions for each 

joint during ankle dorsi-/plantar-flexion.  One-way ANOVA 
was used for group comparisons with α=0.05. 

Results and Discussion 

Compared to healthy subjects, patients with LAI showed 

significantly greater variabilities in the motions for both 
talocrural joint and subtalar joint in the sagittal plane (Table 1).  

However, there was no significant differences between groups 

in the other two planes.  The results may be explained by the 

partial tear of the ATFL, which compromised the stability and 

proprioception of the joint. 

Conclusions 

The lateral ankle instability caused by ATFL partial tear was 

found to increase the kinematics variability of the talocrural 

and subtalar joints, likely owing to the compromised stability 

and proprioception of the joint.  The current findings may 

contribute to a better understanding of the underlying 

mechanism for recurrent lateral ankle sprain and to the 
treatment evaluation of these injuries. 
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Table 1: Mean values (standard deviations) of the variability between forward and return paths.  Bold p-values are smaller than 0.05. 

Joint Rotation plane Dorsiflexion Group effect 

(p-value) 

Plantarflexion Group effect 

(p-value) Healthy LAI Healthy LAI 

Talocrural 

joint 

 

Sagittal plane 0.30(0.15) 0.45(0.23) 0.04 0.45(0.23) 0.95(1.13) 0.03 

Frontal plane 0.37(0.13) 0.39(0.13) 0.18 0.52(0.21) 0.61(0.26) 0.60 

Transverse plane 0.53(0.23) 0.74(0.21) 0.13 0.96(0.58) 1.02(0.70) 0.45 

Subtalar 

joint 

 

Sagittal plane 0.35(0.18) 0.50(0.27) 0.04 0.47(0.26) 0.97(1.13) 0.03 

Frontal plane 0.70(0.42) 0.77(0.37) 0.33 0.73(0.32) 1.09(1.09) 0.30 

Transverse plane 0.68(0.41) 0.61(0.28) 0.83 0.80(0.51) 1.01(0.60) 0.47 
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Summary 
Slot scanning X-ray systems such as DXA and EOS provide 
low-dose high-contrast images of internal anatomy. The 
advantages of these devices are offset by an inherent 
susceptibility to motion artefact, as images are collected line-
by-line. We present a novel method to measure patient motion 
and correct DICOM images post-hoc: small depth cameras are 
added to the scan environment to capture 3D surface data 
simultaneous with X-ray imaging. Radiographic images are 
then “unwarped” to compensate for detected motion. Motion 
correction is evaluated using radiopaque markers with known 
geometry: RMS error is reduced by ~48% in both 3D 
reconstructions and 2D projections.  

Introduction 
The EOS slot scanning system [1] provides bi-planar full-body 
scans in weight-bearing upright posture. When coupled with 
statistical models of anatomical structures, these 2D scans can 
be used to generate accurate 3D models e.g. of spine, pelvis, 
and lower extremity osteo-anatomy. [2] 
The advantages of slot scanners are coupled with an inherent 
susceptibility to motion artifact; each EOS scan can take 10-
20sec to complete. This is particularly problematic with 
adolescents and children, who represent the bulk of scoliosis 
patients and are primary candidates for EOS imaging. 

 
Figure 1: Raw images (left) are corrected (right) one row at a time 

via horizontal translations of image data. 

Methods 
Three RealSense D435 depth cameras were mounted to the 
paneling of an EOS scanner. Extrinsic parameters between 
cameras were found by scanning a calibration target and 
solving for the rigid transformation between coordinate 
systems. To move from unified depth space to 3D EOS 

coordinates, a custom-built calibration tool was scanned in 
both optical (RealSense) and radiographic (EOS) modalities. 
We also performed temporal synchronization. Depth images 
were captured in a single multi-threaded program with shared 
timestamps, while X-ray emitter position was tracked by 
photocells mounted to the EOS paneling.  
To test this setup, a mannequin torso was fitted with a 
radiographic spine model (Sawbones) and 16 embedded radio-
opaque markers. The torso was mounted on a spring-loaded 
platform to simulate patient sway; the phantom was scanned 
simultaneously with EOS and the depth cameras. For each row 
of the resulting radiographic image, the corresponding depth 
frame was found (by timestamp) and the 3D position of the 
phantom computed in global coordinates. The translation to 
mean torso position was computed and used to distort the 
radiographic image to compensate for the measured 
movement. 

Results 
Figure 1 shows a comparison between raw EOS output and the 
result of motion correction. Quantitative comparison is 
measured by the RMS error of marker positions compared 
with a static ground-truth scan; radiopaque markers are 
reconstructed in world space for 3D comparison and ground 
truth markers are projected into image space to compute 2D 
error in pixel distance. Across all trials RMS error was 
reduced on average by approximately half, from 5.7mm to 
3.0mm (25 to 13 pixels). 

 
Figure 2: RMS error for each trial. Blue bars represent raw images, 

magenta is motion corrected 

Conclusions 
This work demonstrates how optical imaging can be combined 
with radiographic scanning to perform post-hoc motion 
correction. To achieve this, we have shown more broadly how 
surface scans can be integrated with radiography with 
coordinate transformations and temporal synchronization. We 
believe that the methods presented here may be valuable in 
developing advanced techniques that combine the advantages 
of multiple imaging modalities. 
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Summary 

Biplane radiography is a method of acquiring 3D, dynamic 
bone motion in vivo. Extracting kinematic output non-
invasively requires an accurate 3D bone model that is often 
derived from a CT (high radiation exposure). Ultrashort echo 
time (UTE) or “CT-like” MRI offers a potential alternative to 
CT. This study found similar UTE MRI and CT digitally 
reconstructed radiographs and shape-matching accuracy. 

Introduction 

Biplane radiography is a valid, non-invasive technology for 
acquiring dynamic, 3D bone motion. To extract meaningful 
kinematic information, a process known as shape-matching is 
often used, which requires an accurate 3D bone model of the 
anatomic location of interest. X-rays are simulated through the 
3D bone model at each frame of motion to create two, 2D 
digitally reconstructed radiographs (DRR) (Figure 1). DRRs 
are commonly derived from CT, as it offers excellent bony 
contrast, but high levels of radiation exposure. MRI is an 
alternative, but traditional techniques (ex. T1 VIBE) yield 
poor contrast between cortical and trabecular bone and lack 
radiographic agreement. Recent work has created “CT-like” 
MRI using ultrashort echo time (UTE) sequences in 
combination with post-processing techniques [1], which may 
offer an alternative to CT. 

The purpose of this study was to establish the utility and 
validity of volumetric shape-matching using UTE MRI 
generated bone models (in place of CT), compared against the 
gold standard of RSA.  

Methods 

Tantalum beads (1.6 mm diameter) were implanted into the L3 
and L4 vertebrae of a cadaver (55 yr, male) for RSA. A UTE 
3T MRI (PETRA-Pointwise Encoding Time Reduction with 
Radial Acquisition; 0.78×0.78×0.78 mm) and CT (120 kVp; 
0.30×0.30×0.60 mm) were obtained. A custom radiographic 
attenuator was used to reduce wash-out [3]. The specimen was 
passively moved into flexion (from an extended position) 
during biplane radiography (Imaging Systems and Services, 
Inc.: 80 kV, 630/200 mA, 5 ms, 60 Hz, and 167 cm SID) 
generating 100 total frames.  

The UTE MRI was post-processed by applying an N4ITK bias 
correction (3DSlicer: https://www.slicer.org/) and an inverse 
logarithmic transformation [2]. 3D bone models were 
reconstructed from the CT and UTE MRI with RSA bead 
locations identified in the CT (MIMICS, Materialise). DRRs 
were generated and automated shape-matching completed 
using a custom 2D-3D image registration algorithm (Nelder-
Mead Simplex optimization, maximizing a normalized cross 
correlation similarity measure) [3]. Radiographic images were 

undistorted and bead positions tracked (XMALab, Brown 
University). The UTE MRI bone models were co-registered to 
CT for RSA comparison (MATLAB, The MathWorks, Inc.). 
Shape-matching (CT and UTE MRI) and RSA outputs were 
filtered and compared to determine bias, precision, and root 
mean square error (RMSE) for tracking L3 and L4 kinematics.  

 

 

 

 

 

 

 

Figure 1: AP and Lateral Digitally Reconstructed Radiographs 
(DRR) for CT, post-processed UTE MRI, and T1 VIBE MRI: L3, L4.  

Results and Discussion 

Results for intersegmental (L3 relative to L4) kinematic bias, 
precision, and RMSE are displayed in Table 1. Intersegmental 
RMSE was within 1.63 mm, 1.45º for UTE MRI and 1.13 mm, 
0.96º for CT. DRRs demonstrated similar bony contrast for 
CT and UTE MRI (Figure 1). 

Table 1: Bias, precision, and RMSE for L3/L4 intersegmental 
kinematics. Anterior-Posterior (AP), Medial-Lateral (ML), Superior-
Inferior (SI), Lateral Bending (LB), Flexion/Extension (FE), Axial 
Rotation (AR). Translations (mm) and rotations (degrees). 

 Translations (MRI [CT]) Rotations (MRI [CT]) 
 AP ML SI LB FE AR 

Bias 
-0.28 
[0.33] 

0.07  
[-0.05] 

-0.47 
[-1.05] 

1.13 
[0.56] 

0.33 
[0.88] 

0.22 
[0.18] 

Precision 
0.30 

[0.18] 
1.64 

[0.24] 
0.24 

[0.43] 
0.91 

[0.42] 
0.23 

[0.37] 
0.80 

[0.27] 

RMSE 
0.41 

[0.37] 
1.63 

[0.25] 
0.53 

[1.13] 
1.45 

[0.70] 
0.40 

[0.96] 
0.82 

[0.32] 
Conclusions 

UTE MRI sequences offer a non-radiating approach to 
generate 3D bone models for shape-matching biplanar 
radiography with similar accuracy to CT.   
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SUMMARY 

Using our lab’s biplane fluoroscopy system, we collected data 

on eight bone phantoms to assess the accuracy of our custom 

bead-based and model-based tracking algorithms. Custom rigs 

were constructed to apply uniaxial rotation and translation to 

these bone phantoms. External potentiometer measurements 

provided a “gold standard” for the tracking algorithms. The 

bead tracking root-mean-squared errors are consistent with the 

results from our previous work (sub-mm and sub-deg 

accuracy). The rotational bead tracking for the remaining bone 

phantoms in addition to the model-based bone tracking is 

ongoing.  

INTRODUCTION 

We have developed a biplane system in which two X-ray 

fluoroscopes image the foot during walking. The 2D 

fluoroscope images are then converted to 3D bone motion 

using a custom model-based tracking method. Similar 

methods have been found to track tibia motion with errors less 

than 1 mm in translation and 1 degree in rotation [1]; however, 

the small, irregularly-shaped, close-packed bones of the foot 

are particularly challenging. The goal of this study is to 

validate our model-based tracking algorithms using bone 

phantoms, similar to our previous work [2,3]. 

METHODS 

Eight bone phantoms (two calcanei, three tali, two first 

metatarsals, and one second metatarsal) were created by 

precisely positioning bones and fiducial markers (spherical 

stainless-steel beads) in cylindrical molds. Each mold was 

then filled with a two-part polyurethane foam (mixes 624/625, 

Fibre Glast, Brookville, OH). This foam was chosen for its 

low radiodensity (approximately 1/8 of bone), high 

compressive strength when fully cured, and resistance to 

moisture and shrinkage. 

Two rigs were constructed in-house to move the phantoms in 

the biplane system imaging volume in precisely-controlled 

motions: one for uniaxial translation and the other for uniaxial 

rotation (Figure 1). Each utilized a potentiometer with a 

linearity of at most ±0.5% and a precision motion stage for 

precise measure of motion. The phantoms were offset from the 

stage on a wooden mount for minimal X-ray interference. 

For the rotational trials, each phantom was imaged in 19 static 

poses varying from 0-40 degrees and during three dynamic 

trials moving at ~20 deg/sec. For the linear trials, each 

phantom was imaged in 19 static poses varying from 0-30 cm 

and during three dynamic trials moving at ~20 cm/sec. Data 

were collected in two orientations: while the phantom was 

oriented such that either the bone’s sagittal or transverse plane 

was co-planar with global transverse plane.  

Each of the static trials consisted of 100 frames per pose, and 

all dynamic trials consisted of 1986 frames; both were 

captured at 1000 frames per second.  

The biplane images were passed through a custom software 

pipeline to track bead coordinates [4]. This was compared to 

the rotational and linear positions measured by the 

potentiometer to establish error. 

RESULTS AND DISCUSSION 

For the bead-based tracking, rotational trials have been 

analyzed for four phantoms and translational trials have been 

analyzed for all eight phantoms. For the rotational data, the 

root-mean-squared errors (RMSE) were 0.22±0.02 deg (static) 

and 0.42±0.19 deg (dynamic) in the sagittal plane, and 

0.22±0.10 deg (static) and 0.31±0.14 deg (dynamic) in the 

transverse plane. For the translational data, the RMSE values 

were 0.23±0.05 mm (static) and 0.50±0.15 mm (dynamic) in 

the sagittal plane, and 0.21±0.07 mm (static) and 0.56±0.27 

mm (dynamic) in the transverse plane. We suspect some of the 

larger RMSE results in the dynamic trials are due to the 

apparatuses not being perfectly rigid or as secure as we 

originally expected; this is still being investigated.  

CONCLUSIONS 

Bead tracking for the remaining rotational trials is in progress. 

The bones will also be tracked and compared to the collected 

potentiometer data as well as the tracked bead data. 
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Figure 1: a) Bone phantom under fluoroscopy, b) bone phantom 
in rotational rig, and c) bone phantom in translational rig. 
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Summary 

A software toolkit, DRRACO, was developed to use a 

graphics processing unit (GPU) to perform image processing 

for biplane fluoroscopy analysis. The GPU is used to quickly 

generate digitally-reconstructed radiographs (DRRs) of bones, 

and uses GPU-accelerated image processing functions 

(convolution, dilation, and image similarity calculations) to 

compare the bone DRRs to a synchronized pair of frames from 

high-speed fluoroscopy video to derive bone and joint 

kinematics. The GPU provides a marked speedup (over 100x) 

over our previously-developed non-parallel implementation of 

this algorithm [1], with comparable registration accuracy. This 

speedup allows analysis of biplane fluoroscopy data to become 

feasible for large research studies.  

Introduction 

Biplane fluoroscopy is a technology that provides accurate 3D 

tracking of bones by direct imaging (via a pair of synchronized 

X-rays) during a functional task such as gait. Previously our 

group has developed a method to calculate 3D bone motion 

from 2D fluoroscope videos from our biplane system, using 

conventional serial implementations of image processing 

algorithms [1]. While this method is accurate and robust, it 

quickly becomes prohibitive in terms of runtime, necessitating 

a faster but equally accurate computational approach. GPUs 

are particularly well-suited to this highly-parallelizable task 

(e.g., [2]). Accordingly, our group has developed DRRACO 

(Digital Radiograph Registration Accelerated by CUDA 

Operations) to provide computationally-efficient biplane 

fluoroscopy registration. 

Methods 

DRRACO takes in as inputs a pair of synchronized 

fluoroscopy videos of a subject undergoing a functional task, a 

computed tomography (CT) scan of the anatomy of the 

subject, and information describing the geometry of the X-ray 

setup obtained through a separate calibration routine. A 

numerical optimization routine then iteratively calculates the 

3D bone poses for each frame pair. This involves calculating 

DRRs from the CT volume of a set of bones in a specified 

pose (Fig. 1), calculating the edge (gradients) of these images 

using convolution and dilation, and calculating the similarity 

between the DRRs and their gradients to the corresponding 

images from each fluoroscope. The similarity metrics are then 

combined into a weighted sum; the optimizer adjusts the pose 

until this sum is maximized to establish the true 3D poses for 

that frame. This process is repeated for each frame to get 3D 

kinematics of the bone and joints. Collision detection is built-

in to verify that the resulting poses are physically feasible. 

Virtually all of the computationally-intensive calculations 

described above are performed on the GPU, using both built-in 

and custom-written parallel algorithms. 

DRRACO is written in C++ and uses the CUDA programming 

platform (Nvidia, Santa Clara, CA) to interface with the GPU. 

DRRACO is designed using object-oriented principles where 

major aspects of the system (bone objects, fluoroscopes, 

similarity metrics, etc.) are implemented as classes; this 

provides a convenient mechanism to exchange data with the 

GPU. This flexible architecture allows for the toolkit to be 

extended in the future as additional needs become apparent. 

 

To benchmark the software’s tracking accuracy, a simple set 

of experiments was used for initial validation. Briefly, bone 

phantoms were imaged under uniaxial translation and rotation 

both statically and dynamically, and the bone poses calculated 

using DRRACO were compared to ground truth established by 

external potentiometers. 

Results and Discussion 

For the static translational validation tests, the bias in 

DRRACO’s tracking algorithm was 0.060 ± 0.063 mm (range 

0.024-0.188 mm); dynamically, the bias was 0.265 ± 0.097 

mm (range 0.152-0.430 mm). For static rotation, the bias was 

0.29 ± 0.08° (range 0.18°-0.37°); dynamically the bias was 

1.02 ± 0.30° (range 0.61°-1.35°). Precision was comparable. 

DRRACO provided a speedup of approximately 165x over our 

previous non-parallel implementation [1] with comparable 

accuracy. We are currently exploring several methods to 

improve this accuracy, including various image similarity 

metrics, improved image denoising strategies, and refinements 

to our gradient calculations. 

Conclusions 

We have developed and are in the process of validating 

DRRACO, a custom software toolkit to efficiently process 

biplane fluoroscopy data. Future work involves integrating this 

software more seamlessly into our processing pipeline, and 

possible public release of the source code for more widespread 

use in the biomechanics community. 
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Figure 1: Simplified illustration of DRR generation. 
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Summary 

Model-based biplanar fluoroscopic bone tracking is a powerful 

tool for biomechanists seeking to quantify in vivo, functional 

joint motion. The sizes, shapes, and configurations of the 

osseous foot and ankle anatomy present a series of unique 

challenges to obtaining optimal kinematic data with minimal 

irradiation of test subjects. We sought an experimental 

approach to optimizing the 3D-to-2D model-based registration 

algorithms in our custom bone tracking software suite.  

Introduction 

Biplanar X-ray-based bone tracking is a 3D-to-2D computer 

vision co-registration task that requires a scalar metric of 

distance, or similarity, between the fluoroscopic image pairs 

and the digitally reconstructed radiographs (DRRs) to drive 

the optimization routine. In the biomechanics realm, 

normalized cross-correlation (NCC) of the image intensities or 

the image gradient correlations (GC) have typically been used 

for tracking larger joints such as the knee, spine, or shoulder. 

Foot and ankle bones are smaller, presenting less information 

content (image pixels) for registration. Additionally, high joint 

congruity, soft tissue attenuation, and quantum mottle degrade 

obfuscate reliable bone features for tracking. The goal of this 

study was to experimentally investigate a variety of image 

similarity metrics on human foot bone phantoms to understand 

their sensitivity to fluoroscopic image noise and perturbation 

from the ground-truth position.  

Methods 

Fresh-frozen human cadavers were dissected to extract the 

talus, calcaneus, and first metatarsal bones and manually 

denuded of soft tissues.  Bones were cast in minimally-

attenuating polyurethane resin cylinders. In each cylinder end, 

threaded inserts and sets of fiducial beads were embedded for 

manipulating and recovering the true bone poses, respectively.  

Biplane fluoroscopic images were collected using standard in 

vivo acquisition parameters. In our custom model-based 

tracking software, DRRs were aligned to the ground-truth 

position using the fiducials. Increasing levels of fluoroscopic 

image noise were simulated, as well as rotational and 

translational spatial perturbations to the DRRs. A variety of 

similarity metrics were compared [2]: 1) Intensity-based 

measures like Squared Intensity Differences, Log of Absolute 

Differences, and NCC, 2) gradient-based correlation (GC), 

orientation (GO), differences (GD), and information (GI), and 

3) information-based pattern intensity (PI), mutual information 

(MI), and regional mutual information (RMI).    

Results and Discussion 

The performance of each metric degraded with additional 

image noise, as expected (Figure 1). Some metrics, such as 

pattern intensity (PI) and gradient information (GI) were 

invariant to additive noise. The gradient correlation (GC), 

gradient orientation (GO) and mutual information (MI) 

metrics were most responsive to perturbation error (Figure 2) 

and exhibited ideal smooth, monotonic responses.  

 

Figure 1: Mean image similarity metric scores as a function of added 

fluoroscopic image noise.  

 

Figure 2: Mean image similarity metric scores as a function of 

rotational perturbation from the truth position (white bar). 

Conclusions 

The optimal image similarity metric to drive the model-based 

bone tracking task varies with the anatomy of interest. Future 

work will focus on optimally extracting bone features/edges 

from the noisy fluoroscopic images and explore bone-specific 

similarity metric vectors that are composites of the metric 

types that were most performant in this study. 
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Summary 

Reliable and accurate localization and pose recovery of objects 

(bones and fiducials) in a high-speed biplanar X-ray system is 

dependent on an adequate model of the imaging chain. This 

work investigated the contributions of multiple sources of 

calibration errors in the chain. The results provided insights 

into the design of a new calibration procedure and object.  

Introduction 

In order to reconstruct the poses of marker beads or bones, 

virtual models of the biplane X-ray imaging chain are 

generated in silico in a process that localizes control points of 

a known calibration object to generate pinhole camera models 

for each arm of the system. Errors in marker localization, and 

limitations of the calibration object and calibration algorithms 

impose a limit on spatial resolving accuracy. 

Methods 

A sensitivity and uncertainty analysis was performed at 

various stages of the biplane calibration procedure using the 

software package Dakota [1]. First a variety of local and 

global image intensifier distortion correction models were 

tested with a known marker lattice to determine which method 

best removed spatial errors that invalidate the pinhole 

projection camera model. Secondly, the optimal algorithm for 

localizing calibration object beads was determined 

experimentally by comparing the performance of intensity-

weighted, Gaussian-weighted, and Sigmoidal-weighted 

algorithms to localize those markers. Lastly, the resulting 

centroid localization variances were fed into Monte Carlo 

simulations of the direct linear transformation (DLT) camera 

calibration procedure to ascertain the sensitivity of the DLT to 

marker centroid errors. The resulting variations in camera 

parameters (intrinsic and extrinsic) derived from these noisy 

data informed the development of an improved spiral 

calibration object and a multi-stage, dynamic calibration 

procedure that includes a non-linear bundle adjustment 

optimization step to generate globally-optimum camera 

matrices that produce minimal reconstruction errors [2].  

Results and Discussion 

The influences of contributions of various sources of signal 

degradation on the calibration of our biplanar fluoroscopic 

imaging system and the limitations of the DLT algorithm were 

quantified experimentally. Occlusion and poor contrast of 

calibration markers, and the limited size of the previous cube 

calibration object (Figure 1) introduced substantial errors in 

the derived camera parameters, which led to suboptimal 

reconstruction accuracies.  Distortion correction required a 

polynomial model of order n=5 or larger (Figure 2) to 

adequately correct spatial image errors that degrade the 

pinhole projection model. For marker localization (Figure 3) 

the iterative Gaussian method produced the lowest errors, 

while the intensity-weighted and iterative Sigmoidal models 

were least susceptible to initial guess errors. 

 

Figure 1: The previous calibration cube coupled with DLT method 

introduced substantial errors and variance in the derived camera 

parameters as a result of marker localization errors.  

 

Figure 2: Mean errors of various image intensifier distortion 

correction models. Local weighted mean and global polynomials of 

order n>5 were most performant. 

 

Figure 3: Mean marker localization errors as a function of error in 

initial guess location.  

Conclusions 

Characterization of the sources and propagation of errors in 

the calibration of the biplane system is essential to optimally 

tuning algorithms for the highest accuracy of reconstructing 

object poses.  
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Summary 

This study aims to determine the response of stroke survivors 
to user-driven treadmill control and functional electrical 
stimulation (FES) of their paretic ankle musculature. 14 stroke 
survivors walked at their self-selected (SS) and fast speeds on 
an instrumented treadmill in its fixed speed (FS) mode and 
user-driven (UD) mode with FES. They selected faster SS and 
fast speeds with the UD control and FES. They also increased 
their push-off forces in SS trials to walk faster on the UD with 
FES but used similar push-off forces for both fast trials despite 
choosing slower speeds for the FS trial. Walking with UD 
control and FES allowed users to instantaneously select faster 
walking speeds and fully utilize their propulsive forces.  

Introduction 

Nearly 800,000 Americans are affected by stroke each year [1] 
and faster walking speeds are a key outcome of rehabilitation 
[2]. Functional electrical stimulation (FES) of the paretic ankle 
muscles during gait training on a treadmill yields meaningful 
increases in walking speeds [3,4], but past interventions were 
conducted on a fixed speed treadmill, so participants were 
unable take advantage of their augmented forward propulsion 
to instantaneously increase their walking speeds. Therefore, 
we aim to determine the response of stroke survivors to the 
combination of real-time adaptive, user-driven treadmill 
control [5] and FES of their paretic ankle musculature [6]. 

Methods 

14 individuals with chronic poststroke hemiparesis (38 ± 29 
months poststroke) participated in this study (8 M, 64 ± 9 
years, 1.74 ± 0.12 m, 85.62 ± 17.59 kg). Each participant 
performed a 10-meter walking task along with the following 
walking trials on an instrumented, split-belt treadmill (Bertec 
Corp., OH, USA) in a random order: 
 

1. Fixed-speed control (FS) at self-selected (SS) speed  
2. FS control at fastest comfortable (FAST) speed  
3. User-driven control (UD) at SS speed with FES  
4. UD control at FAST speeds with FES 

 

Beginning with the 10m overground speed, researchers 
adjusted the FS control in 0.05m/s increments until the 
participant indicated their preferred speed. With the UD 
control, participants took up to 1 minute to reach their 
preferred steady-state SS or FAST speed and then data were 
collected at that steady-state speed for an additional 1 minute.  

The primary outcome variables were walking speed and peak 
anterior ground reaction force (AGRF). Paired t-tests (α=0.05) 
were used to assess differences between conditions.  

Results and Discussion 

Participants selected slower SS speeds on the FS than they did 
during the overground 10-meter walking task (=0.20 m/s, 

p=0.001), but they chose SS speeds on the UD with FES that 
were similar to their overground walking speeds (=0.05 m/s, 
p=0.1695). Participants selected faster SS and FAST speeds 
on the UD with FES than the FS (SS: =0.15 m/s, p=0.001|| 
FAST: =0.12 m/s, p=0.001|| Figure 1). 

There were meaningful [7] increases in the peak AGRF values 
for both limbs during SS walking on the UD with FES 
compared to FS (NP: =2.3% BW, p=0.025|| P: =1.4% BW, 
p=0.049), which was expected with the increased walking 
speed. However, there were no differences in peak AGRF 
values for the FAST walking conditions on the UD with FES 
and the FS despite the faster walking speeds for UD with FES 
(NP: =0.67% BW, p=0.307|| P: =0.14% BW, p=0.073). 
Both controllers require the same AGRF to run at the same 
speed [5], so the UD control with FES allows users to 
instantly select speeds that fully utilize their propulsive forces. 

 

Conclusions 

UD control with FES allows stroke survivors to select faster 
SS and FAST speeds than FS treadmill control, which has 
been used in previous gait training interventions. Since 
increased walking speeds are a key outcome of poststroke 
rehabilitation, future studies should examine the effects of UD 
with FES in a long-term intervention. Training with UD 
control and FES allows users to instantaneously select faster 
speeds and may augment functional gains after rehabilitation. 
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Figure 1: Comparison of SS and Fast walking speeds  

Note: * indicates statistical significance (=0.05) 
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Summary 

Patellofemoral joint stress (PFJS) was used to quantitatively 

assess the biomechanic characteristics of the patellofemoral 

joint of older adults when descending the stairs. Compared 

with young adults, older adults had lower knee moment in the 

sagittal plane, quadriceps strength, and PFJS, which may be 

associated with muscle loss and patellofemoral cartilage 

defects related to aging. Therefore, older adults have a lower 

patellofemoral joint pressure compared with young adults. 

Introduction 

A higher patellofemoral joint pressure (PFJP) is recorded when 

descending the stairs than when walking on a straight line. This 

pressure may cause defects or pain in the patellofemoral 

articular cartilage [1]. The previous study mainly evaluated 

PFJP based on knee moment (KM). Patellofemoral joint stress 

(PFJS) refers to the force per unit area that belongs to the 

contact position between the patella and femur. Compared with 

KM, PFJS can better interpret the relationship between the 

patella and femur. The purpose of this study was to investigate 

the biomechanic characteristics of the patellofemoral joints of 

older adults when descending the stairs. We hypothesized that 

older adults have a higher PFJS compared with young adults. 

Methods 

A total of 18 young and 18 old female participants were 

recruited for this study. The Kistler 3D force table and Vicon 

3D motion capture system were synchronized to capture the 

data for the sagittal knee angle (θ) and KM. The calculation 

model of Bressel et al [2]. was employed to calculate the angle 

between the quadriceps muscle line and the patellar ligament 

tension line ( ), QF, PFJF,      , and PFJS. 

                 

                            

In the above equations,        represents PFJF,       

represents QF, and            represents PFJS. An 

independent t-test was performed to identify the differences 

between the two groups of participants, and the significance 

level was set to p < 0.05. 

Results and Discussion 

Both the young and old adults showed two peaks and one 

valley of PFJS (Fig. 1). Compared with the young adults, the 

older adults had a smaller KM (P=0.000), QF (P=0.000), and 

PFJS (P=0.022) (Table 1), which suggested that their 

patellofemoral joint cannot sustain a greater PFJP due to their 

loss of muscle strength, the degeneration of their iliac cartilage, 

and their volume reduction [3]. 

 

Fig 1: Variation of PFJS in the single support phase. 

Table 1: Descriptive statistics for the peak values of KM, QF, and 

PFJS ( ̅    ). 

 KM (     ) QF (    ) PFJS (   ) 

Young adults 1.17±0.18 44.43±8.29 5.11±1.00 

Older adults 0.89±0.17 30.97±7.58 4.30±0.92 

P-value <0.001 <0.001 0.022 

Conclusions 

The older adults exhibited a lower PFJP, which may be 

associated with their aging-related muscle loss and 

patellofemoral joint deterioration. 
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Summary 
Previous studies suggest that the maximum weight for 
overweight children’s backpacks should be less than 10% of 
their body weight (BW). In this study we aim to analyse the 
postural adaptations for obese/overweight and healthy-weight 
students while carrying a backpack or a school trolley with 
varying loads. Based on the kinematic analysis of thorax, hip, 
and knee, the obese/overweight group adapted their posture in 
a similar way than those in the healthy-weight group under 
different load conditions. Thus, the lightest backpack load 
recommendation for the obese-overweight group was not 
supported in this study. 
 
Introduction 
Over 340 million children and adolescents aged 5-19 years 
were overweight or obese in 2016 [1]. In addition to the major 
risk of developing a number of chronic diseases that obesity 
entails, from a biomechanics point of view overweight and 
obese children adopt different gait strategies relative to 
children of normal weight. Previous studies have considered 
that those who are overweight already carry an additional 
intrinsic weight, suggesting the maximum weight for their 
backpack should be less than 10% of their BW [2,3]. No 
further studies have been performed to corroborate or refute 
this limitation with respect to lighter backpack load for obese 
or overweight children compared to children of healthy 
weight. In this study we aim to analyse the postural 
adaptations for obese/overweight and healthy-weight students 
while carrying a backpack or a school trolley with different 
loads.  
Methods 
Forty-eight students (22 boys and 26 girls) between 6�12 
years of age participated in this study. Each participant was 
measured with a scale and measuring rod (SECA769, 
Hamburg, Germany). The body mass index (BMI) of each 
child was computed and classified as healthy, overweight, or 
obese when their BMI fell between the 5th and 85th 
percentile, the 85th and 95th percentile, and > 95th percentile, 
respectively. Both overweight and obese children were 
grouped for comparison to those of healthy weight. The 
kinematics of thorax, hip, and knee of each child were 
obtained when children walked at their preferred speed during 
1 min under the following experimental conditions: no bag 

(control); carrying a backpack with 10%, 15%, and 20% BW; 
and pulling a trolley with the same loads. 
A 3D motion capture system (Qualisys, Sweden) was used to 
record the trajectory of the calibrated anatomical systems 
technique (CAST) model markers. The reflective marker 
locations were collected via nine infrared high-speed cameras 
recording at 250 Hz. Visual3D software (C-Motion Inc., 
Germantown, USA) was used to compute the kinematic 
parameters using the coordinate-based algorithm. The mean 
and standard deviation (in degrees) were obtained from: 
flexion/extension, adduction/abduction, and internal/external 
rotation of thorax, hip and knee. The SPSS software v.23 
(IBM, Armonk, USA) was used to analyse the data. A 3-way 
ANOVA was performed (load, schoolbag, and BMI) followed 
by a Bonferroni’s confidence interval adjustment for all 
comparisons (p < 0.05). 

Results and Discussion 
Results of ANOVA are shown on Table 1. In concordance 
with previous studies that failed to find differences between 
obese/overweight and normal-weight children in postural 
control [4], our study did not support the lighter 
recommendation for backpack load for obese/overweight 
children as they showed similar adaptations as children of 
healthy weight. 
 
Conclusions 
Based on kinematic analysis, the obese/overweight group 
adapted their posture in a similar way than did the healthy 
group under differing load conditions. As such, our study fails 
to support the lightest backpack load recommendation for 
obese or overweight children. 
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Table 1: Summary of ANOVA results [F value (p)] for the main and interactive effects of load (L), schoolbag (S) and BMI on kinematic variables.  

  Load Schoolbag BMI L x BMI S x BMI L x S LxSxBMI 

Thorax 
Sagittal plane  54.36 (<0.001) 145.8 (<0.001) 0.03 (0.86) 0.82 (0.49) 3.11 (0.08) 57.75(<0.001) 1.36 (0.27) 
Frontal plane 1.62 (0.19) 0.23 (0.64) 0.15 (0.69) 1.71 (0.17) 0.01 (0.91) 0.21 (0.89) 0.27 (0.84) 
Transverse plane 0.44 (0.72) 0.88 (0.35) 0.87 (0.35) 0.51 (0.67) 4.41 (0.04) 0.61 (0.61) 1.58 (0.21) 

Hip 
Sagittal plane 42.52 (<0.001) 117.9 (<0.001) 2.07 (0.15) 2.49 (0.07) 0.51 (0.47) 38.79 (<0.001) 2.22 (0.10) 
Frontal plane 24.16 (<0.001) 46.09 (<0.001) 0.06 (0.81) 0.34 (0.79) 2.04 (0.16) 20.66 (<0.001) 1.71 (0.18) 
Transverse plane 1.05 (0.38) 32.92 (<0.001) 13.82 (0.001) 1.69 (0.18) 11.61 (0.001) 13.7 (<0.001) 3.69 (0.01) 

Knee 
Sagittal plane 0.34 (0.79) 0.001 (0.97) 0.08 (0.8) 0.41 (0.75) 0.00 (0.99) 0.59 (0.62) 0.48 (0.70) 
Frontal plane 0.78 (0.51) 1.24 (0.27) 10.34 (0.002)  1.49 (0.22) 1.47 (0.23) 0.46 (0.71) 0.62 (0.61) 
Transverse plane 3.12 (0.05) 1.01 (0.69) 2.98 (0.09) 0.49 (0.68) 0.81 (0.36) 2.59 (0.06) 1.23 (0.31) 
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Summary 

The purpose of this study was to determine the effect load 

carriage has on natural ankle quasi-stiffness (NAS). Fourteen 

college-aged healthy individuals underwent an instrumented 

gait analysis while walking over ground at 0.8 statures/second 

(st/s) under three load carriage conditions. Data were analyzed 

using a multilevel linear model. Results showed that the 

participants’ NAS was significantly less on their non-

dominant limb compared to their dominant limb (P = 0.009) 

and significantly greater carrying 20% bodyweight (BW) 

compared to carrying no load (P = 0.001). 

Introduction 

Dismounted soldiers often carry loads exceeding 30-40% of 

BW [1]. Carrying heavy loads has shown to increase 

propulsion force during gait [2], which the plantar flexors 

(PFs) primarily contribute to [3]. In stance, the PFs 

eccentrically then concentrically contract, aiding in the storage 

and return of mechanical energy [4]. NAS can be used to 

quantify the ankle joint’s control of shank forward rotation, 

which is mainly driven by the PFs. The spring-like bending 

stiffness of orthotic and prosthetic ankle-foot systems can 

potentially replicate NAS by providing the resistance needed 

to control shank’s forward rotation and store mechanical 

energy [5]. Thus, the bending stiffness of these devices can 

potentially be used to augment function of healthy individuals, 

such as soldiers. However, to optimally design such devices, 

we need to first understand how tasks like load carriage affect 

NAS. Therefore, the purpose of this study was to determine 

the effect load carriage has on NAS in college-aged healthy 

individuals. We hypothesized that as load carried increases, 

NAS will also increase.  

Methods 

Fourteen college-aged healthy individuals underwent an 

instrumented gait analysis while walking over ground at 0.8 

st/s under three load carriage conditions: no external load, 

weighted vest with 10% BW, and weight vest with 20% BW.  

NAS was calculated as the slope of the line of best fit on the 

moment-angle graph over the stance-phase dorsiflexion (DF) 

(Figure 1). Data were analyzed using a multilevel linear 

model. The participants served as the random-effect, and the 

fixed-effect predictors included (1) limb: dominant and non-

dominant and (2) load. The dependent variable was NAS. 

Regression coefficients were modelled using maximum 

likelihood estimation with variance components as the 

variance-covariance error structure. All reported p-values were 

two-sided (P = 0.05). 

 

Figure 1: Ankle angle (a) and moment (b) during stance. DF is 

positive, PF is negative. (1) DF angle corresponding with 1st instance 

of PF moment; (2) Peak DF angle; (3) 1st instance of PF moment; (4) 

PF moment corresponding with peak DF angle. NAS = (4-3) / (2-1). 

Results and Discussion 

Two of the fourteen participants were outliers, so data from 12 

individuals were analyzed (male: 10, age: 21.9 (2.6) yrs, mass: 

77.3 (19.9) kg, height: 1.8 (0.1) m). Results (Table 1) showed 

that the participants’ NAS was significantly less on their non-

dominant limb than their dominant limb (P = 0.009). 

Additionally, NAS was significantly greater while carrying 

20% BW compared to carrying no load (P = 0.001).  

Table 1: Results from Mixed Linear Model for NAS. 

Parameter Estimate Std. Error df t Sig. 

Intercept -0.119 0.007 21.074 -17.473 0.001 

Limb 0.011 0.004 60 2.719 0.009 

10% BW -0.006 0.005 60 -1.156 0.252 

20% BW -0.022 0.005 60 -4.571 0.001 

Conclusions 

Results partially supported our hypothesis since NAS only 

significantly increased from the no load to 20% BW 

conditions. Interestingly, NAS was also significantly different 

across participant limbs. Thus, load carriage as well as 

participant’s limb need to be taken in consideration when 

customizing device bending stiffness. Future works will 

investigate other soldier tasks, such as running, and compare 

these results with a military population.  
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SUMMARY For analysing the biomechanics of gait steady state velocity should be reached. With ramp construction the walkway is limited and it is not clear if the same rules for reaching speed steady state as for level walking apply over a range of downhill inclines. Therefore, temporo-spatial, kinematic and kinetic parameters were analysed for the first four steps in the level and three grades of decline (0°,-6°,-12°,-18°). Resultant center of mass (CoM) velocity increased until the 3rd step by increasing step frequency. It therefore seems appropriate to use the 3rd step for downhill gait analysis with inclines up to 18°, when using a ramp set up. 
INTRODUCTION  While in level walking it is recommended to allow participants at least two steps before and after data collection [1-3], very little consideration have been given on the initial walkway’s length and its influence on gait parameters in sloped walking [4]. In existing studies using a ramp construction, the number of initial steps before the foot under investigation steps on the force plates differs between studies (e.g.: 3rd [5], minimum 3rd [5] 3rd & 4th [6, 7] or is not clearly reported [8, 9])  Due to altered kinematics and kinetics during downslope walking in order to lower the body’s CoM it is hypothesized that reaching speed steady-state in ramp walking differs between the inclinations of the slope conditions including level walking.  
METHODS Fourteen healthy participants (24.5 ± 2.0 yrs) walked with self-selected speed on a ramp with four different inclinations (0°, -6°, -12° and -18°). Kinematic and kinetic data were collected via an infrared-camera motion system (Vicon, Oxford Metrics Ltd. UK, 250 Hz) and two force plates imbedded in the ramp (AMTI, Watertown, USA 1000 Hz). The starting position was adjusted in such a way that the participants contacted the force plates with a) first and second step and b) third and fourth step. The resultant CoM velocity (vCoM) and the relative change of horizontal velocity (∆velh) for each stance phase were determined. Additionally, temporo-spatial, kinematic and kinetic parameters of the lower limb were calculated. Due to lacking normal distribution statistics were calculated using a Friedman 

ANOVA (factor: steps) with pairwise comparisons using Wilcoxon tests (p=0.05, Bonferroni corrected:  p=0.016)   
RESULTS AND DISCUSSION VCoM significantly increased in all four slope conditions between the 1st to 2nd step by 7.5-9.4%, between 2nd to 3rd step by 6.4-9.8% and decreased in the level condition between the 3rd and 4th step by 1.6% (Figure 1). ∆Velh showed similar results. The increase in velocity was mainly driven by an increase in cadence as step length remained similar (Table 1).  

 
Figure 1: Resultant CoM velocity for each step and inclination 
CONCLUSIONS Based on the results in this specific ramp set-up speed steady state was reached at the 3rd step in all inclination, hence using the 3rd step for analysis seems appropriate in downhill gait analysis.  
REFERENCES [1] Perry J. (1992). Gait Analysis Normal and Pathological Function; Slack Incorporated. [2] Mann et al. (1979). J Bone Joint Surg Am.61: 232-9. [3] Miller and Verstraete. (1996). J Biomech. 29: 1195-9. [4] Redfern et al. (1997). Gait Posture. 6: 119-25. [5] Lay et al. (200). J Biomech. 39: 1621-8. [6] Alexander & Schwameder. (2016). Gait Post. 47: 62-7. [7] Alexander et al. (2017). J Biomech. 61: 75-80. [8] McIntosh et al. (2006). J Biomech. 39: 2491-502. [9] Komnik et al. (2016). PLoS One. 11: e0168566 . 

Table 1: Sig. differences between steps [%] for cadence and step length. *indicates a sign. difference between the consecutive step changes.  Difference between cadence step length 0° -6° -12° -18° 0° -6° -12° -18° Step 1-2 [%] 6.2 + 3.3 8.2 + 2.2 7.5 + 4.6 6.2 + 4.0 1.4 + 3.6 3.7 + 5 2.5 + 5 2.2 + 4.9 Step 2-3 [%] 3.4 + 3.7 3.8 + 2.4* 0.3 + 4.0* 0.9 + 4.8* 0.5 + 6.3 1.8 + 5.1 3.8 + 5.7 1.7 + 5.5 Step 3-4 [%] 0.4 + 2.2 0.5 + 3.1* 1.5 + 2.5 1.0 + 2.5 -0.1 + 3.8 0.3 + 3 0.6 + 5.8 -0.1 + 5.9  
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Summary 

We are hypothesizing that when humans walk on the sloped 

surfaces, the foot placement is dependent on the slope angle 

and walking speed. In this paper, to have a better 

understanding of the relationship between the step length to 

the slope angle and walking speed, we performed a statistical 

analysis based on the human walking data with different slope 

angles and walking speeds. We discuss that the step length 

variation with respect to the slope angle and walking speed. 

Introduction 

Human kinematics on inclined surfaces have been studied to 

see the change of human walking traits depending on slope 

angle and walking speed [1,2]. Different studies related the 

human kinematics to the slope angles and waking speeds in 

different ways. For example, Sun et al. observed the step 

lengths on the slopes from the outdoor environment and 

performed a regression analysis on walking speed, cadence, 

and step length, as functions of slope angle [3]. However, we 

hypothesize that both walking speed and slope angle should be 

independent variables, which actively affect the foot 

placement for slope walking. In this study, by looking into a 

biomechanical data, we plan to investigate the effect of the 

slope angle and walking speed on the foot placement for slope 

walking, which could be beneficial for the control of the lower 

limb assistive device to determine the optimal foot placement 

for better adaption to sloped surfaces. 

Methods 

To conduct a biomechanical analysis for human locomotion 

on the inclined surfaces, we used the human incline walking 

data captured by the researchers at the University of Texas at 

Dallas (UTD) using a 10-camera Vicon motion capture system 

[4]. The experimental protocol was approved by the 

Institutional Review Board at UTD. During the experiment, 10 

healthy subjects (5 female) walked on the treadmill for a 

minute in 3 different walking speed (0.8, 1.0, 1.2 m/s) while 

the slope varies from -10° to 10° at 2.5° increments. From the 

data set, the step length was estimated using the average step 

time and walking speeds. We performed a two-way repeated 

measures ANOVA and the series of t-tests to analyze the 

correlation between the slope, walking speed and step length. 

Results and Discussion 

In (Figure 1), the step length is shown according to 9 different 

slopes (-10° to 10° with 2.5° increments) and 3 different 

walking speeds (0.8, 1.0, and 1.2 m/s). As it is shown in the 

figure, on the flat-ground and upslope, the step length has no 

significant trend for all walking speeds. On the contrary, the 

step length decreases when the slope becomes steeper on the 

downslope (p < 0.005) for all walking speeds, which is also 

supported by [3]. This is because when the downslope angle, 

θ, is steep, the equivalent friction coefficient (fc = μ cosθ) 

decreases, suggesting that the surface becomes more slippery. 

In this case, people tend to be more cautious and try to 

increase the cadence rather than longer step length to avoid the 

excessive ground reaction force and the potential slippage on 

the surfaces.  In other words, people try to use the Cautious 

Walking (CW) when the slope gets steeper.  

 
Figure 1: Markers (●) indicate the mean values of step lengths and 

the error bars indicate their ±1 standard deviation according to 3 

different walking speeds. 

For the walking speeds, it is clearly shown that the walking 

speed is significantly correlated with the step length (p < 1e-4) 

for both the upslope and downslope walking. This also implies 

that humans tend to change the step length to adjust the 

walking speed rather than the cadence. 

Conclusions 

In our analysis, it is shown that how the slope angle and 

walking speed affect human walking in terms of step length on 

the sloped surfaces. Humans tend to walk more cautiously on 

the downslopes by limiting the step length and tend to change 

the step length to adjust their walking speed. Future work can 

be conducted to find a numerical relationship between the step 

length, and slope angle and walking speed, and use this 

relation to implement the foot placement control for the lower 

limb assistive devices.  
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Summary 

The purpose of this research was to identify baseline strength 
measures that may be predictive of resistance to fatigue during 
an extended load-bearing military march. Step-wise regression 
models accounted for 30 - 46% of the variability in how pace, 
step length, and stance time changed with fatigue. Hand grip 
and upright row strength were most heavily weighted in these 
models.  

Introduction 

Military members are often required to carry more than 46 kg 
for extended periods of movement and, subsequently, perform 
high-level operations that often require strength, acuity, and 
endurance [1]. Previous research has shown that these attributes 
are negatively affected by fatigue [2].  Muscular strength may 
be indicative of an increased ability to resist fatigue [3]. The 
purpose of this research was to identify baseline strength 
measures that may be predictive of fatigue resistance during an 
extended load-bearing military march. Greater baseline 
muscular strength was expected to minimize changes in spatio-
temporal metrics throughout the ruck march.  

Methods 

As part of a larger study, 30 Army soldiers (28M/2F; 1.8 ±0.1m; 
83 ±12.5kg) underwent baseline strength testing using a 
Jackson Strength System, and Digital Hand Dynamometer 
[Models 32728/5030D1; Lafayette Instrumentation; Lafayette, 
IN].  In a rested state, participants performed three maximal 
isometric contractions:  dominant hand grip, bilateral calf raise, 
bilateral deadlift, bilateral biceps curl, and bilateral upright row.  
Peak force values were normalized to their own body mass   

Each soldier then executed a platoon ruck march (8 ±2km,  102 
±27min), carrying a trunk-borne load and weapon slung across 
their shoulders or in their hands (47 ±8% body mass).  They 
wore a Milestone Pod (MSP) [13 grams, Milestone Sports; 
Columbia, MD] on the distal laces of their combat boots, which 
outputs measures of pace, step length, stance time, and cadence 
during walking, approximately 1x/min.  Data were normalized 
to the individual’s first 10 minutes, and to 100% of their ruck 

march time.  A 2nd order polynomial was fit to the participants’ 
normalized gait patterns, for each metric of interest. The initial 
linear slope (to a point of inflection, if it existed) was calculated 
to describe the initial rate of change.  This was assumed to 
reflect increasing fatigue.  

A step-wise regression was performed to determine if the five 
strength variables were predictive of the rate of change of each 
gait metric.   

Results and Discussion 

The best-fit polynomials showed that the four gait metrics 
tended to change in an expected manner: pace, step length, and 
cadence decreased, while stance time got longer. The step-wise 
regression identified predictive models for changes in pace, step 
length, and stance time, accounting for 30 – 46% of the 
variability in these measures (no predictive model was 
calculated for cadence), Table 1.  Hand grip and upright row 
were included in each of the three models and accounted for 2 
– 21% of the variability.  Calf raise strength accounted for 2% 
of the variability, in stance time only.  The models suggested 
that greater hand grip strength values predicted reduced fatigue 
rates, whereas greater upright row strength values predicted 
increased fatigue rates, in pace, step length, and stance time.  

Conclusions 

Hand grip has been shown to be predictive of total body 
strength, improved marksmanship, and cognitive performance 
[4,5].  However, the current findings also suggest that hand grip 
is an important marker of predicted physical performance.  
Conversely, the current findings suggest that increased strength 
in the trapezius, deltoids, and biceps muscles could be 
detrimental to ruck march performance. 
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Table 1: Step-wise regression model parameters.  Deadlift and biceps curl strength values were not included in any models.  Note sign convention: 
pace, step length, and cadence were reduced over time, whereas stance time increased 

Gait Characteristic Pace Step Length Stance Time Cadence 

 Avg Best-Fit Polynomial % Slope -0.43 -0.23 0.13 -0.18 

Model Coefficient 

Hand Grip Strength 0.54 0.58 -0.34 - 

Calf Raise Strength - - -0.37 - 

Upright Row Strength -0.43 -0.59 0.76 - 

Model Statistics R2 value (p-value) 0.30 (0.01*) 0.37 (<0.01*) 0.46 (<0.01*) - 
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Summary 

We developed a novel load carriage system that allows 
weight carried in a backpack to oscillate in the medial-lateral 
direction while simultaneously generating electricity from 
the carried weight’s oscillations. We use the energy 
harvesting capabilities of the device to control carried mass 
oscillation amplitude and phase relative to centre of mass 
movement. We tested seven different energy harvesting 
conditions and compared them to walking with the device 
when the carried weight is rigidly fixed to the backpack 
frame. The device generated up to 0.22±0.03 W of 
electricity, at no additional metabolic cost to the user, when 
compared to walking with the carried weight rigidly fixed. 
Although there were no significant changes in the work 
performed by lower limb joints between conditions, the 
oscillating mass significantly reduced the forces experienced 
by the user in the medial-lateral direction, compared to 
walking with a fixed mass. 

Introduction 

Making alterations to the structure of a backpack presents 
two opportunities: generating electricity to power portable 
electronics and improving how carried weight interacts with 
the user [1]. We previously developed a novel load carriage 
device that allows carried weight to oscillate in the medial-
lateral direction and studied its effects on walking [2]. We 
now propose an energy harvesting unit for generating 
electricity from the relative movement of the carried mass. 
Our goal is to generate electricity for portable electronics 
while simultaneously reducing user effort while walking.  

Methods 

The energy harvesting backpack uses an inverted pendulum 
to suspend carried weight, allowing it to oscillate in the 
medial-lateral direction (Figure 1a). The energy harvesting 
module consists of a two-stage gear train and 
electromagnetic generator and attaches to the front of the 
rectangular frame (Figure 1a).  

Eleven subjects walked with the device on a treadmill while 
carrying 9 kg of weight. Subjects walked with the device 
under seven energy harvesting condition (open circuit, R1-
R6) for 6 min in length under each condition. For each 
energy harvesting condition, we changed the external load 
resistance: altering how much electricity was being 
generated and altering the amplitude and phase of carried 
mass oscillations. Subjects also walked with the device when 
the mass was rigidly fixed to the backpack frame.  

Results and Discussion 

The energy harvesting backpack generated an average 
0.19±0.03 W of electricity across all conditions (Figure 1b). 

Energy generation increased with increased electrical 
damping (R1 to R5), up to the peak electrical production 
during the R5 condition (0.22±0.03 W).  
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Figure 1: (a) The energy harvesting backpack worn by a subject. 
(b) The electrical power harvested by the device during each 
walking condition. (c) The average metabolic power for each 
walking condition. 

The metabolic power required to walk with the device was 
greatest (4.3±0.2 W/kg) during the energy harvesting 
condition with an open circuit configuration (open). With 
increased damping from energy harvesting (R1-R6), the 
metabolic power required to walk with the device was 
similar to the fixed condition. This means the device was 
able to generate electricity from the oscillating mass without 
significantly increasing the metabolic cost compared to 
walking with the mass rigidly fixed to the backpack frame.  

There were no significant differences in peak power or work 
performed by the ankle, knee, or hip while walking with the 
oscillating mass, compared to fixed. However, we observed 
a reduction in the peak medial-lateral interaction force 
experienced by the user, ranging from 32±9% to 24±8%, 
across all energy harvesting conditions.  

Conclusions 

In conclusion, we developed a device capable of allowing 
carried weight within a backpack to oscillate in the medial-
lateral direction. We used energy harvesting to dampen mass 
oscillations, resulting in electrical power production at no 
metabolic increase compared to walking with the mass fixed.   
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Summary 

The effect of weighted backpack positions on lower limb joint 

while walking on a lateral inclined surface was investigated in 

this study. The joint angle, joint moment, stance force and 

lower limb electromyography of seven heathy male subjects, 

while walking on a lateral inclined surface wearing no 

backpack and a weighted backpack positioned on the upper 

and lower back were measured with a VICON motion system 

integrated with a DELSIS electromyography system. A 

significant difference was found in the maximum knee joint 

inverse moment with no backpack and with the back pack 

positioned on the upper back. There results suggest that loads 

should be positioned on the lower back when walking on 

lateral inclined surface. 

Introduction 

Shoulder bags and handbags are common accessories to carry 

personal effects, but backpacks are important considering their 

efficiency. For example, the usefulness of the backpack can be 

appreciated in cases where people use comes because one 

hand cannot be used. In this experiment, we investigated the 

effect of the height of the center of gravity on the lower limb 

joints while walking on a lateral inclined surface. 

Methods 

Seven healthy male students participated in this study. Their 

mean (standard deviation) age, height, and weight were 

20.7(0.45) years, 172.5 (2.39) cm, and 65.7 (2.87) kg, 

respectively. Prior to measurements, the purpose and 

procedure of this study were explained in detail, and informed 

written consent was obtained from all subjects. The subjects 

walked on a right inclined surface with a weighed backpack 

positioned at different heights (Figure 1). Backpack: The 

weight of the backpack was set at 15% of the subject’s body 

weight. The height of the backpack was set with its center of 

gravity on 1) the upper back (TH10), 2) the lower back (from 

TH10 to PSIS) and 3) no backpack. Before the measurements 

were taken, subjects were allowed to practice walking on the 

right inclined surface with the backpack set at different heights 

to achieve a comfortable gait. A VICON system was used to 

capture three-dimensional movements. The sampling 

frequency was 100 Hz. The system was equipped with 6 

infrared cameras and 4 force plates, and there were 35 markers 

(plug-in gait) for each subject. The DELSIS system was used 

for electromyography measurement. Data were recorded while 

subjects walked, from the time of heel contact to the 

completion of the walking cycle. Data from the stance period 

of each of the four walking bouts were normalized to 100%, 

and multiple mean values were calculated. Statistical analyses 

were conducted using one-factor ANOVA and the Tukey-

Kramer correction test. 

Figure 2: The mean of knee inversion moment 

 

Figure 1: Experimental scene and lateral inclined surface 

 

Results and Discussion  

It is well known that on right inclined surfaces, if the height of 

center of gravity of the load is raised, lower limb joint moment 

increases to support. In this experiment, a significant 

difference was found in the maximum knee joint inverse 

moment with no load and with upper load (Figure 2). As 

shown in Figure 2, the maximum value corresponds to the first 

half of the early stance phase (load response phase) and is 

considered to be the time when the burden on the knee joint is 

the greatest. Considering the joint burden when carrying the 

backpack, these result suggest that it is important to position 

the center of gravity of the backpack in the proximity of the 

body weight core (lower back) and to buffer the impact by 

using cushion heels etc. at the initial stage of the stance. 

Conclusions 

Experiments were conducted to examine the appropriate 

height of the backpack while walking on a right inclined 

surface. A significantly high value at the knee joint inversion 

moment of stance phase was observed. The knee joint has an 

important function to buffer lateral moment of rotation and 

this phenomenon is thought to be greatest at the beginning of 

the stance phase. 
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Summary 

Allowing the arms to swing naturally while carrying a load 
yields a similar cost to carrying a load at the waist, which is 
generally considered to be the most inexpensive load carrying 
method.  

Introduction 

Swinging the arms allows humans to exploit a metabolic-
mechanical trade-off between the cost incurred to swing the 
arms and the cost saved from the arms’ mechanical effect of 
reducing the vertical ground reaction moments [2,4]. This 
trade-off yields a net metabolic benefit because the cost of 
swinging arms appears to be small, assuming that it is driven 
primarily by passive pendulum dynamics, and is outweighed 
by the reduction in cost of minimizing transverse body 
rotations. 

Our goal was to understand if humans could exploit this 
energy saving mechanism when carrying loads about the 
swinging arms, which may be less costly when compared to 
carrying loads on other parts of the body [1,3]. We 
hypothesized that carrying relatively heavy loads (8-kg total) 
on the arms while restricted from swinging would demand a 
greater metabolic cost than carrying the same load on the arms 
while naturally swinging. For relative comparisons, we also 
measured the cost of carrying the same load at the waist and 
legs. 

Methods 

Twelve healthy subjects (9M/3F, 22.0±1.8yrs, 74.3±17.4kg, 
1.8±0.1m, mean±SD) walked at 1.25m/s for randomized 
conditions (7-min each) of no-load, an 8-kg load around the 
arms while naturally swinging, an 8-kg load around the arms 
while not swinging, an 8-kg load around the waist, and an 8-
kg load around the legs (Figure 1). We measured upper and 
lower body 3-D marker positions (Vicon), ground reaction 
forces and moments (Bertec), and rates of oxygen 
consumption and carbon dioxide production (Parvo Medics). 
We calculated the angle swept by the arm (peak-to-peak 
amplitudes) during each stride and took the average for 30 
consecutive strides during the last 3-min of each trial. Net 
metabolic power (W/kg) was calculated by subtracting 
average standing metabolic power from total metabolic power 
during the last 3-min of each trial. 

We used Dunnett’s multiple comparison method with planned 
comparisons between the control (No Load) and load carrying 
conditions (see Figure 1) and between Arm Load Swing and 
Arm Load No Swing, Waist Load, and Leg Load conditions. 

Results and Discussion 

As expected, net metabolic power demand during walking 
increased when carrying loads around the waist, arms, and 

legs (all P<0.05; Fig. 1). While carrying loads around the arms 
was costly, net metabolic power was 7% less when the arms 
were naturally swinging as opposed to not swinging (P<0.05), 
supporting our main hypothesis. Furthermore, the cost of 
carrying the load on the swinging arms was similar to carrying 
the load at the waist (P>0.05), but 9% less expensive than 
carrying the load on the legs (P<0.05). Changes in net 
metabolic power were coupled with changes in arm swing 
amplitude. When compared to swinging the arms with no load, 
peak-to-peak amplitude decreased by 50% when carrying the 
load on the swinging arms (P<0.05). Arm swing amplitude 
was similar when walking with no load and when carrying the 
load around the waist (P>0.05), but increased by 20% when 
carrying a load around the legs (data not shown).  
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Figure 1: The metabolic cost of walking while carrying an 8-kg 
load at different locations on the body. * and � signify 
significantly greater than “No Load” and “Arm Load Swing”, 
respectively. All comparisons are P<0.05.  

Conclusions 

While carrying a load around the arms was costly, allowing 
the arms to swing naturally reduced the overall metabolic cost 
of walking. We also find that carrying the load around the 
swinging arms yields a similar cost to carrying the load around 
the waist, challenging the general observation that attaching a 
load around the waist is the most inexpensive way to carry 
loads during human walking [1]. 
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Summary 
Soldiers perform physically demanding tasks that predispose 
them to elevated risk of musculoskeletal injury (MSKI). 
Understanding joint loading during commonly performed 
tasks, e.g., load carriage, may improve MSKI prevention 
efforts, yet current research is limited. Using EMG-informed 
neuromusculoskeletal (NMSK) models, we analyzed hip 
contact forces (HCF) from 20 soldier participants as they 
carried two different loads and walked at two different speeds. 
Increases in HCF were observed from both increases in carried 
load and walking speed, with HCF magnitudes approaching 
values observed during running. Importantly, muscles 
accounted for >50% of the total HCF and this contribution 
remained consistent with increasing task demands. Thus, our 
results suggest the effectiveness of injury prevention strategies 
should be analyzed using NMSK modeling approaches that 
incorporate estimates of muscle forces. 

Introduction 
Lower-limb MSKI are the leading cause of reduced military 
readiness [1], prompting global efforts for prevention. 
Preventing MSKI requires a clear understanding of the 
underlying mechanisms connecting biomechanical loading and 
MSKI during frequently performed tasks [2]. Studies have 
characterized knee articular loading during military marching 
and run-to-stop maneuverers for different carried loads, 
however, HCF and the contribution of muscles to joint loading 
remain poorly understood. The purpose of this study was to 
quantify the effects of load magnitude and walking speed on 
HCF using an EMG-informed NMSK model. 

Methods 
Twenty soldier participants (29.5±7.1yrs) completed a 
treadmill walking protocol in an unloaded (baseline) condition 
and wearing standard-issue body armor with two load 
configurations (15 kg and 30 kg). In each configuration, 
participants completed a 5-minute warm-up, and then walked 
for 10-minutes at both moderate (1.53 m⋅s-1) and fast (1.81 
m⋅s-1) speeds. During treadmill walking, three-dimensional 
whole-body kinematics, ground reaction forces, and muscle 
activity from nine lower-limb muscles were collected in the 
final minute of each speed. These data were used as inputs 
into an EMG-informed NMSK model [3] that was actuated by 
40 muscle-tendon units, which estimated resultant HCF and 
individual muscle contributions to those forces [4]. Peak 
contact forces (N) and muscle contributions were compared 
between different walking speeds and carried loads using 
repeated measures ANOVAs, with significance set at p<0.05. 

Results and Discussion 
Peak magnitude HCF increased in response to walking faster 
and increasing carried load (p<0.001) (Figure 1). In the most 
physically demanding configuration (i.e., fast walking and 
carrying 30 kg), HCF reached ~7 times body weight. Bi-
articular hip muscles (e.g., rectus femoris, biceps femoris) 
contributed most to joint loading regardless of the carried load 
or walking speed. 

 
Figure 1: Hip joint contact forces for no load, 15 kg, and 30 kg 
conditions during (A) moderate and (B) fast walking. Data were 

aggregated between the armor types.  

Conclusions 
We analyzed HCF and muscle contributions to HCF during 
loaded walking in a cohort of 20 soldiers. Peak magnitude 
HCF approximated those observed during running [5], and 
may place soldiers at elevated risk for MSKI. Future 
interventions to reduce MSKI could focus on reducing HCF 
by using assistive devices to transfer or absorb the load (e.g., 
assist action of bi-articular muscles) or biofeedback training to 
improve how soldiers perform load carriage. 
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Summary 

Indian infantry soldiers exposed to uphill terrain to fortify 

their duties with carrying different military loads which 

influence them to adapt the environmental stress and improve 

their combat readiness. The gait kinematic changes of the 

combined effect of load and grade may influence to recruit 
their lower extremity muscles and strengthen their aerobic 

activity which can be incorporated as a training schedule. 

Introduction 

Indian’s most of the infantry squad exposed their duties in 
high altitude area among versatile environment and they carry 

regular load during their duties. Due to the highly adaptable 

gait pattern of human in any terrain, hip and knee flexion 

increase in uphill walking and ankle dorsiflexion also increase 

in swing and at initial contact period of gait locomotion to 

provide safe foot clearance and to enable positioning of the 

foot at a higher level and maintain better balance.  

A few studies have been evident to provide the uphill 

biomechanics with load in Indian aspect, therefore this study 

hypothesised that during uphill walking with load, gait 

variables could be altered significantly. 

Methods 

Twelve healthy participants volunteered in this study where 

they walked on a treadmill at a self-selected pace with three 

different loads and with five uphill gradients. The gradients 

where they exposed were continuous from 0% to 20% with 

5% increment per 6 min. The total time for different load 

carriage trial was 30 min and their 3D motion analysis 

(3DMAS) data was captured through 6 retro reflective camera-
based systems.  

The data were edited after acquisition from the 3DMAS and 

analyzed on specific gait analysis software platform. All gait 

biomechanical sagittal plane kinematic data from hip, knee 

and ankle region had been analysed and interpreted after 

treating with repeated measure ANOVA by SPSS (IBM, USA) 

software. 

Results and Discussion 

Sagittal plane kinematic angle for hip i.e. flexion and 

extension has found significant increased effect with load and 

grade [F=5.24, df (2, 22)] at p<0.05 and [F=25.94 (df=4, 40)] 
at p<0.001 level. Table 1 showed the significance of hip, knee 

and ankle in load and gradient level. Ankle dorsiflexion also 

showed similar effect with increasing load and gradient 

(Figure 1). 

 

Figure 1: Combined effect on hip, knee and ankle sagittal plane. 

This increase was due to motor adaptation required to 
counteract the increased hip flexion in uphill stance and to 

bring the whole limb back to an extended position before 

initiating swing [1].  

Conclusions 

The uphill load carriage was beneficial for their combat 

readiness and high altitude adaptation.  
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Table 1: Combined effect of load and grade on gait variables. The data have been arranged in an interesting manner. 

 

Variables of Gait Load Effect (Only Hip) Grade Effect (Hip, Knee and Ankle) 

peak flexion P=0.006, F=6.673 (df= 2, 20) P=0.000, F=74.055 (df=4, 40) 

peak extension P=0.000, F=19.965 (df= 2, 20) P=0.014, F=3.546 (df=4, 40) 

ROM NS P=0.000, F=7.822 (df=4, 44) 
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Summary 

Load carriage is an essential component of combat operations 

sometimes requiring warfighters to maintain a walking gait 

(forced march) at a velocity beyond the normal gait transition 
point. Little is known about the biomechanical consequences of 

forced marching on lower extremity kinematics for females.  

The purpose of this study was to elucidate the differences in 

kinematics between running (RN) and forced marching (FM) at 

different loads in recruit aged females.  Results indicated that 

increases in load led to greater flexion of lower extremity joints 

during key gait events.  However, the knee was more extended 

during FM compared to RN.  The compensatory strategy of a 

straighter limb to maintain velocity during FM may expose the 

female warfighter to a greater risk of injury. 

Introduction 

Marching with heavy loads has become a large component of 

training and standard operations [1]. The rate of the march may 

approach or surpass the velocity at which warfighters would 

prefer to jog/run, at which they are strongly encouraged to 

maintain a walking gait. Knowing the structural and mechanical 

differences between males and females [2], it is reasonable to 
postulate that female warfighters will adopt different 

biomechanical strategies to manage these combat loads. The 

purpose of this study was to investigate the effects of load 

carriage and locomotion (RN vs FM) on gait kinematics in 

females. 

Methods 

Thirteen healthy, recreationally active females (24.75  2.17) 
completed three separate testing sessions. 3D biomechanics 

were captured via 12 infrared cameras (Vicon Motion Systems, 

Oxford, UK) and a Bertec instrumented split belt treadmill 

(Bertec Corporation, Columbus, Ohio). Participants wore 

combat boots and a weighted vest with an evenly distributed 

load. A custom 31-marker set was employed to capture trunk 

and lower extremity kinematics utilizing clusters for the thighs 

and shanks. Prior to data collection, gait transition velocity 

(GTV) was determined by averaging 3 walk-to-run trials for 

each load condition. Experimental trials were conducted at 

body weight (BW), and with loads; +25% BW, and +45% BW. 

For each load condition, participants ran or force-marched at a 
velocity 10% above their GTV. During the FM trials 

participants were instructed to maintain a walking gait. 

Kinematic data were acquired at 100hz and exported to Visual 

3D (C-Motion, Germantown, Maryland) for analysis. Data was 

filtered using a Fast Fourier Transform filter with a cut-off 

frequency of 6hz.  For each trial, eight consecutive strides for 

the right leg were each normalized to 101 data points. Mean 

values were calculated for sagittal plane kinematics at each joint 

(hip, knee, ankle) and gait event (heel strike (HS), mid stance 

(MS), toe off (TO)) for RN and FM conditions. Multifactorial 

RMANOVA for load by locomotion (3x2) were conducted 

separately on each joint and gait event. Post-hoc analysis using 

Bonferroni-corrected pairwise comparisons were conducted 

when necessary (alpha set to p<.05).  

Results and Discussion 

There was a main effect of load on knee angle at HS (p<.001). 

Post hoc showed that knee angle at BW was greater than both 

+25%BW (p=.003) and +45%BW (p<.001) loading conditions. 

There was a main effect of locomotion on all lower extremity 

joint angles at HS. Ankle and knee angles were greater during 

FM (p<.05). Hip angles were lower during FM (p<.05).  There 
was a main effect of load on right ankle angle at MS (p<.05). 

Results showed that ankle angle at BW was greater than the 

+45%BW loading condition (p<.05). There was a main effect 

of locomotion on all lower extremity joint angles at MS. All 

joint angles during were greater during FM (p<.05). There was 

a main effect of load on knee angle at TO (p<.001). Post hoc 

showed that all load conditions were different from one another 

(p<.05) with the greatest knee angle at BW and the lowest at 

+45%BW. There was a main effect of locomotion on right ankle 

angle at TO (p<.001). Ankle angle was greater during FM 

(p<.001). 

 
As load increased, the knee was more flexed at HS, likely a 

mechanism to soften the impact and dissipate energy. To 

maintain a walking gait, participants effectively lengthened 

their stride by flexing more at the hip and extending more at the 

knee. HS on an extended knee, especially with additional load, 

will likely elicit greater compressive/shear forces and moments 

at the knee.  Due to the position of the limb it is less likely that 

the musculature will sufficiently absorb excess energy shifting 

the burden to other soft tissues of the knee.  The combination of 

kinetics experienced at a high frequency assiduously could lead 

to cumulative trauma. The regularity that load carriage is 
conducted in combat arms roles may expose the female 

warfighter to an increased risk of injury.  

Conclusions 

Performing a FM with load carriage yields changes in knee/hip 

kinematics compared to running at equivalent velocities.  The 

compensatory action of the knee during the FM to maintain 

velocity is potentially maladaptive, increasing the risk of injury 

for the female warfighter.  

References 

1. Dean CE. (2008). Medicine & Science in Sports & 

Exercise, 40:60 

2. Horton MG, and Hall TL. (1989). Physical Therapy, 

69:897-901
 

Friday, August 02 2019: Posters (1600-1800) 1049

Locomotion Energetics/Metabolic Cost Load Carrying 2



Friday, August 02 2019: Posters (1600-1800) 1050

10.14 Locomotion General 2
1. Daniel Kuhman: Lower-Extremity Joint And Muscle Group Mechanical Behavior Changes In Response To Altered

Task Demand

Locomotion General 2



 

 

Lower-Extremity Joint and Muscle Group Mechanical Behavior Changes in Response to Altered Task Demand 

 

Daniel Kuhman1, Andrew T. Baumann2, Wei H. Jiang2, Kathrynne G. Marsh2, Christopher P. Hurt2,1 
1Rehabilitation Science, University of Alabama at Birmingham, Birmingham, AL, U.S.A. 

2Department of Physical Therapy, University of Alabama at Birmingham, Birmingham, AL, U.S.A. 

Email: dkuhman@uab.edu 

  

Summary 

We used uphill walking to test whether lower-extremity 

joints, and the major muscle groups spanning them, could 

alter their mechanical functions. We found that the hip, 

ankle, and knee decreased spring- and damper-like behavior 

and increased motor-like behavior during uphill walking. 

These joint-level changes were driven by altered mechanical 

functions of extensor, but not flexor, muscle groups.  

Introduction 

The human locomotor system contains muscle groups that 

are morphologically best-suited to act as struts (generating 

force with little work), springs (storing and returning energy 

passively), motors (performing primarily positive work), or 

dampers (performing primarily negative work) [1]. Methods 

were recently introduced to quantify the extent to which each 

joint performs these functions during walking (referred to as 

functional indexing) [2, 3] and interestingly, reported that 

the ankle behaved less like a spring and more like a motor 

during accelerated walking. This work suggests that joints, 

and likely the muscle groups spanning them, can alter their 

mechanical function in the face of altered task demand. This 

is surprising, given that morphology largely determines 

mechanical function and altering task demand does not 

immediately alter morphology [4].   Tasks likely to elicit 

specific functional changes should be used to more 

thoroughly test whether joints/muscle groups can perform 

multiple mechanical functions. Uphill walking requires that 

net positive work be done during each step. This is 

accomplished by increased positive work and decreased 

negative work, especially from the hip and ankle extensors. 

Thus, during uphill walking the hip and ankle should behave 

less like springs and dampers and more like motors. 

The purpose of this study was two-fold: 1) to extend the 

recently introduced functional indexing analysis from the 

joint-level to individual muscle groups; 2) to more 

thoroughly test whether mechanical functions of each 

joint/muscle group are altered when task demand changes. 

We hypothesized that the joints and their extensors would 

behave less like springs and dampers and more like motors 

during uphill compared to level ground walking.  

Methods 

We collected bilateral kinematic and kinetic data on healthy, 

young adults (n = 13; age = 25.3 ± 2.1) walking on a dual-

belt force-instrumented treadmill at 1.2 m/s at 0°, +5°, and 

+10°. We used previously described methods [2, 3] to 

calculate functional indices for the total joint, flexors, and 

extensors of the hip, knee, and ankle. These were calculated 

for 10 steps on each leg, averaged across steps in each 

participant, and then averaged across participants in each 

condition. To test whether the function of each joint and/or 

muscle group changed with steeper uphill slope, we used 2-

way repeated measures ANOVAs with the following factors: 

functional index (strut, spring, motor, damper) and slope (0°, 

+5°, +10°). In these analyses, interactions indicate a change 

in the functional role of the joint or muscle group.   

Results and Discussion 

Significant interactions revealed that during uphill compared 

to level walking, the hip and ankle behaved less like springs 

and more like motors while the knee behaved less like a 

damper and more like a motor (Figure 1). These joint-level 

changes appeared to be driven by altered function of the 

extensor muscle group, as extensors at all three joints 

increased motor-like function during uphill walking, while 

no changes were observed in the flexors across slopes. These 

results confirmed our hypothesis that uphill walking would 

elicit increased motor-like behavior, especially from the 

extensor muscle groups. More generally, these findings 

suggest that all three major lower-extremity joints and the 

extensor muscles acting at those joints have the capacity to 

perform multiple mechanical functions, apparently 

dependent on the locomotor task being performed. 

 
Figure 1: Functional indices across slopes at each joint and muscle 

group. 

Conclusions 

Our results highlight the versatility of the healthy, human 

locomotor system. Such versatility likely allows for 

successful movement through complex environments. An 

inflexible system (e.g., due to age or disease) is likely less 

able to negotiate such environments, leading to reduced 

community ambulation and lower quality of life.  
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Summary 

This abstract presents methodology for modelling the energy 
storage and return properties of a semi-active variable-stiffness 
lower-limb prosthesis in the OpenSim musculoskeletal 
modelling platform. The prosthesis was modelled as a rigid 
hindfoot with an elastically hinged forefoot; stiffness was 
varied by changing the location of this hinge. Effective forefoot 
stiffness in the model was estimated by simulating deflection 
under a point load. Simulations reproduced experimental data 
for stiffness (R2 = 0.99) and displacement under a matched load 
(R2 > 0.99). This modelling approach is deemed satisfactory to 
capture the effects of variable stiffness in a dynamic gait model. 

Introduction  
One of the primary goals of a lower-limb prosthesis is to replace 
the coordinated energy absorption and propulsion properties of 
a lost limb. Energy storage and return (ESR) prostheses show 
promise for replacing this functionality. A recently-developed 
ESR foot, the Variable-Stiffness Foot (VSF) [1], was designed 
with an actuated keel support fulcrum to semi-actively control 
sagittal forefoot stiffness and thereby adapt to different 
activities with low power.  

Simulations based on computational musculoskeletal models 
are useful for evaluating potential biomechanical interventions 
such as implementing a novel ESR prosthesis. Further, 
simulations provide the ability to estimate values that cannot be 
measured in humans in vivo (e.g. energy consumption and force 
production of individual muscles). Recently, LaPré et al. (2018) 
augmented a musculoskeletal model to reflect the musculature 
and mass properties of a prosthesis user’s lower limb [2,3]. 
However, this model does not account for the ESR properties 
of the prosthetic foot. The purpose of this study was to model, 
validate, and incorporate the ESR properties of the VSF in a 
musculoskeletal model of a lower-limb prosthesis user.   

Methods 

A model of the VSF was developed using the OpenSim 
simulation platform [4]. The VSF model is comprised of a two 
segment foot: the hindfoot is attached to the distal end of a 
pylon via a weld joint and the forefoot is attached to the 
hindfoot via a pin joint. The anteroposterior location of the pin 
joint is variable by scaling the hindfoot and forefoot 
components, mimicking the movable keel support fulcrum 
position of the VSF. A linear generalized spring torque was 
applied to the joint in order to emulate the stiffness of the VSF.  

Five models were developed with joint positions 66, 87, 108, 
129, and 151 mm anterior to the most posterior aspect of the 
hindfoot. For the VSF, these positions correspond to stiffness 
values of 10, 14, 20, 25, and 30 N/mm. The hindfoot and 

forefoot geometries were coupled during the scaling process to 
maintain a consistent total foot length (229 mm) for all models. 

The OpenSim Forward Dynamics Tool was used to simulate a 
linearly increasing point load (0 – 700 N). Loads were applied 
30 mm proximal to the distal end of the forefoot, as in 
previously-reported static compression testing of the physical 
VSF prosthesis [1]. Stiffness (k) was calculated as the slope of 
the linear fit to the data above 200 N load [1], and displacement 
(D) was calculated at the midpoint of this range. The spring 
stiffness of the forefoot joint was optimized by manual 
adjustment to best match the overall stiffness characteristics of 
the VSF.  

Results and Discussion 

Simulated stiffness effectively reproduced experimental 
stiffness (R2 = 0.99, RMSE = 1.31 N/mm) (Figure 1). Simulated 
mid-range displacement also matched well (R2 > 0.99) with a 
slight offset from experimental displacement in each condition 
(RMSE = 1.08 mm). 

 
Figure 1: Load-displacement relationships for simulation (dashed) and 
experimental data (solid). Data are best fit ± 95% confidence interval. 

Displacement (D) offset = (Dexp – Dsim) for the load (
Fmax+	200

2 ). 

Conclusions 

Variable forefoot stiffness can be successfully modelled by 
changing joint location. Future efforts include incorporating the 
VSF model into gait simulations, validating the VSF model to 
simulate gait with different stiffnesses, and studying how 
variable stiffness can optimize gait and minimize energy 
consumption in different activities.  
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Summary 
It was recently reported [1] that statistical parametric mapping 
(SPM) [2] may be invalid for the analysis of nonuniformly 
smooth biomechanical data (Fig.1a-c), like high frequency 
impact forces [3] (Fig.1d).  The purpose of this study was to 
test that assertion. Using open-source software [4] we 
simulated a variety of smooth Gaussian 1D data embodying a 
wide variety of nonuniform smoothness characteristics 
(Fig.1b-c), and we computed Type I error rates across 10,000 
simulation iterations for each type of nonuniform smoothness. 
Results showed that, in all cases, SPM accurately controlled 
Type I error rates at the prescribed alpha=0.05. Through 
separate simulations we speculate that the cited report [1] may 
have either (i) inadvertently simulated non-Gaussian continua, 
or (ii) conflated region-of-interest error distribution with 
omnibus error, and that these errors, and not nonuniformity, 
yielded the reported departures from alpha=0.05. Our results 
suggest that SPM is, in fact, valid for nonuniformly smooth 
1D data. 

Introduction 
Biomechanical data are not necessarily uniformly smooth 
(Fig.1) [3]. The purpose of this study was to test a recent 
assertion that SPM may be invalid for nonuniformly smooth 
biomechanical data analysis [1]. SPM has previously been 
validated only for uniform smoothness [2,4]. 

Methods 
We developed approximately 50 models of nonuniform 
smoothness (eg.Fig.1b-c) and generated random 1D data using 
these models and an open source software package [4]. We 
then tested whether statistical inference [2,4] conducted on 
these nonuniformly smooth data yielded the expected error 
rate of alpha=0.05. 

Results and Discussion 

All simulated datasets adhered to the expected error rate of 
alpha=0.05. Re-running analyses with the ROI approach of the 
cited study [1] suggests that errors in ROI implementation, 
and not nonuniform smoothness, caused the departures from 
alpha=0.05. 
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Figure 1: (a-c) Smoothness models (top) and example random data (bottom); here (a) is uniformly smooth, (b-c) are nonuniformly smooth, and  
FWHM is the smoothness parameter from [5]. (d) Experimental GRF dataset from [3] (bottom) and its estimated smoothness (top). 
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Summary 

Many methods are used to quantify knee valgus angle (KVA). 

However, not all angles used to calculate KVA are equivalent. 

Four methods of calculating KVA were used on twenty-three 

athletes during a drop jump using a 10-camera motion capture 

system. The results showed that using a global reference frame 

in two and three dimensions as well as using the pelvis as a 

reference frame may produce equivalent angles. However, this 

study showed that values calculated using body fixed 

coordinate systems did not relate to the global or pelvis 

reference frame.  

Introduction 

Knee valgus angle (KVA) is a commonly used metric when 

studying the biomechanical alignment of the knee. However, 

not all KVA are calculated in the same way, even though the 

angles are referred to as KVA en masse. Some angles use a 

global reference frame, while others use a body fixed 

reference frame. Another factor is that some angles are 

measured in three dimensions while others are measured in 

two dimensions. Detailed descriptions may help prevent 

confusion, but such descriptions are not always present.  

In this study, female athletes, who are at a greater risk of ACL 

injury, were analyzed in order to determine if the various 

mathematical measurements of these knee angles are 

equivalent or not. 

Background 

The knee abduction angle as defined by Grood and Suntay is 

one of the earlier mathematical definitions used to describe 

KVA [1]. This method uses body fixed coordinates on the 

thigh and shank to calculate the abduction angle in three 

dimensions.  

Another method was proposed by Hewett et. al. in 2005 to 

calculate the KVA in three dimensions (KVA 3G) using a 

global reference frame [2]. This angle is commonly adapted to 

calculate the KVA angle using the global system in two 

dimensions (KVA 2G) [3]. However, this angle is limited by 

the orientation of the subject, as their body must be aligned 

with the room. As a result, this measure cannot be used for 

rotating activities, such as a run-to-cut.  

The pelvis frontal plane is commonly used in identifying the 

location for an acetabular cup implant in hip replacements, but 

has also been used to quantify gait mechanics [4]. Due to the 

value of the KVA 3G and KVA 2G, the adaptation of the 

KVA to a rotating body, the pelvis (KVA 2P), warrants 

consideration.  

Methods 

This study collected whole body biomechanics during a drop-

jump from of twenty-three female division 1 (D1) soccer and 

basketball, and club soccer teams from Auburn University 

(height = 171.2 +/- 8.9 cm, weight = 66.3 +/- 8.6 kg, age  = 

19.8 +/- 1.9 yr).  

A 10-camera Vicon motion capture system was used to 

capture kinematics of the subjects. The marker data was 

filtered using a 15 Hz lowpass Butterworth filter. Then the 

kinematic data was filtered using a 6 Hz lowpass filter. The 

four angles: abduction, KVA 2G, 3G, and 2P were calculated 

and compared to each other using a Pearson Correlation 

Coefficient (r), where P is the significance Table 1.  

Results and Discussion 

The abduction angle was not shown to have any significant 

relationship with the other KVAs suggesting that this angle is 

dissimilar to them, shown in Table 1. Conversely, the 

significant relationship between the KVA 2G, 3G, and 2P, 

shown in Table 1, suggests that these KVAs can be interpreted 

as similar. However, care should be taken when measuring 

these angles, because the magnitude may not always correlate. 

The similarity between the KVA 2P and KVA 2G and 3G 

suggest that the KVA 2P angle can be used to represent the 

latter KVA. This would allow for the KVA to be measured 

during rotating activities. 
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Table 1: Comparison of Abduction, KVA 2G, 3G, and 2P. 

Angles  Abduction KVA 2G KVA 3G KVA 2P 

Abduction 
r 

P 

1.000 

0.000 

0.324 

0.141 

0.382 

0.079 

0.192 

0.391 

KVA 2G 
r 

P 

0.324 

0.141 

1.000 

0.000 

0.857 

<< 0.001 

0.782 

<< 0.001 

KVA 3G 
r 

P 

0.382 

0.079 

0.857 

<< 0.001 

1.000 

0.000 

0.689 

<< 0.001 

KVA 2P 
r 

P 

0.192 

0.391 

0.782 

<< 0.001 

0.689 

<< 0.001 

1.000 

0.000 
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Summary 
While laboratory studies provide a rich literature on cognitive 
and physical performance under strenuous conditions that 
simulate some of the mission relevant conditions Soldiers are 
asked to perform, there is additionally a need to assess 
relevant biomechanical, physiological and cognitive metrics in 
a more operationally relevant environment and context. The 
findings presented confirm that a method to simultaneously 
assess biomechanical, physiological and cognitive data during 
a strenuous foot march is viable. 

Introduction 

The issue of Soldiers’ cognitive and biomechanical 
capabilities during physical activity is of great importance for 
Soldiers who need to maximize mobility while being able to 
detect, process, and act upon varied inputs while carrying 
heavy loads. Based on previous studies, we selected our 
strenuous tasks as two foot marches (FMs) with the 
appropriate pace, distance, load, and varied course terrain to 
be sufficient to elicit biomechanical, physiological and 
cognitive response differences in the participants1. 

Methods 

A total of 62 male, active duty 11 B Infantry Soldiers 
volunteered as participants. They represented a healthy Soldier 
population and met all physical and injury screening criteria 
for the IRB approved study: age 24.1 ± 4 years; stature 1.75 ± 
0.8 m; weight 81 ± 12 kg; V̇O2Peak, 49.5 ml/kg/min, body fat 
18.9 ± 5%. Each participant conducted 2 identical 3 mile FMs 
separated by strenuous Soldier tasks under 3 clothing and 
individual equipment conditions (CIE), CIE I (9.36 kg), CIE II 
(46.32 kg), CIE III (51.23 kg). The terrain consisted of 
pavement, sand, dirt, gravel roads, and forest path with varied 
grades no greater than +/-5%. Based on our previous research, 
the 3 mph pace and grades were determined to be sufficient to 
elicit a physiologic (P) response above >50% heart rate 
reserve, (%HRR) as required to show biomechanical (B) and 
cognitive (C) response differences in the participants across 
CIE conditions1,2. During the FMs heart rate (HR), pace and 
distance traversed were measured (Garmin Forerunner 220), 
and for each CIE condition, mean %HRR was calculated using 
a modified Karvonen Method Equation3. B data were collected 
using inertial measurement units (IMUs) (APDM, USA; 128 
Hz). For the P, B and C outputs a sample of derived metrics 
are presented: P: HRR%, B: Principle component analysis 
(PCA) torso: defined as the percentage of variation in angular 
velocity data about the sagittal axis of the sternum, C: 
Dependent variables are hit rate and false alarm rate. For C 
participants performed a go/no-go task of response inhibition, 
which presented AK-47 and M4 gunfire sounds through 

headphones (500 ms, volume normalized). The task was to 
respond to more frequent AK-47 but not less frequent M4 
gunfire using the response device. B and C data were collected 
using a time block scheme (Minutes 0-5; 15-20; 30-35; 45-50; 
55-60), condition (CIE I, CIE II, CIE III), and FM1; FM2). A 
repeated measures two-way ANOVA examined the main 
effects of and possible interactions between FMs (1, 2) and 
(CIE I, II, III) (α = 0.05). A Bonferroni correction was applied 
during the post-hoc analysis. When significant interaction 
effects were observed between equipment and FM CIE 
conditions (p<0.05), tests of simple effects were utilized to 
compare all pairs of CIE conditions for each FM condition.  

Results and Discussion 

P: The Soldiers %HRR levels achieved during the FM I for 
CIE I, II & III were 54%, 76% and 79% and during FM 2, CIE 
I, II & III were 60%, 82% and 84% respectively. There were 
interactions between FM sequence and CIE for %HRR (p = 
.026). While wearing CIE I, II, or III, the participants %HRR 
achieved during FM 2 of was  higher by 6.5%, 4%, 2.4% 
respectively, than during FM 1 (p<.001). Our goal of 
achieving > 50% HRR to elicit B and C responses was met. B: 
For PCA torso of block 30-35 min and block 45-50 min, there 
was a significant main effect for march iteration, (p=0.044). 
When averaging across equipment conditions; PCA torso of 
block 30-35 min. was 0.733% less for FM 1 than FM 2 and for 
PCA torso of block 45-50 min, was 0.719% less for FM 1 than 
FM 2 (p=0.010). PCA torso may be sensitive to changes in 
body-borne load and FM iteration revealed possible fatigue of 
the torso muscles. C: For hit rate, there was a main effect of 
condition (p < .001) and block (p < .001) and a condition by 
FM interaction (p = .035). For false alarm rate, there was a 
main effect of condition (p < .001), block (p < .001) and FM 
(p < .001) and a condition by block interaction (p < .001). 
Such effects were characterized by a lower proportion of 
correct responses and a higher proportion of false alarms 
between all three load conditions, particularly upon successive 
foot marches and blocks within each FM.  

Conclusions 

Our strenuous tasks of FMs with the appropriate pace, 
distance, load, and varied course terrain was sufficient to elicit 
synchronized biomechanical, physiological and cognitive 
response differences. This research advances our capability of 
capturing relevant synchronized P, B, & C data in the field.  

References 
(1) Eddy, M. et al. (2015) PLoS One, 10(7).  
(2) Hasselquist,  L. et al. (2018) Med. Sci. Sports Exerc. 50:5s.  
(3) ACSM Resource Manual Guidelines Exerc. (2010). 

 

Friday, August 02 2019: Posters (1600-1800) 1057

Methodologies + Data Analysis - GAIT 2



 

 

Gait Partitioning using Minimal Sensor Data during Intrinsically Driven Transitions  

Seth R. Donahue1,2, Michael E. Hahn1,2 

1 Bowerman Sports Science Clinic, Department of Human Physiology, University of Oregon, Eugene, OR, USA 

2 Neuromechanics Laboratory, Department of Human Physiology, University of Oregon, Eugene, OR, USA 

Email: sethd@uoregon.edu 

 

Summary 

The basis for identifying stance and swing phase to classify 

gait requires the accurate estimation when major gait events 

such as initial contact and toe off occur. This study examines 

the ability of the Beta Process Autoregressive Hidden Markov 

Model (BP-AR-HMM) to estimate initial contact and toe off 

utilizing minimal sensor data in a non-laboratory setting.  Data 

were sampled from a single inertial measurement unit (IMU) 

located on the dorsum of the foot. Participants completed 

average speed trials where they self-selected transitions 

between walking and running. Results from this study indicate 

that BP-AR-HMM outputs may be used to estimate gait events 

for a range of speeds and locomotion types.   

Introduction 

The estimation of gait events for use in control systems are 

crucial for the application of support and propulsive force in 

lower extremity assistive devices. Previous methodologies 

constrained to the laboratory have consisted of classifying 

steady state locomotion and extrinsically driven transitions 

between gaits [1]. These methods have dictated when a subject 

is going to transition, either by use of a constantly accelerating 

treadmill or environmental constraints such as stairs or ramps 

[2,3]. The controlled environment in which these previous 

algorithms were tested limit their ability to perform in more 

ecological environments. The purpose of this analysis is to test 

the limits of the BP-AR-HMM to provide a subject-

independent, data-driven framework to estimate gait events for 

a range of speeds and locomotion types. 

Methods 

Participants in this study were 9 able-bodied young adults 

(21±1.1 years, 1.7±0.09 m, 66±8.9 kg) who provided informed 

consent prior to participating. Participants were instructed to 

use their preferred gait to complete 9 average speed (ranging 

from 1.3 to 3.0 m s-1) trials in a random order over a 

predetermined distance (90 m). An inertial measurement unit 

(IMU; ImeasureU) was place on the dorsum of the 

participant’s dominant foot and sampled at 500 Hz. Linear 

acceleration and angular velocity data were recorded for each 

participant. Normal force data were collected using Loadsol 

sensors (Novel) sampled at 100 Hz on the same foot. These 

data were used to detect precisely when a transition occurred 

[3]. The IMU and force data were then down-sampled to 25 

Hz and input to the BP-AR-HMM. The BP-AR-HMM is 

composed of three major parts, described in detail by Fox et 

al. [4].  

The temporal differences between the change in estimated 

state and the measured initial contact (IC) and toe off (TO) 

were calculated. The total number of occurrences of a given 

BP-AR-HMM state were divided by the number of steps taken 

by that participant. All analyses were performed post hoc.  

Results and Discussion 

The total number of gait cycles analysed in this study were 

4273 with 2755 walking, 1508 running and 160 transitions, as 

defined by GRF patterns. The output from the BP-AR-HMM 

model revealed nine unique states, with six states being 

observed to represent IMU data for the majority of gait cycles.   

Differentiation between running and walking stance phases 

were determined by the presence of states 1 and 2 (observed in 

93.8±0.6% of walking stance phases across participants). The 

estimation of TO utilized the presence of state 6 and its first 

occurrence during stance phase (present in 90.2±0.7% of all 

stance phases across participants). The temporal difference 

between the end of state 6 and the measured TO for walking 

stance phase was 0.08 ± 0.04 seconds and for running stance 

phase was 0.07 ± 0.03 seconds.  

To identify swing phase, multiple consecutive occurrences of 

either state 3 or state 4 were used to indicate swing phase 

(present in 92.2±0.3% of all swing phases across participants).  

The temporal difference between the end of state 4 and initial 

contact was 0.07±0.04 seconds for all swing phases. 

These initial results from the BP-AR-HMM output indicate 

that initial contact and toe off can be estimated for walking 

and running stance phases, and the transitions between the two 

locomotion modes from a single sensor with six channels of 

down-sampled data.  

Conclusions 

Previous work has estimated that approximately 0.04 seconds 

are required to adjust the state of an assistive device [1]. The 

output from this approach provides sufficient time for a 

control system to make an adjustment in preparation for the 

next gait event. Future directions of this work will include 

classification of transitions in a free-living ecological setting.   
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Summary 

This study compared video-based joint angle and reach 

envelope measures for simulated working tasks to motion 

capture and to physical demands description estimates from 

novice and experienced ergonomists. Video-based measures 

showed low RMS error and high weighted Cohen’s kappa 

scores, and demonstrated more accurate posture selection than 

both ergonomist groups. 

Introduction 

Physical demand descriptions (PDDs) isolate each sub-task of 

a job routine and objectively describe physical parameters such 

as work surface heights, reach distances, and load weights. 

PDDs often lack detail and format standardization, require 

technical training and expertise, and are time-consuming to 

complete. A video-based physical demands description tool 

would significantly decrease the time-burden on ergonomists in 

documenting job parameters and may aide practitioners in 

determining the suitability of a job for a worker returning from 

injury. The purpose of this study was to evaluate continuous 

video-based and optoelectronic motion capture (gold standard) 

joint angle and reach envelope measures compared to manual 

PDD-based measures estimated by novice and experienced 

ergonomists. 

Methods 

Ten simulated occupational tasks were recorded using an 

optoelectronic motion capture system and reflective markers 

affixed to the thorax, pelvis, and bilaterally on the upper and 

lower limbs. Tasks were simultaneously recorded using a fixed-

position mobile phone camera (iPhone 5) synced with the 

motion capture. Video was processed by PDAi (MyAbilities 

Technologies Inc, ON, Canada) and produced continuous 2D 

joint coordinates. Trunk angle, shoulder elevation angle, elbow 

angle, hand height, and reach distance were calculated for both 

the motion capture and digital video data, and each frame was 

assigned to a posture bin defined by common ergonomics 

assessment tools. PDDs identifying the same angle and distance 

measures were completed by 3 experienced ergonomists (EXP) 

and 3 students (NOV) for each of the task videos. Participants 

estimated trunk angle, shoulder angle, elbow angle, hand height, 

and reach distance for the posture that represented the “greatest 

amount of the work cycle” during each task. Continuous motion 

capture (gold standard) and PDAi responses were compared 

using root mean square (RMS) error for each outcome measure 

and task. PDAi and PDD bin ratings were converted to a 

numerical posture score (deviation from motion capture) and 

were compared using percent agreement and a weighted 

Cohen’s kappa (κ). 

Results and Discussion 

Overall, the video-based PDAi measures presented an 

extremely good fit with gold standard measures based on RMS 

error and κ scores (Figure 1). RMS error was less than 15° for 

trunk and shoulder angles, but greater than 20° for elbow 

angles. Hand height was generally less than 75 mm error, and 

reach distance was less than 170 mm error for most tasks.  

 

 
Figure 1: Example of fit between motion capture and video-based 

trunk flexion measures during a simulated occupational task. RMS 

error = 11.5°; κ = 0.86. 

 

Weighted Cohen’s kappa (κ) scores were highest for PDAi 

where they exceeded 0.85 (0.86-1.0) for all measures except 

elbow angle (0.42), indicating excellent agreement between 

methods. EXP showed better agreement than NOV for hand 

height measures (0.50 v. 0.30), and NOV had better trunk angle 

agreement than EXP (0.61 v. 0.42). All other measures showed 

similar κ between EXP and NOV participants (mean difference: 

0.07). 

Overall agreement for PDAi versus motion capture was 

82.5%. PDAi had an equal or lower (ie. better) posture score 

than EXP and NOV participants for 85% of ratings and was 

outright lower than both groups for 50% of ratings. EXP and 

NOV participants had identical posture scores for 40% of 

ratings. EXP had lower scores for 31.3% of ratings, and NOV 

had lower posture scores for 28.8% of ratings. Novice raters 

appeared to closely follow instructions to select postures that 

represent the “greatest amount of the work cycle”, while EXP 

appeared to select postures that presented the highest risk of 

injury.  

Conclusions 

The high level of agreement between PDAi and gold standard 

measures suggest video-based job task assessment may be a 

viable approach to improve accuracy and standardization of 

field PDDs and minimize error in joint posture and reach 

envelope estimates. 
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Summary 

Machine learning was applied to whole-body kinematics 

collected during a standardized lifting task to predict lifting 

start and end height and weight lifted. The resulting models 

included features of the forearm and pelvis segments, and 

resulted in accurate classification rates between 83% and 98%. 

Introduction 

Assessment of ergonomic exposure and risk is traditionally 

performed through in-field observation [1]. Direct observation 

could be replaced by wearable sensing and computer vision 

[2,3]. These techniques can be combined with machine 

learning to recognize task characteristics [4]. In lifting, lifting 

height and weight are important characteristics for exposure 

assessment [1,5]. Before these novel observation techniques 

can be applied in the field, researchers should verify that 

machine learning accurately predicts task characteristics. 

Therefore, in this study we determine the accuracy of 

predicting lifting height and weight by using whole-body 

kinematics in a machine learning model. 

Methods 

Twenty-two healthy students (18-26 years) with less than six 

months of lifting experience performed a standardized lifting 

task while whole-body kinematics (60 Hz) were recorded. The 

lifts consisted of three different start and end heights (i.e. 

floor, knuckle, and shoulder) and were performed using two 

different weights (4.5 kg and 75% of maximal lifting 

capacity). Whole-body kinematics of six segments (forearm to 

shank) were processed as the average position of a cluster’s 

markers. The acceleration of the average marker was used to 

define 11 time- and frequency-domain summary statistics (e.g. 

mean, skewness, median power frequency (MPF), etc.) in only 

the superior-inferior (S-I) and anterior-posterior (A-P) axes. In 

addition, five simple features were also extracted: A-P 

distance between forearm-pelvis, thorax-pelvis and thigh-

shank segments; and, S-I and A-P forearm velocity. From this 

feature set 2 features were selected for each model using 

sequential forward selection to minimize classification error. 

The most frequent feature set was selected after a linear 

support vector machine was trained and tested using k-fold 

cross-validation (k=7 for start and end height, k=5 for weight) 

for 100 iterations. The same training and testing procedure 

was repeated for 100 iterations with the 2 selected features to 

develop three different models (start height, end height, and 

weight). The resulting classifiers were described using the 

average classification accuracy, sensitivity and specificity. 

Results and Discussion 

The set of features for each model was different; however, 

both height models selected the S-I forearm velocity as the 

first feature (Table 1), indicating the largest reduction in 

classification error. With respect to segmental information, all 

models used the forearm and pelvis kinematics. Both lifting 

height models showed better performance compared to the 

weight model on all three performance measures (Table 2). 

Within the height models, the ability to correctly detect start 

height was higher compared to the end height. 

Table 1: Selected features for start height, end height, and weight 

models 

 Start height End height Weight 

Feature 1 S-I forearm 

velocity 

S-I forearm 

velocity 

A-P MPF 

forearm 

position 

Feature 2 A-P MPF 

pelvis position 

A-P thorax-

pelvis distance 

S-I skewness 

forearm 

position 

 

Table 2: Classification performance for start height, end height, and 

weight models 

 Start height End height Weight 

Accuracy (%) 98 94 83 

Specificity (%) 99 95 85 

Sensitivity (%) 97 93 81 

 

Conclusions 

Here we have shown that lifting height and weight were 

accurately predicted using only 2 simple kinematic features. 

These simple features are promising as they can be extracted 

from markerless motion capture and/or wearable sensors. 

Lifting height is more accurately predicted than weight, which 

can potentially be explained by the difference in the type of 

constraint. Height is a kinematic task constraint while weight 

is a kinetic task constraint. Future research should explore the 

use of forearm and pelvis kinematics to classify characteristics 

other than height and weight. In addition, kinetic features 

other than acceleration should be investigated in assessing 

lifting weight. 
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Summary 

Treadmills are of utmost importance in several fields of 

research. Treadmills can differ considerable in their 

dimension, motor power and belt velocity regulation [1]. 

Therefore, we developed a method that allows researchers to 

quantify instantaneous belt velocity quickly using motion 

capture technology. We tested the method on three different 

treadmills for a variety of walking and running speeds. Using 

the novel method, we found considerable differences between 

treadmills, which highlights the need for belt velocity 

quantification in experimental protocols involving treadmills. 

The software algorithm developed in this project will be made 

freely available for the research community. 

Introduction 

Treadmills are an essential tool for researchers, e.g. in the 

fields of locomotion biomechanics, applied physiology and 

sport and exercise sciences. Treadmills show a great variety in 

their geometric dimensions, but also with respect to the power 

output of their motors. Further, it is likely that different 

manufacturers use different algorithms to control the 

instantaneous belt velocity. Consequently, it is very likely that 

instantaneous belt velocity differs between manufacturers. 

Knowledge on the actual velocity of the belt in analyses 

performed using treadmills is important in order to improve 

comparability between studies, to understand how treadmill 

locomotion differs from over ground locomotion and to 

correctly perform mechanical work/power analyses for 

treadmill locomotion. 

Therefore, the purpose of this project was to develop a method 

to quantify instantaneous treadmill belt velocity.  

Methods 

We attached circular (diameter = 16 mm) cut-outs of retro-

reflective adhesive foil (3M, St. Paul, MN, USA) at regular 

intervals to the lateral aspects of the treadmill belt (Fig. 1). 

The distance between cut-out markers was chosen such that 

five of them were visible on the top side of the belt at each 

time. While running, the 3D positions of the markers were 

tracked using a motion capture system (250Hz, Vicon or 

Qualisys). The marker coordinates were tracked and stored in 

.c3d file format as “ghost markers”, without the need for 

manual labeling. 

We developed an algorithm in Matlab to separate the belt 

“ghost markers” from other ghost markers in the trial using 

some boundary conditions depending on the treadmill 

dimensions and lab coordinate system conventions. 

Subsequently, the algorithm determines the horizontal 

velocities of the belt markers in the center area of the belt and 

averages these velocities for all visible markers for which a 

gap-free trajectory of at least 20 frames can be obtained. 

Afterwards, a 4th order recursive Butterworth filter (20Hz cut-

off frequency) is applied to the raw velocity data. Using this 

approach, the algorithm determines the instantaneous belt 

velocity during all time-frames. 

We tested the algorithm with seven participants for walking 

and running between 1.0 m/s and 4.5 m/s on three different 

treadmills. Stride cycle limits were determined using 

kinematic methods based on markers attached to the lower 

extremities of the participants. 

Results and Discussion 

Average instantaneous belt velocities differed considerably 

between treadmills (Fig. 1). The proposed method worked for 

all analyzed conditions, independent of treadmill type or 

motion capture system used for the analysis.  

 

Figure 1: Mean (n=7) treadmill belt velocities for three different 

treadmills at 3 m/s. Shaded areas indicate ± one standard deviation. 

Horizontal lines mark the actual average speed of the treadmill belt. 

Conclusions 

The differences between treadmills with respect to belt 

velocity regulation indicate that there is an urgent need to 

quantify instantaneous belt velocity in studies using 

treadmills. The algorithm developed for this purpose is freely 

available from The Mathworks’ file exchange server 

(“getBeltVelocity.m”). 
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Summary 

In human gait, the ankle is commonly modelled as a linear 

rotational spring that stores and returns energy throughout 

stance. However, this model ignores the higher-order damping 

effects of the physiological ankle joint. More accurate 

characterizations of these nonlinear phenomena may help 

optimize future orthotic and prosthetic (O&P) devices. In this 

study, ankle moment vs. angle curves from healthy individuals 

were analysed at different walking and running speeds. Linear, 

quadratic, and cubic curves were fit to multiple portions of 

stance, and nonlinear regressions reduced average squared 

residuals between the model curve and measured data.   

Introduction 

In stance, passive and active structures crossing the ankle joint 

provide resistance to, or facilitation of, joint motion. This 

motion is typically modelled as a linear spring. The stiffness 

of that spring, termed natural ankle quasi-stiffness (NAS), is 

an important design parameter for O&P ankle-foot devices 

since their efficacy relies on user-specific bending stiffness. 

However, most studies concerning NAS only report linear 

stiffness values for a portion of stance [1-3]. Some studies 

have characterized NAS throughout all of stance [4], and no 

studies to the authors’ knowledge report non-linear NAS. The 

purpose of this study was to characterize non-linear NAS. We 

hypothesized that non-linear models would better characterize 

NAS than a linear model.  

Methods 

Five healthy human subjects (3M/2F, age 24.3 ±1.5yrs, height 

1.72 ± 0.10m SD) walked and ran over ground at six speeds 

(0.6, 0.8, 1.0 statures/s walking; 1.8, 2.2, 2.6 stat/s running), 

which represent slow, moderate, and fast walking and running 

speeds. A 3D motion capture camera system (Qualisys AB) 

collected 3D kinematic data and three force plates (AMTI) 

collected ground reaction force (GRF) data. Subject-specific 

models were built, and joint mechanics were computed using 

Visual 3D software (C-Motion, Inc.). Ankle moment vs. ankle 

angle curves during stance were divided into multiple regions: 

1) Impact (foot strike to peak dorsiflexion (DF) moment, 

walking only), 2) Loading (max DF moment to peak plantar 

flexion (PF) moment), and 3) Push Off (peak PF moment to 

toe off). Linear, quadratic, and cubic least-square curve fits 

were performed on a trial-by-trial basis for each part of stance 

(Figure 1). The average residual squared [(measured data – 

curve fit)2 across all data points] was computed for each trial, 

and the average of all trials per condition is reported.  

 

Figure 1: Average (across all subjects) ankle moment vs. angle curve 

during stance at 0.8 stat/s walking with curve fits of loading and push 

off. Black dots: measured data, blue lines: linear fits, dashed red 

lines: quadratic fits, green dotted lines: cubic fits.  

Results, Discussion, & Conclusion 

Average residual squared (ARS) values decreased 

substantially between the linear and quadratic regressions for 

all walking and running conditions and portions of stance 

(Table 1). ARS decreased further for the cubic fits, but not as 

greatly as between linear and quadratic fits. At best, ARS 

decreased by two orders of magnitude from linear to cubic, at 

worst it decreased by nearly half. This study indicates that 

there are marked benefits to modelling ankle joint stiffness 

with nonlinear functions. These models could be used to drive 

designs of novel materials with nonlinear elastic properties for 

use in future prosthetic and orthotic ankle-foot devices.  
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Table 1: Average residual2 & standard deviation for moderate walking & running speeds [(N*m/deg/BW)2]. Due to space limitations, only 

moderate walking and running speed conditions are shown, though similar trends held across all walking and running speeds evaluated.  

 0.8 stat/s walk 1.8 stat/s run 

Impact Loading Push Off Loading Push Off 

Linear fit residual2 (avg, stdev) 0.00023   ±0.00081 0.01858 ±0.01014 0.00925 ±0.00517 0.03136 ±0.00726 0.02527 ±0.01270 

Quad. fit residual2 (avg, stdev) 0.00004 ±0.00090 0.00438 ±0.00220 0.00078 ±0.00068 0.01906 ±0.00150 0.00064 ±0.00060 

Cubic fit residual2 (avg, stdev) 0.00001 ±0.00006 0.00252 ±0.00083 0.00011 ±0.00008 0.01715 ±0.00055 0.00016 ±0.00023 
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Summary 
The aim of this study was to compare the minimum and 
maximum values of gait patterns at different speeds predicted 
by two different methods: PEAK (based solely on the peak 
values), and CYCLE (based on the full gait cycle). We used 
gait data recorded at different speeds from a public repository 
as the true values. Overall, both methods agree with the true 
values method for most biomechanical variables except for the 
maximum values of the hip and knee moments.  

Introduction 
Peak values of gait data are commonly employed to compare 
gait patterns between impaired and able-bodied subjects. 
However, the gait speed of pathological individuals tends to 
be slower than the control ones which prevents to determine 
whether the differences in these values are due to the 
pathology, the gait speed or both. A possible solution to this 
problem is to apply prediction methods to estimate peak 
values at any given speed. These values can then be predicted 
either by adjusting a curve directly to the peak values [1, 2] or, 
by first predicting the whole gait cycle [3] and then extracting 
the peak values. While the first method has been previously 
reported [1, 2], the efficacy to the second one is unclear. The 
aim of this study is to compare the peak values by these two 
prediction methods. 

Methods 

The experimental data are from a public repository [4], 
consisting of 3D gait data of 24 healthy adults (age: 27.6±4.4 
years, height: 171.1±10.5 cm, body mass: 68.4±12.2 kg) who 
walked barefoot in a treadmill at 8 dimensionless speeds 
(Froude number) as a percentage of her/his comfortable speed 
(40%, 55%, 70%, 85%, 100%, 115%, 130%, 145%). Data 
were recorded with a motion capture system at 150 Hz and a 
dual-belt instrumented treadmill at 300 Hz. To predict the 
value of any variable, two methods were used: 1) based solely 
on the peak values (PEAK); and 2) based on the peak values 
extracted from a predicted curve representing the entire gait 
cycle (CYCLE). Peak kinematic and kinetic values (maximum 
and minimum) at the sagittal plane of the hip, knee, and ankle 
joints were analysed. Both methods (PEAK and CYCLE) were 
then compared with the true values (EXPERIMENTAL 
method). Independent t-tests were performed with a statistical 
significance level of 0.05.  

Results and Discussion 
Both methods (CYCLE and PEAK) agree with the 
EXPERIMENTAL method in the majority of comparisons 
except for the maximum values of the hip and knee moments 
at certain speeds (Figure 1 and Table 1). The PEAK method 
presented values closer to the EXPERIMENTAL values than 

the CYCLE method for the biomechanical variables hip, knee, 
and ankle angles, and hip moment. 

 
Figure 1. Mean and 95% confidence interval of the peak angles and 
moments values for the CYCLE (�) and PEAK (n) methods minus 
the corresponding EXPERIMENTAL values versus gait speed. 
Statistically significant (p<0.05) for the CYCLE (o) and PEAK (☐). 

 

Table 1. Mean (±1 SD) of the root-mean-square-error (RMSE) for 
the values predicted by the CYCLE and PEAK methods with respect 
to the EXPERIMENTAL values averaged across gait speeds. 

 Minimum Maximum 
 CYCLE PEAK CYCLE PEAK 
Hip angle 5.6(3.0) 5.6(3.0) 5.4(3.3) 5.3(3.3) 
Knee angle 3.9(2.4) 3.8(2.4) 3.4(1.5) 3.3(1.4) 
Ankle angle 5.1(4.0) 5.1(3.5) 2.7(1.6) 2.6(1.6) 
Hip moment 0.2(0.1) 0.1(0.1) 0.1(0.1) 0.1(0.0) 
Knee moment 0.2(0.1) 0.2(0.1) 0.2(0.1) 0.2(0.1) 
Ankle moment 0.0(0.0) 0.0(0.0) 0.2(0.1) 0.2(0.1) 

Conclusions 
Overall, both methods agree with the true values for most 
biomechanical variables except for the maximum values of the 
hip and knee moments. The PEAK method presented RMSE 
values slightly closer to the true values compared with the 
CYCLE method. However, the CYCLE method has the 
advantage that the entire gait cycle data can be predicted. 
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Summary 

We performed a pilot study that compares the following 
methods of visual biofeedback: filtering feedback, fading 
feedback, and multimodal feedback. We evaluate feedback 
performance by quantifying the transient response and 
steady state response of the subject to a new target step 
width. Transient step width behaviour is modelled as a 2nd 
order system, where we find the time taken for the subject to 
reach within ±5% of their final step width. Steady-state step 
width behaviour is evaluated by comparing the achieved step 
width to the target level and by comparing the amount of 
step width variability present. Multimodal feedback resulted 
in step width adherence closest to the target level. However, 
multimodal feedback resulted in less step width variability 
compared to normal walking: suggesting perhaps subjects 
walked in a more constrained manner.  

Introduction 

Previous work has considered the efficacy of different 
biofeedback methods for novel task performance [1]. 
However, in these studies the primary objective is usually 
the retention of a novel task. Alternatively, biofeedback is 
increasingly being used for gait research where the objective 
is to manipulate a variable over the short term to observe 
some desired change in gait [2]. We are interested in 
evaluating biofeedback methods for the fast adaptation of 
healthy individuals to some desired target gait pattern: where 
the objective is an adaptation that is fast, accurate, and 
exhibits a natural gait variability similar to normal 
unconstrained walking. 

Methods 

We compared five visual biofeedback methodologies in their 
ability to enforce a target step width. The first biofeedback 
method visually provided the subject’s step width after every 
step taken (concurrent feedback). The next two biofeedback 
methodologies used a moving average filter to reduce step-
to-step variability displayed to the user (filter). The first 
method used a shorter moving average window length of 
three steps (short) where the second used a longer window of 
seven steps (long). The fourth biofeedback method displayed 
step width feedback for the first 30 steps of the trial. Then, 
alternating states of feedback (7 steps) and no feedback (15 
steps) were given (fading feedback). Fading feedback was 
employed to encourage subjects to rely on their 
proprioception to correct step width, resulting in a more 
natural gait pattern [1]. Lastly, multimodal feedback was 
provided. For each step width registered outside of the target 
step width range, both visual and audio feedback were 
provided. Previous work has shown increased performance 
of a novel task in the presence of multimodal feedback [1].  

For the pilot study, two subjects walked with each 
biofeedback method at target step widths of -40%, +40%, 
and 0% of their preferred step width. Subjects also recorded 
a normal walking trial with no biofeedback. Each condition 
was 3 minutes in length, where onset of biofeedback was 10 
seconds in to the trial.  

Results and Discussion 

Filtering step width feedback showed no discernable trend in 
adherence error or settling time (Table 1). However, there 
was a slight increase in the variability observed with 
increased moving average window size. This could have 
been due to a phase shift introduced by the moving average 
filter, which increased with window length. 
Table 1: The adherence error, or absolute difference between 
achieved and target step width, is normalized by subject’s leg 
length. Step width variability is also normalized to subject’s leg 
length. Settling time is the time it took for subjects to reach %5 of 
their steady state step width value. 

Condition Adherence 
Error (m/m) 

Variability 
(m/m) 

Settling 
Time (s) 

Normal Walk. N/A 0.15±0.02 N/A 

Concurrent 0.038±0.007 0.15±0.01 8.4±5.1 

Filt. (short) 0.041±0.028 0.16±0.01 9.6±2.3 

Filt (long) 0.036±0.008 0.18±0.02 8.4±5.3 

Fading 0.033±0.016 0.14±0.01 8.0±7.0 

Multi 0.019±0.013 0.13±0.01 7.4±4.5 

 

Both fading feedback and multimodal feedback showed 
decreased adherence error and settling time when compared 
to concurrent feedback and filtered feedback. However, both 
methods showed a decrease in the natural step width 
variability overserved during normal walking.  

Conclusions 

Both fading and multimodal feedback are promising 
methods for obtaining fast and accurate target gait 
parameters. However, if a researcher is concerned with 
constraining a subject’s natural gait pattern, concurrent 
biofeedback is recommended.    
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Summary 

When computing ankle joint complex power using inverse 
dynamics, should you cut holes in the shoes to allow for skin-
mounted motion tracking markers? And how important is 
consistency in marker location on the foot? We addressed 
these two important questions in walking and running. Our 
results suggest that you may want to put away the scissors 
(i.e., forego cutting holes in your footwear), and instead pick 
up a Sharpie® pen, based on the fact that we did not observe 
significant differences in joint power when comparing shoe vs. 
skin-mounted markers, but we did observe significant 
differences due to the precise location of markers on the foot. 

Introduction 

Mounting evidence indicates that ankle joint complex (AJC) 
power (between the shank and calcaneus) may provide a better 
estimate of biological ankle function than power computed 
between the shank and a conventional rigid-body foot segment 
[1]. However, when estimating shank-calcaneus power it is 
not yet known whether markers should be mounted on the skin 
(and made visible via windows cut in the footwear material), 
or if placing markers directly onto the shoe will suffice. The 
use of a skin- vs. shoe-mounted marker set has been explored 
in terms of effects on kinematic outcomes during running 
[1,2]; however, there is little data in the literature on kinetics 
(e.g., joint power) or on non-running activities. As such, we 
aimed to quantify differences in AJC power between a skin- 
and shoe-mounted marker set throughout the stance phase of 
walking and running. As a secondary aim, we assessed the 
effect of modifying foot marker locations when computing 
AJC power via a shoe-based marker set.  

Methods 

Ten healthy adults (age: 23.8±2.9 years; mass: 66.1±8.9 kg) 

walked (0.8, 1.2 and 1.6 m·s-1) and ran (2.6, 2.8 and 3.0 m·s-1) 
on a force-instrumented treadmill. Kinematics and ground 
reaction forces were collected. Participants completed two 
trials per gait speed; one with foot markers affixed to the skin, 
visible through small circular windows cut in the footwear 
material (SKIN marker condition). During the second trial, the 
windows were covered with fabric and new markers were 
placed in near-identical locations to the first trial (SHOE 
condition). Three additional calcaneal markers were also 
placed on the shoe, in locations slightly lower than the SHOE 
condition. We used these for the SHOEalt condition. AJC 
power was computed for each condition, then statistical non-
parametric mapping was used to determine if there were 
differences in power across the gait cycle for the SKIN vs. 
SHOE, or SHOE vs. SHOEalt conditions. 

Results and Discussion 

The AJC powers computed from the SKIN vs. SHOE 
conditions did not exhibit any statistically significant 
differences across the gait cycle (Bonferroni adjusted alpha 
level of 0.0083). However, statistically significant differences 
in AJC power were observed at various time points in both 
walking and running when SHOE vs. SHOEalt were compared 
(when black solid line crosses red dashed line in Fig. 1) [3]. 
These findings suggest that when computing AJC power for 
walking and running, it may be more beneficial/important to 
use a template to help maintain consistent marker placement 
locations across trials and conditions, than to cut holes in your 
footwear. 
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Figure 1 SHOE vs. SHOEalt: ankle joint complex power estimates for walking and running using two shoe-applied calcaneal tracking marker set 
configurations: SHOE (dark blue) and SHOEalt (light blue). Data are presented as mean±s.d. (shaded regions), for stance phase. Statistical non-
parametric (SnPM) mapping t-values (black solid line) are displayed in lower plots, with an adjusted alpha level threshold (red dashed line). 
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Summary 

Our aim was to provide evidence that the Landing Error 

Scoring System (LESS) – an injury-risk screening tool – can 

be automated using deep-learning based computer vision 

combined with machine learning methods, and compare LESS 

prediction between cropping and machine learning methods. 

2D videos from 320 drop-jump landings were analysed in 

OpenPose and cropped to key frames manually (clinician) and 

automatically (computer vision). Random forest outperformed 

linear and dummy regression methods, yielding the lowest 

mean absolute error (1.23) and highest correlation (r = 0.63) 

between clinical and automated scores, reaching reasonable 

sensitivity (0.82) and specificity (0.77) for risk categorisation. 

Cropping method did not impact LESS prediction. 

Introduction 

The Landing Error Scoring System (LESS) is a reliable and 

valid clinical injury-risk screening tool [1]; but scoring is time 

consuming, clinician-dependent, and generally inaccessible 

outside of elite sports. Deep-learning based computer vision 

combined with machine learning technologies now enable the 

automatic identification and quantification of human motion 

[2]. In fact, automation of LESS using depth cameras has been 

developed recently to reduce the time-constraints linked with 

manual scoring [3]. Our aim was to evidence that LESS scores 

can be automated from 2D videos using deep-learning based 

computer vision with machine learning, and compare LESS 

prediction between cropping and machine learning methods. 

Methods 

2D videos from 320 drop-jump landings with known LESS 

scores from an expert clinician (median 6 errors, range 0 – 12) 

were analysed in OpenPose (Fig 1). Videos were cropped to 

initial ground contact and maximal knee flexion key frames 

manually (clinician) and automatically (computer vision); and 

42 kinematic features extracted. A series of 10 x 10-fold cross 

validation experiments were applied on full (320 videos) and 

balanced (153 videos, ≤ 20 videos per LESS score) datasets to 

predict scores using random forest for regression, linear 

regression, and dummy regressor models. Mean absolute 

error, Pearson correlation coefficient (r), and sensitivity-

specificity for categorising people at high risk of non-contact 

ACL injury (LESS ≥ 5 errors) was assessed for each method. 

Videos
(i) Frontal

(ii) Lateral

OpenPose
v1.21

COCO 18-points

Annotated
(i) Frontal

(ii) Lateral

Cropper
(i) Manual

(ii) Automatic

Key frames
(i) IC frontal

(ii) KFmax frontal

(iii) IC lateral

(iv) KFmax lateral

Feature 

extraction
x1, x2, … , xn

(n = 42)

Regression
(i) Random forest

(ii) Linear

(iii) ZeroR

Data
(i) Full

(ii) Balance1,2,3

Automated
Predicted

LESS

Standard
Clinical

LESS

 

Fig 1. Flow diagram. IC, initial contact. KFmax, maximal knee flexion 

Results and Discussion 

Random forest yielded the lowest mean absolute error (1.23) 

and highest correlation (r = 0.63) between clinical and 

predicted scores (Table 1). Sensitivity (0.82) and specificity 

(0.77) were reasonable for risk categorisation. Experiments 

using a balanced dataset or manually cropped videos did not 

improve predictions.  

Conclusions 

Further research on the automation would enhance the 

strength of the agreement between clinical (gold standard) and 

automated LESS scores and risk classification beyond its 

current levels and enable mass screening initiatives with quasi 

real-time feedback, without the need of depth cameras. 

Implementation of newer OpenPose point-models would 

provide additional data that might prove useful.  
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Table 1. Results from machine learning experiments. *Significant difference versus random forest (p < 0.05) 

  Mean absolute error  Correlation 

Cropper Dataset Random forest Linear Dummy  Random forest Linear Dummy 

(i) Manual (i) Full 1.23 ± 0.18 1.39 ± 0.20* 1.44 ± 0.20*  0.52 ± 0.15 0.39 ± 0.14* 0.0 ± 0.0* 

 (ii) Balanced 1.57 ± 0.27 1.90 ± 0.61 2.08 ± 0.34*  0.60 ± 0.15 0.48 ± 0.21* 0.0 ± 0.0* 

(ii) Automatic (i) Full 1.23 ± 0.18* 1.32 ± 0.20* 1.44 ± 0.20*  0.53 ± 0.15 0.44 ± 0.16* 0.0 ± 0.0* 

 (ii) Balanced 1.56 ± 0.29 1.63 ± 0.32 2.08 ± 0.32*  0.63 ± 0.17 0.51 ± 0.20* 0.0 ± 0.0* 
                     

  Sensitivity  Specificity 
  Random forest Linear Dummy  Random forest Linear Dummy 

(i) Manual (i) Full 0.80 ± 0.09 0.75 ± 0.09 1.0 ± 0.0*  0.50 ± 0.18 0.51 ± 0.18 0.0 ± 0.0* 

 (ii) Balanced 0.77 ± 0.13 0.73 ± 0.13 1.0 ± 0.0*  0.73 ± 0.18 0.63 ± 0.21 0.0 ± 0.0* 

(ii) Automatic (i) Full 0.82 ± 0.07 0.77 ± 0.09* 1.0 ± 0.0*  0.52 ± 0.19 0.52 ± 0.18 0.0 ± 0.0* 

 (ii) Balanced 0.76 ± 0.15 0.77 ± 0.13 1.0 ± 0.0*  0.77 ± 0.19 0.70 ± 0.21 0.0 ± 0.0* 
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Summary 

The Plug in Gait model (PiG) is a commonly used 

biomechanical model for clinical gait.  Recently, an open 

access alternative model to the PiG has been released for use.  

In considering the potential to transition to the new model, we 

are interested in comparing data calculated by the PiG and the 

new pyCGM2 models.  There was less than 1 degree 

difference in the majority of joint angles; the exceptions being: 

a mean difference > 9 degrees for X-axis ankle angle between 

the PiG model and the 1.0 model; a mean difference > 9 

degrees for X-axis foot progression angle between the PiG 

model and the 1.0 model; and, a difference of >22 degrees in 

the Z-axis knee angle between the pyCGM2 1.0 and 1.1 

models.  

Introduction 

The PiG model produced by VICON has long been a common 

biomechanical model that is used in a large number of clinical 

laboratories for 3D gait analysis.  The PiG model is simple to 

implement and has been well established as being a valid 

model [1]. Despite this there are known weaknesses of this 

model [1] which, remain unresolved. 

The new model [2] exists in 6 iterated versions and has been 

developed to make improvements to the current PiG model. 

The pyCGM2 has been written in the open source code 

language of Python meaning that it is freely available for 

anyone to use, and the code is transparent so that users can see 

and understand how all calculations are performed.  

The purpose of this study was to compare kinematic data 

produced via the PiG model and the new proposed model, 

pyCGM2. Specifically, we applied versions 1.0 & 1.1 of the 

pyCGM2 and compared them to each other and the original 

data determined via PiG.  

Methods 

This study was a retrospective observational audit of two 

participant datasets. One participant was part of the 

laboratory’s ‘normal’ reference dataset.  The other participant 

was a patient with a left-sided impairment at both the knee and 

ankle.  The purpose for choosing this patient was to determine 

what impact large variability and magnitude of rotations 

would have on the data.  Fourteen retroreflective markers were 

placed based on the VICON Plug-in-Gait model (VICON, 

Oxford, UK).  Participants were instructed to walk along a 

10m walkway barefoot at their preferred walking speed. 

Kinematic data were normalised to 100%. Kinematics were 

calculated by the PiG model and these were compared to the 

data produced by the pyCGM 1.0 and 1.1 models. Limits of 

agreement was used to compare angles between the models for 

pelvis, hip, knee and ankle X, Y, & Z [3]. Data from 15 

separate trials were compared, totalling 15 left strides and 15 

right strides. Comparisons at each percent of the gait cycles 

were made.  Differences between calculated angles were made 

between the respective models and overall differences 

reported. 

Results and Discussion 

For the majority of joint angles there was less than 1 degree 

difference between models (Figure 1).  There were mean 

differences > 9 degrees for the X axis ankle angle between the 

PiG model and the 1.0 model, and these differences could be 

attributed to the application of the foot flat option during the 

static trial. There were differences in the X-axis foot 

progression angle between the PiG model and the 1.0 model, 

and this could be a result of an error in the construction of the 

foot co-ordinate system when using a knee alignment device, 

and medial ankle marker.  There were >22 degree differences 

in Z-axis knee angles between the pyCGM2 1.0 and 1.1 

models. This difference could be a result of a correction to the 

1.1 model and an offset applied to reflect a more natural knee 

rotation value [4] 

Conclusions 

For the majority of kinematic outputs, there is good agreement 

between models.  
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Figure 1: Differences in angles between each model. 
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SUMMARY 

This project tested a novel method to assess performance in a 
countermovement jump test (CMJ) using a smartphone held to 
the hip. The intended use is to assess a person’s force 
producing capabilities to track general progress in a health 
intervention. The results showed repeatable correspondence to 
jump height derived from force data using time in the air. 
However, improvements can be made regarding accuracy by 
validating against measurements of actual jump height. 

INTRODUCTION  

CMJ is a method that is widely used for the assessment of 
lower body power in athletes, a performance indicator that 
underpin their sporting success [1]. This measure may as well 
be an indicator of general lower body function attributable to 
underlying physiological and biomechanical capacities of 
generating force at a high rate. However, equipment is needed 
to measure CMJ validly, such as timing mats, force plates or 
Vertec equipment. These are often available in sports 
facilities, but not accessible to the general population.  

With the growing popularity of using apps to track activity 
and health status, this project has created an algorithm to 
measure jump height in a CMJ using smartphone 
accelerometer data, with the phone simply held against the 
hip. If a reasonably reliable measure can be obtained, this 
algorithm could be incorporated into health apps to help the 
general population evaluate their progress in lower body 
power. Other phone based jump height algorithms have been 
suggested, such as the MyJump app [2], which has shown to 
be valid and reliable. However, this algorithm is based on 
video analysis, which complicates and prolongs the 
measurement procedure. This study aimed to create an 
algorithm that can calculate jump height repeatedly from a 
phone sensor held in a random position at the hip. . 

METHODS 

Ten subjects performed a CMJ on a force plate, with the hands 
held to their hips, and the phone in the right hand. They were 
asked to stand still, and then jump as high as they could. The 
force plate recorded at a sample rate of 400 Hz and the 
accelerometers in the phone at 100 Hz. Data was then filtered 
using a low pass filter with cut-off frequency of 50 Hz prior to 
analysis. 

Jump height was calculated by segmenting the time in air from 
each of the measurement units. Although this method has 
some validity flaws, it was prioritized to use the same method 
for both measurement units. In the force data, the vertical axis 
of force was used, and the resultant acceleration from the 
accelerometer data. Each subject was plotted as shown in 
Figure 1 (right) to ensure that the algorithm correctly 
determined the time in the air.  

RESULTS AND DISCUSSION 

The two measurement methods showed strong linear 
regression consistency, (R2=0.86). However, the force plate 
data estimated lower jump height compared to the analysis of 
accelerometer data (Figure 1).   

 
a. Jump height in meters 

 
b. CMJ using Smartphone 

accelerometer 

Figure 1: Plots of the relation between jump height measured by a 
force plate and that of a hand-held mobile phone to the hip (a), and 
the free acceleration (m/s2) of the phone sensor for one subject with 
take-off and initial contact marked in red (b). 

The results showed a rather good repeatability when 
comparing jump heights from time in air measures based on 
force plates and phone accelerometers. Regarding the validity, 
it differed 8-11 cm between the two methods, indicating that 
such an algorithm may need further development. This could 
be due to the definitions of take-off and landing, as the force 
plate recognizes these while the ankle joint is in plantar 
flexion. Furthermore, the different sampling frequencies 
contribute to some uncertainty.  

Although the validity issues recognized thus far may be a 
concern for this method to be implemented in a sports context, 
it seems to provide enough repeatability to be useful to track 
individual progress in a health context. Furthermore, the study 
needs to be performed on a larger sample of people to provide 
more evidence to support these findings. 

CONCLUSIONS 

Countermovement jump height based on time in the air can be 
repeatedly measured using a simple phone held onto the hip. 
The validity of the data needs to be assessed more thoroughly, 
therefore, it is only suggested to track progress for individual 
use. 
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Summary 

To correct for soft tissue artefacts in skin mounted 

accelerometers a transmissibility function can be applied to 

the data. This function is quantified by analysis of the 

acceleration-time data from the response to a nudge test; 

however this data can often be noisy.  An application of 

Fourier analysis can be used to filter the acceleration-time data 

of the nudge test response. This allows accurate recreation of 

the signal to determine the required transmissibility function. 

Introduction 

Data from skin mounted accelerometers are affected by the 

transmissibility effect of the soft tissue between the 

accelerometer and the underlying skeleton.  To correct for this 

it is common practice to perform a nudge test and analyse the 

decaying sinusoidal waveform which is characteristic of the 

nudge test acceleration response. This enables quantification 

of the natural frequency (fn) and damping ratio () required to 

define the transmissibility function [1,2]. 

Analysis of the nudge test data can be compromised due to 

measurement noise. This study describes an application of the 

Fourier transform to allow accurate recreation of the signal so 

the transmissibility function can be determined. 

Methods 

Participants (n=56) were fitted with an accelerometer 

(ACL300, Biometrics; 1000 Hz), skin mounted at the 4
th
 

lumbar vertebra. While standing the nudge test [1] was 

performed whereby the skin was displaced downwards then 

released. Vertical acceleration data was imported into our 

custom written analysis software (GADget, v3.4) and 

inspected for noise. Data for one noisy trial is reported here. 

A Fourier transform was applied to the trial to identify the 

frequency band of the required signal. The data was low pass 

filtered at the designated cut-off by setting to zero the higher 

harmonics in the Fourier series and then performing the 

inverse transform on the result. A decaying sinusoid was fitted 

to the resulting signal for subsequent estimation of fn and .  

Results and Discussion 

Noisy raw vertical acceleration-time data (Figure 1a) indicated 

a decaying sinusoid response hidden within it. This was at low 

amplitude and contaminated by significant noise making it 

difficult to identify the required signal or estimate fn and . 

The Fourier transform revealed a peak at low frequencies (0-

20 Hz), followed by a mostly flat spectrum suggesting these 

higher frequencies were random noise (Figure 1b). Following 

data filtering (Figure 1c), the required signal was revealed 

(green line). The blue line is an exponentially decaying 

sinusoid that corresponds to the identified peaks of the filtered 

signal. That model signal identifies the parameters needed to 

define the transmissibility function. 

a) 

 

 

 

 

 

 

 

 

b) 
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Figure 1: Acceleration-time data before filtering (a), Fourier 

transform of data (b) and acceleration-time data after filtering (c). 

Conclusions 

An application of Fourier analysis can enable accurate 

recreation of noisy nudge test data, to allow analysis of the 

signal to determine the transmissibility function. 
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Summary 
The study aimed to quantify measurement errors in knee joint 
translations owing to soft tissue artefacts and test the linearity 
of the errors against the flexion angle. Results showed that the 
errors were largely proportional to the flexion angles, which 
may be compensated. 

Introduction 
Skin markers around the knee joint had greater soft tissue 
artefacts (STA) than other locations, and appeared to move 
largely non-linearly with the flexion angle relative to the 
underlying bone during cycling [1]. Since the femur also 
translates non-linearly relative to the tibia during flexion, it 
would be helpful to test the correlation between the STA and 
the measured joint translation for future development of 
compensation methods. In the current study, this was achieved 
via pedalling movement and the influence of pedal resistance 
on the outcome was also compared. 

Methods 
Twenty-three subjects (age: 22.6±1.8 y/o, height: 1.73±0.04 m, 
mass: 65.5±9.4 kg) participated in the study with informed 
written consent. Five skin markers (SMs) placed on the 
lateral/medial epicondyles (LE and ME), head of fibula, 
medial tibial condyle, and tibial tuberosity were used to 
calculate joint translation. Each subject performed pedaling on 
an ergometer at 30 rpm with or without an average resistance 
of 20 Nm. Marker trajectories were measured by a motion 
capture system (120 Hz) and the knee was imaged 
simultaneously by a bi-plane fluoroscopy system (30 Hz). The 
knees were CT scanned for bone model reconstruction. The 
CT-based bone models were registered to the fluoroscopy 
images using a volumetric model-based fluoroscopy-to-CT 
registration method [2], giving poses of the femur and tibia as 
gold standard (GS). The knee joint centre (KJC) was defined 
as the mid-point of LE and ME. KJC on the femur coincided 
with it on the tibia while stood in the upright stationary 
posture. Tibiofemoral translations measured by GS and SMs 
in the tibial anatomical coordinate system were used to 

calculate errors. Linear regression model was used to fit to the 
errors for each subject and condition. Paired-sample t-tests 
were used to test the differences between resistance conditions. 

Results and Discussion 
The knee joint translation errors and regression results are 
summarized in Table 1, and the knee joint translation error 
patterns are shown in Fig 1. The range of errors in total 
magnitude was around 22.4 mm and lower than ME STA 
range [1]. The linear regression model fitted the total errors 
well (explained over 78% of errors variation), and that during 
non-resisted condition (R2 = 0.89) significantly better than that 
during resisted condition (R2 = 0.78). The results showed the 
possibility of applying a linear method for compensating the 
calculated joint translation during pedalling. 

 
Figure 1: A representative subject's knee translation of gold standard 
(blue) and skin markers (green), and the errors between them (red).  

A black line is fitted linear regression line of the errors. 

Conclusions 
The study quantified the errors in the measured knee joint 
translation using SMs around the knee. The errors were found 
to be largely linearly proportional to the flexion angles, 
especially in non-resisted condition.  Thus, the errors may be 
corrected using adequate algorithm in the future. 
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Table 1: Means (standard deviations) of the components and total magnitude of the range of motion (ROM) and root mean square error (RMSE) 
of the knee translation, range of errors and as percentage of the ROM, coefficient of determination (R2), and standard error of regression over a 
pedalling cycle.  Bold: p < 0.05. 
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Summary 

The purpose of this study was to compare measures of gait 
temporo-spatial parameters of older adults walking outdoors 
collected using a GAITRite® instrumented mat and the IMU-
based Xsens system. 10 older adults were evaluated during the 
gait in a public park. Velocity, cadence, step length, swing and 
stance time measures from the two systems were compared. 
Differences between the systems’ measures were found only for 
swing and stance time; the differences were small (<0.04 s). 
Therefore, the measures of gait temporo-spatial parameters of 
older adults walking outside using a GAITRite® and the Xsens 
system were very similar.  

Introduction 

Gait disorders include difficulty in turning and negotiating 
obstacles [1]. These tasks are common in daily ambulation, but 
equipment often used for gait analysis, such as instrumented 
mats, are often limited to assessing straight line walking. In 
addition to its restricted dimensions (length and width), they 
interfere with the natural environment, and require external 
power sources, limiting gait analysis to artificial and controlled 
settings that often do not reflect community ambulation. Inertial 
Measurement Units (IMU) minimally interfere with movement 
and the environment allowing real-life assessments, but there is 
limited information on the comparability of IMU based 
measures of gait to those of instrumented mats. Therefore, the 
aim of this study was to compare measures of gait temporo-
spatial parameters of older adults walking outdoors collected 
using a GAITRite® instrumented mat and the IMU-based 
Xsens system. 

Methods 

The study was conducted at a public park and included ten older 
adults (68 ± 5 years), who were able to walk without walking 
aids, and had no lower limb surgery or injuries in the previous 
6 months. The Institutional Review Board approved the study 
protocol (18-107186) and all participants signed an informed 
consent form. Seventeen IMUs (MTw Awinda trackers, Xsens 
Technologies B.V., Enschede, the Netherlands) were placed 
following standard instructions [2], and secured using straps 
and double-sided adhesive tape. Then, the participants walked 
on a GAITRite® (SN: Q209, CIR Systems Inc) as they usually 
do during their daily activities. Each participant performed 2 
trials, the first one was used as a familiarization trial. The 
GAITRite® was powered using an external battery and the 
Xsens’ IMUs were charged the night before. Data was 
synchronized using the first gait event (heel strike). The gait 

parameters were calculated from the Xsens kinematic data 
using the Visual 3D software (C-Motion Inc, Germantown, 
MD), and by the GAITRite® software (v. 4.7.4, CIR Systems 
Inc) based on the footprints. Comparison between the speed, 
cadence, step length, swing time and stance time measures from 
the two systems was done using t-tests in SPSS 18. 

Results and Discussion 

The measures from the systems were very similar (Table 1). 
Statistically significant differences were found only for swing 
and stance time, and those differences were small (<0.04 s). The 
Xsens system is less restrictive and can be used to gather gait 
data providing measures very similar to those of a GAITRite®. 

Table 1. GAITRite® vs. Xsens measures: Mean (SD). 

Variable GAITRite® Xsens P value 

Velocity (cm/s) 113 (23) 110 (24) 0.759 

Cadence (steps/min) 108 (98) 109 (8) 0.590 

Step Length L (cm) 62 (10) 59 (10) 0.077 

Step  Length R (cm) 62 (11) 60 (10) 0.156 

Swing L (s) 0.37 (0.02) 0.34 (0.03) 0.003* 

Swing R (s) 0.36 (0.02) 0.33 (0.02) 0.007* 

Stance L (s) 0.74 (0.09) 0.77 (0.08) 0.033* 

Stance R (s) 0.73 (0.11) 0.77 (0.08) 0.033* 

     *p<0.05 

Conclusions 

Measures of gait temporo-spatial parameters of older adults 
walking outdoors collected using a GAITRite® instrumented 
mat and collected using the IMU-based Xsens system were 
comparable.   
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Summary 
Healthy populations are often assumed to have near identical 
movement patterns while asymmetry is commonly associated 
with pathology. Many current measures of symmetry are 
limited to discrete events, or involve high level mathematics 
that do not translate well to a clinical setting. The proposed 
Average Symmetry Index (ASI) is a simple method for 
assessing side-to-side differences throughout a waveform. Side-
to-side joint kinematics were measured in three uninjured 
adolescent runners and ASI was compared to the previously 
established Symmetry Angle (SA). ASI-based measures of 
symmetry were found to have strong agreement with the SA-
based measures of symmetry. Further study is warranted to 
identify clinically relevant thresholds for asymmetry, as no 
values currently exist that relate to performance and pathology. 
Introduction 
Clinicians and researchers often quantify side-to-side limb 
differences to describe symmetry patterns. Typically, healthy 
populations are assumed to have near identical patterns between 
sides, while asymmetry is generally associated with pathology 
[1]. The (SA) [1] is a popular measure of side-to-side symmetry 
at discrete instances. The SA removes the influence of selecting 
a reference value for comparison, but is sensitive to magnitude 
and may not be appropriate for motions that are in a near-neutral 
position. An alternative method has been proposed by 
Crenshaw and Richards [2] to analyse the waveform in its 
entirety, but the calculation methods and resulting values make 
this method difficult to deploy in a clinical setting. The purpose 
of this study is to evaluate a simple method to quantify 
waveform symmetry that provides clinically relevant output. 
Methods 
Three uninjured adolescent runners (M = 2, F = 1; age = 12.6 ± 
2.2 years) were selected from a cohort of runners.  Subjects 
were instrumented with reflective markers and tested using a 
12-camera Raptor 4 system (Motion Analysis Corp.; Santa 
Rosa, CA). Kinematics were measured during self-selected 
speeds on a non-instrumented motorized treadmill (Biodex 
RTM-600; Biodex Medical Systems, Inc; Shirley NY). Stance 
phase was stratified into loading phase from initial contact (IC) 
to peak knee flexion (PK) and propulsion phase from PK to toe-
off (TO). Using methods described by Zifchock et al. [1], 
absolute SAs were calculated during stance phase at the trunk, 
pelvis, hip, knee, and ankle: 

𝑆𝑆𝑆𝑆 = ��
�45˚ − 𝑡𝑡𝑡𝑡𝑡𝑡−1 �

𝑋𝑋𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑋𝑋𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑙𝑙

��

90˚ �� 𝑥𝑥 100% 

Average SA during loading was calculated as the average IC, 
PK, and midpoint of IC and PK SAs. Similarly, average SA 
during propulsion was calculated as the average IC, TO, and 
midpoint of PK and TO SAs. 
The proposed ASI calculates the average side-to-side difference 
(°) across a time series and is computed as follows: 

𝑆𝑆𝑆𝑆𝐴𝐴 = ∑|𝑋𝑋𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(𝑟𝑟)−𝑋𝑋𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑙𝑙(𝑟𝑟)|
𝑛𝑛 𝑤𝑤𝑤𝑤𝑤𝑤𝑙𝑙𝑙𝑙𝑤𝑤𝑟𝑟𝑤𝑤 𝑝𝑝𝑤𝑤𝑟𝑟𝑛𝑛𝑙𝑙𝑝𝑝

     for every ith waveform point. 

Pearson’s correlation coefficient was calculated between SA 
and ASI and stratified by phase. 
Results and Discussion 
In the aggregated data, a strong positive relationship was found 
between SA and ASI (r = 0.721, p < 0.001; Figure 1). When 
stratified by phase, similar strong positive relationships were 
found during loading (r = 0.702, p < 0.001) and propulsion (r = 
0.742, p< 0.001).  

These results 
indicate a strong 
agreement between 
the well-established 
SA and the proposed 
ASI for quantifying 
symmetry. However, 
while the SA is 
limited to measuring 
asymmetry at a 
single instance, the 
ASI accounts for the 
motion across a time 
series. ASI also 
allows for 

subdivision of a movement pattern into multiple phases (e.g. the 
loading and propulsion phases of running), and the independent 
analysis of symmetry within each of these phases. This isolation 
of discrete periods of a movement is important in activities such 
as gait, when the different biomechanical phases of loadbearing 
drive changes in underlying muscle patterns (e.g. force 
acceptance, stabilization, or force generation). Unlike the SA, 
the ASI is robust to motions around a near-neutral position. SA 
values near 100% indicates perfect asymmetry, (i.e. equal and 
opposite in magnitude), but these values can also result if the 
right and left measures are near-zero, but opposite in value. The 
resulting large SA value would not reflect what is in reality a 
small difference that may be clinically insignificant. 
A major limitation of symmetry analyses is their inability to 
measure abnormality [3] or a threshold index to classify a 
pattern as asymmetrical. The ASI fails to address this limitation, 
and also lacks an ability to provide directionality of 
asymmetrical patterns. While asymmetry has been reported in 
uninjured runners [4], further study is warranted to identify 
asymmetry thresholds that relate to pathology and performance. 
Conclusions 
The ASI demonstrates strong agreement for identifying 
asymmetries during stance phase in adolescent runners when 
compared to the already established discrete SA. The ASI 
allows for the assessment of a waveform in its entirety, or 
subdivided into phases. Further investigation is warranted to 
identify a threshold for classifying patterns as asymmetrical.   
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Figure 1: SA verse ASI 
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Summary 

A number of recent studies have shown that the temporal 

structure of pacing signals greatly influences the gait 

dynamics observed when coordinating with those signals. 

Typically, those studies have focused on autocorrelation 

structure (ACF). The current study builds on that work by 

addressing how the probability distribution (PDF) of pacing 

signals contributes to the process of synchronization. Results 

show that people use both of those sources of information 

when coordinating the timing of the lower limbs with an 

external pacing signal. 

Introduction 

Walking studies have used isochronous pacing signals in 

replicating effects of aging and regulating gait parameters in 

pathological populations [1,2]. Fractal (1/fα) pacing signals are 

more appropriate when trying to replicate healthy gait and 

have been shown to produce gait characteristics, in older 

populations, similar to those exhibited by healthy controls, and 

thus demonstrating importance for rehabilitation [3]. The 

opposite can also occur when a random, 1/f0.5 pacing signal is 

used. By having healthy individuals walk to pacing signals 

which replicate the gait of older adults, comparisons between 

the two demographics are able to be drawn. Despite prevalent 

use of pacing signals in basic experimental and rehabilitative 

settings, more research is needed to understand the features 

that are being tuned into as the participants walk. We 

hypothesize that both the ACF and PDF of the stride time 

intervals is important when creating a pacing signal.  

Methods 

Ten participants (mean ±SD; age 25.2±3.94, 3F) walked for 15 

minutes at their self-selected pace in order to be able to 

customize the pacing signals to the individual. Participants 

then completed four trials, in a randomized order, of paced 

walking with different stride time interval probability 

distributions. These trials were walking to a pink noise pacing 

signal (PPS), shuffled pink noise pacing signal (SHPS), 

Gaussian distributed random pacing (GRPS) and a uniformly 

distributed random pacing signal (URPS). The pacing signals 

were designed to differ increasingly from healthy walking to a 

more random walk.  

Participants were shown a continuous pacing signal via HDMI 

glasses (VUFINE. Sunnyvale, CA) and the corresponding heel 

strike data was collected using individual Noraxon 

footswitches (Noraxon USA, Inc., Scottsdale, AZ). The 

display, which the participants viewed, consisted of two 

stationary bars at the top and bottom of the screen. A third, 

timing bar moved vertically between the two stationary bars. 

Participants were instructed to synchronize their right heel 

strikes with the timing bar reaching the top stationary bar. 

Participants walked for approximately 15 minutes (700 

 

strides). The first and last 50 strides of the trials were 

discarded during data analysis. Between each trial, participants 

rested for ≥ 5 minutes. 

Results and Discussion 

DFA was performed on heel strikes from self-paced and four 

pacing trials (Fig. 1). PPS had a larger α than SHPS (p=.0004), 

GRPS (p=.0002), and URPS (p=.000005). While larger, SHPS 

did not differ from GRPS (p=1.0) and URPS (p=.057) trials. 

SPW did not differ from either PPS or SHPS. Surprisingly, the 

GRPS also did not differ from URPS (p=.27). A posthoc 

power analysis suggested a larger N may be needed in order to 

detect an effect of that size, if it in fact exists. 

 

Figure 1: Bar graph of α as a function of pacing signal. Dashed lines 

are theoretical α values for healthy (1.0) and pathological (0.5) adults. 

This suggests (1) PPS produces ideal stride fluctuations, whereas (2) 

increasing dissimilarity between pacing signal and natural gait 

produces fluctuation patterns more consistent with pathological gait. 

Conclusions 

The results (Figure 1) provide support for the hypothesis that 

both the PDF and ACF of a pacing signal gait structure. In 

trials where the PDF most closely resembled healthy walking, 

α tended to be higher. The general trend was that α decreased 

as the PDF and ACF of the signal varied more greatly from 

the distribution seen in healthy walking. This suggests that 

people use both the ACF and PDF when coordinating timing 

of lower limbs to an external pacing signal. 
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Summary 

Normalized jerk is an established metric for the assessment 

of kinematic fluency across a range of human movements 

(e.g. writing, manual aiming, balance, and gait) [1-3]. While 

normalized jerk has been employed to evaluate manual 

disfluencies in Parkinson disease (PD) patients over 

extended trials, the measure has not been applied for the 

identification of discrete ‘freezing,’ or akinetic, events. A 

preliminary assessment of normalized jerk for the 

identification of discrete akinetic events (DAE) during a 

continuous manual task demonstrates the potential for 

automated/assisted detection. In particular, the identification 

and isolation of DAEs is important for the obviation of 

associated jerk values that may substantially skew trial-wide 

measures. Identification of such events would also facilitate 

analyses of kinematic fluency both preceding and following 

a DAE. 

Introduction 

The fluency of human movement can be a valuable indicator 

of disease type, severity, and functional impact. Normalized 

jerk (NJ) is a measure that evaluates changes in kinematic 

accelerations over time, while also controlling for aspects of 

movement excursion and duration [3]. 

 

In particular, NJ has been used to quantify kinematic fluency 

over prolonged movement trials (e.g. >10 seconds) in 

individuals with Parkinson disease (PD), but there are no 

reports describing the utility of NJ as a metric for the 

identification of ‘freezing,’ or discrete akinetic events 

(DAE). DAEs are common in patients with advanced PD 

and represent a transient breakdown in a motor program, 

even cyclical motor programs, which should be facilitated by 

an inherent maintenance tendency. The concern is that the 

NJ values associated with relatively minor DAEs may yet 

represent outliers that threaten to skew trial-wide fluency 

assessments. The objective of this preliminary report was to 

describe the potential for NJ to identify DAEs in a sample of 

PD participants performing a continuous, manual circle-

drawing task.  

Methods 

Continuous, manual circle-drawing trials were collected 

from three PD patients (2 men, 1 woman; age: 63-71; 

UPDRS-Part III score: 32-55; Hoehn & Yahr Stage: 2-3; 

dysarthria severity: moderate-severe). During the manual 

task, participants also completed a standardized reading task 

which served to augment coordination complexity and elicit 

DAEs [4]. Manual trace data were collected using a digital 

tablet and stylus, with stylus position (x,y) sampled at 

132Hz. The y-position data were then used to calculate NJ 

for each y-peak to y-peak cycle throughout the trial [3]. NJ 

waveforms were amplitude normalized to y-position range 

and represented as a square wave with the original y-position 

data to better visualize the correspondence of NJ measures 

with cyclical movement and DAE aberrations (Figure 1). 

Results and Discussion 

Each participant exhibited multiple DAEs over the course of 

the dual-task trials and representative waveforms were 

selected for discussion (Figure 1).  

 

 

 
Figure 1: y-position waveforms (dashed) and associated 

normalized jerk (solid) from continuous circle drawing tasks: a) 

trial from participant #1 depicting three DAEs, b) trial from 

participant #2 depicting one DAE, c) trial from participant #3 

depicting two DAEs.  

Figure 1a depicts three ‘slowing’ DAEs for participant #1. 

Removal of the three outlier NJ values reduced trial mean NJ 

by 35%. Figure 1b depicts a single ‘pause’ DAE for 

participant #2. Removal of this outlier NJ value reduced trial 

mean NJ by 33%. Finally, Figure 1c depicts one smaller and 

one larger DAE for participant #3. Removal of the NJ value 

associated with the large DAE reduced trial mean NJ by 

78%. While the current descriptions are cursory, they clearly 

demonstrate the potential for DAEs to substantially skew 

trial mean NJ values. The concern is that a) DAEs will 

artificially inflate mean NJ values, particularly in groups 

susceptible to motor disruptions, and b) such outliers will 

result in erroneously large NJ variance depending upon the 

frequency of DAEs across individuals. The next step in 

evaluating the utility of NJ for identifying DAEs will involve 

establishing the criterion set for DAE detection and removal. 
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Summary 
Differences in predicted hip joint center (HJC) locations can 
affect the calculation of lower body dynamics related to daily 
living.  This research compared kinetic output from models 
using the Seidel and Harrington HJC predictive methods.  In 
normal healthy adults, there were significant differences in hip 
and knee moments during the stance phase of gait in all three 
planes.  Since the Harrington predictive method compares 
most favourably with gold standards, it appears that the Seidel 
predictive method may be less useful in clinical gait analysis. 

Introduction 
In biomechanical models, the hip is considered to be a 
spherical joint with its center frequently estimated using 
predictive methods [1,2,3,4].  Harrington’s method [4] appears 
to most accurate, yet no consensus has been accepted.  In 
previous unpublished work, we compared HJC location across 
Davis, Seidel, and Harrington methods and found significant 
differences. Seidel and Harrington were fairly similar, except 
along the z-axis (superior-inferior direction).  Hip and knee 
kinetics have been suggested to be affected by HJC location 
[5,6], which may have clinical implications. The purpose of 
this study was to compare stance peak hip and knee moments 
resulting from Seidel and Harrington HJCs. 

Methods 
Seventy-five active healthy individuals (37 F, 20-85 yrs.) 
performed walking trials at self-selected speeds. Approval was 
obtained from the Grand Valley State University Human 
Research Review Committee (IRB#14080-H). Eight Vicon 
MX-T40 cameras (120 Hz) and Nexus motion capture 
software, V2.5 (Oxford Metrics, Oxford, UK) were used to 
track full-body, modified PIG and Oxford Foot Model 
trajectories (Woltring filter, MSE 15).  Ground reaction forces 
were collected at 1200 Hz (4th-order, zero lag Butterworth 
filter, 6 Hz), using floor-embedded AMTI force platforms 
(Advanced Mechanical Technology, Inc., Watertown, MA). 
Further processing was performed in Visual3D V6 (C-Motion, 
Germantown, MD).  The original PIG model was modified to 
reflect the Seidel and Harrington derived HJC locations 
(pelvic frame) published in Visual3D. Modifications were 
done in the commonly used PIG model to not change ancillary 
model definitions other than HJC calculations. 

Three-dimensional hip and knee moments were extracted from 
three right and three left gait cycles for each participant. 
Normality of data was verified using histograms. Differences 
in moments between methods were determined using paired t-
tests with Bonferroni corrections (p < 0.05).   

Results and Discussion 
This is the first concurrent validity study involving Seidel and 
Harrington predictive methods. There were no differences in 
hip and knee moments between right and left limbs for either 
predictive method. There were statistical differences (p < 
0.001) in hip and knee moments across all planes between the 
two methods (select peak values of moment means in Table 
1), with Harrington HJCs generally resulting in higher peak 
moments.  Our results corroborate the work of others [5,6] 
who have shown differences in hip and knee moments, due to 
differences in HJC location.  Prior work in our lab had 
demonstrated significant differences in Seidel and Harrington 
HJC locations along all three axes, although the magnitude of 
difference along the x and y axes were quite small.  The 
present data suggest that even small differences in HJC 
location can produce significant differences in joint moments, 
which may have clinical implications.  

Conclusion 
As Harrington’s method seems to be the predictive method of 
choice [4] and significant differences were seen in lower body 
moments between methods, this study suggests that using 
Seidel’s method may lead to less accurate kinetic outputs, 
which may affect clinical interpretation and recommendations. 
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Table 1: Peak mean (SD) right stance hip and knee moments (Nm/Kg) in sagittal (x), frontal (y) planes 

 
Hip Knee 

Extensor Flexor Abductor(1st) Abductor(2nd) Extensor(1st) Extensor(2nd) Valgus(1st) Valgus(2nd) 
Harrington 0.530(0.184) 1.21(0.289) 0.703(0.178) 0.679(0.169) 0.601(0.245) 0.324(0.153) 0.411(0.137) 0.333(0.139) 
Seidel 0.465(0.173) 1.06(0.317) 0.590(0.140) 0.581(0.156) 0527(0.265) 0.281(0.129) 0.350(0.127) 0.289(0.138) 
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Summary  

In this study we created an integrated system combining motion 
capture, plantar pressure, and shear stress. This device was used 
to investigate the effects of walking speed on 
metatarsophalangeal (MTP) joint power and work. MTP 
negative work increased substantially with walking speed, 
illustrating the absorptive nature of the joint.  

Introduction 

The use of multi-segment foot kinematic modeling is becoming 
more commonplace in human movement research and clinical 
gait analysis. However, multi-segment foot kinetics have been 
lacking due to limitations in measuring forces under foot 
segments in contact with the ground at the same time [1]. 
Recent advances in shear sensing technology [2] provide the 
ability to measure segmental ground reaction forces and 
calculate multi-segment foot joint kinetics. In this study, we 
created an integrated system combining motion capture, plantar 
pressure, and shear stress. The device was used to calculate 
metatarsophalangeal (MTP) joint kinetics over a range of 
walking speeds, with the purpose of investigating the effects of 
speed on MTP joint energetics.  

Methods 

The measurement system is composed of a FootSTEPS shear 
sensor device (ISSI, Inc) atop a force plate (AMTI, Inc) and a 
10-camera motion capture system (Vicon, Inc). The 
FootSTEPS device measures plantar pressure and shear stress 
using a stress sensitive film and has been described previously 
[2]. In this study, we temporally and spatially synchronized the 
system with a 10-camera motion capture system (Vicon, inc.). 

Participants were 4 healthy volunteers, 2 male (age 23.5±2.1, 
height 172.7cm, weight 73.7±1.6kg) and 2 female (age 25±2.5, 
height 168.9±8.9cm, weight 67.6±2.6kg). Motion capture 
markers were placed on the right foot of each participant based 
on a validated kinetic multi-segment foot model [3]. 
Participants walked across a raised walkway containing the 

FootSTEPS device. Three walking speeds (1.0m/s, 1.3m/s, and 
1.6m/s, respectively) were obtained using a laser timer system 
(Bower, Inc). Sufficient trials were collected to attain clean 
contacts with the right foot on the Footsteps sensing area. 
Pressure and shear data were collected at 50Hz while motion 
capture trajectories were collected at 100Hz.  

Custom LabView software was used to extract plantar pressure 
and shear stresses under the segments corresponding to the foot 
model as guided by markers superimposed on plantar pressure 
footprints. Segmental forces and marker trajectories were then 
imported into Visual 3D (C-Motion, Inc) software to calculate 
MTP joint power. Positive and negative work were then 
calculated by integrating power over the two periods of 
absorption and generation. 

Results and Discussion 

Both MTP power absorption and power generation increased 
with walking speed (figure 1). Between the slow (1.1 m/s) and 
fast (1.6 m/s) speeds, negative work increased by 60% (-0.064 
W/kg to -0.1022 W/kg). While positive work also increased, 
values were less than 4 times those of the negative work. 

These results further confirm that the energetic role of the MTP 
joint is primarily absorptive in nature. Toe extension and 
associated negative work done during late stance likely serves 
to enhance balance, adapt to terrain, and transfer energy (e.g. 
via the windlass mechanism). Further research is needed to 
understand how the foot joints work together to modulate 
walking speed. The methodology developed in this study can 
be used to more fully characterize plantar tissue deformation 
and foot joint kinetics, increasing our understanding of foot 
mechanics in healthy and pathological gait. 
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Fig 1. Average MTP joint power during half of stance phase.                     Fig 2. Average MTP joint work as speed increases. 
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Summary

A feature selection method has been developed to characterize 
individual performance of locomotor activities of daily living. 
The method has been applied to angular and inertial data 
recorded with a novel 3D printed wearable device. Feature 
selection optimization through systematic removal of features 
improved classifier accuracy when applied to test data.

Introduction 

A novel 3D printed wearable device has been developed for
tracking  recovery  after  anterior  cruciate  ligament  (ACL)
injury. Current knowledge of recovery in the short term after
an ACL tear or reconstruction focuses on qualitative outcome
measures or static biomechanical measures.[1][2] The purpose
of  the  current  work  was  to  identify  biomechanical  features
which  characterize  individual  performance  of  locomotor
activities of daily living (L-ADL) which may change during
recovery after ACL reconstruction. 

Here an optimized feature selection method is presented. This
method uses linear discriminant analysis (LDA) and features
extracted from angular and inertial data to associate the data
with a specific participant and  L-ADL. The classifier is then
optimized through systematic removal of features to improve
performance  on  a  test  dataset.  It  was  hypothesized  that
through  systematic  feature  removal,  classification  accuracy
would improve on previously unseen data.

Methods

This study used a variable occasion repeated measures design
whereby  4  healthy  individuals  (2  Male,  2  Female)  mean
25.75±0.83 years reported on two occasions with a mean of
7±1 days between visits. All  subjects  were  healthy with no
history  of  lower  body  injuries.  Following  provision  of
informed  consent  (REB#18-09-029),  participant
measurements  were  taken  and  a  custom  fit  3D  printed
wearable device was produced for each participant. 1 female
and 1 male participant wore the device on their left leg, and 1
female and 1 male participant wore the device on their right
leg.  Knee  flexion/extension  angles  were  collected  from  a
rotary  position sensor (Bourns,  CA, USA),  and acceleration
and  angular  velocity  about  X,Y,Z  were  collected  from  a
LSM6DS3  inertial  measurement  unit  (IMU)
(STMicroelectronics, Geneva, CH) mounted in the wearable at
100Hz and recorded to an SD card by a datalogger based on a
Teensy 3.6 (PJRC, OR, USA) which was mounted in a belt
pack.  The  device  was  donned  with  the  assistance  of  a
researcher.  Each  participant  went  for  a  short  walk  (≈500m)
while accompanied by a researcher. Participants performed 4
common  L-ADL  including  gait,  ascending  stairs,  stand  to
sit/sit to stand, and building egress/ingress.

Data were organized into a train-test split based on collection
occasion  and  segmented  using  a  moving  window  of  100
samples with 50 sample overlaps. Each segment was given a
numerical label from 1 to 16 which represented the participant
and  movement  they  were  performing.  Four  features  were
extracted  from  each  signal:  mean,  standard  deviation,
maximum value, and the frequency of the highest amplitude
component  of  the  signal,  yielding a  total  of  28  features.  A
LDA model was then fit to the data from the first occasion and
tested on data from the second occasion using scikit-learn.[3]
This train-test split was then reversed to perform a 2-fold cross
validation. The effect of each feature on model accuracy was
quantified  by  removing  it  and  recording  the  change  in
classification accuracy. The poorest performing features were
sequentially removed until model accuracy failed to imrove.

Results and Discussion

Initial  classification  accuracy,  prior  to  feature  optimization
was 85.42% and final classification accuracy, after removal of
9 features was 86.91%. Even for erroneous classifictions the
classifier often correctly identified the movement (Figure 1).

Figure 1: Confusion matrix for classifier performance for all
performed L-ADL (G-Gait, IE-Ingress/Egress, A-Ascend Stairs, S-

Stand to sit/sit to stand) and all participants(1, 2, 3, 4).

Conclusions

This preliminary study has identified individual biomechanical
characteristics  of  L-ADL.  In  future  these  features  will  be
applied to assess longitudinal  patient  specific  change during
recovery from ACL reconstruction.
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Summary 

Three-dimensional (3D) finite element analysis (FEA) was 

used to quantify the forces transmitted in the anterior 

talofibular ligament (ATFL) and calcaneofibular ligament 

(CFL) during non-resisted and resisted ankle internal/external 

rotation (NIER and RIER).  Four healthy male subjects were 

recruited and received CT and MRI scans and performed 

NIER and RIER under the surveillance of a biplane 

fluoroscopy, and analysed using FEM.  The results showed 

that the CFL force was greater than ATFL force during the 

entire motion in both conditions, and both ATFL and CFL 

forces were greater in non-resisted condition than resisted 

condition. This study provided a better understanding of the in 

vivo biomechanical behaviour of the ATFL and CFL. 

Introduction 

Although previous studies have suggested that lateral ligament 

injuries accelerate the development of lateral instability and 

osteoarthritis of the ankle joint complex (AJC) [1], the 

underlying mechanism of the mechanical changes of the AJC 

after injuries has not been fully understood.  The purpose of 

the study aimed to quantify the forces transmitted in the ATFL 

and CFL during NIER and RIER using 3D FEA. The study 

was part of an ongoing project thus preliminary results are 

reported. 

Methods 

Four healthy male subjects (age: 22±2 yrs; BMI: 24±3 kg/m2) 

performed non-resisted and resisted ankle internal/external 

rotation on a testing platform while the 3D kinematics of the 

bones was measured using a 3D fluoroscopy method [2] with 

a bi-plane fluoroscopy (30 Hz).  Geometric models of the 

bones and ligaments were reconstructed from CT and MRI 

images respectively, and the insertions of each ligament were 

identified on the CT bone models via a CT-to-MRI 

contraposition procedure.  The bones were assumed rigid and 

ligament material properties were taken from the literature [3].  

The 3D kinematics served as boundary conditions in FEA.  

The forces transmitted in the ATFL and CFL were calculated 

according to the kinematic data of the tibia, talus and 

calcaneus.  Peak forces and angles of peak forces for each 

ligament were compared between NIER and RIER using non-

parametric analyses (Mann-Whitney U test) with α = 0.05.  

Results and Discussion 

Compared to resisted conditions, the ATFL and CFL showed 

greater forces during the entire range of motion in the non-

resisted condition (Fig. 1). The comparisons of peak ligament 

forces and angles of peak forces are summarized in Table 1.  

During quiet standing, the CFL is approximately parallel to 

the longitudinal axis of the shank and the ATFL is parallel to 

the longitudinal axis of the foot. Therefore, during ankle 

external or internal rotation, the CFL is stretched more than 

ATFL and thus is expected to have greater force.  Compared 

to the non-resistance condition, forces in the ATFL and CFL 

were higher in the resisted condition, which means that 

ligaments may need to provide stability during motion. 

 

Figure 1: Ligament forces of (a) ATFL and (b) CFL during ankle 
internal (+)/external (-) rotation with and without resistance. 

 

Table 1: Comparison of peak force and angle of peak force in the 

ATFL and CFL between non-resisted and resisted internal/external 
rotation (NIER/RIER).  *: p < 0.05. 

 
Peak Force (N) Angle of Peak Force (°) 

ATFL CFL ATFL CFL 

NIER 41.2±33.4 567.2±191.3 ER 5.4±0.5 ER 2.6±0.4 

RIER 13.1±12.8 475.5±239.6 ER 4.7±0.6 ER 3.3±0.5 

p 0.200 0.886 0.100 0.029* 

Conclusions 

Subject-specific FEA models successfully quantified the in 

vivo forces in ATFL and CFL during non-resisted and resisted 

ankle internal/external rotation, encouraging further 

application to other daily activities for a better understanding 

of the biomechanical behaviours and possible injury 

mechanisms of these ligaments. 
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INTRODUCTION  

Stroke, cerebral palsy, polio and other high incidence 
disease can easily lead to hemiplegia, the disease which may 
cause damage to nerve makes contralateral motor 
dysfunction, and ultimately may lead to the hemiplegic gait. 
From the perspective of dyskinesia, hemiplegic gait is 
caused by the disorder of muscle controlled by the nerve. As 
muscle activity is driving force of walking movement, so 
hemiplegia gait abnormalities and abnormal muscle activity 
are closely related. What researches concerned about is how 
to get hemiplegia patients’ muscle strength diagnosis by 
simulation of hemiplegia gait accurately [1, 2], and so that 
make gait rehabilitation efficiently. 

This study aims to investigate the abnormal behaviour of 
hemiplegic gait and its intrinsic relationship with respect to 
abnormal muscle strength of lower limbs, which will be 
useful to elucidate the muscle strength causes of hemiplegic 
gait and provide recommendations for clinical treatment.  

METHODS 

The modelling of hemiplegia gait started from the walking 
motion capture of hemiplegia patients. An effective gait 
dynamic model was established based on the captured 
dynamic data. In the process of modelling, the Vicon 
dynamic capture system was used to get gait data collected. 
The bone was simplified with rigid body model, and using 
global trainable element to record the contraction patterns of 
muscles, so the simulation results can represent the body's 
muscle activity. The effectiveness of the model was verified 
by comparing joint angle and ground reaction parameters 
between measured values and simulation results. 

Then, the gait model of normal gait and hemiplegic gait 
were established respectively. Through the comparison of 
motion data, ground reaction force, joint force and muscle 
activity simulated by hemiplegic and normal gait models, 
abnormal characteristics of hemiplegic gait could be 
explored as well as the relationship between hemiplegia gait 
abnormalities and abnormal muscle activities.  

At last, the hemiplegia gait model was used to simulate the 
effect of abnormal muscle adjustment to gait performance. 
Especially, the tibialis anterior and gastrocnemius muscle 
strength were adjusted to simulate the muscle training and 
its effect to gait rehabilitation.  

RESULTS AND DISCUSSION 

The simulated results have shown that, the motion 
abnormalities of hemiplegic gait are mainly manifested in 
the differences in behaviour of the healthy and sick leg. The 
step size of sick leg is smaller, and gait cycle, support time 
and step width turn larger. In terms of joint motion, 
abnormalities are mainly manifested in sagittal, which ankle 
joint lack of dorsiflexion in initial contact and lack of 
plantar flexion in pre swing, and knee, hip joint motion is 

limited. Comparing the abnormalities of joint movement and 
muscle activity, it can be found that the hemiplegic patient 
has insufficient dorsiflexion of the ankle due to lack of 
tibialis anterior muscle strength in the initial gait stage, 
which affects the gait of the landing stage. Insufficient ankle 
joint flexion during the off-site period affects the gait of the 
toe off the ground. Therefore, abnormal muscle strength of 
the tibialis anterior and gastrocnemius muscles is the main 
cause of the patient's hemiplegia.  

After muscle strength training and gait rehabilitation, the 
tibialis anterior and gastrocnemius muscles tend to be 
normal during exercise and the muscle strength is greatly 
improved; the improvement of joint movement is reflected 
in the initial landing period, and the plantar flexion is 
accelerated during the pre-swing period. In terms of the 
dynamic performance of the gait, after the muscle strength 
training, the difference between the ground reaction curve of 
the healthy side and the sick side is reduced, and the ground 
reaction force abnormality that the patient originally 
exhibited in the initial gait and swing period is improved 
significantly (Figure 1).  

 
Figure 1: Curves of reaction force after muscle strength training. 

CONCLUSIONS 

The established dynamic model can be used to simulate the 
motion of normal and hemiplegic gait. For the patient's gait 
simulated, low activation of the tibialis anterior and 
gastrocnemius muscles is the main cause of abnormal gait. 
Strengthening the tibialis and gastrocnemius muscle strength 
training during rehabilitation can help the gait recovery of 
this hemiplegic patient. Dynamic modelling and simulation 
of hemiplegia gait and rehabilitation can help with clinical 
treatment of hemiplegic patient.  
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Summary 

The purpose of this study was to investigate the effects of 

altered talus alignments on ankle joint contact forces (AJF) 

during vertical hopping. Motion capture and ground reaction 

force data were collected as ten participants hopped at 2.4 Hz. 

Various cases of anterior translation and medial rotation of the 

talus were simulated with 2250 iterations and AJF were 

calculated. Linear regressions were used to identify the 

relationships between abnormal talus alignment and AJF. The 

results showed that abnormal alignment significantly (p < 

0.0001) influenced AJF. In conclusion, abnormal talus 

alignment affects AJF, and should be examined and 

potentially managed in people who perform repetitive jumping 

motions and are at high risk of post-traumatic osteoarthritis.  

Introduction 

The alignment of the talus with respect to the tibia segment 

can change due to ankle instability or excessive laxity [1,2]. 

Previous studies reported abnormal alignments of the talus, 

such as anterior translation and medial rotation, in people with 

ankle instability [1]. It is not known, however, if abnormal 

alignment of the talus affects the AJF between the tibia 

segment and talus. If abnormal alignment of the talus 

influences the AJF people who perform repetitive sports-

related motions (e.g., hopping) may suffer from degenerative 

joint disease, such as post-traumatic osteoarthritis. Therefore, 

the purpose of this study was to identify the effect of the 

anterior translation and medial rotation of the talus on AJF 

during hopping. 

Methods 

Ten participants (Male = 5, Female = 5, Height: 177.5±8.4 m, 

Mass: 74.1±10.3 kg) were recruited for this study. Skin 

markers were attached to participants before they performed 

double limb vertical hopping at a frequency of 2.4 Hz. The 

marker positions and ground reaction forces were collected 

with 14 cameras (100 Hz) and 2 force platforms (1000 Hz), 

respectively. Fifteen cases of anterior translation between 0 

and 1cm (in 1/15cm increments) and medial rotation between 

0 and 5° (in 5/15° increments) were simulated during the 

scaling process in OpenSim; the Gait2392 [3] model was 

modified in its talus segment by adding the degrees of 

freedom of anteroposterior translation and mediolateral 

rotation. The modified model was scaled with the 225 (15×15) 

combinations of the created talus translation and rotation with 

each subject’s static trials. Total 2250 simulated models were 

created. Inverse kinematics were used to calculate joint angles. 

Residual forces were reduced with the residual reduction 

algorithm. Muscle forces and activations were estimated with 

computed muscle control. Estimated forces were used to 

calculate the AJF in three planes. Peak AJF were selected and 

normalized by the peak AJF when the talus was the neutral 

position for statistical analysis. Linear regression between 

altered talus alignments (translation and rotation) and the 

normalized peak AJF in each plane were performed. 

Results and Discussion 

Regression analyses showed that talus alignments were 

significant predictors of AJF (Figure 1). Anteroposterior (p < 

0.0001, R2 = 0.48) and mediolateral (p < 0.0001, R2 = 0.77) 

AJF were moderately and very strongly affected by talus 

alignments, respectively. In contrast, vertical AJF were only 

weakly affected by talus alignments (p < 0.0001, R2 = 0.11). 

Conclusions 

These findings indicate that talus alignment is a critical 

contributor to AJF in the anterior and lateral directions. These 

results suggest that clinicians should examine abnormal talus 

alignment to manage AJF, and potentially prevent post-

traumatic osteoarthritis. 
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Figure 1: Regression contours show the relationship between talus alignment and AJF in anteroposterior, vertical, and mediolateral directions.  
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SUMMARY

Computerized prediction of human motion and muscle forces
holds great promise as a tool of basic science and for surgical
planning. Motion predictions are often made by modelling the
human  body  as  a  multibody  dynamic  system,  casting  the
motion  as  an  optimal  control  problem,  and  numerically
solving  for  a  minima.  The  fidelity  of  human  walking
predictions is currently limited by errors in simulated ground
forces.  To reduce  the  errors  in  simulated ground forces  we
propose  to  model  the  foot  as  a  heel  and  forefoot  segment
separated  by  a  flexible  midfoot.  We  will  evaluate  the
mechanical  fidelity  of  the  foot  model  by  solving  a  least-
squares  problem,  and  evaluate  the  quality  of  the  model’s
predicted  motions  and  forces  by  solving  a  minimization
problem.

INTRODUCTION

Typical human walking can be described as an optimal control
problem that consists of two-phases: single-stance and double-
stance  (Fig.  1A).  While most  of  the body can be modelled
accurately as a multibody system, it remains difficult to model
foot-ground interaction.   The complexity of the foot demands
that it must be simplified in order to yield a tractable model
for motion prediction. Unfortunately, a mechanically accurate
foot-ground  contact  model  does  not  guarantee  an  accurate
motion  prediction.  Previously,  we  modeled  the  stance
movement  of  the  foot  on  the  ground  [1]  using  a  rolling

constraint between an ellipse and a plane (Fig 1B). When this
foot model was used to solve a least-squares problem, tracking
experimental  data,  it  performed  well  (Fig.  1C).  However,
when used to synthesize a new motion, the ground forces were
accompanied  by unrealistic  transients  (Fig.  1D) because  the
ellipse-plane rolling kinematics rapidly accelerated the ankle
through the the cycloid path that the ankle follows. 

METHODS

We  propose  to  develop  a  two-segment  foot-contact  model
(Fig. 2) with a flexible midfoot. The separate forefoot segment
will contact  the ground plastically upon impact,   preventing
the ankle from rapidly moving through the cusp of the cycloid.
Since footpads are very stiff under load (1600 N/mm under a
load of 1 body weight [2]) we can approximate the heel and
forefoot  using smooth rigid shapes  that  contact  the  ground.
We can describe the rigid foot-ground contact using kinematic
constraints  which  have  the  benefit  of  being  well  suited  for
optimization. Using a bristle friction model [3] we will include
the shear forces of the foot pads so that the multi-body foot
model is not kinematically over-constrained at mid-stance. 

RESULTS AND DISCUSSION

We are presently working to synthesize new walking motions
with the proposed two-segment foot and expect to have results
ready in time for ISB 2019.
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Figure  2: The  reduced  planar  gait  model  driven  by  agonist-
antagonist  pairs  of  muscle-torque-generators.  The  foot  is  a  multi-
segment model with the plantar fascia represented.

Figure 1: Walking is modelled in 2 phases A) using an ellipse-plane
constraint B) to model the stance phase. The LSQ problem produces
reasonable ground forces C) while the minimization does not D).
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Summary 

A rotating platform (RP) total knee replacement (TKR) design 
increased total contact area and reduced peak contact pressures 
compared to a fixed-bearing (FB) design in a finite element 
analysis (FEA) of turning gait. Considering physiological knee 
biomechanics through FEA may provide important design 
criteria towards developing an implant that feels natural and 
can withstand loading during daily activities. 

Introduction 

Turning gait is an important activity of daily living [1] that 
significantly affects knee biomechanics [2,3], likely contributing 
to TKR functional performance, wear and patient satisfaction [4]. 
Rotating platform knees were designed to improve physiological 
movement patterns and reduce contact stress on the implant, with 
evidence supporting greater axial rotation during turning [3] and 
reduced wear rates compared to FB prostheses [5]. However, in 
their experimental study of turning, Zürcher et al. did not perform 
controlled comparisons between FB and RP implant designs, and 
surgical techniques were inconsistent across implant designs [3], 
which may limit the ability to definitively assess differences 
between the implants. Therefore, the purpose of this study was to 
perform controlled comparisons between FB and RP designs 
through FEA of turning gait to evaluate implant performance 
during biomechanically demanding activities. 

Methods 

Generic FB and RP knees were designed in the Abaqus FEA 
software (Figure 1). The femoral component was identical 
between designs, with a sagittal J-curve similar to common 
commercial implants and a coronal radius of curvature of 40 
mm. Flexion and axial load boundary conditions were applied 
to assess device performance during straight-line walking 
(adapted from [5]) and turning gait (continuation step adapted 
from [2]). Axial rotation was applied directly to the tibial 
insert in the FB design and was applied to the tibial baseplate 
in the RP design. The RP insert was able to freely rotate 
relative to the baseplate. Anterior-posterior translation of the 
insert was fixed in both designs. Two types of turns were 
included in the analysis: a spin turn (inside limb: +15º internal 
rotation) and a step turn (outside limb: -15º external rotation). 
Except for axial load applied to the femoral component, 
displacement control was used to simulate a complete gait 
cycle for straight-line walking and stance phase during turning 
gait. Outcome metrics included contact area and peak contact 
pressure between the femoral component and tibial insert for 
both designs. 

Results and Discussion 

A 4-fold increase in minimum total contact area occurred for the 
RP (420.1 mm2) vs. FB (100.1 mm2) designs during straight-line 
walking, with a small decrease (-2.9%) in peak contact pressure 

for RP (36.2 MPa) vs. FB (37.3 MPa). Minimum total contact 
area increased for step (+61 mm2) and spin (+220 mm2) turns in 
the RP design compared to FB, with both turns demonstrating a 
35% reduction in peak contact pressure for RP vs. FB (Figure 2). 

              
Figure 1: FEA peak contact pressures during a spin turn for RP (left) 
and FB (right), near 2nd peak axial loading and ~13º internal rotation. 

 

  
Figure 2: Peak contact pressure (MPa) and total contact area (mm2) 
across stance for the RP and FB designs during spin and step turns. 

Conclusions 

The RP design enhanced turning performance by accommodating 
increased axial rotation with reduced peak pressure compared to 
FB. The RP design may better facilitate daily activities that include 
biomechanically demanding tasks, such as turning.  

References 

[1] Glaister BC et al. (2007). Gait Posture, 25: 289-94. 
[2] Dixon PC et al. (2013). Gait Posture, 38(4): 870-5. 
[3] Zürcher AW et al. (2014). The Knee, 21: 960-63. 
[4] Madanat R et al. (2018). Hinge Implants; Springer. 
[5] McEwen HM et al. (2005). J Biomech, 38(2): 357-65. 

Step Turn Spin Turn 

Tib. Radius of Curv. 
Sagittal: 79.9 mm 
Coronal: 41.8 mm 
 

Tib. Radius of Curv. 
Sagittal: 80.0 mm 
Coronal: 42.2 mm 
 

Rotating Platform 
 

Fixed-Bearing 
 

Friday, August 02 2019: Posters (1600-1800) 1084

Modelling: General Simulations Lower + Upper Limb 2



 

 

A new computational process for evaluation of footwear traction performance  

 

 Shu-Yu Jhou 1, Wei-Chun Hsu 2, Ching-Chi Hsu 1 
1 Graduate Institute of Applied Science and Technology, National Taiwan University of Science and Technology, Taipei 106,  
2 Graduate Institute of Biomedical Engineering, National Taiwan University of Science and Technology, Taipei 106, Taiwan 

Email: hsucc@mail.ntust.edu.tw  

 

Summary 

To keep up with competitive footwear market nowadays, the 

progress in modeling and computational simulation is a 

promising solution for accelerating the product development 

time, and providing customized products. In this study, the 

effect of various tread pattern designs on traction performance 

during gait motion have been analyzed by employing an 

approach that integrate the digital sculpting technology and 

finite element (FE) method with motion analysis. This more 

cost and time efficient manner for evaluation of traction 

performance is preliminary. Comparative studies are needed. 

Introduction 

Mechanical testing is commonly used for evaluating the 

traction performance. The whole shoe tester has been issued 

by SATRA Technology Centre for measuring the coefficient 

of friction [1]. However, the mechanical testing is time-

consuming and high cost. Developing computational 

simulation could reduce the number of design iterations and 

improve the design quality. Previous studies have developed 

the FE model to predict the coefficient of friction and reaction 

force [2]. However, the oversimplified model and lack of 

individualized subject condition are common in previous 

numerical studies. In this study, we aim to provide a progress 

computational modeling and simulation manner to evaluate 

the traction performance in the actual person-situation. 

Methods 

The state of the art software, Geomagic Freeform (3D Systems, 

Rock Hill, SC, USA), was used to create a complex three-

dimensional shoe model which could be imported into 

ANSYS Workbench 18.2 (ANSYS, Inc., Canonsburg, PA, 

USA) for tread pattern design and traction performance 

analysis. Twelve types of outsole tread designs were divide 

into two group (Fig. 1). In the group one, straight stripe and 

herringbone design were developed and three tread densities 

were given to each design (G1_A-2、G1_A-5、G1_A-8、

G1_B-2、G1_B-5、G1_B-8). Two commercially available 

tread pattern designs (G2_A、 G2_B) and four original 

designs (G2_C、G2_D、G2_E、G2_F) were developed in 

the group two. A participant performed level walking on the 

force plate. The dynamic plantar pressure was recorded using 

the F-scan system (Tekscan, Inc., South Boston, MA, USA) 

and applied as the loading condition in FE model. ANSYS 

ACT (Application Customization Toolkit) was used to create 

the automatic pressure application on FE model. Geometric, 

material and contact nonlinearities were performed in FE 

analysis. Both ends of the shoe were fully constrained 

throughout simulation while the horizontal displacement was 

applied to the ground. 

 
Figure 1: A 3D shoe model and twelve types of tread pattern designs 

Results and Discussion 

As shown in Fig. 2A, the reaction force in the moving 

direction decreased when tread density decreased among both 

G1_A and G1_B. The herringbone tread pattern (G1_B) had 

the higher value of reaction force compared with straight 

stripe tread pattern (G1_A). For the plastic material, the real 

contact area is one of the main contributors to the reaction 

force. The greater real contact area between the shoe and 

ground has greater reaction force. Fig. 2B represents the 

results of two commercially available designs and four 

original designs. It is observed that the reaction force of the 

G2_C was greater than that of the others. Besides real contact 

area, the stiffness of the tread designs could affect the reaction 

force. 

 

Figure 2: The results of reaction force and contact area of  

(A) group one and (B) group two. 

Conclusions 

Increasing the structure stiffness and contact area of outsole 

tread pattern design could achieve better traction performance. 

This progress computation process provides a more cost and 

time efficient manner for footwear industry. 
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Summary 

To improve the methods used to compare density-modulus 

relationships and material mapping strategies, this study used 

experimental loading of scapulae within a micro-CT. 

Experimental boundary conditions (BCs) were replicated in 

QCT-FEMs using digital volume correlation (DVC), and DVC 

was used to compare the experimental loading results to QCT-

FEMs based on reaction forces and full-field displacements. 

QCT-FEMs were assigned mechanical properties derived from 

different density-modulus relationships and either elemental or 

nodal material mapping strategies.  

Introduction 

Subject-specific finite element models (FEMs) allow for a 

variety of biomechanical and clinically relevant conditions to 

be tested in a highly repeatable manner. The accuracy of these 

FEMs is improved by mapping density using quantitative 

computed tomography (QCT), and by choosing a constitutive 

relationship that relates density to the mechanical properties of 

the bone tissue. Although QCT-derived FEMs have become 

common practice in contemporary computational studies of 

whole bones, many of the density-modulus relationships used 

at the whole bone level were derived using mechanical loading 

of small trabecular or cortical bone cores [1,2]. These cores 

were mechanically loaded to derive an apparent modulus, 

which is related to each core’s mean apparent or ash density. 

This study used these relationships and either elemental or 

nodal material mapping strategies to elucidate optimal 

methods for scapular QCT-FEMs.  

Methods 

Six cadaveric scapulae (3 male; 3 female; mean age: 68±10 

years) were loaded within a micro-CT in a custom CT-

compatible hexapod robot. Pre- and post-loaded scans were 

acquired (spatial resolution = 33.5 µm), and DVC was used to 

quantify experimental full-field displacements (BoneDVC, 

Insigneo) [3]. Experimental reaction forces applied to the 

scapulae were measured using a 6-DOF load cell.  

Finite element models (FEMs) were derived from 

corresponding QCT scans of each cadaver bone. These models 

were mapped with one of fifteen density-modulus 

relationships and either elemental or nodal material mapping 

strategies. DVC-derived BCs were imposed on the QCT-

FEMs using local displacement measurements obtained from 

the DVC algorithm [4]. Comparisons between the empirical 

and computational models were performed using resultant 

reaction loads and full-field displacements.  

Results and Discussion 

Reaction forces predicted by the QCT-FEMs showed large 

variations in percentage error across all specimens and 

density-modulus relationships when an elemental material 

mapping strategy was used. The percentage errors were as 

large as 899%, but as low as 3-57% for the different 

specimens. Similarly, when using a nodal material mapping 

strategy, percentage errors were as large as 965%, but as low 

as 4-59% for the different specimens.  

For all specimens, minimal variation only occurred in the 

slope between the QCT-FEM and DVC displacements in the x 

and y directions for either elemental or nodal material 

mapping strategies. Slopes ranged from 0.86 to 1.06. This held 

true for 3 specimens in the z direction; however, for the 

remaining 3 specimens more pronounced variations occurred 

between the QCT-FEM and DVC displacements, dependent 

on density-modulus relationship. The R2 values were 

consistently between 0.82 and 1.00 for both material mapping 

strategies and density-modulus relationships for all three 

Cartesian components of the displacement and all specimens.  

Conclusions 

The results of this study suggest that QCT-FEMs using DVC 

derived boundary conditions can replicate experimental 

loading of cadaveric specimens. It was also shown that only 

slight variations exist when either elemental or nodal material 

mapping strategies are adopted. Given the recent 

advancements provided by DVC-derived BCs, this study 

provides a basis for a common methodology that can be 

implemented in future studies comparing similar outcomes in 

all anatomic locations. Expanding the current sample size has 

the potential to determine if a single density-modulus 

relationship can exist or if specimen or anatomic location-

specific relationships should be utilized. 
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Summary
While a human’s preferred walking speed is understood to arise
from energy optimization, energy criteria alone do not explain
how task-level requirements such as speed regulation are main-
tained in the presence of neuromotor noise andmotor redundancy.
Here, we employ a 3D dynamic walking model and implement a
hierarchical parametric control strategy that allows the walker to
maintain a desired speed in the presence of actuation noise.

Introduction
Humans choose their preferred walking speed to optimize energy
expenditure [1]. However, recent experimental studies of inter-
stride fluctuations during treadmill walking [2, 3] have shown
how humans regulate speed, whether preferred or not. An open
question, however, is how such empirical studies of stepping
behavior are related to the underlying walking dynamics. We
here study the behavior of a 3D anthropomorphic model [4], in
this case modified to be driven by a toe-off impulse with added
“motor” noise, and show how it can be regulated to maintain any
target walking speed in a permissible range.

Methods
The model equations were derived following [4], with a toe-off
impulse added to permit overground walking. A complete gait
cycle, consisting of swing phase and heel strike, can be expressed
in terms of a Poincaré map with the form

xk+1 = f(xk;P, β) , (1)

where: xk denotes thewalker state just before heel strike; P is the
toe-off impulse; and β is the walker’s splay angle. The system’s
“long period gaits” (a specific branch of period-1 fixed points to
Eq. 1) have a lateral roll instability [4] which must be stabilized
for steadywalking. For a fixedP , gaits are stabilized by adjusting
β. Thus, for each point in a region of the (P, β) parameter plane
we obtained a stable gait. In this plane, goal-equivalentmanifolds
[5] for constant speed walking were obtained (Fig. 1a).

A Gaussian random perturbation νk is added to the impulse at
each step to represent motor noise: Pk+1 = Pk + νk. Then, a
goal-equivalent speed regulator operating in the parameter space
is added to the previously stabilized system. The purpose of this
regulator is to directly drive the current system parameters onto
a targeted constant speed curve at the next step. That is, it makes
adjustments (δP, δβ) so that at the next step (P, β) are at the
closest point on the target speed curve. Thus, the adjustments
satisfy

t̂T
[
δP
δβ

]
= 0 , (2)

where t̂ is a unit vector tangent to the selected speed-equivalent
manifold in the (P, β) plane (Fig. 1a).
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Figure 1: Comparison of noisy stepping dynamics, both with (blue)
and without (red) speed regulation: (a) (P, β) (impulse, splay angle)
parameter plane; black lines are constant speed manifolds. (b) Step
speed time series. Without regulation, step speed is random walk (red),
but random walk closely follows a constant speed manifold (blue) with
the speed regulator activated.

Results
Simulation results for a typical long period gait are shown in
Fig. 1. Without speed regulation, the system exhibits a random
walk in the (P, β) parameter space (Fig. 1a). Thus, actuation (i.e.,
“motor”) noise prevents the walker frommaintaining the selected
walking speed (Fig. 1b). With speed regulation, however, the
random walk in the parameter space closely follows the curve in
the (P, β) plane corresponding to the target speed, thus keeping
the step speed nearly constant.

Conclusions
Starting with a powered variant of a 3D compass walker, we im-
plemented a speed-equivalent regulator to compensate for sim-
ulated motor noise. The regulator maintains stable gait at any
feasible constant speed, a task-level goal “selected” by the walker
independent of energetic concerns. This hierarchical regulation
structure is minimal in that it only makes parametric adjustments
that are “goal relevant”, which, that is, impede achievement of the
desired goal. It is also general, in that it permits the regulation of
any feasible target speed. In principle, a similar approach could
be used for other task-level goals during gait, such as maintaining
position, heading, step width, or step time.
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Summary 

The assessment of kinetics during stair gait can only be 
achieved using costly force plates, which makes it difficult to 
implement in most clinical settings. In this study, we aimed to 
validate a depth sensor-driven musculoskeletal model using 
the AnyBody modelling system to predict three-dimensional 
ground reaction forces (GRFs) during stair climbing.  

Introduction 

Stair climbing is a common activity of daily living that 
presents a greater biomechanical challenge when compared to 
over-ground walking. As a result, larger lower extremity joint 
moments are required during stair climbing [1]. 

However, it is difficult to measure GRFs during stair climbing 
in the laboratory setting, and this is due to the need to place 
force platforms in the staircase, thus large setup time, and 
technical difficulties. This in return makes it difficult to adopt 
this approach in clinical settings.   

Therefore, the purpose of this study was to validate the 
prediction of the GRFs during stair climbing in healthy 
individuals using a full-body musculoskeletal model driven by 
a depth sensor data only.   

Methods 

Fifteen healthy participants (23.1±4.9 yrs) were recruited for 
this study. A custom-built 3-step staircase without handrails 
was utilized for the stair climbing.  

The Kinect v2 depth sensor (Microsoft Corp. Redmond, WA) 
was located at 2.5 m from the staircase, at a height of 0.75 m 
from the ground. The subjects performed three trials at their 
normal walking speeds with barefoot. The Kinect’s depth data 
was analyzed by subtracting the background depth information 
and tracking the subjects’ movement using anthropometric 
models in order to extract 26 joint trajectories using a 
customized MATLAB code. 

The musculoskeletal GaitFullBody model (AnyBody 
Technology, Aalborg, Denmark), generated the stair climbing 
GRFs using a modified version of the method proposed by 
Fluit et al. and Skals et al. [2-3]. This is attained by 25 
artificial muscle-like actuators that are placed under each foot. 

Mean differences between the measured and predicted GRFs 
were compared using paired samples t-tests in order to 
establish any significant difference between the measured and 
predicted values. The ensemble curves and associated 90% 
confidence intervals (CI90) of the vGRF were compared 
between both systems. 

 

 

Results and Discussion 

Predicted braking peak vertical GRF (p = .01) were 
significantly greater when compared to the directly measured 
values during the stair climbing. In addition, peak propulsive 
vertical GRF (p = .57), braking horizontal GRF (p = .84), and 
propulsive horizontal GRF (p = .65) were not significantly 
different than the measured values.  

 
Figure 1: The ensemble curve of measured (grey) and predicted 

(black) GRFs during stair climbing. 

Reliable GRF parameters at discrete points (i.e. peak GRF) 
during the stair gait cycle is the crucial factor to kinetic 
assessment in the meaningful quantification of a movement 
task [4]. Therefore, it is important to have a clear 
understanding of the ability of the depth sensor-driven 
musculoskeletal model in predicting valid GRFs throughout 
the stair gait cycle. As shown in Figure 1, the predicted GRF 
plots obtained by the Kinect-driven AnyBody full body model 
showed similar patterns to the measured values during stair 
climbing, in both the vertical and horizontal GRFs. 

Conclusions 

The predicted GRFs during stair climbing, that was obtained 
using the developed Kinect-driven musculoskeletal model, 
proves that depth sensor-driven musculoskeletal model has the 
potential to be an effective, accurate stair gait analysis tool in 
the clinical setting.  
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Summary 

We hypothesize that the articular surfaces of the carpals are 

shaped to optimally distribute contact loads. To test this 

hypothesis, we developed a congruence-based forward model 

and validated it with in vivo data. A single wrist was analyzed 

by taking a high-resolution MRI and three CT scans during a 

simulated hammering motion. In the kinematic model, two 

degrees of freedom (DOF) were imposed, while the remaining 

40 DOF were computed to optimize load distribution. 

Maximum mean absolute errors (MAE) between CT measures 

and model predictions were 6.52° and 1.27 mm for rotations 

and translations, respectively. These preliminary results 

support the validity of the model and further confirm the 

functional relevance of the hammer motion. 

Introduction 

The relationship between form and function of the carpal joint 

during functionally relevant tasks remains unclear. We 

hypothesize that the articulations are shaped by an adaptation 

process aiming at optimally distribute contact loads [1]. The 

goal of this study was to test this hypothesis by simulating a 

hammering motion using assumptions of optimal congruence. 

The hammer motion was chosen because it represents a 

functionally relevant task, optimized in terms of radiocarpal 

stability [2]. Our model determines bone pose by maximizing 

a measure of the joint congruence [3]: the more congruent the 

articular surfaces, the smaller the peak contact pressure. This 

approach was previously validated for the ankle and the knee 

[4,5] and is here tested on the wrist. 

Methods 

This analysis was done using the data from a single participant 

of a larger study. CT scans of the wrist in positions replicating 

hammering postures were acquired. Cartilage surfaces were 

acquired using a 3T MRI Scan (VIBE Sequence). Starting 

from the first hammer motion pose, experimental flexion and 

ulnar deviation of the capitate were imposed while the 

remaining 40 DOF were determined by simultaneously 

maximizing joint congruence of 11 articulations. We then 

compared the simulated results with the measured CT poses. 

Results and Discussion 

Table 1 shows the MAEs between model predictions and 

experimental measures for each carpal bone. Rotational errors 

were generally more apparent than translational errors. The 

highest errors were in pronation. Model prediction improved 

toward the end of the motion (Fig. 1, left). This suggests that 

optimal load distribution is prevalent on the final part of the 

hammer motion, where impacts take place.  

 

Figure 1: The two extreme poses of the hammer motion. In blue the 

poses form CT, in purple the model predictions. 

Conclusions 

The presented analysis supports the predictive capability of 

the model and confirm the functional relevance of the hammer 

motion. This model provides a simple and non-invasive way 

to characterize the individual motion of the wrist, needing 

only a 3D representation of the articular surfaces. Next 

activities will extend the analysis on additional subjects. 
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Table 1: Mean absolute error between model prediction and experimental measure for each carpal bone. 

 CAPITATE LUNATE SCAPHOID HAMATE TRIQUETRUM TRAPEZOID TRAPEZIUM 

Flexion – extension [°] -- 4.67 1.85 1.55 3.26 2.94 5.59 

Radial – ulnar deviation [°] -- 2.32 1.69 2.21 6.19 0.64 3.61 

Pronation – supination [°] 5.15 2.98 3.99 5.06 6.52 5.64 5.23 

Anterior – posterior translation [mm] 1.10 0.52 0.57 1.02 1.10 0.72 1.10 

Proximal – distal translation [mm] 0.23 0.26 0.40 0.40 0.30 0.96 1.27 

Flexion – extension [°] 0.59 0.66 0.69 0.66 0.76 0.70 0.92 
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Summary 

In this study, a ten degree-of-freedom, two-legged cyclist 

and bicycle model was developed and utilized for predictive 

dynamic simulations of standing starts. Direct collocation 

optimal control was used to generate the predictive 

simulation with the goal of maximizing distance travelled 

over a fixed time. Simulation results were compared with 

experimental data from a member of the Canadian Olympic 

team performing standing starts on the track. The predictive 

simulations replicated key aspects of the experimental 

standing start technique such as the drive and reset. 

Introduction 

Predictive dynamic simulation is a useful tool for exploring 

how and why the human body moves the way it does. Here 

predictive simulation is applied to cycling to gain a better 

understanding of the optimal kinematics for the standing 

start, a contrast from previous modelling and simulation 

studies of cycling that have typically focused on seated 

pedalling on an ergometer.  

Methods 

The combined cyclist and bicycle model was developed 

using MapleSim (Figure 1). The bicycle consisted of four 

bodies (frame, crank, and two wheels) connected by revolute 

joints. The wheel-ground interactions were modelled using 

the Pacejka tire model [1]. To eliminate the need for 

balancing/steering controllers, the bicycle was constrained to 

remain upright and follow a straight path. The cyclist was 

composed of ten rigid bodies (two feet, shanks, and thighs; 

one trunk, upper arm, forearm, and hand modelling the 

combined symmetric motion of the upper limbs), with 

properties scaled to match that of the experimental 

participant. The model was actuated using muscle torque 

generators at each of the joints. A joint torque scaling model 

developed by Anderson [2] was implemented to account for 

the muscle force-length and force-velocity relationships. 

 

Figure 1: Cyclist and bicycle model in MapleSim 

To compare to the model, experimental data (crank torque, 

cadence, and joint kinematics) were collected for a single 

member of the Canadian team performing standing starts 

(N=6) on the track. The cyclist started with the bicycle fixed 

in the starting gate and accelerated to top speed as quickly as 

possible. This study focused on the portion of the event in 

the straightaway of the track, which allowed for the 

modelling simplification of straight-line cycling. 

The predictive simulation was generated using GPOPS-II, 

direct collocation optimal control software [3]. The objective 

function was to maximize the distance travelled in the fixed 

time (t = 5 s). No experimental data was tracked. 

Results and Discussion 

Overall, the simulation outperformed the experimental trial 

(Table 1), while exhibiting similar features in the technique. 

In a standing start the cyclist will rise from the seat and shift 

the body longitudinally relative to the frame to overcome the 

mechanically-inefficient position that occurs when the crank 

is at top dead centre. These drive and reset manoeuvres were 

seen in both the simulation and experiment and occurred at 

similar points of the pedal stroke. One of the most notable 

differences between simulation and experiment was the 

unrealistic ability of the simulation to perfectly time the gate 

release, thus allowing it to almost perfectly transfer its initial 

momentum from the pre-launch into the launch phase.  

Table 1: Comparison of results at 15 meters from starting position. 

 Time (s) Speed (m/s) Cadence (rpm) 

Exp. 3.01 7.2 62 

Sim. 2.45 8.8 72 
 

Conclusions 

A two-legged Olympic cyclist and bicycle model was 

developed and used for predictive simulation of a track 

cycling standing start. The simulation was able to replicate 

key features of the standing start technique using a simple 

objective function. The model’s use in ``What-if?'' scenarios 

presents interesting possibilities for investigating optimal 

techniques and equipment in cycling.  
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Summary 

Use of an adaptive treadmill enables natural variation in 

walking speed and may be beneficial for rehabilitation 

applications. This study investigates the differences in plantar 

flexor muscle force during walking with an adaptive treadmill 

versus a fixed speed treadmill. While walking at self-selected 

(ss) speeds with the adaptive treadmill, the medial 

gastrocnemius (GAS) generates a lower peak force while the 

soleus (SOL) generates a higher peak force during late stance 

phase than when walking with the fixed speed treadmill. This 

suggests altered contributions to forward propulsion. 

Introduction 

Fixed speed treadmills allow for collection of data over 

multiple consecutive gait cycles but not for normal variations 

in walking speed, and thus cannot accurately emulate real 

world walking. Real-time adaptive treadmills respond to the 

user’s gait mechanics to adjust speed. Ray et al. showed that 

individuals choose faster ss speeds, similar to overground ss 

speeds, with the adaptive versus fixed speed treadmill [1]. It is 

unclear why faster speeds were selected with the adaptive 

treadmill.  

Simulations have been used to understand how individual 

muscles support normal walking [2] and how muscle function 

changes with walking speed [3]. The purpose of this study is 

to use simulations to investigate if the function of the primary 

ankle plantar flexor muscles, GAS and SOL, is altered by the 

real-time adaptive control to promote faster ss walking speeds.  

Methods 

Five healthy adults participated in this study (26 ± 6 years,       

1.78 ± 0.03 m, 73.37 ± 7.85 kg, 3 male). Motion capture (100 

Hz) and force data (2000 Hz) was previously collected for 

participants walking on the same treadmill at ss speeds chosen 

uniquely for the fixed speed and adaptive treadmill control [1].  

Subject-specific inverse dynamics simulations were generated 

for three gait cycles for each treadmill control, for a total of 

six for each subject, from the motion capture walking data 

using Visual3D (C-Motion, MD, USA). The motion files were 

exported to OpenSim 4.0 [4] and applied to a generic model 

with 23 degrees of freedom and 92 musculotendon actuators 

scaled by the participants’ dimensions. Residual reduction 

analysis and computed muscle control were run to find GAS 

and SOL muscle force and activation. Statistical analysis was 

not conducted due to the small sample size.    

Results and Discussion 

With the adaptive control, faster ss speeds were recorded 

(Adaptive: 1.1 ± 0.06 m/s, Fixed: 1.23 ± 0.11 m/s) and larger 

peak anterior ground reaction forces (AGRF) were observed, 

but there was no difference in ankle moment at the time of 

peak AGRF. Peak GAS force was less (54.34 ± 33.78 N) and 

peak SOL force was greater (117.8 ± 67.01 N) for the real-

time adaptive control compared to the fixed-speed control 

(Figure 1). The peak forces for both the GAS and SOL 

occurred during late stance with no difference in timing. 

 

Figure 1. Representative subject muscle recruitment 

During late stance phase (30-50% gait cycle), GAS and SOL 

are the primary muscles that assist with forward propulsion 

and increases with speed [3]. The energy produced by the SOL 

and GAS are mostly delivered to the trunk and to the leg for 

swing initiation respectively [5]. However, our results indicate 

that even though increased speed is observed with the adaptive 

control, the GAS force contribution decreases. For the ankle 

torque to remain unchanged, it is reasonable that as the SOL 

force increases the GAS force decreases. The increase in SOL 

and decrease in GAS force implies that more energy is 

required to propel the trunk forward with the adaptive control 

while less energy is required to initiate swing phase. This 

suggests that with the adaptive control less force is required to 

initiate swing even though speed is increased, which may be 

due to the ability of the adaptive control to respond to 

variations in gait mechanics and generate a more natural gait 

pattern.   

Conclusions 

This study shows that with an adaptive treadmill control SOL 

force increases with speed but GAS force decreases. Since the 

ankle torque at the instant of peak AGRF remains the same, 

less energy may be required for swing initiation with more 

energy needed for trunk propulsion on the adaptive treadmill. 

Future work should analyse a larger population to test for 

significance as well as determine if these trends persist for 

individuals with neuromuscular impairments.   
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Summary 

Full body musculoskeletal models are of great interest due to 

their ability to capture a more accurate representation of 

human motion. Over time, full body models have grown in 

detail, although more work must be done. In this work, 

previously validated OpenSim models are combined to 

create a more detailed full-body model with necessary body 

joints. It is expected that we will be able to use this model 

for future analysis of various motions such as walking, 

running, or lifting. After the completion of the verification 

and validation processes, this model will be freely available 

for download in the OpenSim community. 

Introduction 

Musculoskeletal modelling is a powerful tool that 

researchers have used to analyse the dynamics of human 

motion. OpenSim is a free, open-source software that has 

been used to create and share dynamic models of the human 

body. 

While full-body models have progressed over the past 

decade, not many incorporate detailed musculature of the 

spine. There is one model that focuses on the cervical and 

thoracic portions [1] of the spine, but that model does not 

include full body musculature. The development of more 

physiologically accurate models would lead to better 

simulation results by incorporating additional degrees of 

freedom and musculature in the spine and torso for various 

applications. The purpose of this work is to create a more 

detailed full-body musculoskeletal model of the human body 

by combining previously validated OpenSim models. 

Methods 

Model Development 

So far, we have created our new full body model by 

combining the previously validated Full Body Lumbar Spine 

(FBLS) model [2] with the Musculoskeletal model for the 

Analysis of Spinal Injuries (MASI) [3]. Both models used 

the full body model developed by Hamner [4] as a base. In 

this work, the FBLS model serves as our base model. 

Both models were scaled to the same size and six joints from 

the MASI model were combined with the FBLS model. The 

scaled results of the mass properties of MASI were taken as 

true. Although both models use Hamner as a base, each 

model has different definitions for the torso, where the FBLS 

has the lumbar spine defined as individual bodies and MASI 

lumps the torso into two separate masses: the spine and the 

torso. New mass properties for the appropriate bodies were 

manually determined using the parallel axis theorem. The 

muscles from the scaled MASI model were carefully mapped 

to the FBLS model and it was ensured that the geometry 

paths were kept consistent with the original model. The 

MASI model incorporated a detailed coupling constraint for 

the scapula-clavicular joint, as well as constraints for the 

cervical spine motion and these constraints are reflected in 

the new model. 

At this moment, our model contains 36 body segments, 402 

muscles, and 37 degrees of freedom (Figure 1). We intend to 

also incorporate musculature in the upper extremities using 

an additional upper body model available through the 

OpenSim User-Contributed Models database. 

 

Figure 1: Front and back view of the new full body 

musculoskeletal model. 

Model Validation 

Our validation process is currently being developed by 

following the suggestions made by Hicks [5], as well as the 

process taken by the authors of the original FBLS and MASI 

models.  

Expected Results and Conclusions 

Once this model has been tested by the appropriate 

verification and validation methods, it will be available to 

other OpenSim users. In addition, we intend to extend our 

work to predict spine disk pressure/stress for different tasks 

such as walking, running, or lifting. 
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Summary 

The current work encompassed the development of a multi-
directional CT-compatible mechanical testing device and 
quantified the accuracy of full-field displacements predicted 
by QCT-FEMs of the scapula. Digital volume correlation 
(DVC) was used to derive full-field experimental 
displacement measurements of deformed cadaveric specimens. 
Accuracy of the QCT-FEMs was found to be highly sensitive 
to the assigned boundary conditions; however, close 
agreement with experimental results was achieved with DVC-
derived boundary conditions. 

Introduction 

Subject-specific finite element models (FEMs) of the shoulder 
complex provide the capability to non-invasively predict 
internal load distributions. However, the accuracy of these 
models is to some extent unknown. Currently, experimental 
validation of QCT-based FEMs of the shoulder is limited to 
localized predictions on the cortical shell, while the accuracy 
of internal predictions within the trabecular bone has yet to be 
explored. 

Methods 

A custom-designed six degree-of-freedom hexapod robot was 
fabricated with carbon fiber struts for compatibility with a 
cone beam microCT scanner. MicroCT scans (33.5 µm 
resolution) were acquired for four specimens in pre- and post-
loaded states (500 N compressive applied load). BoneDVC 
was used to derive a volumetric experimental displacement 
map (sub-volume size of ≈ 1 mm) (Figure 1) [1]. 

QCT-FEMs were generated for each specimen. Three separate 
boundary conditions (BCs) were modelled. Experimentally-
idealized BCs were simulated by rigidly fixing the medial 
border of the scapulae and applying either a force (idealized-
force BC) or displacement (idealized-displacement BC) to the 
virtual loading platen. Also, a DVC-derived BC was modelled 
by directly imposing the local displacements quantified by the 
DVC algorithm to the top and bottom face of the QCT-FEMs 
[2].  

Linear regression analysis between local displacements along 
the x, y, and z directions predicted by the QCT-FEMs and 
experimental DVC results was performed.  

Results and Discussion 

DVC-derived BCs resulted in the closest match to the 
experimental results (best agreement (1:1 relationship) and 
highest correlation (r2

≈1)) compared to the idealized-
displacement and idealized-force BCs (Table 1). In addition, a 
two orders of magnitude decrease was observed in RMSE, 
with the lowest errors found using DVC-derived BCs (average 
RMSE = 4.7±1.3 µm, N=4) compared to the idealized-
displacement (average RMSE = 538±239 µm, N=4) and 
idealized-force (average RMSE = 749±379 µm, N=4) BCs.  

Conclusions 

The results of this study show that errors in local 
displacements predicted by QCT-based FEMs of the shoulder 
can be minimized if the experimental boundary conditions of 
the model are appropriately replicated. This has the potential 
to significantly improve the accuracy of QCT-based FEMs, 
which could be used to preoperatively optimize patient 
outcomes associated with a variety of surgical interventions.   
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Table 1: Linear regression results between local displacements predicted by QCT-based FEMs and DVC experimental results 

Idealized-Force BC Idealized-Displacement BC DVC-Derived BC 
Specimen # 1 2 3 4 1 2 3 4 1 2 3 4 

Slope (m) 
x-direction 0.52 -0.02 0.01 1.05 2.84 -0.03 0.90 1.39 1.00 0.99 0.99 0.93 
y-direction 0.21 -0.10 0.31 1.66 1.00 0.17 0.96 1.69 0.99 0.99 1.05 0.93 
z-direction 0.11 -0.13 0.10 0.88 0.54 0.08 1.01 1.65 1.01 1.00 1.02 1.02 

Coefficient of  
Correlation (r2) 

x-direction 0.89 0.01 0.00 0.93 0.95 0.00 0.48 0.85 0.97 0.99 1.00 0.97 
y-direction 0.38 0.59 0.50 0.82 0.37 0.01 0.16 0.62 0.98 1.00 0.95 0.83 
z-direction 0.10 0.47 0.48 0.77 0.06 0.00 0.94 0.82 0.99 1.00 1.00 0.99 

Carbon-
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Struts 

Loading 
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Hexapod Loading Robot 

Pre-Loaded µCT Scan 

 

Post-Loaded µCT Scan 

 

 

Figure 1: A custom-designed hexapod robot was used to quantify 
full-field displacements of cadaveric scapular specimens. 
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Summary 

Knee joints undergo various loading and unloading processes. 

Earlier investigations had a marginal focus on rate-dependent 

load response associated with viscoelastic and poromechanical 

behaviors of the joint. In this study, a fully meniscectomized 

porcine knee joint compression was simulated with a 

viscoelastic and poromechanical model of the knee joint. The 

model feature was implemented using the elastic properties of 

the fibrillar and nonfibrillar matrices and the permeability of the 

cartilages. The reaction force of the meniscectomized joint 

showed compression-rate-dependence: for a given compression 

magnitude, higher compression rate yielded higher reaction 

force. The reaction force predicted by the model generally 

agrees with the measurements from laboratory tests, which 

partially validates the modeling methodology. 

Introduction 

Losing a meniscus due to damage to the tissue and subsequent 

symptoms reduces the cushioning and stability of the joint. 

Hence, the knowledge of joint mechanics is essential for 

understanding the mechanism of joint injury and disease. 

Earlier studies believed that elastic soft tissues with saturated 

interstitial fluid could be used to approximate the instantaneous 

load response of the joint [1]. As such, a nearly incompressible 

porous solid matrix with a large effective elastic modulus has 

often been used in elastic modeling to approximate the 

incompressible response of the tissues at fast knee compression. 

The effect of loading rates on the joint response has normally 

been investigated with ex-vivo experiments [2]. 

The objective of this study is to build a finite element model of 

a pig knee joint to determine the meniscectomized joint 

mechanics that complies well with ex-vivo creep and stress 

relaxation tests to understand the significant implication of 

meniscectomy in the joint mechanical function. 

Methods 

A micro CT scanner with a resolution of 60.7 μm was used to 

obtain femur and tibia geometries of a fresh porcine knee joint. 

An automated indentation mapping tester (Mech-1, 

Biomomentum, Montreal) was adapted to gain the surface data 

of articular cartilages. Surface generation was achieved in 

MATLAB for bones while Grasshopper add-ins of Rhinoceros 

3D was employed to reconstruct the cartilage surfaces. 

ABAQUS was employed to mesh the individual tissues and run 

the finite element simulations. A user-defined material 

(UMAT) subroutine developed earlier was used to capture the 

fibril-reinforced feature of the cartilages [3]. Pore pressure 

elements and consolidation procedure were used to capture the 

response of the fluid-saturated cartilages. The cartilage surfaces 

could exudate the excess interstitial fluid during loading. 

Different compression rates, 0 (static), 10 and 100 micron/s, 

with the same ramp compression, 0.8mm, were applied on the 

femur along the flexion angle while the tibia was fixed for 

studying the rate-dependence of the joint. 

Results and Discussion  

The force-compression relationship of the joint was determined 

by both compression-magnitude and compression-rate (Figure 

1). The increase in the reaction force was mostly conspicuous 

for high compression, nonetheless. A strong nonlinear response 

was also seen. 

 

Figure 1: Influence of compression rate on reaction force of 

meniscectomized porcine knee joint. 

Comparison of these results with experimental data in the 

literature [2] verified that the finite element simulation can 

essentially predict the nonlinear and rate-dependent behaviors 

of the knee joint reaction force. 

Conclusions 

The present study focused on a methodology to simulate the 

compression-rate-dependent behavior of knee joints. This 

behavior was documented in the mechanical testing with 

cartilage explants and ex-vivo testing of porcine knee joints. 

The successful simulations can be extended to human knee 

joints for better understanding of the injury, repair and 

mechanobiology of the knee joint. 
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Summary 

A multiscale modelling approach, which combines 

musculoskeletal simulations of a person’s gait and finite 

element analysis (FEA), can be used to predict proximal 

femoral growth. Before this workflow can be used in patient 

populations to answer clinically-relevant questions, it is of 

utmost importance to know how much subject-specific details 

are required for adequate modelling of femoral growth. In this 

study, we investigated the impact of subject-specific loading 

based on musculoskeletal models created from medical images 

on growth rate and direction computations. Our results showed 

that the inclusion of subject-specific geometry and motor 

control in the musculoskeletal simulations have a big impact 

on femoral growth prediction.  

Introduction 

In bone growth modelling, the osteogenic index is used to 

estimate mechanical specific growth rate. The osteogenic 

index can be calculated based on the minimum hydrostatic 

stress and maximum octahedral shear stress at the growth 

place obtained from FEA. Growth direction can be estimated 

based on the average deflection of the neck shaft axis [1]. 

So far, studies that focus on predicting growth of proximal 

femoral morphology are based on a very small number of 

participants (n=1 to n=4) [1, 2]. To answer clinical-relevant 

questions (e.g. if an intervention can be used to avoid the 

development of bone deformities in children with cerebral 

palsy), it is necessary to conduct studies with a larger number 

of participants. However, before we can conduct large-scale 

bone growth studies, we need to know how much subject-

specific details are necessary for adequate modelling of 

femoral growth. In this study, we investigated the impact of 

subject-specific musculoskeletal geometry and motor control 

on growth rate and direction computations. 

Methods 

Magnetic resonance images (MRI), electromyography (EMG) 

and motion capture data of a typically developing (TD) child 

were collected. A subject-specific FE model of the femur of 

the TD child was developed (Figure 1) and used as a reference 

model. Muscle forces and hip joint contact forces during gait 

were computed for the following three approaches: 

 Generic musculoskeletal model and motor control 

 Subject-specific model and generic motor control 

 Subject-specific musculoskeletal model and motor control 

The generic musculoskeletal model was a scaled OpenSim 

model [3], whereas the subject-specific model was created 

based on MRI images (Figure 1) [4]. The generic motor 

control was modelled using static optimization [3], whereas 

the subject-specific motor control was based on an EMG-

informed approach [5]. The calculated muscle and hip joint 

contact forces were used as loading conditions in the FE 

model. Mechanical growth rate and direction were calculated 

and compared between the three different approaches 

(Generic,  MRI and MRI+EMG). 
 

 
Figure 1: Workflow to create the subject-specific FE model (red box) 

and the subject-specific musculoskeletal model (green box).  
 

Results and Discussion 

All three modelling approaches led to similar growth trends, 

i.e. decrease in the neck-shaft angle. However, the exact 

direction of growth differed between the modelling 

approaches (Figure 2). 

 

Figure 2: Growth direction (deviation from the original neck-shaft 

angle in degrees) and magnitude (osteogenic index scaled to be 

visible in the graph) from all three approaches. 
 

Conclusions 

Subject-specific geometry and motor control have a big 

impact on femoral loading and growth predictions and, 

therefore, should be included in musculoskeletal simulations.  
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Summary 

We introduce effective mass as the preferred alternative to         
total system mass when analyzing a multi-link model of the          
human body. Effective mass (EM) is defined as the mass that           
would have equivalent motion characteristics at the point of         
force application if substituted for the whole system. We         
demonstrate our findings by deriving formulations for loaded        
back squat (BS) and bench press (BP) exercises. Our data          
suggest that force-plate-derived metrics such as velocity and        
power contain nontrivial errors when total system mass is used          
to infer kinematics of external loads. We elaborate on the          
sources of these errors and how they can compromise the          
assessment of the validity or reliability of other devices, such          
as motion capture systems, LPTs, and IMU-based tools. 

Introduction 
EM is a physical property in mechanical systems whose         
variations are studied in systems such as the mass-spring         
system [1]. In the context of the human body as a multi-link            
dynamical system, it is unrealistic to assume that the full-body          
kinematics resemble that of the external load (point-mass        
equivalency). Yet, this assumption is commonly observed in        
the Sports Science literature, especially when assessing       
physical performance using force plate (FP) data [2,3].        
Accordingly, the purpose of this project is to evaluate the          
impact of the point-mass equivalency assumption on the        
accuracy of the metrics calculated from FP signals to represent          
the kinematics of the external load. 

Methods 
We analyzed the kinematics of loaded BS and BP exercises          
and derived formulae that show how EM is affected by          
anatomy, musculoskeletal synergy, and load relative to total        
system mass. Concentric movement of the exercises was        
simulated using custom script (R version 3.3.2). An IMU (100          
Hz, MPU 6500) was used to collect angular velocities for          
limbs from a single participant to use in the simulations. The           
second phase of the study involves collecting FP (2000 Hz,          
BP600900, AMTI, USA) and 3D motion capture (200Hz,        
Oqus 1, Qualisys AB, SWE) data to verify simulation results. 

Results and Discussion 

The variations of EM in a loaded BS and BP for different            
loads and femoral lengths, respectively, are shown (Figure 1).         

The horizontal line indicates the equivalency threshold (where        
EM equals total system mass). As can be seen, EM varies           
substantially during the concentric phases of both exercises        
but more so in BS. Since EM is an indicator of how the             
velocity of center of mass (COM) differs from the velocity of           
the point of interest (barbell velocity), the acceleration (and         
thus velocity) values that are computed from FP signals may          
not necessarily describe the movement of the external load,         
even though they accurately represent the kinematics of COM. 

 
Figure 1: Variations of EM during concentric phase of BS and BP 

exercises using simulated anthropometric parameters. 

Conclusions 

Incorporating the total system mass for calculating velocity of         
any point of interest other than COM can result in significant           
errors. One implication of this is that the discrepancies in          
features (e.g., velocity) that are found between devices (e.g.,         
FP vs LPTs) may reflect the fact that these devices measure           
the features at different points in space and are not necessarily           
due to the errors involving the validity of the tool in question.            
Thus, researchers should take caution while extracting       
performance metrics for evaluating the outputs of different        
tracking devices compared with FP. 
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Summary 
We present a statistical shape model (SSM) for predicting 
cartilage morphology from bone, which may enable the rapid 
generation of cartilage morphology from sparse imaging data. 
A SSM was trained on 25 segmented MRIs of the knee. The 
bones of the SSM were fitted to raw segmented data from one 
test subject outside of the training set and one test subject within 
the training set to predict the cartilage mesh. Cartilage 
predictions were reasonable in load bearing areas but poor at 
the boundaries. Predictions were highly accurate within the 
training set, suggesting that increased training will improve 
prediction capabilities.  

Introduction 
Patient-specific computational models of the knee offer 
potential to improve the diagnosis and treatment of disorders 
such as patellofemoral pain and osteoarthritis. The first step in 
creating a patient-specific model of the knee is to segment 
medical imaging data to accurately reconstruct the geometry of 
the bone and cartilage. Segmentation of cartilage currently 
requires high resolution, volumetric MRI and a trained expert 
to produce an accurate result. This process is time-consuming 
and expensive and is one of the rate-limiting steps preventing 
the uptake of models in a clinical setting. 
By exploiting the relationship between the bone and cartilage 
morphology, we aim to develop a statistical shape model to 
predict cartilage morphology from bone. This will enable the 
rapid generation of cartilage morphology using sparse imaging 
data, such as plain film x-ray. 

Methods 
MRI data (n=26) of healthy adult knees (28.4 ± 4.1 years) were 
obtained from a study on patellofemoral pain [1] and randomly 
separated into a set of training data (n=25) and test data (n=1). 
The bones, including the femur, patella, tibia, and their 
corresponding cartilages were manually segmented in Stradwin 
(Machine Intelligence Laboratory, University of Cambridge) to 
produce triangulated point clouds (n=26). To correct for the 
varying field of view (FOV) in the training data, MAPClient [2] 
was used to fit an existing statistical shape model (SSM) to the 
femurs and tibias in the training set (n=25). The femurs were 
cropped at a height equal to the epicondylar width, and the tibias 
were cropped at a height equal to the width of the tibial plateau. 
Gias2 was used to generate a combined SSM of the knee bones 
and cartilage using the training set [3]. The knee SSM was fitted 
to the test data by optimising the principal component weights 
that minimised the least squares distance between the fitted 
meshes and the segmented point clouds of the bones. This 

prediction was repeated on a set of unprocessed segmentations 
from a randomly selected subject from within the training set. 
The absolute unsigned pointwise error and mean errors between 
the predicted and manually segmented cartilage were analysed. 

Results and Discussion 

The mean error in the predicted cartilage mesh was largest in 
the medial tibial cartilage (1.145 ± 0.657 mm) and smallest in 
the patellar cartilage (0.782 ± 0.807 mm). The highest errors 
were distributed near the boundaries of the cartilage: up to 
7.7 mm error when predicting cartilage from new test data 
(Figure 1, right); up to 2.2 mm when predicting cartilage from 
bone within the training set (Figure 1, left). However, the 
method performed better in predicting articular cartilage from 
load bearing areas (error in: femoral articular cartilage = 0.897 
± 0.584 mm; tibial articular cartilage = 0.858 ± 0.409 mm).  

 
Figure 1: Absolute error distribution between predicted and manually 
segmented cartilage, within training set (left) and in test data (right).  

Conclusions 
Prediction of cartilage in load bearing areas were reasonably 
accurate, even with such a small number in our sample size, 
showing promise for use in biomechanical models of the knee, 
where cartilage data may be sparse, limited, or unavailable. 
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Summary 

The purpose of this study is to maximize the performance of 
long jump in lower extremity amputees using computer 
simulation. A two-dimensional human body-prosthesis model 
was constructed, and the jump motion including approach run 
and prosthesis foot were optimized using genetic algorithm to 
maximize the performance. As a result, the optimized jumping 
motion including the approach run and prosthesis foot was 
obtained, which was exceed the personal best record of a 
target player. 

Introduction 

In long jump competitions for lower extremity amputees, 
takeoff motion and prosthesis foot interact with each other. 
Therefore, it is necessary to consider both the takeoff motion 
and prosthesis foot to maximize the long jump performance. A 
simulation system that optimized the takeoff motion and 
prosthesis foot was developed by Hase et al. [1]. In this system, 
approach run was not considered. However, a prosthesis foot 
that is adequate for approach run is different from the one 
adequate for takeoff. The purpose of this study is to optimize 
the long jump motion including approach run and prosthesis 
foot using computer simulation. 

Methods 

This simulation was constructed based on three systems: 
human body-prosthesis system, control system and 
optimization system. In the human body-prosthesis system, 
inertial properties of the entire human body were represented 
by a two-dimensional model with 10-rigid-link system. Every 
link had 1 degree of freedom of flexion and extension. In this 
simulation, a left lower extremity amputee who was a track 
and field athlete was modeled. When the prosthesis foot came 
into contact with the ground, the reaction force was calculated 
using relational expressions of deflection and force of a leaf 
spring. In the control system, five node points of each 
reference joint angle were applied, and joint angle waveforms 
were obtained using a cubic spline interpolation function. In 
this research, the human body model was driven by joint 
moments, which were generated to follow up the reference 
joint angle by proportional-derivative control. Regarding the 
motion, the takeoff motion and approach run within 0.3 s were 
synthesized by solving the forward dynamics of the human-
body-prosthesis dynamics. In the optimization system, 
performance index was calculated by weighted linear various 
criteria for the simulated motion. The performance index for 
takeoff included the jump distance, reaction force, horizontal 
velocity, posture of motion, and angular momentum. The 
performance index for approach run was to maximize the 
horizontal velocity at the end of simulation. In the approach 
run, the initial and terminal motions were different by a half 
cycle from each other. Half cycle of the approach run was 

assumed to be 0.3 s that was the simulation interval. In the 
case of considering the approach run and takeoff motion, these 
motions were independently generated. After calculating both 
the performance indexes, these values were added and used as 
the performance index for optimization. To maximize the 
performance index, reference joint angle and the prosthesis 
foot design parameters such as length, curvature, and 
thickness were adjusted. 

Results and Discussion 

Figure 1 shows the approach run and takeoff motion after 
optimization. A personal best record was 6.62 m, and the 
optimized result was 7.33 m. In the takeoff motion, swing of 
both arms and the right leg that was the healthy one were 
increased. In the approach run motion, the optimized motion 
was a little unnatural. However, this motion obtained 7.4 m/s 
horizontal velocity. Figure 2 shows the prosthesis foot after 
optimization. The prosthesis foot considering only the takeoff 
motion and the one considering both motions are similar with 
each other. However, the prosthesis foot considering only the 
approach run is considerably different from the other two 
cases. 

 

Figure 1: Result of motion after 100,000 searching iterations. (a) 
Approach run after optimization. (b) Takeoff motion after 
optimization. Each stick picture was traced at 0.04 s. 

 

Figure 2: Result of prosthesis foot after 100,000 searching iterations. 

(a) Optimized result for only approach run. (b) Optimized result for 
only takeoff. (c) Optimized result for run and takeoff. 

Conclusions 

As a result of optimization, the jumping motion and prosthesis 
foot that were enabled to exceed the world record were 
obtained. However, regarding the approach run, it is necessary 
to improve the performance by modifying the criteria for the 
simulated motion. 
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Summary 

Scaling approaches can vary between modellers, which in turn 
can affect the results of gait analysis. We hypothesised that the 
use of a shape-model of the bones would reduce the variability 
between modellers for the same subject motion data. After 
having multiple scalers use both this tool and OpenSim’s built-
in scaling, we found reduced variability between scalers using 
shape-model scaling compared to OpenSim Scaling. 

Introduction 

The process of scaling a musculoskeletal model to match 
subject geometry introduces a level of variability sensitive to 
the decisions of the modeller [1]. Factors including marker sets, 
weighting, and measurements by which to scale a model affect 
not only the model dimensions, but also the moment arms and 
segment positions resulting from a kinematic analysis. These in 
turn affect the moments calculated using inverse dynamics. We 
have developed a lower limb scaling workflow using the MAP 
Client [2], which scales the OpenSim Gait2392 model based on 
a statistical shape model of segmented CT data. It adjusts the 
shapes of the bones using principal component analysis and the 
muscle attachment points based on host mesh fitting. This study 
aims to quantify the variability of gait data generated by 
different modellers using the same scaling techniques on the 
same subject data, and how it is affected by scaling approach. 

Methods 

Five able-bodied subjects underwent motion capture trials on a 
split-belt instrumented treadmill (Bertec, Colombus, OH) to 
measure ground reaction forces during walking at self-selected 
speed. Three scalers were given the static capture data for each 
of the five subjects, and the height and weight for each subject. 
They were also provided with access to the OpenSim Scaling 
Tool documentation [3], basic instructions for the use of the 
MAP Client scaling workflow, and access to both tools. Each 
scaler then scaled all subjects using their own scaling approach 
in OpenSim, and again using the MAP Client scaling workflow. 
This resulted in 10 OpenSim models per scaler. Each model was 
then used for inverse kinematic and inverse dynamic analysis. 

Results and Discussion 

Preliminary analysis supports the hypothesis that the shape-
model scaling workflow results in lower variability between 
scalers for the same subject data. Figure 1 illustrates the larger 
deviations between scalers in OpenSim Scaling for the same 
step for the same subject as compared to the results obtained 
using the MAP Client approach. Mean peak values of interest 
and their standard deviations are presented in Table 1. Further 
work is ongoing to expand this dataset.  

Table 1: Mean peak values and standard deviations between scalers 
for one subject 

Conclusions 

The use of a consistent, shape-model scaling tool results in 
increased repeatability between modellers. While there may be 
no ground truth solution to scaling a model, reduction in 
variability between modellers increases transparency and 
reliability when reporting gait analysis research.  
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Figure 1: Hip Power over a single stride (with standard deviation around each point) for a single subject, averaged between different scalers. 
Those resulting from the OpenSim scaling tool are shown on the left in red, and the statistical shape-model in blue on the right. 

  OpenSim  MAP Client 

Mean  STD  Mean  STD 

Hip 

Angle (°)  ‐36.60  12.33  ‐16.82  0.03 

Moment (Nm)  ‐60.19  14.26  ‐51.07  0.18 

Power (Nm/s)  94.62  11.80  68.96  0.02 

Knee 

Angle (°)  70.51  2.72  66.71  0.06 

Moment (Nm)  ‐63.14  8.80  ‐23.34  0.09 

Power (Nm/s)  ‐63.73  2.78  ‐33.52  0.25 

Ankle 

Angle (°)  ‐17.62  1.97  ‐23.83  0.03 

Moment (Nm)  167.17  3.06  147.52  0.10 

Power (Nm/s)  372.28  29.89  402.21  0.94 
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Summary 

Strawberry pickers may be at high risk of low back disorders 

(LBDs) due to sustained lumbar flexion during bent posture. 

The aims of this study were to conduct motion analysis 

experiments of simulated harvesting movements and inverse 

dynamic analyses of lumbar spine loads. Results indicate 

higher L5/S1 and L4/L5 joint contact compressive forces in 

flexion without and with axial twist compared to standing (i.e. 

static upright posture) (p<0.001). 

Introduction 

Strawberry pickers experience sustained and repeated spinal 

flexion and twisting (i.e. stooped work) which may be a risk 

factor for LBDs [1]. No studies have analyzed motions 

specific to strawberry picking using the full-body lumbar 

spine (FBLS) OpenSim model (previously used for jogging 

biomechanics) [2]. The long-term goal of this study is to use 

the FBLS OpenSim model [2] to predict lumbar spine loads in 

order to design interventions that reduce compressive forces 

and extensor muscle forces during strawberry picking. The 

hypothesis was that joint contact compressive forces (JCCFs) 

at the L5/S1 and L4/L5 motion segments would depend on the 

type of motion (flexion without and with axial twist, standing). 

Methods 

Protocols were approved by Cal Poly’s Institutional Review 

Board. Participants were female (n=2) and male (n=3) (aged 

21-24 years) with no low back injury or pain within the past 6 

months. Kinematic data were captured and processed using a 

12-camera motion analysis system with Cortex software 

(Motion Analysis Corp., CA, USA). Ground reaction forces 

were collected using force plates (AMTI, MA, USA). 43 

markers were placed on anatomical landmarks to track 

kinematic data. Standing captures were taken prior to dynamic 

motions of flexion without and with right and left axial twist 

to a height of 11 inches (to approximate strawberry bed 

height) and held for ~5 seconds.  

Kinematic and kinetic data were processed and filtered (4th 

order Butterworth, 6 Hz cutoff frequency) in Cortex and post-

processed in Matlab (MathWorks, MA, USA) for use in 

OpenSim (Stanford, CA, USA). A full body lumbar spine 

model [2] was used with the standard OpenSim Scaling, 

Inverse Kinematics, Residual Reduction Algorithm, and Static 

Optimization tools to obtain JCCFs. JCCFs were normalized 

by body weight and trimmed to one cycle (0% = flexion after 

1st stance pose, 100% = flexion prior to 2nd stance pose). One-

way repeated measures ANOVA and post-hoc Tukey tests 

were used (p<0.05 significant) to compare maximum JCCFs at 

the L5/S1 and L4/L5 motion segments for the simulated 

motions. 

Results and Discussion 

Maximum JCCFs were higher in flexion without and with 

axial twist compared to standing at both L5/S1 and L4/L5 

motion segments (p<0.001), while no differences were found 

between flexion without and with right or left axial twist 

motions (Figure 1). Maximum JCCFs for flexion motions 

agree with published studies [3,4].  

 

Figure 1: Mean ± 1 S.D. results for L5/S1 and L4/L5 joint contact 

compressive forces during flexion without and with right (R) or left 

(L) axial twist, and static upright posture (i.e. standing) (n=5). 

*=significant difference (p<0.05) 

Conclusions 

The FBLS OpenSim model predicted significantly higher 

loads in simulated strawberry picking stooped work than in 

static upright posture. No significant differences in normalized 

JCCFs were found between flexion and axial twist motions in 

the L5/S1 and L4/L5 motion segments. Since the results 

agreed with published studies [3,4], this study suggests that 

the FBLS OpenSim model may be used to investigate low 

back loads in strawberry pickers and, ultimately, aid in design 

of injury prevention measures, including the design of weight 

transfer devices, braces, and passive exoskeletons.   
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Summary 

Heel pad can absorb shock during gait as heel pad can 

dissipate the energy. According to the researches, the stiffer 

heel pad has the elevated energy dissipation [1]. In this study, 

the heel pad stiffness variation was measured as the distributed 
force on the heel pad was increasing. As a result, the heel pad 

became stiffer as the compressibility index, which represents 

the distributed force amount on the heel pad, was increasing. 

Based on the result, when the distributed force on the heel pad 

increases, the heel pad becomes stiffer to dissipate more 

energy for relieving the impact loading. 

Introduction 

Heel pad dissipates the energy to relieve the impact stress 

during the gait. The stiffness of the heel pad and the energy 

dissipation have a positive correlation [2]. However, the 

previous studies focused on pressure distribution variation on 

the heel pad depending on the heel pad stiffness change and 
the results showed the heel pad abnormal stiffness causes the 

heel pain for the diabetic patients [1]. Moreover, it is hard to 

measure the change of the heel pad stiffness during the gait 

because the stiffness changes continuously depending on the 

distributed force on the heel pad. In this study, as the 

distributed force on the heel changes, the variation of the heel 

pad stiffness is observed to investigate how the heel pad can 

dissipate the energy through the finite element analysis.  

Methods 

For the computational modeling, ABAQUS/CAE 2017 was 
used. The model consisted of three parts: indenter, foot plate, 
and heel pad. The radius of the heel pad was 30mm, and its 

thickness was 18.6mm. The element type of the indenter was 
C3D4, and the element type of the plate and the heel pad was 
C3D6. Indenter and foot plate were set as the steel for 

material properties. The heel pad was modeled as the Ogden 
form, the hyper-elastic material [3]. To input the uniaxial test 
data for the Ogden form, two subjects (Female, 47kg, 55kg) 
were chosen for the heel-pad indentation experiment. The 

indenter displaced up to 10mm for two seconds, and then the 
force-displacement data was acquired. In step 1 as the static, 
to press the heel pad, the plate moved along the z-axis. Eight 
cases were set up for the displacement of the plate from 1mm 

to 8mm with 1mm interval. In step 2 as the implicit dynamic, 
to measure the heel pad stiffness, the indenter moved up to 
10mm for two seconds along the z-axis. To represent the 

increasing pressure on the heel pad, the compressibility 
index was used. The compressibility index of the heel pad is 
defined as the unloaded heel pad thickness over the loaded 
heel pad thickness [4].  

Results and Discussion 

The heel pad becomes stiffer nonlinearly as the compressibility 

index is increasing. The stiffness of the heel pad was 2.535 ± 

0.361 kPa when the distributed force on the heel pad was zero. 

The stiffness of the heel pad was 10.194 ± 0.449 kPa when the 
compressibility index was 1.7547 as the maximum (Figure 1).  

 

Figure 1: (a) The finite element model (b) The positive relation 

between stiffness and compressibility index 

 

The results have shown that the heel pad became stiffer as 

the compressibility index of the heel pad was increasing. 
During the heel strike, as the peak force on the heel pad is up 

to three times body weight, the heel pad should dissipate the 

energy to relieve the shock [5]. Based on the results, as the 

heel pad was compressed by increasing force, the heel pad 

became rapidly stiffer than the normal. According to the 

previous researches, the stiffer heel pad elevates the energy 

dissipation [1]. Therefore, the heel pad can dissipate the 

energy to protect the heel from the abnormal impact as the 

heel pad becomes rapidly stiffer than the normal. 

Conclusions 

The heel pad becomes rapidly stiffer when the distributed 

force on the heel pad is increasing. Therefore, the heel pad can 

dissipate the energy for shock absorption. 
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Summary 

Soldiers routinely conduct load-carriage and associated 

physical training that elicits high physical demands and are 

believed to be the primary cause of musculoskeletal injury. 

Appropriately designed physical training can help mitigate 

injury risks. This study aimed to assess changes in lower-limb 

joint biomechanics during load-carriage in response to a 10-

week evidence-based training program. After training, lower-

limb joint neuromuscular adaptive responses were 

demonstrated over the duration of a 5 km load-carriage task. 

Introduction 

Occupational load-carriage tasks elicit increased physical 

demands in soldiers. Failure to adapt to task demands may 

increase injury risk and decrease task performance. Targeting 

specific injury mechanisms using evidence-based physical 

training could, therefore, help mitigate injury risks [1]. 

Neuromuscular demands move proximally from the ankle to 

the hip during load-carriage tasks to meet demands of external 

loading [2]. Therefore, implementing a training program 

focussed on strengthening hip musculature could enhance 

soldier’s load-carriage performance. 

Methods 

Fifteen male civilians participated in this study (age 22.4±1.6 

years, height 1.82±0.06 m, body mass 83.8±6.7 kg). At the 

time of testing, participants had no acute or chronic injuries or 

former load-carriage experience. Participants provided written 

informed consent and Macquarie University Human Research 

Ethics Committee approved the study (protocol number: 

5201700406). Participants met or exceeded the Army Basic 

Fitness Assessment standards for male soldiers (≤25 years old, 

70 sit-ups and 40 push-ups in two minutes each, body mass 

≥73 kg, and achieved beep test level of at least 7.5) [3]. 

A single treadmill load-carriage task, representative of the 

minimum Australian Army All Corps physical employment 

standard (5 km at 5.5 km⸱h-1, wearing a 23 kg vest), was 

completed before and after a 10-week physical training 

program. Three-dimensional motion capture and over-ground 

force plate data were acquired for 10 successful (i.e., clean 

force plate strike and walking speed equates to 5.5 km∙h-1 ± 

0.1%) over-ground loaded walking trials pre and post the 5 km 

task. A generic full-body scaled OpenSim model [4] was used 

to estimate lower-limb joint angles via IK and ID, 

respectively. Joint power and work were calculated using 

custom Matlab code (Mathworks, Natick, MA, USA). 

A two-way analysis of variance was conducted on all 

variables, with p < 0.05. Effect sizes were calculated using 

partial Eta squared (η2) defined as small (0.01-0.06), medium 

(0.06-0.14), and large (> 0.14). 

Results and Discussion 

Main effects of the 10-week training program were realised 

for joint powers and work (Table 1). Significant increases in 

peak hip flexion moment over the 5 km task after training 

suggest an enhanced capacity of the hip joint to assist with 

forward progression under load. An increased ability to 

maintain the ankle joints contributions towards percentage of 

positive power over the 5 km march after training was 

indicated by a significant interaction effect. Interestingly, 

negative joint power and work at the knee joint decreased over 

the 5 km march after training. These findings imply 

adaptations resulting from the 10-week training at the hip, 

knee, and ankle.  

Table 1: Results from primary variables of interest presented as 

mean±SD (n = 13, normalised to body mass). 
 

Variable 

Pre-Training Intervention Post-Training Intervention 

0 Km 5 Km 0 Km 5 Km 

Mean ± SD Mean ± SD  Mean ± SD Mean ± SD 

Hip      

Flexion Moment Peak (Nm·Kg-1) -2.07 ± 0.31 -2.03 ± 0.37  -2.26 ± 0.33 -2.19 ± 0.31*‡ 

Extension Moment Peak (Nm·Kg-1) 1.44 ± 0.39 1.38 ± 0.39  1.42 ± 0.44 1.39 ± 0.40ǂ 

Positive Joint Work (J·Kg-1) 0.34 ± 0.06 0.34 ± 0.08  0.37 ± 0.44 0.34 ± 0.06*/**‡ 

Percentage Positive Power Contribution 36.05 ± 6.70 37.6 ± 4.90  35.66 ± 6.70 35.64 ± 5.49ˠ 

Knee      

Flexion Moment Peak (Nm·Kg-1) -0.52 ± 0.67 -0.48 ± 0.36  -0.53 ± 0.69 -0.47 ± 0.60ˠ 

Extension Moment Peak (Nm·Kg-1) 0.79 ± 1.05 0.74 ± 1.04  0.80 ± 1.10 0.80 ± 1.10ǂ 

Positive Joint Work (J·Kg-1) 0.19 ± 0.05 0.19 ± 0.03  0.21 ± 0.06 0.20 ± 0.05‡ 

Percentage Positive Power Contribution 19.91 ± 4.09 21.57 ± 5.40  20.24 ± 3.90 20.73 ± 4.56ǂ 

Ankle      

Plantarflexion Moment Peak (Nm·Kg-1) -4.10 ± 0.19 -4.06 ± 0.20  -4.04 ± 0.20 -4.07 ± 0.20ǂ 

Dorsiflexion Moment Peak (Nm·Kg-1) 0.50 ± 0.13 0.48 ± 0.10  0.50 ± 0.13 0.48 ± 0.10‡ 

Positive Joint Work (J·Kg-1) 0.77 ± 0.10 0.76 ± 0.11  0.77 ± 0.10 0.79 ± 0.13ǂ 

Percentage Positive Power Contribution 44.04 ± 4.12 40.82 ± 4.25  44.10 ± 4.70 43.63 ± 4.69**/***‡ 

*Indicates a main effect of training; **main effect of distance; ***interaction effect. ǂIndicates a small, ˠmedium, and ‡large effect size.  

Conclusions 

A 10-week periodised resistance training program elicits 

lower-limb joint neuromuscular adaptations which increases 

individual’s capacity to sustain performance during a load-

carriage task. 
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Summary 

We developed and validated a novel rheological model of 

anterior cruciate ligament (ACL) loading. The ACL force 

(FACL) responses to cadaveric knee loading were interpolated 

using novel basis functions and cross-terms to account for 

observed non-additivity of uni-planar loading mechanisms. 

Resulting functions well fit the data (R2> 0.98, RMSE <7 N) 

and behaved well when extrapolated (Figure 1). Final function 

predictions of ACL loads were accurate and physiological. 

Introduction 

It has been assumed the superposition of ACL forces from uni-

planar knee loads is a valid method to estimate ACL forces 

during dynamic motor tasks [1]. However, simple summation 

of ACL forces from uni-planar knee loading does not match 

ACL forces during multi-planar knee loading [2,3,4]. 

Potentially, a superposition function could accurately predict 

ACL forces during multi-planar knee loading by including 

optimal cross-terms to account for interaction effects of 

multiple knee loads on ACL force. 

The primary aim of this study was to create a superposition 

function, with optimal cross-terms, to accurately predict ACL 

force during multi-planar knee loading. Additionally, each uni-

planar function within the superposition function should 

contain minimal terms and be well behaved when extrapolated. 

The superposition function, when evaluated using multi-planar 

knee loads not used in function creation, should produce 

accurate ACL forces. 

Methods 

Cadaver FACL responses to uni- and multi-planar knee loads [2, 

3, 4] were digitized. The ACL force responses to uni-planar 

knee loads were expressed as functions of applied anterior tibia 

drawer forces (AD) [2,3] in sagittal plane(SP), varus/valgus 

moments (VRM/VLM) [2] in transverse plane (TP), and 

internal/external tibia rotation moments (IRM/ERM) [2] in 

frontal plane (FP) across knee flexion angles (θ). Efficient 

functions were developed to fit ACL force response to uni-

planar knee loads. 

Then, FACL response to multi-planar knee loads used to optimize 

novel cross-terms required for the superposition formula to 

accurately predict ACL force as: 

FACL = FACL-SP + FACL-TP + FACL-FP + Optimal cross terms 

Minimal equation terms, low root mean square error (RMSE), 

and high coefficient of determination (R2) were used to assess 

function efficiency, accuracy, and precision predicting ACL 

forces from multi-planar knee loading. When extrapolated, a 

function was well-behaved if it produced positive ACL forces 

and was monophasic. 

Results and Discussion 

Functions for uni-planar loading were determined (Table 1). 

Optimal cross-terms were found, such that the superposition 

function well predicted multi-planar ACL loading [3] (Figure 

1), (minimum R2=0.99, maximum RMSE= 6.79 N). 

 

Figure 1: Resultant ACL force versus knee flexion angle for (a) 100 

N AD + 10 Nm VLM, VRM, IRM, and ERM, and (b) 10 Nm VLM + 
10 Nm IRM and ERM. Expt= experiments in [3].  

Conclusions 

We explored five functions describing uni-planar ACL loading. 

Novel cross-terms accounted for observed non-additivity of 

uni-planar ACL loads, resulting in a final superposition 

function that accurately calculated ACL loading in response to 

multi-planar knee loads. 
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Table 1: Objective functions for ACL loading response to uni-planar knee loading. FACL-AD = ACL force due to anterior drawer. FACL-IRM = 

ACL force due to internal rotation moment. FACL-ERM = ACL force due to external rotation moment. FACL-VRM = ACL force due to 

varus moment.  FACL-VLM = ACL force due to valgus moment. 

𝐹𝐴𝐶𝐿−𝐴𝐷 = 44.25 𝑒−0.23 AD − 0.31 θ + 1.55 𝐴𝐷 − 0.02 𝐴𝐷 𝜃 + 0.0001 𝐴𝐷 𝜃2                                R2=0.9988 RMSE=2.68 N 

𝐹𝐴𝐶𝐿−𝐼𝑅𝑀 = 30.52 𝑒−0.07 θ  − 21.77 𝐼𝑅𝑀 + 0.62 𝐼𝑅𝑇 𝜃 − 0.0049 𝐼𝑅𝑀 𝜃2           R2=0.9948 RMSE=7.08 N 

𝐹𝐴𝐶𝐿−𝐸𝑅𝑀 = 23.28 𝑒−0.06 θ  + 7.81 𝐸𝑅𝑀 − 0.16 𝐸𝑅𝑇 𝜃 − 0.001 𝐸𝑅𝑀 𝜃2            R2=0.9884 RMSE=4.72 N 

𝐹𝐴𝐶𝐿−𝑉𝑅𝑀 = 23.85 𝑒−0.14 θ  − 6.79 𝑉𝑅𝑀 + 0.18 𝑉𝑅𝑀 𝜃 − 0.0014 𝑉𝑅𝑀 𝜃2         R2 = 0.9939 RMSE= 3.83 N 

𝐹𝐴𝐶𝐿−𝑉𝐿𝑀 = 23.73 𝑒−0.23 θ  + 3.41 𝑉𝐿𝑀 + 0.035 𝑉𝐿𝑀 𝜃 − 0.0005 𝑉𝐿𝑀 𝜃2        R2 = 0.9979 RMSE= 1.90 N 
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Summary 

Some people with partial foot amputation have shown calf 

muscle wastage after using fillers inside their footwear. This 

research aimed to investigate effects of fillers and footwear on 

individual calf muscle forces while walking at preferred speed. 

Gait data of two subjects with partial foot amputation and a 

healthy subject was used. For each subject, a musculoskeletal 

model was developed using a suitable generic model. Adapted 

experimental gait data was used, gait was simulated, inverse 

kinematics, inverse dynamics and static optimization tools were 

used to decompose the ankle joint moment between the calf 

muscle-tendon units by minimization the sum squares of all 

muscles’ activation. Only the subject with transmetatarsal 

amputation demonstrated substantial reduction in the calf 

muscle forces during stance, suggesting footwear with fillers 

may contribute in developing muscle wastage of calf muscles 

and different type of prosthesis may prevent the residual limb 

from developing calf muscle wastage.   

Introduction 

Some people with partial foot amputation (PFA) develop calf 

muscle wastage when they wear footwear with fillers for long 

term. Fillers are usually fitted inside regular footwear and are 

designed to redistribute the pressure on the sole of the 

remaining foot to improve foot function during walking. EMG 

data only present the timing of muscle electrical activity. All 

muscle fibres may fire but they may not produce enough force 

to generate motion in a joint. In absence of a method of 

individual muscle force quantification, some predictions have 

been developed based on gait kinetic and kinematic data of 

people with PFA. For example, it was predicted that calf muscle 

wastage accounts for poor control of tibial rotation during mid-

stance and pre-swing phases [1]. The rational for this argument 

is being challenged as a result of emerging musculoskeletal 

models quantifying individual muscle forces during walking. 

The objective was to predict the calf muscle forces of residual 

limbs during walking. 

Methods 

Two developed generic musculoskeletal models were used [2]: 

one for the subjects with PFA and one for the healthy subject. 

The models had six degrees of freedom to simulate the joint 

motions in the sagittal plane. The modelled pelvis moved in the 

walking and vertical directions when it rotated in the sagittal 

plane. Hip, knee and ankle joint were modelled as hinge joints 

with only one degree of freedom as they flexed and extended in 

the sagittal plane. The models were actuated by 16 muscles that 

consisted of 25 muscle-tendon units represented as a Hill-type 

muscle. Foot muscle tendons of the PFA model were updated 

based on the surgical techniques. For each subject the generic 

model was scaled using adopted experimental gait data during 

standing. Inverse kinematics, inverse dynamics and static 

optimisation steps were completed to predict forces generated 

in calf muscles of the scaled model for each subject during 

stance (Figure 1).   

 

Figure 1: The experimental and computational pipeline. 

Results and Discussion 

For each subject, joint angles and joint moments computed by 

the musculoskeletal model were consistent with the findings 

reported in a previous study [1]. The calf muscle force reduced 

in the subject with transmetatarsal amputation (TMT) (N/BW 0.9) 

and the peak calf muscle force delayed, compared with the 

subject with PFA through metatarsophalangeal joints and the 

healthy subject (78 vs 73 percent of stance).  The reduction in 

peak ankle joint moment reduced the magnitude of calf muscle 

force. A delay in demonstration of peak calf muscle force was 

associated with slow progress of the centre of pressure during 

stance.   

Conclusions 

Reduced calf muscle force generation and delayed peak calf 

muscle force appeared once the metatarsals were compromised. 

This brings into question the advantage of using fillers inside 

footwear for this level of amputation.  
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Summary 

Physics-based modeling and dynamic simulation of human eye 

movements has significant implications for improving our 

understanding of the oculomotor system. An open-source 

model of the human eye that can be used for kinematics and 

dynamics analysis is introduced. This model relies on the 

passive pulley hypothesis and is parametrized from 

physiological measurements reported in the literature. The 

model is implemented in OpenSim, an open-source framework 

for modeling and simulation of musculoskeletal systems. The 

excitation and activation patterns of the extraocular muscles are 

calculated using a closed-loop fixation controller that drives the 

model to perform saccadic movements in a forward dynamics 

manner. Consequently, such models can be used to investigate 

muscle activation patterns, analyze the kinematics and 

dynamics of various eye movements, calculate metabolic costs 

and simulate eye disorders. 

Introduction 

Clinical trials have provided knowledge on the properties of the 

Extraocular Muscles (EOMs), their line of action and the 

resistive tension of the surrounding tissues. This led to the 

implementation of computational models of the EOMs and 

orbital mechanics that provide insight for oculomotor 

biomechanics, control of eye movement and binocular 

misalignment. In order to study the neural control of rapid 

saccadic movements, these models use anatomical and 

mechanical properties of EOMs by accounting for the nonlinear 

muscle dynamics. 

Methods 

The human eye model consists of three components: the eye 

globe, six EOMs, and the connective passive tissues. The globe 

can be approximated by a solid, homogeneous and isotropic 

sphere of radius 0.012m and mass 0.0075kg. The EOMs are 

modeled based on the Millard [1] model, a Hill-type muscle 

model, which permits the parameterization of the characteristic 

curves according to the experimental measured data [2]. The 

rigid tendon assumption is used, which ignores the elasticity of 

the tendon. Moreover, the EOMs are considered parallel-

fibered muscles, thus the pennation angle is zero. The 

maximum muscle contraction velocity is calibrated in order to 

match the peak velocity of saccadic eye movement (15.7rad/s). 

Activation and deactivation delays of the muscles are in the 

range of 5ms. The proposed model relies on the passive pulley 

assumption, which states that the pulleys have fixed to the orbit 

pulley points. The passive connective tissues of the orbit apply 

a restoring force, which brings the eye back to the central 

position when the net force of the EOMs is zero 

𝝉𝑡 =  −𝑘𝒒 − 𝑐𝒒3 − 𝑑�̇�  (1) 

where 𝑘, 𝑐 and 𝑑 represent physiological constants, and 𝒒, �̇� ∈
ℝ3 the rotational coordinates and velocities, respectively.  

The fixation controller calculates the muscles’ excitation levels 

required to track a desired saccade, by minimizing the error 

between the desired saccadic trajectory and the predicted 

movement. The input parameters of the controller are the 

desired horizontal and vertical fixation angles, the saccade 

onset and velocity, and the gains of Proportional-Derivative 

(PD) tracking controller.  

Results and Discussion 

A sigmoid function is used for generating smooth saccade 

trajectories in the horizontal and vertical direction, while the 

torsional component is maintained close to zero. The output of 

the PD tracking controller has the following form 

𝒖(𝑡) = 𝑘𝑝(𝜽𝑑(𝑡) − 𝜽(𝑡)) + 𝑘𝑑 (�̇�𝑑(𝑡) − �̇�(𝑡)) (2) 

where 𝑘𝑝, 𝑘𝑑 denote the tracking gains, 𝜽𝑑(𝑡), �̇�𝑑(𝑡) the 

desired orientation and velocity at time 𝑡, and 𝜽(𝑡), 𝜽(𝑡) the 

simulated response of the model. The magnitude and sign of 

𝒖(𝑡) are used to calculate the excitation levels and determine 

which muscles are activated respectively. The experiments 

involved the alternations in the saccadic movements both in the 

horizontal and vertical direction (Figure 1) in order to examine 

the activation and deactivation patterns of the EOMs.  

 

Figure 1: Simulated saccade response performing 

abduction/adduction and supraduction/infraduction. 

Conclusions 

This study presents an implementation of a realistic oculomotor 

model representing the motility of a normal human eye that is 

based on measured physiological data. The model is designed 

to be used for kinematics and dynamics analysis, or as a tool for 

obtaining the muscle activations that generate desired eye 

movements, however it has the potential to be integrated with 

available full body models in order to analyze the relation 

between the vestibular and oculomotor systems. 

References 

[1] Millard M et al. (2013). Journal of Biomechanical 

Engineering, 135: 1-12. 

[2] Iskander J et al. (2018). Journal of Biomechanics, 71: 208-

216. 
 

Friday, August 02 2019: Posters (1600-1800) 1105

Modelling: General Simulations Lower + Upper Limb 2



 

 

Multiscale modelling in diabetic foot prevention: a muscle forces driven approach 

 

Annamaria Guiotto
1
, Tiago Malaquias

2
,
 
Alfredo Ciniglio

1,4
, Marco Acquaviva

1
, Gabriella Guarneri

3
, Angelo Avogaro

3
, Ilse 

Jonkers
4
, Zimi Sawacha

1,3
 

1
Department of Information Engineering, University of Padova, Padova, Italy 

2
Department of Mechanical Engineering, Biomechanics Section, KU Leuven, Leuven, Belgium 

3
Department of Medicine, University of Padova, Padova, Italy 

4
Departement of Movement Science, Human Movement Biomechanics Research Group, KU Leuven, Leuven, Belgium 

Email: zimi.sawacha@dei.unipd.it 

 

Summary 

Diabetic foot is a severe complication and represents the most 

common cause of non-traumatic amputation. The goal of this 

study was to simulate diabetic foot behaviour and soft tissues 

internal stresses by taking into account muscle activation, 

muscle forces, altered foot kinematics and loads. Gait analysis, 

musculoskeletal dynamic simulations (Opensim) and foot 

FEM (Abaqus) were combined to estimate the muscles forces, 

internal stresses and plantar pressure distribution on healthy 

and diabetic feet. The comparison of extrinsic and intrinsic 

muscles forces between controls and diabetics and between 

experimentally measured and simulated plantar pressure 

showed that the interdependency of muscle force and tissue 

response justifies a concurrent multiscale modeling approach. 

Introduction 

Chronic diabetes complications represent the most relevant 

problem in terms of clinical management, socio-economic 

impact and healthcare system costs linked to diabetes [1]. Ten 

years after disease onset, between 20 and 50% type 2 diabetic 

patients develop diabetes neuropathy, which is a major risk 

factor for diabetic foot problems. This represents the most 

common cause of non-traumatic amputation despite the fact 

that nowadays various foot orthoses have been optimised to 

offload areas with high plantar pressure [2]. With a re-

ulceration risk of 65% in 5 years, there is an important 

potential to optimize foot orthosis prescription by accounting 

for the diabetic-specificities affecting dynamic foot function 

[1]. It is believed that one mechanism of diabetic foot is 

repeated stresses on areas around bony prominences where 

protective tissues have been displaced or have had their 

mechanical properties altered by the disease [2]. Both muscle 

activation and muscle forces have been associated with 

diabetic foot [3]. In addition, the excessive plantar pressure 

and its association to altered foot segments kinematics [4], and 

the complexity of calculating bones and soft tissue stress 

indicate that a multiscale approach would be beneficial.  

Methods 

Gait analysis, musculoskeletal dynamic simulations 

(Opensim) and FEM (Abaqus) were combined and muscles 

forces, internal stresses and plantar pressure distribution 

(external stresses) were estimated. Ten subjects (5 healthy: 

mean (SD) age 44.20 (16.66) and BMI 21.53 (1.13) kg/m
2
, 5 

diabetic subjects: mean (SD) age 58.40 (7.76) and BMI 25.93 

(2.67) kg/m
2
) were analyzed [5]. Each subject received a foot 

MRI scan. A stereophotogrammetric system (BTS) 

synchronized with 2 plantar pressure (Imagortesi), 2 force 

plates (Bertec), and 10 channels surface electromyography 

system (BTS) were used [4]. An extended markerset for 3D 

multi-segment foot and whole body kinematics was applied 

[4]. For the musculoskeletal model, 6DOF foot model with 

intrinsic foot muscles was generated [5]. The extrinsic muscle 

activation was validated against experimental surface 

electromyography. Two FEMs, containing subject-specific 

structure and tissues properties, one for the healthy subjects 

and one for the diabetic subjects, were defined and subject-

specific kinematics, muscle forces and ground reaction forces 

were applied as boundary conditions. Four phases of the gait 

cycle were simulated [5]. External stresses on the foot sole 

were validated against the experimental plantar pressure [5]. 

Student T-Test (p<0.05) was used for comparing results 

among the two cohorts of subjects. RMSD was calculated 

between measured and simulated plantar pressures. 

Results and Discussion 

Significant differences (p<0.05) were observed in term of foot 

intrinsic and extrinsic muscle forces between the two subjects’ 

cohorts (Fig 1-right). Significantly higher internal stresses at 

both soft tissue and bones were observed (Fig 1-left). 

Comparison between experimentally measured and simulated 

plantar pressure showed a maximum RMSD on the hindfoot. 

Figure 1: Left: Von Mises soft tissues internal stresses; right: 

musculoskeletal model simulated extrinsic and intrinsic muscles 
forces. (* Student T-Test p<0.05) 

Conclusions 

Results showed that the interdependency of muscle force and 

tissue response justifies a concurrent multiscale-modeling 

approach. Moreover, subject-specific characteristics in foot 

morphology, tissue mechanics and gait characteristics should 

be accounted for to achieve optimal offloading. 
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Summary 

The current study aimed to develop a statistical shape model 

(SSM) for reconstruction of subject-specific three-dimensional 

(3D) knee model with multiple fluoroscopic images, and to 

evaluate via computer simulation its theoretical accuracy and 

determine the minimum number of images needed for an 

acceptable accuracy.  The results showed that reconstruction 

with six views had the highest accuracy, suggesting that the 

SSM method has sufficient accuracy for future application in 

joint kinematics measurement using 3D fluoroscopy with 

minimum radiation. 

Introduction 

Most knee kinematics measurement using fluoroscopy still rely 

on reconstructed bone models from CT scans, and radiation 

exposure is of concern.  Although radiation can be reduced by 

reconstructing the knee model using SSM, accuracy of the knee 

kinematics measurements using SSM knee model is still lower 

than those from CT [1].  The purpose of this study was to 

perform a computer simulation to evaluate the accuracy of 

reconstructing a subject-specific 3D SSM knee model using 

multiple fluoroscopic images.   

Methods 

The SSM of the knee was developed utilizing training shape 

models obtained from 57 healthy young males.  The mean and 

variance of the models were obtained after establishing 

between-model correspondence.  The primary modes of shape 

variations were obtained using principle component analysis.  A 

linear combination of the modes superimposed with the mean 

shape would give the model of a specific knee.  Computer 

simulations with six additional knee CT datasets were then used 

to assess the theoretical accuracy of the method.  

For each test knee, the CT dataset was placed at the center of a 

simulated bi-plane fluoroscopy with parameters of the 

projection models similar to an existing system [2], and three 

sets of digitally reconstructed radiographs (DRR) were then 

obtained: (1) two orthogonal images from the simulated bi-

plane fluoroscopy; (2) four images by rotating the system 

around the center for 45°; (3) six images by rotating twice the 

system around the center for 30°.  For each image set, a subject-

specific knee model was then reconstructed by the SSM with 

optimum parameters, which gave DRR’s that best matched the 

image set.  The model reconstruction errors (root-mean-squared 

errors, RMSE) for each image set were calculated as the 

difference between CT models and the SSM model. 

 

 

Fig. 1: Illustration of multiple views of simulated fluoroscopy images. 

Results and Discussion 

For both the femur and tibia, the mean RMSE using six views 

had the least errors among the 3 conditions (Table 1).  This was 

expected as 6 views had wider coverage of the reconstruction 

volume, providing the maximum information for the 

determination of the optimum SSM parameters.  More images 

may have the potential for further improved accuracy, but 

considering the additional computational cost it is suggested 

that SSM reconstruction with six-views is the best choice. 

Conclusions 

An SSM of the human knee was developed and evaluated for 

its theoretical accuracy using computer simulation. It was found 

that knee model reconstruction using SSM with 6 views of 

fluoroscopic images could reach an acceptable accuracy for 

future use in 3D fluoroscopy for basic and clinical applications 

with minimised radiation. The current results encouraged 

further studies to determine the accuracy of the method in vivo. 
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Table 1: Reconstruction RMSE for the SSM of the femur and tibia 

with multiple fluoroscopy images.  (unit: mm)

 
 Mean RMSE 

 2 Planes 4 Planes 6 Planes 

Femur (N=6) 0.62 ± 0.066 0.56 ± 0.088 0.53 ± 0.093 

Tibia (N=6) 0.71 ± 0.07 0.65 ± 0.081 0.63 ± 0.082 
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Figure 1: Pipeline for the 

FEM creation. 
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Summary 

Foot insoles are frequently prescribed in routine clinical 

practice to prevent or treat foot deformities or functional 

alterations. Currently adopted procedures for foot insoles 

manufacturing vary among clinical practitioners and 

manufacturers and decisions are mainly left to the experience 

of the ortho-prosthetic technician. Design frequently involves 

the use of cad-cam systems and, in the best case, static or, 

better, dynamic plantar pressure maps are considered. On one 

side they require extensive skilled manual labor and on the 

other one computer driven technology are adopted. The aim of 

this study was to propose a pipeline which included plantar 

pressures dynamic measurement and finite element model 

simulation of both an insole and foot subject-specific models 

to guide the insole’s design. 

Introduction 

Foot related problems and abnormal loading patterns are often 

treated with custom-molded foot orthosis. These are frequently 

prescribed in routine clinical practice to prevent or treat foot 

biomechanical alterations in static or dynamic conditions and 

redistribute the peak plantar pressures [1]. However, the 

design and fabrication of foot insoles may vary among clinical 

practitioners and manufacturers according to experience. 

While the experimental approach is difficult, costly or 

invasive, a computational approach to the foot and footwear 

behaviour such as the finite element (FE) method provides 

efficient evaluations of soft tissue deformation, plantar 

pressures or internal stresses in relation to the proposed insole 

shape and material [1]. The aim of this study was to propose a 

pipeline for practical use in ortho-prosthetic technician 

routine, where subject-specific geometry and loads can be 

registered from the subject and the insole behaviour can be 

simulated prior to the subject’s use. 

Methods 

The foot geometry of a healthy subject (female, age 26 years, 

shoe size 37, BMI 19 Kg/m2) and the shape of the customized 

produced insole were acquired through a 3D scanner  in order 

to get a 3D representation of the whole foot and ankle. Foot 

bones geometry was reconstructed by the segmentation 

(Simpleware ScanIP-ScanFE -v.5.0) of previously acquired 

foot MRI [2] of a subject with the same type of foot [3]. The 

model was meshed in Geomagic Design X 64 with tetrahedral 

elements according to the literature [2] and imported into 

ABAQUS (Simulia,v.6.14) (pipeline in Figure 1). An 

horizontal rectangular element was drawn in ABAQUS under 

the foot to simulate the ground support. Materials properties 

were adopted from previous literature [2]. Four different 

loading conditions were applied considering different phases 

of the stance phase of gait (heel strike, loading response, 

midstance and push off) [2]. The subject underwent 

acquisition of plantar 

pressures during static 

posture and gait on a 

treadmill walking at 5km 

speed. FE simulations 

were run by applying the 

loads registered during 

gait. Validity of the models 

was assessed through the 

comparison between the 

experimental plantar 

pressure and the simulated 

ones.  

Results and Discussion 

Preliminary results of the 

simulations are reported in 

figure 2. 

Figure 2: Simulated PP (right) and Von Mises stresses (left) during 

midstance without(top) and with (bottom) insole. 

Conclusions 

The FE proposed process showed to be beneficial to 

developing and optimizing the design of plantar foot orthosis 

as it reduces the required subjective input from technicians 

and allows for the validation of potential insole designs prior 

to fabrication.  
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Summary 

Designing wearable devices for use on deformable terrain is 

an ongoing engineering challenge. This is particularly 

apparent when we examine locomotion on dissipative surfaces 

such as sand or snow. These surfaces have complex, variable 

dynamics which lead to increased fatigue and metabolic cost 

during locomotion. We developed a modelling and simulation 

framework to examine the metabolic energy cost of hopping in 

sand, with and without a novel, unpowered exoskeletal device. 

Using this framework, we found that intermediate values of 

foot contact area and ankle joint stiffness minimize metabolic 

cost for hopping on sand. This opens up the possibility for a 

new class of wearable devices that can mitigate the metabolic 

penalty of moving in complex, dissipative terrain. 

Introduction 

The field of wearable robotics is advancing quickly, however, 

most devices still struggle in environments with complex 

terrain [1-3]. Perhaps, poor performance of wearable devices 

stems from mechatronic design that does not take into account 

the non-linear physics of interaction between the human-

machine system and the environment.  

Now is the time to combine knowledge from studies of 

locomotion on granular substrates [1,2], and insights from 

wearable devices designed to interact with the physiological 

properties of underlying musculoskeletal structures [3,4]. For 

example, the mechanisms underpinning the increased cost of 

moving in sand may be attributed to sinkage into the granular 

substrate, or inability to tune limb compliance in a dissipative 

environment. Here, we conduct a systematic parameter study 

in simulation to analyse whether an assistive device that can 

modulate foot contact area, CAexo, (to address sinkage) and/or 

joint stiffness, kexo, (to re-tune leg spring compliance) can 

restore locomotion performance to the solid ground 

equivalent. We hypothesize 1) that an increase in CAexo, 

reduces the metabolic cost of hopping across kexo values and 2) 

varying the kexo values produces an optimal intermediate 

stiffness that minimizes metabolic cost [4].  

Methods 

First, we established a baseline metabolic cost, using a 

muscle-tendon driven model of human hopping at 2.5Hz on 

solid ground to a height of 7.5cm [3]. Then to characterize the 

intrusion dynamics of sand [2], we performed an experiment 

using calibrated weights to characterize the force-dependent 

sinkage over a surface-area of 0.014 m2. We then incorporated 

the experimentally determined non-linear physics of foot-

ground contact in sand (sinkage) into the hopping simulation 

and established a baseline metabolic cost for hopping in sand. 

Next, we added a foot-ankle exoskeleton in parallel with the 

biological muscle-tendon unit in the hopping simulation (Fig. 

1a). Finally, we performed a parameter study by varying the 

exoskeleton contact area (CAexo) from 0.03m2 (~area of an 

adult’s foot) to 0.1m2 (~area of a snow shoe), and the 

exoskeleton joint stiffness (kexo) from 0 to 100% biological 

tendon stiffness (kt). For all combinations of CAexo and kexo, 

we used the model to evaluate the metabolic cost (W/kg) for 

hopping at 2.5Hz and 7.5cm. 

Results and Discussion 

 

Figure 1: (a) Model of muscle-tendon-exoskeleton system hopping 

on sand (b) metabolic cost vs. exoskeleton contact area (CAexo) and 

stiffness (kexo) 

The metabolic cost of hopping with no exoskeleton was 1.4 

W/kg for hard ground, and 2.2 W/kg for sand, a 57% increase. 

This underscores the need to develop a scheme to compensate 

for the metabolic penalty associated with moving in sand. As 

hypothesized, increasing CAexo for kexo= 0 (Fig. 1b, along the 

y-axis), systematically reduced the metabolic cost of hopping 

in sand to 1.42 W/kg for exoskeleton contact area equivalent 

to that of a snow shoe. Interestingly, we found an optimal 

CAexo-kexo combination (1.36 W/kg at 0.065m2 and 85%kt) 

that reduced the metabolic cost of hopping on sand by 38%, 

and restored the cost of hopping to that observed on solid 

ground. 

Conclusions 

Our model of a foot-ankle exoskeleton that combines added 

contact area between foot and ground with modified stiffness 

around the ankle joint indicates it should be possible to 

eliminate the penalty associated with energy dissipation during 

locomotion on granular substrates. Now, we are beginning to 

translate these ideas into physical prototypes that can be used 

to investigate human hopping in sand, with and without 

assistive devices. 
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Summary 
A computational model was developed to simulate hopping at 
different gravity levels. The hopping frequencies that 
minimized energetic cost at each gravity level were 
determined. Even though the optimal frequency was not 
expected to change with gravity, we observed that lower 
gravity levels had lower optimal hopping frequencies. 

Introduction 

Humans are capable of running and hopping at a range of 
frequencies but tend to prefer the frequency that minimizes 
metabolic cost. It has been hypothesized that this ‘optimal’ 
frequency corresponds with the natural (resonant) frequency 
of the leg-spring system [1], which would in turn require 
minimal muscle action. The natural frequency of a spring is a 
function of stiffness and mass, and therefore should not rely 
on factors like force or acceleration due to gravity. However, 
people in low-gravity environments (e.g., on the moon) and 
simulated reduced gravity appear to hop at lower frequencies, 
but the reason for this is unclear. The purpose of this study is 
to determine the metabolically optimal hopping frequency 
across a range of gravity levels, and to determine the 
biomechanical parameters that lead to the optimal movement. 

Method 
A neuromechanical model was adapted from [2] to simulate a 
bouncing gait (i.e., vertical hopping) at ten different gravity 
levels (10-100% Earth’s gravity). For each gravity level, a 
21x21 increment parameter sweep of muscle stimulation 
frequency (1-3 Hz) and muscle activation level (0-100%) was 
performed. For each data point, metabolic power [2], leg 
stiffness [3], and contact time were calculated. Data from the 
final 10 seconds of the 60 second simulations were used for 
analysis to ensure stable behaviour of the model. Data were 
included if the simulation achieved a hop height above 1 cm 
and if the muscle strain (muscle length/resting muscle length) 
did not exceed 1.3 [2]. For each gravity level, the combination 
of muscle stimulation frequency and muscle activation level 
with the lowest metabolic power was found (Fig. 1). 

Results and Discussion 
Muscle activation level was closely associated with metabolic 
power; the lowest metabolic power was observed in situations 
where the muscle activation level was reduced. In general, the 
metabolically optimal hop frequency increased with gravity, 
and low gravity levels resulted in slower optimal hopping 
frequencies. While leg stiffness did not show a consistent 
trend with gravity, 1/time of contact (1/tc; [4]) showed a 
shallow increase but was relatively consistent for most trials. 
Therefore, we may conclude that even though optimal hop 

frequency changes with gravity, these frequencies may be 
accomplished with the same leg stiffness. The relative 
consistency of 1/tc across gravities indicates a similar duration 
of force application; therefore, the different optimal 
frequencies are likely the result of differing aerial durations. 
Everything considered, it appears metabolic power was mainly 
driven by muscle activation amplitude, rather than timing. 

 
Figure 1. Parameters that resulted in minimal metabolic power 
for each gravity level. 

Conclusions 
It appears that minimizing metabolic power at lower gravity 
levels is facilitated by lower frequency movements that may 
be accomplished by similar leg stiffnesses. We plan to 
experimentally test these model predictions by exposing 
humans to simulated reduced gravity hopping protocols. 
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SUMMARY 
We think of agility as the ability to move at fast speeds while 
executing motor control strategies that redirect body motion 
and reposition limbs [1]. Jumping to high heights and to long 
distances correlates with other aspects of agility, such as 
maximum sprint speeds [2]. To gain intuition on how the legs 
might behave as an actuator limited by mechanical 
characteristics, we test models of varying physiological 
complexity and compare model predicted ground reaction 
forces to measured data. We seek one model that predicts 
jumping behavior independent of jump depth. Through our 
approach we learn of the insufficiencies of simple models.  
 
INTRODUCTION   
Maximum height vertical jumping presents a useful entry 
point for studying agility. When executing a vertical jump, 
we model the legs working as a mechanical actuator that 
pushes against the ground to accelerate the body. Our 
research seeks to characterize the mechanical limits of the 
actuator to understand how higher jumps could be enabled 
and what limits performance. We use a modeling method that 
builds from the simplest morphological and physiological 
system—a point mass body with a massless un-segmented leg 
that has no force dependence on actuator length, velocity, or 
activation—to more complex systems with segmented legs 
and actuator limitations (Fig 1). Our goal here is to find the 
simplest model of jumping that generates human-like ground 
forces with parameters that do not depend on jump depth.  
 
METHODS   
We modeled the physiological characteristics (Fig 1) of the 
actuator such that: 1) as the actuator lengthens, the force-
length relationship can be constant (i.e. not limiting), linearly 
decreasing, or parabolic; 2) when moving, the force-velocity 
relationship can be constant or linearly decreasing; and 3) 
force activation dynamics that can be instantaneous or laggy. 
Using all combinations of these physiological parameters, we 
tested 12 different linear actuator models. To evaluate model 
performance and find the best fitting parameters, we collected 
ground reaction forces from 10 human subjects jumping from 
a wide range of initial starting jump depths (30 jumps each). 

 
Figure 1: The morphology and physiology we tested to determine 
the simplest model that describes jumping behavior.   

The number of unknown parameters can vary between 
models and at a most includes: maximum isometric force, 
maximum velocity, force-length parabolic width, and optimal 
operating length. For some models, we algebraically solve for 
the optimal unknown parameter. More complex models 
require us to solve for the best-fit unknown parameters by 
numerical optimization. We seek model predictions that 
reduce the squared error between the ground force predicted 
by a model and our measured data. For all solutions, we 
constrain the error between the predicted and measured data 
to be zero at jump initiation and take-off for the ground force, 
center of mass position, and center of mass velocity.  
 
RESULTS AND DISCUSSION  
For a linear actuator, we find that a parabolic force-length, 
negative linear force-velocity, and laggy activation dynamics 
best predicts vertical jumping behaviour (Fig 2). Other 
actuator physiologies in this linear morphology either do not 
satisfy constraints, or satisfy constraints but have poor fit. 
Although this simple model of the leg actuator well-predicted 
behavior, the optimal parameters were depth dependant. The 
reason for this is that for a linear actuator to meet our 
constraint that force is zero at the point of take-off, either the 
force-length or force-velocity characteristics must bring the 
force to zero. For most optimal solutions, we find that the 
width of the force-length parabola widens and contracts with 
depth in order for this constraint to be satisfied. We consider 
sensitivity to depth as evidence of an insufficient model. After 
all, it is the same human jumping at both shallow and deep 
depths. For this reason, morphology might play a role in an 
actuator that is depth insensitive by not requiring the 
physiology to satisfy constraints, a feature we will further 
explore as we analyze more complex morphologies (Fig 1). 

 
Figure 2: Representative ground reaction forces for jumps at 
different starting depths. Optimal solutions of 12 different models as 
well as the best model prediction and the empirical data shown.  

CONCLUSION   
With a linear actuator we find depth sensitive optimal 
solutions satisfying constraints imposed at jump initiation and 
take-off. We see this as evidence of an insufficient model.  
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Summary 
Models that can predict the risk of herniation or re-herniation 
can aid in the development of surgical and rehabilitative 
treatments. Despite an abundance of computational spine 
models, there are none that have been specifically developed 
and validated to predict the risk of IVD herniation. Therefore, 
the objective of the current study was to develop a FE model 
of the lumbar spine that is capable of predicting the risk of 
IVD herniations. Results of the study demonstrated that the FE 
model predicted high posterolateral nucleus extrusion forces 
when subjected to herniation loading.          

Introduction 
Low back pain associated with degenerative disc changes, 
such as IVD herniations, represents a major epidemiological 
problem in the United States. Previous cadaveric studies have 
demonstrated the mechanism to cause acute IVD herniation 
involves high magnitudes of compression in combination with 
hyperflexion [1]. This loading phenomenon has been shown to 
result in posterior or posterolateral migration of the nucleus 
pulposus (NP) through the annulus fibrosus (AF).  

Current surgical procedures and rehabilitative therapies may 
inadvertently increase the risk of herniation. FE modeling 
provides an effective means for evaluating the mechanical 
response of the spine resulting from surgery or therapy. 
Currently, there are no known FE models that have been 
developed to predict the risk of IVD herniation or re-
herniation. Therefore, the purpose of this study was to develop 
a FE model that predicts IVD herniation risk under various 
loading conditions. 

Methods 
A previously developed and validated finite element model of 
a lumbar motion segment was refined and revalidated for the 
current study [2], [3]. The posterior elements were removed 
and the inferior bony endplate of L5 was constrained in all 
directions to replicate the boundary and loading conditions 
from a previously published study [1]. Three loading scenarios 
were applied to the model: pure flexion from 0° to 8°, pure 
compression from 500 N to 2000 N, and compression (2000 
N) combined with flexion (0° to 8°). The extrusion force 
between the NP and the AF was output.   

Results and Discussion 
Results of the study showed that the magnitude of NP 
extrusion force increased in the posterolateral aspect of the 
IVD as the amount of flexion increased under compression 
(Figure 1). Under combined loading, the magnitude of the 
peak posterolateral NP extrusion force increased from 3.9 N to 

6.7 N as the degree of flexion increased from 0 to 8 degrees 
(Figure 2). Under pure compressive loading, the peak 
posterolateral NP extrusion force increased from 1.5 N to 5.4 
N (Figure 2). With pure flexion, the peak posterolateral NP 
extrusion force increased from 0.3 N to 2 N. Results of the 
study predicted that under loading conditions known to cause 
IVD herniations in vitro (i.e. high magnitudes of compression 
in combination with hyperflexion) the IVD experienced the 
greatest magnitudes of extrusion force in the posterolateral 
aspect of the NP.       

 
Figure 1: NP extrusion force during combined loading (compression 

in conjunction with flexion). Posterior NP is the bottom of figure. 

 
Figure 2: Peak NP extrusion force for all loading scenarios. 

Conclusions 
The model predicted trends consistent with experimental data. 
Specifically, the model indicated that pure flexion of the disc 
resulted in a low herniation risk. These trends were consistent 
with experimental data, which indicates that compression is 
essential to the contribution of IVD herniation. The FE model 
predicted that the absence of flexion decreased the risk for 
herniation when loaded under pure compression. Lastly, the 
FE model accurately predicted that the IVD was at a greatest 
risk for herniation when loaded with high magnitudes of 
compression in conjunction with flexion.      
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Summary 

Incorporating realistic skeletal kinematics and tissue property 
data into musculoskeletal models can improve the accuracy of 
mechanical load estimates. However, inclusion of subject-
specific skeletal kinematics in vivo in the models may heighten 
the demand on the quality of tissue property input data. The 
current work evaluated how the inclusion of more realistic 
parameters within a lumbar spine model can affect calculated 
L4L5 net joint moments and joint reaction forces (JRFs) during 
a dynamic lifting motion. Results showed substantial effects of 
lumbar kinematics and disc stiffness on model-estimated L4L5 
loads and a strong interaction. 

Introduction 

Understanding lumbar spinal loads during functional activities 
is key to assessing the mechanical antecedents of low back pain 
(LBP). To improve lumbar load estimates derived from models 
which are limited by the accuracy of input kinematics and 
passive stiffness properties, there has been an increasing 
interest in implementing in vivo data within lumbar spine 
computational models. In this work, a full-body 
musculoskeletal model was constructed in OpenSim to assess 
how loads at L4L5 were affected by varied inputs of in vivo 
intervertebral kinematics and disc stiffness.  

Methods 

In a previous study, a healthy female participant (age 25, 60.7 
kg) performed dynamic lifting and upright standing tasks while 
six degree-of-freedom (6-DOF) lumbar spine kinematics were 
captured by a dynamic stereo-radiography (DSX) system at 30 
frames per second [1]. During the tasks, the positions of 30 
reflective markers placed over the participant’s body were also 
captured by an 8-camera Vicon motion capture system.  

A full-body OpenSim musculoskeletal model, constructed by 
combining a lower- and upper-body model [2,3], was scaled to 
the participant. Inverse Dynamics/Kinematics, Static 
Optimization, and Joint Reactions analyses were run on the 
model to compute L4L5 net joint moments and JRFs. In a 
stepwise manner, changes were made to the lumbar spine 
portion of the model to observe the following effects: 

1) Rhythmic (Rhy) or 6-DOF DSX lumbar kinematics 
2) Upright standing preload (PRE) or no PRE 
3) No disc stiffness (NDS), linear disc stiffness (LDS) or 

nonlinear disc stiffness (NLDS) 
4) 10 lb (4.5 kg) or 30 lb (13.6 kg) external load 

Results and Discussion 

As expected, an increase in external load lifted from 10 lb to 30 
lb led to an increase in the maximum net joint moment and JRFs  

 
in all model predictions. The percent increase in net joint 
moment was magnified in models comprising DSX lumbar 
kinematics (123% to 306%, depending on tissue properties) 
compared to those with a rhythmic distribution (44% to 47%).  

 
Figure 1. Superior-inferior (SI) compressive JRF for eight 
variations of the lumbar spine during the 10 lb (4.5 kg) lift. 

The degree to which lumbar kinematic input affected L4L5 
JRFs depended highly on whether passive disc stiffness was 
included as well as the linearity or nonlinearity of the disc 
stiffness properties (Figure 1). Models consisting of DSX 
kinematics showed greater variation in SI JRF due to the type 
of disc stiffness. The combination of DSX kinematics and linear 
disc stiffness led to higher JRFs than all other models. In LDS 
models, accounting for the upright standing preload led to an 
approximate 50% reduction in maximum SI JRF. 

Conclusions 

While the inclusion of in vivo data into computational models 
of the lumbar spine may lead to more accurate load estimates, 
care must be taken when doing so. Models consisting of more 
accurate lumbar kinematics or preloading may be susceptible to 
greater variability in predicted load due to variation in the 
passive disc stiffness input. 
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Summary 

3D printing is increasingly used to design patient-specific 

medical products [1], such as orthoses. Indeed, 3D printed foot 

orthoses (FO) have an interesting potential as they can include 

optimized patterns to locally adjust the mechanical properties 

according to each patient’s gait pattern. Modelling FO is key 

to optimize its design and properties. This study aimed at 

quantifying FO displacement following loading, using finite-

element modelling (FEM). An experimental setup included 

VICON motion analysis system to capture FO deformation 

and a custom-designed sensorized stick to manually apply 

controlled dynamic loading. A FEM was developed and tested 

mimicking the experimental conditions. Results showed that 

FEM could predict similar range of displacement values as the 

experimental setup. FO FEM is promising for future patient-

specific applications. 

Introduction 

The designs of customized FO have been commonly based on 

foot type, foot function or patient’s weight [2]. However, the 

interaction between these two parameters has not been 

considered yet. This project aimed at quantifying 

displacements of a FO following dynamic loading using FEM.  

Methods 

A size-10 3D printed FO was fixed to a plate using three nails 

on the heel. In total, 55 retroreflective markers were 

positioned on the plantar surface of FO, and 18 markers on six 

removable triads on the FO edges (Figure 1). An 18-camera 

motion capture system (VICON, Oxford, UK) recorded 

positions of markers at a frequency of 100 Hz. A custom-

designed stick equipped with a uni-directional load cell was 

calibrated and synchronized with the kinematics. Force was 

manually applied with the stick (Figure 1) at different 

locations on the FO, where the orientation of loading was 

captured with four markers attached to the stick.  

 

Figure 1: Experimental setup and load application. 

FO geometry was imported and meshed using Hypermesh 

(Altair HyperWorks 14.0, Altair Engineering inc., MI, USA). 

The orthosis mesh was assigned Nylon 12 linear elastic 

properties (E = 1700MPa, ν = 0.30). The underneath plate was 

modelled as a shell with steel material properties. A contact 

surface with non-linear contact properties was defined 

between FO (slave) and plate (master). All translations were 

fixed at the heel using three groups of nodes representing 

nails. Loading direction was obtained from the four markers 

on the stick projected on the FO. Loading was spread across 

nodes equivalent to the stick area. Four loading locations were 

chosen on distant edges of the FO to validate displacements. 

Results and Discussion 

The FE model (Figure 2A) was able to predict similar 

displacements patterns as the experimental values (Figure 2B) 

following different loading application points on both medial 

and lateral sides of the FO. Loading on the FO medial arch 

generated high deformation on both medial and lateral sides, 

similar to loading on lateral arch. The heel support 

experienced the least deformation for all loadings.  

 

Figure 2: FO deformations results: experimental and FEM. 

Conclusions 

FEM enabled the prediction of FO deformation following 

dynamic loading. This model should be further used to 

optimize FO design following patient-specific variations. 
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Summary 

Trochlear dysplasia (TD) and medial patellofemoral ligament 
(MPFL) rupture are major factors in patellofemoral instability. 
We studied the effect of TD and MPFL rupture on PF contact 
pressure and kinematics in a cadaver-specific musculoskeletal 
knee model during a simulated non-weight-bearing knee 
extension motion. Peak contact pressure, but not peal lateral 
patellar translation, was higher in TD models compared to the 
normal case. Rupture of MPFL increased peak lateral patellar 
translation substantially in TD models. Further research will 
study PF factors in combination and will aim at optimizing the 
planning of PF instability surgeries. 

Introduction 

Patellofemoral (PF) instability affects very young patients 
(incidence 21–45%), and is cause of pain, patellar subluxation 
and a general sense of instability in the PF joint. Although its 
etiology is debated, trochlear dysplasia (TD) is one of the 
major factors determining PF instability, followed by rupture 
of the medial PF ligament (MPFL). However, their individual 
contributions remains unclear. 

The aim of this study was to investigate the effect of TD and 
MPFL rupture on PF joint mechanics during voluntary non-
weight bearing knee extension. We hypothesized that MPFL 
rupture and TD would increase lateral patellar translation. 

Methods 

CT and MR images of one cadaver specimen (male, 63 years, 
1.91 m, 87.5 kg) were acquired and segmented to reconstruct 
3-D models of femur, patella and tibia, and tibiofemoral and 
patellofemoral articular cartilage, ligaments and menisci. 

A 12-degree-of-freedom (DoF) knee model was developed 
using the AnyBody Modeling System (version 7.0, AnyBody 
Technology A/S) [1]. Four additional cases were created by 
manually editing the 3-D geometries of the distal femur, 
representing TD types (Fig. 1a). Finally, a TD Type B model 
plus MPFL rupture was created, in which close-to-zero 
stiffness values were assigned to the MPFL bundles. 

A simple non-weight-bearing knee extension motion was 
simulated using Force Dependent Kinematics (FDK). Lateral 
patellar translation was quantified based on a PF joint 
coordinate system, and PF contact pressure were estimated 
using an elastic-foundation contact model. 

Results and Discussion 

Patellofemoral contact pressure was altered in TD simulations 
(Types B–D) compared to the reference case, showing higher 
pressure concentration and in the lowest part of patellar 
cartilage (Fig. 1b). An efficient elastic-foundation cartilage 

contact model effectively allowed contact pressure estimation, 
without adding extra computational cost. 

 Figure 1: a) Four modeled TD types, b) PF cartilage contact 
pressure at knee extension for normal and TD cases. 

In the reference case, lateral patellar translation ranged 
between 4 to 11 mm from flexion to extension (Fig. 2). In TD 
Type B, the range but not the peak of lateral patellar 
translation was higher compared to the reference case. The 
dysplastic plus MPFL rupture case (TYPE_B-laxMPFL) 
resulted in both a higher range (3–18 mm) and a larger peak 
lateral patellar translation. 

 Figure 2: Lateral patellar translation for normal (REF), Type B, and 
Type B + MPFL rupture cases (TYPE B-laxMPFL). 

In future research, bone morphology and soft tissues 
properties will be studied extensively. Furthermore, patient 
models based on dynamic CT scans will be implemented, and 
used to formulate optimal planning for PF instability surgery.  

Conclusions 

Trochlear dysplasia altered PF contact pressure distribution at 
knee extension, but not the peak lateral patellar translation, in 
a specimen-specific knee model. Rupture of the MPFL further 
increased lateral patellar translation. 
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Summary 

In orthopaedic surgeries, evaluation and treatment planning 

are highly based on empirical evidence and clinical expertise 

of each surgeon. Furthermore, inter-subject anatomical 

variation is hardly considered in decision-making. Therefore, 

the aim of this study was to create a clinically applicable 

patient-specific simulation platform for foot and ankle 

surgery. It integrates clinically-oriented data and a forward 

dynamic gait simulation combining a multi-body model with a 

finite element model. The present workflow was validated 

from loading response to midstance through direct comparison 

between simulated gait variables and the coinciding 

experimentally measured ones. In addition, this study showed 

the effect of simulated supramalleolar varus and valgus 

osteotomies on the tibiotalar joint pressure. 

Introduction 

In view of the anatomic complexity of foot and ankle (26 

bones, 34 synovial joints, hundreds of ligaments and muscles) 

and technical limitations of current external measurement 

systems, numeric simulations showed great potential in 

revealing subsurface mechanism inside foot [1]. The results of 

current surgical treatment approach remain suboptimal and 

don’t guarantee the resolution of the patient’s symptoms. 

Therefore, the aim of this study was to explore the 

biomechanical effect of supramalleolar osteotomies on the 

entire foot and ankle using a clinically-applicable subject-

specific workflow for a surgical simulation platform.  

Methods 

Bones was segmented based on CT-scan of a healthy subject’s 

right leg (unloaded condition). Soft tissue (skin, heel pad, 

plantar pad, filler) was segmented based on literature imaging 

data. Both was processed using ScanIP (Simpleware, UK). 

Gait analysis (barefoot) was performed on the subject using an 

advanced clinical examination platform. Kinematics (with 42 

retro-reflective skin markers detected by motion capture 

system), kinetics (ground reaction force (GRF) and plantar 

pressure measurements (PPM)), and surface EMG of lower 

limb muscles were measured simultaneously during 

experiment. A 3D multi-body (MB) model with 23 degrees of 

freedom (DoFs) was created in Simpack (Dassault Systèmes, 

France) based on CT-scan and MRI of the subject. It includes 

all intrinsic foot joints, 9 extrinsic foot muscles and all foot 

ligaments. DoFs allowed per joint were based on previous 

kinematic 3D multi-segment foot models and results of bone 

pine studies. Orientation of foot from pro-active phase 

obtained in experiment was used as initial condition. A 

forward dynamic gait simulation was generated using Simpack 

and optimized using Isight (Dassault Systèmes, France) to 

reconstruct the patient-specific muscular activation scheme. 

With all the aforementioned information as inputs, a finite 

element (FE) model was automatically generated with an in-

house Python script using Abaqus (Dassault Systèmes, 

France). Ligaments and tendons are modelled as 1D 

connectors, whose insertion and reflection point coordinates 

are determined by clinicians based on anatomical landmarks 

on CT-scan. The plantar fascia was represented by multiple 

connectors to evenly spread the loads. Material properties 

were based on literature value. 

MB model was initially validated by comparing predicted and 

measured (via surface EMG) muscle timings. The error of the 

FE model was calculated as the difference between simulated 

and experimental gait data (PPM and GRF). The effect of 

simulated supramalleolar varus and valgus osteotomies was 

assessed by comparing tibiotalar joint pressure. 

Results and Discussion 

The clinically-applicable subject-specific workflow was 

validated from loading response to midstance through direct 

comparison between simulated gait variables and the 

coinciding experimentally measured ones. Figure 1 shows the 

simulated values of varus and valgus supramalleolar 

osteotomies matching qualitatively literature data [2].  

 

 

Figure 1: Stress over talar (above view) & plantar pressure 

Conclusions 

The proposed approach is deemed to have the potential to 

improve decision-making in evidence-based clinical practice 

for surgical treatment of foot and ankle pathologies.  
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Summary 

Mechanical stimulus is one of the key factors that decide fate 

of chondrocytes in context of endochondral ossification. An 

osteochondral setup can be used to study the effect of 

mechanical stimulus on chondrocyte fate. In this paper, finite 

element models of the human knee joint and an osteochondral 

setup are developed to compare the stresses generated in the 

articular cartilage in both cases. The results of the simulations 

show that 5% strain as a boundary condition in the ex vivo 

setup generates similar stresses in the articular cartilage of the 

osteochondral graft when compared to the human knee joint. 

Introduction 

Developmentally and throughout life, mechanical signals are 

critical in determining cell fate during joint formation, 

endochondral ossification and remodeling of skeletal tissues. 

Under- or overloading can inhibit or stimulate the 

endochondral ossification process.  

Dedicated ex vivo osteochondral platforms such as the one 

developed in LifeTec Group [1] can be used to investigate 

how mechanical stimuli influence chondrocyte fate. In this 

context, Finite Element models allow to obtain a quantitative 

estimation of the mechanical stimuli and compare that to the 

physiological state of loading in the human knee joint. 

The goal of this study is to develop a finite element model of 

the ex vivo osteochondral platform and a human knee joint and 

to use the models to compare the state of mechanical loading 

of the osteochondral graft with the articular cartilage of the 

human knee, to ensure that the platform mimics the in-vivo 

knee joint mechanical loading conditions. 

Methods 

The geometry of the human knee joint was obtained from the 

Open Knee project [2], which was meshed using linear  

hexahedral elements in ANSA software. The knee joint was 

subjected to a compressive load of 1730N, which is the peak 

compressive load that a joint experiences during a gait cycle 

[3]. Simulations were carried out in FEBio (Fig. 1).  

For the osteochondral setup, model construction, meshing and 

simulations were performed in Abaqus (Fig. 2). Cylindrical 

osteochondral grafts, 8mm in diameter and 10mm in height, 

were obtained from medial femoral condyle of porcine 

samples. They were dynamically compressed with 5% 

cartilage strain and a frequency of 1Hz. Two different material 

models were used for cartilage in the graft: 1) monophasic 

neo-Hookean material (C=3Mpa), and  2) poroelastic neo-

Hookean material with permeability K =1.522 x 10-15 m4/N-s.  

Bone was modelled as linear elastic material (E=20 Gpa).  

Results and Discussion 

The effective stresses calculated from simulations of the knee 

joint are shown in Fig. 1. Maximum effective stresses were 

1.37 MPa in the femoral cartilage, and 0.968MPa and 

1.31MPa in the medial and lateral tibial cartilage respectively. 

The effective stresses in the cartilage of the graft at 5% 

compression varied from 0.62Mpa at the top surface to 

1.6Mpa at the cartilage-bone interface for the monophasic 

cartilage model, and from 0.84MPa to 2.96 MPa for the 

poroelastic cartilage model.  

  

Figure 1: Effective stresses in FE model of the knee joint. 

 

Figure 2: Osteochondral platform (a. Actual setup [1], b. FE model) 

Conclusions 

On comparing the stresses between the articular cartilage of 

the osteochondral graft and the of the knee joint, it can be 

concluded that the setup can mimic the in-vivo knee joint 

mechanical loading conditions. This study demonstrates how 

computer models can assist in making the translation from an 

in vivo to an ex vivo set-up.  
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Summary 

Marker error affects musculoskeletal (MSK) modeling outputs. 
For effective marker set optimization it is essential to examine 
the errors of all markers. Data of 11 subjects were collected 
during a single-leg forward jump-landing (FJ). OpenSim 
Inverse Kinematics (IK) was performed and maximum (max) 
error of each marker was attained. Decreased max errors were 
observed after adjusting all markers needed. Differences before 
and after adjustments were detected in the lower extremity (LE) 
joint angles. Thus, it is critical to measure and identify all 
markers’ error to increase subject-specific modeling accuracy. 

Introduction 
The level of uncertainties and errors [1] is critical for proper 
verification and validation of a dynamic MSK model in 
OpenSim IK. Currently, a subjective process to compute a MSK 
model is needed, which is an operator-dependent skill [2,3]. In 
IK, one quality measure of the kinematic fit of the model to the 
measurements is the max marker error [3] that allows marker 
set optimization. The goal is to decrease the differences 
between the measured marker locations and the model’s virtual 
ones [4]. Due to the marker inter-dependency, it is important to 
identify all markers’ max errors. The purpose of this study was 
to compare (after IK) the 1) markers errors and 2) LE joint 
angles in sagittal plane: i) before markers adjustment, ii) after 
single max marker error adjustment, and iii) after all markers 
with max errors adjusted above the threshold error (>0.04m). 

Methods 
Marker trajectories (200 Hz, Qualisys) and ground reaction 
forces (1000 Hz, Bertec) of 11 subjects (27±6 years, 1.68±0.05 
m, 59.7±9.8 kg) were collected during a FJ. Thirty-two markers 
were placed on the right LE and trunk. Data were exported from 
Visual3D to OpenSim 3.3 gait 2392 model [4]. After scaling, 
the IK tool was employed. The max error per marker was 
attained and plotted for each participant (landing phase). After 
visual inspection, all markers with error >0.04m were manually 
adjusted. With the optimized marker set, a new model scaling 
and IK analysis were performed, following the same steps, to 
achieve an established threshold IK marker set error <0.04m for 
each marker. Sagittal plane LE joint angles (º) and markers’ 
errors (m) were compared in 3 processing phases: i), ii), and iii). 

Results and Discussion 

Four of the 11 subjects require no marker set adjustment (after 
IK). For the remaining 7, the right acromion marker 
experienced greatest max fitting error and respective 
improvement after adjustments (Table 1). As a preliminary 
analysis of the sagittal plane LE joint angles, we observed 

different magnitudes between phases, mainly in the knee and 
ankle (Figure 1).  

Table 1: Range of differences before and after adjustments in all 
markers with max error (m) in the 7 subjects. 

Max 
error  

C7 Right 
acromion 

Left 
acromion 

Left 
scapula  

Right 
lateral knee 

Before 0.043 0.070-0.044 0.067-0.047 0.045 0.047-0.041 
After 0.028 0.055-0.033 0.041-0.032 0.036 0.034-0.031 

 

 

Figure 1: Example of A) markers errors (m), and B) LE sagittal joint 
angles (º) differences during a FJ (landing phase), in the three phases.  

Subject-specific MSK modeling is important for accurate 
biomechanical analysis. Errors in early stages can propagate 
through the process, significantly affecting the results [1]. After 
analyzing all markers error, we found the largest and most 
commonly detected marker was the right acromion, most likely 
due to task-specificity. OpenSim models the trunk as a rigid 
segment; however, the scapula moves (elevation and upward 
rotation) during the FJ, affecting the position of the acromion. 
Other minor marker errors may be due to smaller discrepancies 
between the model and the subject. After adjustment in all 
markers with max error, we observed an improvement of all 
errors. Also, joint angles’ magnitudes, between the three phases 
confirms the sensitivity of joint angles to marker adjustments 
(Figure 1). 

Conclusions 
Kinematic markers error in MSK dynamic simulations are 
associated with loss in modeling accuracy. The single max 
marker error approach is not sufficient to guide efficient and 
less time-consuming marker set model adjustments.  
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Summary 

To perform cross validate between Computed Muscle Control 

(CMC) results from musculoskeletal simulation and existing 
experimental data, we compared the compensatory activation 

of other leg muscles with paralyzed gastrocnemius (GCM) 

medial head. As a result, muscle activities from CMC showed 

similar tendency to the actual experimental results in most 

muscles. 

Introduction 

Several papers have been published on the role of GCM 

muscles in walking [1]. In particular, in patients with 

paralyzed GCM medial head, our previous study reported that 

the lost function of GCM medial head was compensated by 

other leg muscles [2]. In this study, we analyzed the muscle 

activation pattern in persons with GCM medial head paralysis 

based on the inverse dynamic musculoskeletal simulation and 

compared them to the compensatory patterns in experimental 

data. 

Methods  

1. Model 

The Gait2392 simbody model was used.  This model features 

92 musculotendon actuators to represent 76 muscles in the 

lower extremities and torso. 

2. Musculoskeletal Simulation 

We performed the inverse dynamic musculoskeletal 

simulation according to CMC protocol in OpenSim 4.0 using 

2 different models; Gait2392 model with and without GCM 

medial head. Then we compared activities of other leg 

muscles to investigate the compensatory activations. 

3. Muscles 

We examined semimembranosus, rectus femoris, vastus 

medialis, GCM medial and lateral heads, soleus, tibialis 

posterior, flexor digitorum, flexor hallucis, peroneus brevis 

and peroneus longus. 

Results and Discussion 

We first confirm that GCM medial head was paralyzed by the 

decrease in the graph. Activities of GCM lateral head and 

semimembranosus of paralyzed model increased during mid-

stance phase compared to normal model similar to the 

previous experimental results (p<0.05). Soleus did not shows a 

significant changes that is similar to the prior experimental 

result. Peroneus longus activities decreased significantly in 

CMC analysis during mid-stance phase compared to normal 
model (p<0.05), but not in experimental data. Activities of 

tibialis posterior, flexor digitorum, flexor hallucis and 

peroneus brevis significantly decreased in the mid-stance 

(p<0.05). This needs to be verified experimentally afterward. 

Activities of rectus femoris and vastus medialis did not change 

in both CMC and experimental analysis. 

 

Figure 1: Changes in muscle activities after GCM medial head 

paralysis. The blue and orange solid line denote normal and 

paralyzed model, respectively. The vertical line divides stance and 

swing phase of gait cycle. 

Conclusions 

Our study revealed that the inverse dynamic simulation 

according to CMC protocol in OpenSim 4.0 showed similar 

compensation patterns in all muscles except peroneus longus 

compared to the experimental data. This implies that the 
optimization strategy of CMC, minimizing muscle activation, 

might work in the actual human body. 
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Summary 

Transtibial or below-knee prosthesis are known to have 

difficulty releasing heat, which can lead to prolonged, elevated 

residual limb skin temperatures inside the prosthesis and 

thermal discomfort. In this preliminary study, a thermal finite 

element analysis of a simplified, transtibial residual limb model 

was performed to investigate the temperature distribution of the 

residual limb at rest.  

Introduction 

As of 2005, there was an estimated 1.6 million Americans living 

with amputations, and this number is expected to double to 3.6 

million Americans by the year 2050 [1]. Of the various 

amputation types and levels, transtibial amputation is the largest 

proportion. To restore function and provide a sense of 

normalcy, a transtibial prosthesis that consists of liner, socket, 

pylon, and foot attachment is fabricated for the patient 

following amputation. Though researchers and companies are 

redesigning transtibial prosthetics that can reduce the energy 

cost of walking or give more control to the user, the most 

reported reducer in quality of life for transtibial amputees is 

thermal discomfort [2]. In fact according to Perry et al., only a 

1 to 2 degree Celsius increase in temperature within the socket 

can results in transtibial patients feeling thermal discomfort [3].  

Methods 

To create the model, the residual limb was represented by 

layered, tapered cylinders; each layer corresponded to a 

separate tissue including bone, muscle, fat, and skin. The radii 

for each cylinder were taken from Agrawal and Pardasani [4]. 

COMSOL Multiphysics 5.3 (COMSOL Inc., 2017) was used to 

generate the model. Material properties such as density, heat 

capacity, thermal conductivity, and metabolism were taken 

from previous literature [2] and the IT'IS database. The heat 

transfer study was a time-dependent thermal analysis that 

ranged from 0 to 1 hr at 0.1 time increments. An insulated 

thermal boundary condition was placed on the proximal end, 

and convective (3.3 W/m2K) and radiative (4.5 W/m2) heat 

boundary conditions were placed on the exterior surface [5]. A 

convergence study was performed with element sizes ranging 

from 0.081mm to 0.00243mm. The solution converged at 

element size 0.0308mm; therefore that element size was 

selected. The resulting tetrahedral mesh consisted of 16 314 

elements and 17 061 degrees of freedom. 

Results and Discussion 

The surface contour plots were generated for the residual limb 

model, Figure 1. The model was validated against the overall 

residual limb temperature (32.2 ± 1.7°C) measured by Perry et  

 

al. [2]; the overall temperature of the residual limb model was 

30.6 ± 1.0°C, which was within one standard deviation of the 

experimental results. 

 

Figure 1: Contour plot of residual limb model temperatures (°C) 

With the model validated, the next steps will be to add the liner 

and evaluate how each liner impacts the heat dissipation of the 

residual limb post-activity. The liners selected are composed of 

silicone, mineral oil gel, thermoplastic elastomer, or closed cell 

foam. It is hypothesized that as the thermal conductivity value 

of the liner increases, the overall temperature at the end of the 

1hr study will decrease; however, this overall residual limb skin 

temperatures will still be greater than resting temperatures. 

Conclusions 

There were locality differences in the residual limb skin 

temperatures with lower temperatures at the distal end of the 

model, similar to the findings by Perry et al. [3]. With this 

simplified model, preliminary thermal studies of prosthesis 

components can be quickly performed to learn their impact on 

heat dissipation.  
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Summary 

In this study, a simple bipedal model with an upper body 

walks down on a gentle moving slope to clarify the effect of 

trunk swinging behaviors on gait on a moving slope via 

numerical simulation. Gaits with three types of trunk swinging 

behaviors, forward swinging (FS), backward swinging (BS), 

and non-swinging (NS), were simulated. FS required slightly 

larger kinetic energy and COM displacement. BS required 

slightly smaller kinetic energy and COM displacement. NS 

had middle characteristics of FS and BS. Therefore, suitable 

upper body behaviors should be adapted depend on the 

walking purpose. 

Introduction 

The motion and posture of the upper body affects the bipedal 

walking. To clarify effects of upper body behaviors on gait is 

one of important challenges for walking research. Treadmill or 

room runner are popular machines in the field of locomotion. 

However, effects of upper body behaviors on gaits on these 

moving walking surfaces have not been clarified sufficiently. 

Therefore, the purpose of this study is to investigate effects of 

trunk swinging behaviors on its gaits on moving walking 

surface via numerical walking simulations. In this study, an 

underactuated dynamic walking model on a slope such as 

passive dynamic walking [1] was adapted to strongly reflect 

the effect of upper body behaviors.  

Methods 

3-link bipedal walking model shown in Figure 1, two legs and 

a trunk, walks down the gentle slope (0.03 rad). Trunk 

behavior of this model was controlled by hip torque between 

the stance leg and the trunk based on following three methods 

[2,3]. First was forward swinging behavior, FS, based on 

Bisecting Hip Mechanism [2]. Second was backward swinging 

behavior, BS, based on a virtual inverted double pendulum 

model [3]. The swinging direction of FS was the opposite 

direction of BS.  Last was non-swinging behavior, NS, that 

meant the trunk angle was kept constant during walking. Hip 

joint of the swing leg and foot joint of the stance leg were free 

to reflect the effect of upper body behaviors. A slope moved 

backward and upward at constant speed. The model generated 

stable periodic walking on this slope depend on its trunk 

behavior, natural dynamics, and the gravity. In these walking 

simulations, bipedal walking was consisted of the continuous 

single support phase and the instantaneous double support 

phase based on the traditional simulation style of passive 

dynamic walking [1].  

 

Figure 1: 3-link walking model and trunk behaviors. 

Results and Discussion 

Simulation results, gait characteristics such as walking speed, 

step time, step length, kinetic energy, and COM displacement 

during one step, were shown in Table 1. Kinetic energy was 

normalized by walking speed and weight. In this study, 

walking speeds of three models were almost the same. FS 

required slightly larger kinetic energy and COM displacement. 

BS required slightly smaller kinetic energy and COM 

displacement. NS had middle characteristics of FS and BS. 

These results showed that FS is suitable for exercise purpose 

and BS is suitable for rehabilitation purpose. Trunk behavior 

affects its gait and suitable behaviors should be selected.  

Conclusions 

In this study, numerical bipedal gaits on a moving slope were 

simulated using simple 3-link bipedal walking model to clarify 

the relationship between trunk swinging behaviors and gaits 

on moving slope. As a result, suitable trunk behaviors should 

be adapted depend on the walking purpose. 

References 

[1] McGeer, T. (1990). Int.J. of Robotics Research, 57: 62-82. 

[2] Wisse, M. et al., (2004). Robotica; 22: 681-688. 

[3] Honjo, T. et al., (2013). Robotica, 31: 875-886. 

 

Table 1: Simulation results, gait characteristics during stable one step 

 
Walking speed 

[m/s] 
Step time [s] Step length [m] 

Kinetic energy 

(Maximum) [-] 

Kinetic energy 

(Mean) [-] 

Displacement of 

COM [m] 

FS 0.654 0.956 1.25 0.46 0.13 0.074 

BS 0.634 0.845 1.07 0.36 0.11 0.026 

NS 0.635 0.884 1.12 0.36 0.11 0.040 
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Summary 

This study aims to design a three-dimensional computational 
model to simulate walking for both able-bodied individuals and 
prosthesis users. The inverse dynamics model is driven using 
able-bodied gait kinematics. The model calculates the muscle 
forces required to produce the measured kinematics, both with 
and without a knee prosthesis. Special attention is paid to the 
muscle forces driving motion about the hip of the prosthesis-
side leg. Preliminary results have calculated muscle forces for 
the able-bodied participants, and integration of the prosthesis 
into the modified able-bodied model has proven feasible. Future 
work will compare the results of the prosthesis model against 
the able-bodied baseline to identify differences in muscle forces 
required to produce typical gait patterns with a prosthetic 
device. This model will ultimately be a valuable tool for 
informing more effective clinical rehabilitation techniques and 
improving future prosthesis design. 

Introduction 

Prosthetic devices are used to restore mobility in patients with 
missing limbs due to congenital conditions or amputation. 
However, these devices cannot fully replicate the function of 
the missing body parts of these patients. As a result, prosthesis 
users must adapt their movements to compensate for pain, 
decreased range of motion, or diminished sensory perception 
[1]. While these adaptations, or compensations, may appear to 
produce the desired motions, they often involve the user moving 
their hip or shifting their weight in motions that can lead to 
discomfort and long-term injury [2]. 

Computational simulations of human gait can provide a link 
between gait kinematics (e.g. hip and knee joint angles, walking 
speed, etc.) and the muscle activity required to produce them. 
This research aims to develop a 3D simulation to quantify the 
effects of compensatory movements on joint kinematics for 
above-knee prosthesis users. 

Methods 

Kinematics data were collected from 20 participants (10 male, 
10 female, aged 19-25 years) using a wearable inertial-
measurement-unit (IMU) based motion capture system. The 
IMUs were attached to the head, sternum, shoulders, upper 

arms, lower arms, hands, pelvis (over the sacrum), upper legs, 
lower-legs, and on the feet of each participant. Joint angles, 
body-segment orientations, and center-of-mass location was 
recorded at 60	Hz. Ground reaction pressures were recorded 
using in-sole pressure sensors. Each participant performed three 
walking trials at each of three different speeds (slow, normal, 
fast). Three consecutive steady-state strides were selected from 
each trial to be input into the gait models. 

Gait modelling was performed using OpenSim 4.0. Both able-
bodied and prosthesis models were adapted from the existing 
23 degree-of-freedom, 54 muscle models [3,4]. To simulate the 
use of passive prosthesis, all muscles that insert below the knee 
were removed on the right leg, and the knee joint was replaced 
with a simple rotational joint acted on by a generalized spring-
damper force. The models were scaled to match each 
participant, inverse dynamics was performed using the able-
bodied joint trajectories and ground reaction forces.  

Results and Discussion 

The results indicate that the models can calculate muscle forces 
for the able-bodied participants using the IMU-measured joint 
angles and insole sensor generated ground reaction forces as 
inputs. Integration of the prosthesis into the modified able-
bodied model has also proven feasible, and various user-defined 
passive torque profiles can be used for the prosthesis. Ongoing 
and future work will compare the results of the prosthesis model 
against the able-bodied baseline to identify differences in 
muscle forces required to produce typical gait patterns with an 
above-knee prosthesis. 
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Summary 

The dynamics of the center of mass (CoM) during human 
walking in sagittal plane can be demonstrated by a spring-

loaded inverted pendulum (SLIP) model. As the first step to 

expand the 2D SLIP model into 3D model, we examined 

whether the CoM dynamics in frontal plane are describable by 

spring-mass dynamics. The model consists of a point mass and 

two massless compliant legs and was simulated for stable limit 

cycles. The model simulated GRF showed qualitatively 

similar trajectories to the data. Results showed that the 
walking dynamics in frontal plane as well as in sagittal plane 

can be demonstrated by the spring mechanics, implying that 

the resultant CoM dynamics of the multi-segment lower limbs 

of human could be simplified by a spring mechanics. 

Introduction 

The SLIP model represents the kinetic relationship between 

GRF and the CoM in sagittal plane and helps to understand 

gait dynamics of human in a simple theoretical framework 
[1,2]. We wondered whether the CoM dynamics in the frontal 

plane could be also demonstrated by spring mechanics, and 

examined this hypothesis empirically and model simulation. 

Methods 

Mechanical relationship between the GRF in the frontal plane 

and the corresponding CoM sway in the frontal plane and the 

change of leg length were examined (Fig.1 and 2). In order to 

reproduce by the spring mechanics, the GRF trajectory have to 
have a linear relationship with the CoM trajectory. Since the 

leg length determined by the CoM trajectory in the frontal 

plane is linearly dependent with the net force of the GRF in 

the frontal plane, the SLIP model would represent gait 

dynamics in the frontal plane. (Fig.1) 

 

Figure 1 Trajectory of the CoM in the frontal plane (left), the leg 
length between the CoM and the CoP (right, top), and the GRF (right, 
bottom) are presented. 

In this study, a spring model was proposed to reproduce the 

CoM dynamics of frontal plane, which consists of a point 

mass and two massless compliant legs. The equations of 

motion of model for frontal plane(Eq.(1)) and non-holonomic 

constraint(Eq.(2)) for double support phase are as follows: 
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where model parameters m , 0l  and k are mass, rest leg length 

and leg stiffness, and the state variables l ,   are the leg 

length and the leg angle, respectively and we only consider 

dsF  in DS. We set parameters m  as 80kg and 0l  as 1m 

The model was simulated by matlab(MathWorksⓇ). When the 

legs are configured with the touch down angle, the single 

support phase(SS) ends and DS starts. When trailing leg 

stretches to 
0l , DS ends and SS starts. The simulation starts 

during SS and steps for 51 strides. If the error between the 

initial conditions of single support phase of 50th stride and 

51st stride is less than 0.001, it is defined as stable limit cycles. 

 

Figure 2 A: GRF trajectories of human walking in sagittal and 
frontal plane. B: empirical data and simulation of GRF in frontal 
plane(vertical: black and gray, ML direction: red and light red). 

Results and Discussion 

The SLIP model of frontal plane had a walking solution under 

various conditions and reproduced the GRF of the double peak 

in frontal plane(Fig.2). However, the ratio of the ML GRF in 

the simulation seems to be larger than the empirical data, as 

the leg angle increases to maintain the motion within the CoP. 

Conclusions 

We demonstrated the CoM dynamics in frontal plane as a 
form of spring legged model, as similar to that in sagittal plane. 

Later, we would attempt to expand the 2D SLIP model to 3D. 
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Summary 

We proposed a ground reaction force (GRF) estimation 

method from the input of RGB video capturing human 

walking. To convert kinematic motion data from a video into 

kinetic GRF data, we used a spring-loaded inverted pendulum 

(SLIP) model that reflects the relationship between the center 

of mass (CoM) and GRFs. The trajectory of the CoM was 

calculated from the waist tracking of the video image. The 

model parameters and initial conditions were tuned to best 

match the simulated CoM and the data. The GRF is then 

calculated from a SLIP model. The proposed method well 

estimated the GRF with RMSE 9.26 ± 2.44 % and 10.33 ± 

1.39 % for the vertical and anterior-posterior directions, 

respectively. The results imply that the SLIP model could 

serve as a framework to extract kinetic information out of 

kinematic data, which are measured by a regular video 

camera.  

Introduction 

GRF is fundamental kinetic data in gait analysis and 

measured by 3D force sensors mostly in the laboratory set up. 

To measure GRF outdoor without wearing sensor system, we 

proposed a method to estimate GRF using a video data. The 

video can be taken regardless of the place, but only kinematic 

information like knee angle can be collected in a direct way. 

It has been reported that walking is well reproduced by mass-

spring dynamics reflecting the relationship between CoM and 

GRFs [1,2]. By using this knowledge, we proposed a method 

of estimating GRF with the CoM collected from a walking 

video (Figure 1). 

Methods 

A waist position is collected to estimate the CoM during 

walking. The correlation filter [2] and the point tracking 

method are used to track the image area. The CoM reflects the 

mass distribution change of the lower limb. Therefore, the 

CoM is estimated in consideration of stride and leg length. 

A SLIP model is used to estimate GRFs from the CoM. The 

model consists of mass and springs indicating the CoM and 

legs. GRFs are represented by the force of deformed spring, 

K(l-l0), where K and l0 are the stiffness and natural length of 

the leg. And center of pressure (CoP) displacement during 

single support phase is assumed, because the fixed CoP 

invokes excessive leg rotation [1]. The SLIP model simulation 

was initiated at the first heel strike, and GRFs were estimated 

by tuning parameters and initial conditions of the model that 

approximates the vertical CoM. 

To verify the proposed method, we conducted a walking 

experiment on five adult males who agreed to KAIST IRB. 

Subjects walked at three kinds of speeds on the instrumented 

treadmill and the result of the proposed method was compared. 

Results and Discussion 

The collected waist position showed an RMSE of 15.11 ± 

6.67 % in comparison with the CoM obtained from the force 

plate. The estimated CoM showed an RMSE of 10.10 ± 

4.95 %, which was reduced by about 5%. The results of GRFs 

estimated from the model showed an RMSE of 9.26 ± 2.44 % 

and 10.33 ± 1.39 %, respectively. This is similar to the result 

of a wearable GRFs measuring system based on a sole type 

force sensor. 

The error of the estimated vertical GRF increased with speed, 

and available model was not found for some high speed 

walking. This is because there is a limit speed of the model for 

reproducing walking mechanics [1]. Also, the error of the 

CoM improved did not significantly affect the result. So, a 

method of using simple information more than the CoM such 

as gait events timing could be more effective. 

Figure 1: The process of proposed GRFs estimation method 

Conclusions 

With a SLIP model that reproduces gait mechanics, the 

proposed method estimates the GRF using a RGB camera that 

can only collect kinematic data. It is expected to be used with 

lessened problems of space limitation and durability. 
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Summary 

Maximal (average) mechanical power output during cycling is 
constrained by many (bio-)mechanical factors. Here, we set 
out to find the maximal power that can be produced by the 
muscles of the lower limb during a fully constrained periodic 
movement. We used a musculoskeletal model capable of 
matching experimentally observed kinetics in sprint cycling to 
optimize joint angles and muscle activations that maximized 
power output. The predicted output increased from ~1250W 
for “normal” sprint cycling to a theoretical upper limit of 
~2050W.  

Introduction 

The objective in sprint cycling is to produce as much 
(average) mechanical power as possible. As such, sport 
scientists and biomechanists are concerned with the question 
which biomechanical factors are important for producing 
power output and how to optimize the mechanical aspects of 
the bike. An important aspect is currently unclear: what is the 
upper limit of the power output during a periodic movement of 
the lower limb?  

In previous work we have used a musculoskeletal model to 
investigate the optimal pedalling rate in isokinetic sprint 
cycling [1]. The predicted maximal power output, ~1250W, 
was well within the range experimentally observed. Like on a 
normal bike, the model was restricted to have a circular pedal 
path, which is unlikely to be optimal for producing maximal 
power output. The goal of the current study was to find the 
(fully constrained) joint angles and muscle activations as a 
function of time that produce maximal power output over one 
full cycle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Methods 

A model of the human lower limb similar to [1] was used in 
this study (see Fig. 1). The optimization problem was to find 
the hip, knee and ankle joint angles and the muscle activations 
over time that produced maximal average power output, with 
the constraint that the solution was fully periodic. This optimal 
control problem was transformed into a parameter 
optimization problem using a Direct Collocation method and 
was solved using SNOPT.  

Results and Discussion 

The optimal joint angles and accompanying pedal trajectory as 
a function of time are shown in Figure 2A. The maximal 
mechanical power output was obtained at a cycle frequency of 
~2Hz and was ~2050W. This is a 65% increase in power 
output compared to “normal” sprint cycling using the same 
model. To produce this maximal power output, all joint angles 
of both limbs need to be constrained according to the optimal 
joint excursions, which may well be impossible to achieve in 
practice. This 65% increased power output with respect to 
“normal” sprint cycling should thus be seen as a theoretical 
upper limit. 
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Figure 1: Schematic view of musculoskeletal model. The 
model consisted of 4 linked segments, actuated by eight Hill-
type muscle-tendon complex models. 

A 

Figure 2 A) Optimal joint angles over time; see Fig. 1 for angle
definition. B) Resulting toe trajectory. Dots are equidistant in time
(.004s) and the solid dot in B corresponds to t=0 in A. 

A 

B 
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Summary 

Muscular power is reduced with fatigue [1,3]. During cyclic 
contractions muscular power is highly dependent upon force-
velocity characteristics (F0, Vmax, curvature) and activation-
deactivation dynamics [2], which change with fatigue [1,3]. 
Determining the contribution of changes to each characteristic 
to the net loss of power in a living muscle is challenging. 
Therefore, we used modelling to determine the influence of 
these changes, individually and in combination, to muscular 
power during cyclic contractions. Our results show that fatigue 
of maximal isometric force decreased positive power and was 
the primary contributor to net power lost at lower frequencies. 
Increased relaxation time increased negative power during 
lengthening, particularly at higher frequencies. Thus, the 
relative importance of changes to these two contractile 
characteristics depended on movement frequency. Changes to 
other factors (Vmax, curvature) had minimal effect. 

Introduction 

Fatigue is known to decrease maximal isometric force, 
decrease maximal shortening velocity, increase force-velocity 
curvature and increase time for muscle relaxation [1]. During 
cyclic contractions, characteristic of many locomotor 
activities, muscular power is largely determined by force-
velocity characteristics and activation-deactivation dynamics 
[2]. Thus, the decline in power [1,3] observed during fatiguing 
cyclic activity is likely due to changes in these contractile 
characteristics [1]. However, determining the contribution of 
changes to each characteristic in a living muscle is 
challenging. Modelling allows changes to each contractile 
characteristic to be evaluated separately and in combination. 
Therefore, our purpose was to determine the separate and 
combined effects of changes in muscle contractile 
characteristics to fatigue during modelled cyclic contractions. 

Methods 

The capacity of a muscle to produce power during an imposed 
sinusoidal length change was examined at six different 
frequencies (0.5–3.0 Hz). The underlying mathematical model 
was based on the Thelen muscle model as described by C. T. 
Jonh [4] using default muscle parameters of the vastus lateralis 
from the OpenSim 3DGaitModel2392 model [5]. To 
maximize muscle power during the simulation we optimized 
stimulation onset and offset at each cycle frequency. 
Contractile characteristics were changed to represent fatigue 
using values reported by Jones et al., 2006. Custom code was 
written using R 3.5.1 for all simulations. 

Results and Discussion 

Changes in muscle contractile characteristics resulting from 
60-seconds of fatigue had varying influences on net power 
loss across different frequencies (Figure 1). At frequencies 

less than 2 Hz fatigue of maximal isometric force accounted 
for the majority of net power lost. At frequencies higher than 2 
Hz increased relaxation time became the primary contributor 
to net power lost.  

 
Figure 1: Fatigue and the Power-Frequency Relationship  

Figure 2 illustrates a decrease in positive power and an 
increase in negative power after 60-seconds of fatigue at 2 Hz. 

 
Figure 2: Power Fatigue During a Complete Cycle at 2 Hz 

Conclusions 

The contribution of individual contractile characteristics to net 
power loss as the result of fatigue varies with frequency. 
Movement frequency should therefore be considered when 
investigating fatigue during different locomotor activities. 
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Summary 

Modern CT devices now allow 3D geometrical measurements 
on the foot under load, finally giving access to the overall 
bone architecture in weight bearing. Previous measures were 
limited either by the 2D projection implied in the X-ray 
radiograms, or by the non-weight-bearing standard CT scans 
in supine. These radiographic measurements shall be 
reconsidered now taking advantage of the 3D nature of these 
new devices. Applications are expected in musculo-skeletal 
modelling, and in functional assessment of surgical or orthotic 
treatments. The present investigation reports relevant 
exemplary measurements and proposes a new nomenclature. 

Introduction 

The foot skeleton is a very complex bony structure, and the 
bone alignments change significantly from non-weight-
bearing to weight-bearing [1]; only the latter offers a realistic 
representation of this structure during daily living activities. 
Visualization and quantification of 3D bone alignments are 
now possible in upright single or double leg weight-bearing 
postures by means of the modern cone-beam computed 
tomography (CBCT) technology [2,3]. Before this technology, 
tenths of measurements had been proposed [4], mostly 
affected by operator-dependent identifications of alleged 
references. The present overall study aims at proposing a 
thorough approach to 3D weight-bearing measurements of the 
foot and ankle, including a new nomenclature and a number of 
relevant definitions for axes, reference frames and angles. 

Methods 

Dicom files were obtained from CBCT scans in standing, to 
define 3D models of the 30 bones of the leg and foot. For each 
bone, width, length and height, the distance from the ground, 
and the absolute and relative orientations are calculated, by 
using anatomical landmarks and axes. Also for these 
definitions and for necessary preliminary alignments, Principal 
Component Analysis (PCA) was performed. For relative 
orientations, i.e. joint angles, ISB standards and planar angles 
in all three anatomical planes or in 3D are calculated. Each of 
these measurements is provided with an unequivocal name-
code, comprehensible by all professionals. 

 
Figure 1: A definition of the calcaneus reference frame based on 

anatomical landmarks (left), and the complete set of bone reference 
frames when based on PCA (right). 

Results and Discussion 

The novel CBCT based measurements established on 3D 
models of the foot bones, even those aimed at mimicking 
corresponding standard 2D measurements on radiograms (a 
few examples in Figure 2), have the advantage of being more 
anatomically representative and less operator-dependent. 

 

 

Figure 2: Traditional angles from 2D views from radiographs (left), 
and the corresponding new view (right) from 3D foot models. 

In addition new multi-planar measurements are finally 
possible, overcoming previous limitations of the traditional 2D 
views, as for example the medial-longitudinal-arch (Figure 3). 

  

Figure 3: New approaches to the medial-longitudinal-arch: via three 
anatomical landmarks but in 3D (left), or by the long axes of the 
calcaneus and of the 1st metatarsus projected in the sagittal plane. 

Conclusions 

The automatic definition of landmarks, axes and reference 
frames removes any subjective variability and bias from the 
calculations of foot bone architecture. These can now be 
investigated in weight-bearing and in 3D, thus opening the 
door to a number of new biomechanical and clinical 
investigations [2,3,5], representative of the loading conditions. 
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Summary 

Biomechanical interfaces can be improved by virtual 

prototyping, allowing an accurate prediction and optimization 

of subject-specific socket-skin pressure distribution. In this 

work we present a comparison between two different 

modelling approaches for socket prototyping of a transtibial 

amputee. The method consists on the implementation of a 

finite element model to design socket geometry from subject 

morphology (lower extremity bones, tendon and skin), soft 

tissue and patellar tendon mechanical properties, liner with 

uniform pressure and external load. Load is applied in two 

stages, first as non-uniform fitting pressure on the equilibrium 

geometry for morphing the socket; and second as floor 

reaction on distal nodes corresponding to body weight load 

(subject standing in one leg). Final skin surface pressure 

results are compared with results using the 

piston/displacement approach described previously. 

Introduction 

Skin pressure is an important indicator to predict congestion in 

lower limb extremity. Pressure ulcers may develop given 

excessive load concentrations on skin-device interface [1].  An 

accurate prediction of skin pressure may contribute for better 

prosthetics development and comfort perception.  

The use of Finite Element Analysis (FEA) to prototype the 

socket has been described in the literature [2]. The previous 

approach, hereby entitled ‘piston’ or ‘displacement’ method, 

considered supporting socket nodes with imposed upward 

3mm displacement. In this work we introduce a new method 

for simulating standing in one leg, accounting for the reaction 

force applied to the socket. The new method intends to 

improve the optimization loop, ensuring that subject’s body 

weight is met at every single iteration.  

Methods 

The input data considered for socket design under this Finite 

Element approach consists of subject morphology of lower 

extremity.  Bone geometry is acquired with Magnetic 

resonance imaging (MRI) and segmented with the open source 

Gibbon [3]. Subject skin shape is captured with Digital Image 

Correlation (DIC) [4].  

Mechanical response of the soft tissue is represented with 

classic continuum mechanics based on the evaluation of the 

strain energy density function to represent tissue hyperelastic 

behaviour. Soft tissue material properties considered in this 

model, named shear modulus and bulk modulus like 

parameters, are derived from palpation and pressure cast data 

of a reference transtibial male amputee [1]. 

After simulating liner donning uniform pressure, external load 

is applied in two stages, first setting fitting pressure to morph 

the socket and second as reaction force to standing in one leg, 

to account for subject’s body weight.  

Variable fitting pressure is considered to morph the socket, 

ranging from 15 kPa to 105 kPa. Final step considers applying 

additional load to match body weight. Reaction load is applied 

as Dirichlet boundary condition on distal nodes of the socket, 

considering 30 load increments.  

We stablished an overall pressure threshold of 85 kPa for skin-

socket interface. Areas corresponding to skin pressures above 

the threshold are tagged as high loading areas, therefore fitting 

pressure is reduced on those areas for the following iteration 

in the optimization loop. Patellar tendon area, which is 

considered a load safe region, is excluded from the pressure 

reduction loop. 

Results and Discussion 

The optimization loop is satisfied after 5 iterations for the 

reaction load method and 9 iterations for the 

piston/displacement method. Pressure distribution for both 

modelling approaches is presented (Figure 1).  

 

Figure 1: Pressure distribution on the final socket design, 6 iterations 

for distal reaction load (left) and 9 iterations for piston approach 

(right) 

A comparison of maximum pressure values at six different 

areas of interest is presented (Figure 2). Consistent higher 

pressures are noticed for the final design with the 

displacement condition except the patella bar region, 

maximum 28.9 % higher than results obtained with reaction 

load methodology around the tibia crest region. Around the 

patella bar region, the pressure is 14.7% lower than that 

obtained from reaction load methodology. Therefore, patella 

bar bears less load while other regions bear more if using 

piston/displacement method.  

  

Friday, August 02 2019: Posters (1600-1800) 1129

Modelling: Musculoskeletal - Bone 2



Friday, August 02 2019: Posters (1600-1800) 1130

10.19 Modelling: Musculoskeletal - EMG 2
1. Riad Akhundov: Development And Validation Of A Deep Neural Network For Automated Electromyographic Pattern

Classification

2. Claudio Pizzolato: Real-Time Estimation Of Localised Achilles Tendon Strain Using A Multiscale Emg-Informed Neu-
romusculoskeletal Model

3. António P Veloso: Muscle Contributions To Maximal Forward Braking And Backwards Acceleration In Elite Athletes

4. Lena Ting: A Multi-Scale Model Predicts Diverse Muscle Spindle Firing Properties

5. Samuel Salemi: Simultaneous Penalization Of Muscle Activation And Contact Loads

6. Mohammad S. Shourijeh: Informed Synergy Optimization For Muscle Activation Estimation

Modelling: Musculoskeletal - EMG 2



 

 

Development and validation of a deep neural network for automated electromyographic pattern classification 
 

Riad Akhundov1,2,4, David J Saxby1,2, Suzi Edwards3, Suzanne Snodgrass4, Phil Clausen5, Laura E Diamond1,2 
1Gold Coast Orthopaedics Research, Engineering & Education Alliance (GCORE), Griffith University, Australia; 2School of Allied 

Health Sciences, Griffith University, Australia; 3School of Environment and Life Sciences, University of Newcastle, Australia; 
4School of Health Sciences, University of Newcastle, Australia; 5School of Engineering, University of Newcastle, Australia; 

Email: riad.akhundov@uon.edu.au  
 

Summary 
This study compared the performance of five artificial neural 
networks in evaluating surface electromyography (sEMG) 
signal quality. AlexNet demonstrated the highest accuracy 
(99.55%) with negligible false classifications, indicating that 
sEMG quality evaluation can be automated via an image 
recognition-based deep neural network without compromising 
human-like classification accuracy. 

Introduction 
The Calibrated EMG-informed Neuromusculoskeletal 
Modelling toolbox (CEINMS) [1] is a free and open-source 
software for neuromusculoskeletal modelling, which can use 
experimentally acquired sEMG to estimate muscle dynamics 
and joint contact forces. For CEINMS simulations to be driven 
by valid measures of muscle activation, the sEMG must contain 
clear bursts of activity associated with muscle activation during 
motor tasks. As such, sEMG quality must be assessed prior to 
use in neuromusculoskeletal modelling. An automated 
procedure to evaluate sEMG quality would streamline data 
processing, minimise subjectivity, and reduce time and skill 
burdens on researchers and clinicians. The aim of this study was 
to automate the sEMG quality evaluation process using an 
appropriate artificial neural network (ANN). 

Methods 
Over 87,000 individual sEMG signals from various trunk and 
lower-limb muscles were manually classified by a trained 
observer into: good, usable, noise, or no signal. These data were 
divided into training, validation, and application data sets. The 
training set (n=40,000, composed of all classification categories 
in equal percentage) was used to train five ANNs with the goal 
of automatically classifying sEMG quality. The five ANNs 
were: adaptive neuro fuzzy inference system (ANFIS), pattern 
recognition neural network (PNN), AlexNet, VGG16, and 
ResNet50. The first two ANNs (ANFIS & PNN) extracted 
manually selected coefficients to describe the sEMG signal and 
used these coefficients as input for the neural network. These 
coefficients included wavelet transform, variance, spectral 
entropy, and other features that are generally used for pattern 
classification [2]. The latter three ANNs (AlexNet, VGG16, and 
ResNet50) implemented image recognition-based deep neural 

networks that extracted coefficients from the input data without 
supervision from the human operator. Performance of each 
neural network was assessed by prediction accuracy when run 
on the test data set (n=12000). Accuracy was calculated as the 
percentage of classifications by the ANN matching manual 
classification. 

Results and Discussion 
The performance of both ANFIS and PNN was unsatisfactory 
(Table 1): accuracy was relatively low and false classification 
rates (percentage of poor quality sEMG falsely classified as 
good quality or vice versa) were high. The neural network 
performance of the three deep neural networks showed 
substantial improvement in classification accuracy, effectively 
eliminating false classifications. AlexNet demonstrated the 
highest accuracy (99.55%) with a low computational demand 
(evaluated 1,000 signals in 2.44 s). The classification tool was 
able to process, correctly classify, and present the results for 
3000 individual sEMG in 8 minutes, which would normally 
take a trained observer multiple hours of manual classification. 
Results suggest a deep neural network can robustly automate 
sEMG classification. We will make our classification tool 
publicly available. 

Conclusions 
Using an image recognition-based deep neural network, sEMG 
quality was successfully classified while drastically reducing 
time demands and without compromising human-like 
classification accuracy. Findings from this study will underpin 
a publicly available classification tool designed to save 
researchers time and eliminate human errors when processing 
experimental sEMG data. 
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Table 1: Accuracy, false-positives and false-negatives for classification using the five artificial neural networks tested. ANFIS - Adaptive 
neuro-fuzzy inference system; PNN - Pattern recognition neural network. 

  
ANFIS PNN AlexNet VGG16 ResNet50 

Accuracy (%) 60.00 70.90 99.55 98.62 99.31 

False-positives (%) 30.29 15.89 0.08 0.67 0.06 

False-negatives (%) 9.71 13.21 0.38 0.72 0.62 
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Summary 
Real-time prediction of Achilles tendon strain can be used to 
inform rehabilitation and training interventions [1]. In this 
study, we combined an electromyogram (EMG)-informed 
neuromusculoskeletal (NMS) model of the lower limbs with a 
surrogate finite element (FE) model of the Achilles tendon to 
estimate localised tendon strain in real-time. Future 
development of this technology will enable real-time strain 
estimates in real-world conditions. 

Introduction 
Cyclical strain of around 6% helps restore and strengthen 
damaged tendons [2]. However, creating exercise programs to 
train the Achilles tendon within this “sweet spot” is extremely 
challenging, as different individuals performing the same 
exercise will elicit different localised tendon strains due to 
inter-individual variation in musculoskeletal anatomy, 
neuromechanics, and Achilles tendon morphology and 
material properties. We present an EMG-informed 
neuromusculoskeletal of the lower limb combined with a 
surrogate FE model of the Achilles tendon to estimate 
localised tendon strains during dynamic motor tasks in real-
time. 

Methods 

One healthy individual was included in this study. A 12-
camera motion capture system and an instrumented split belt 
treadmill were used to collect marker trajectories (200 Hz) and 
ground reaction forces (1000 Hz) during walking at self-
selected speed. Surface EMG were also acquired (2000 Hz) 
from 16 sites on a single leg. A generic OpenSim [3] model 
(gait2392) was linearly scaled to the individual. Joint angles, 
joint moments, and musculotendon kinematics were 
subsequently calculated using inverse kinematics, inverse 
dynamics, and muscle analysis tools in OpenSim. 

A FE model of the Achilles tendon was modelled using 
CMISS (www.cmiss.org) as an incompressible, transversely 
isotropic hyperelastic material, with 30° twisted fibres, and 
material properties parameters established from literature [4]. 
A partial least squares regression model was implemented in 
C++ and used to create a surrogate of the FE model able to 
predict von Mises strains at 2048 gauss points throughout the 
tendon across a range of tricep surae muscle forces [5]. 

Joint angles, moments, musculotendon kinematics, and surface 
EMG were used to drive a five-degrees of freedom Calibrated 
EMG-informed NMS model (CEINMS) in open-loop [6]. 
Muscle forces predicted by CEINMS were used as input for 
the surrogate model of the Achilles tendon, enabling 
estimation of 3D localised strains. Real-time visual feedback 

of strain was implemented in Javascript three.js (r100) and 
visualised in a web browser (Google Chrome). Computational 
speed was evaluated under simulated real-time conditions 
(Windows 7, i7-6820HQ @ 2.7Hz, 32GB RAM). 

Results and Discussion 

 

Figure 1 (a) FE model gauss points (grey) and nodes (color) selected 
for the analysis; (b) real-time von Mises strain estimates during 10 
seconds of walking for distal end, mid portion, and proximal end of 

the Achilles tendon. 

The combined CEINMS and surrogate FE models estimated 
Achilles tendon strain in real-time (Figure 1), with 
computational time of 1.66 ± 1.10ms per frame, evaluated 
over 12000 frames. 

Conclusions 
This study demonstrated a proof-of-concept that localised 
Achilles tendon 3D strains during gait can be computed in 
real-time. With current refinement and personalisation 
underway, the approach will be used to provide real-time 
feedback during tendon training and rehabilitation that target 
the “sweet spot” required to maximize in vivo tendon 
adaptation in real-world conditions [1]. 
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Summary  

Abrupt deceleration is a common practice in several sports, 

where sudden changes of direction are needed to perform at the 

highest level. The aim of this work is to estimate muscle forces 

and muscle contributions to the acceleration of the center of 

mass during a rapid anterior/posterior (A/P) deceleration task. 

Six elite male injury free, indoor sports athletes, participated in 

this work. Scaled generic musculoskeletal models, consisting of 

12 segments, 23 degrees of freedom and 92 musculotendon 

actuators were used in OpenSim. The quadriceps were the main 

contributors to the mass centre’s acceleration profile along the 

A/P direction, aided by the soleus, counteracted most of the 

effects applied by gravity along the vertical direction. The 

characterization of the biomechanics surrounding an abrupt 

anterior/posterior (A/P) deceleration task may be a robust and 

insightful indicator to be implemented in injury prevention or 

recovery protocols. 

Introduction 

Most of the high-level sports movements are related to 

accelerations, or decelerations of the body, in order to produce 

direction changes. The sheer magnitudes of the forces generated 

by the muscles and acting upon joints and ligaments during such 

tasks, while considering the amount of times an athlete needs to 

decelerate and change directions during the course of its career, 

are hard to fathom. To this end, the main purposes of this study 

are estimation of the muscle forces produced during this task 

and the identification of the main muscle contributors to the 

deceleration of the body’s center of mass (COM). 

Methods 

In this work, six elite male team sports injury free athletes 

consented to participate in this study (22 ± 4 years, 183 ± 8 cm, 

79 ± 14 kg). Kinematic and kinetic data were collected using 8 

infrared cameras (Qualisys) working at a frequency of 300Hz 

and 2 force plates (Kistler). Muscle forces and contributions 

were attained through OpenSim [1]. The musculoskeletal 

model was manually scaled to match each subject’s 

anthropometry. A residual reduction algorithm (RRA) step was 

used to minimize errors related to kinematic inconsistencies and 

modelling assumptions. Muscle forces were estimated using a 

Computed Muscle Control (CMC) optimization technique. An 

induced accelerations analysis (IAA) was performed. A rolling 

constraint without slipping was inserted in this analysis to 

substitute the interaction of the musculoskeletal model with the 

surrounding environment. 

 

 

 

Results and Discussion 

The quadriceps (vasti + rectus femoris) are the protagonist 

regarding the deceleration of the body’s mass center along the 

A/P direction. It provides support by absorbing the impact of 

the braking portion of the task. The hamstrings counterbalance 

the knee extensors activity and, together with soleus, they might 

prevent the anterior translation of the tibia. The soleus also 

work to absorb the impact of the braking phase. The gluteus 

maximus, in this task, may work as a stabilizer by supporting 

the trunk during the entirety of the task and by eccentrically 

controlling the trunk’s forward bending motion, along with the 

hamstrings [2]. Along the vertical direction, three muscles 

groups can be depicted as the main participants in counteracting 

the effects of gravity on the COM. The soleus plays a major 

role, followed by the quadriceps, and, in a lower extent, the 

gluteus maximus, with probable action on the trunk movement. 

The hamstrings, once again, appear to act contrarily to the 

quadriceps. 

 

Figure 1: Main muscle contributions to the acceleration of the center 

of mass along the fore-aft (A) and vertical (B) directions, in m/s2. Mean 

results for the 6 participants. 

Conclusions 

Our results reveal that the main lower limb muscles play a key 

role in the deceleration of the centre of mass along both the A/P 

and vertical directions, by protecting the joints and ligaments 

during such ballistic task, being particularly demanding for the 

quadriceps, and creating a strong shear force on the knee. 

Therefore, it gives us confidence in the implementation of such 

task in testing and recovery protocols with the intent of 

revelling potential ACL limitations . 
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Summary 

We introduce a multiscale muscle spindle model that 
provides a framework to simulate the effects of altered 
muscle properties, neural dynamics, and descending drive on 
muscle spindle sensory feedback. Our recent work shows 
that muscle spindle stretch responses in relaxed muscle have 
a unique relationship with history-dependent muscle fiber 
force and its first time derivative, i.e. dF/dt, or yank, but not 
with imposed stretch kinematics (1). Our muscle spindle 
model simulates cross-bridge population cycling kinetics 
where pseudolinear combinations of intrafusal fiber force 
and yank simulate neuron driving potentials. Ours is the first 
muscle spindle model to exhibit history-dependent firing 
caused by prior movement. Further, classical and 
paradoxical muscle spindle firing properties are emergent 
from the model, including changes in muscle spindle 
sensitivity due to gamma motor neuron activation.  

Introduction 
Muscle spindles are complex sensorimotor organs in skeletal 
muscles that provide critical information regarding the 
interactions of the body and its environment for movement 
control. While some steady-state muscle spindle firing rates 
may be described in terms of muscle length and velocity, a 
variety of studies show non-unique relationships between 
muscle spindle firing rates and muscle kinematics, even in 
passive conditions. Current phenomenological muscle spindle 
models based on highly-controlled experiments cannot 
predict muscle spindle firing across all of these conditions. 
Muscle spindle afferent signals are also under central 
regulation where motor commands to intrafusal muscle fibers 
in the muscle spindle create nonmonotonic relationships 
between muscle kinematics and muscles spindle firing rates. 
By simulating cross-bridge dynamics and the physical 
arrangement of intrafusal muscle fibers, our model provides a 
unifying mechanism for a broad range of muscle spindles 
firing properties. 

Methods 
Two half-sarcomeres were simulated in parallel to represent 
one “bag” and one “chain” intrafusal muscle fiber. We used a 
two-state acto-myosin interaction scheme where the force in 
each half sarcomere was calculated as a sum of an active 
component generated by the cycling activity of a population 
of myosin heads and a passive component generated by a 
simulated linear spring modelling contributions of titin. The 
force and yank of the bag fiber, defined as the fiber with faster 
myosin kinetics, were used to simulate more dynamic firing 
responses. The force of the chain fiber, defined as the fiber 

with slower myosin kinetics, simulated the more static firing 
responses. Activation state of the intrafusal muscle fibers was 
controlled by changing the number of activated thin filament 
binding sites on which myosin heads could attach.  
 
Results and Discussion 
Diverse muscle spindle firing responses to ramp-and-hold 
stretches of muscles were predicted by differentially 
weighting contributions of bag and chain fibers to  firing rate. 
The model also predicted fractional power scaling to stretch 
velocity as well as linear scaling of the initial burst to 
acceleration, both reported decades ago. Simulated activation 
of bag and chain fibers predicted increasing the ramp versus 
hold response to stretches, consistent with prior literature.  

 
Figure 1: A multiscale muscle spindle model predicts diverse 

muscle spindle firing properties 

Conclusions 
Our multiscale model may facilitate more realistic simulations 
of proprioceptive feedback in normal and impaired 
sensorimotor control. Effect of altered active and passive 
muscle properties, neural properties, and central regulation of 
muscle spindle sensitivity can also be investigated. 
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Summary 

In this study, we explored and verified a simple approach to 

simultaneously penalize both muscle activation and joint contact 

loads within OpenSim.  By adding degrees of freedom (DOF) to 

a joint of interest and providing enough strength for “contact” 

actuators along these DOF, we demonstrate that computed 

contact loads can be equal to a typically-constrained model.    

Introduction 

Simulations are a good tool for investigating complex 

interactions between joint contact forces, movement patterns, 

and neuromuscular control.  OpenSim is an opensource software 

developed to enable biomechanists to create, probe, and share 

dynamic simulations of movement [1]. Yet, while a traditional 
inverse dynamics workflow is readily available, implementation 

of novel computational approaches including alternative joint 

models or neuromuscular control strategies is non-trivial. Thus, 

the objective of this study was to develop and verify a simplified 

method to simultaneously reduce joint loads while optimizing 

muscle forces and optimize the design of novel assistive devices.  

Methods 

Approach: For each direction in which a contact force estimate 

is desired, we added a DOF.  For example, in the hinge knee 

joint, translational DOF were added in inferior-superior and 

posterior-anterior directions. Adding a DOF without a 

corresponding “actuator” would normally cause the model to 

either i) dislocate its joints or ii) fail to solve.  

Model: To test whether our approach yielded the same contact 

force estimates as a traditional analysis, we created a simple 

planar model consisting of a foot (welded to the ground), shank 

(1-DOF ankle), femur (1-DOF knee, plus 2 “contact” DOF), and 

head-arms-torso (1-DOF hip) with total mass of 70kg.  Body and 

mass proportions were calculated using anthropometric ratios 

from a six-foot-tall subject [2]. The model has four muscles 

representing quadriceps, gastrocnemii, soleus, and tibialis 

anterior.  An ideal moment actuator maintained hip equilibrium.  

Using this model, the “foot flat” phase of walking was 

approximated using a synthesized motion file (.mot). 

Verification: Computed muscle control (CMC) was used to 

estimate muscle activations and actuator controls that satisfy 

dynamic equilibrium while tracking desired kinematics. The 

model was analysed in two configurations: first, using a baseline 

hinge knee joint with additional “contact” DOF (knee_ty and 

knee_tx) locked, and second the proposed method with these 

DOF unlocked.  For the first case, OpenSim’s Joint Reaction 

tool was used extract the translational constraint loads.  For the 

second case, the ideal translational “contact” actuators 

represented the contact forces.   

CMC Objective Function:  CMC has an objective function that 

is comprised of the sum of squared muscle activations (∑𝑎𝑖
2) and 

actuator forces ∑(
𝑓𝑖

𝑤𝑓,𝑖
)
2

 , where fi is the ith actuator force and 

wf,i  is a weight factor that determines the cost of using the ith 

actuator. Thus, introducing additional DOF actuators introduced 

additional cost. To minimize these effects, ideal “contact” 

actuators were given a weight (wf,i, a.k.a. optimal force in 

OpenSim) of 50kN such that 5kN contact forces represent less 

than 10% activation (i.e. minimal cost).   Finally, to illustrate 

how contact forces could be reduced by redistributing muscle 

forces, we reduced the weight factor (wf,i) to 1kN, increasing the 

cost of joint contact within the CMC objective function. 

Results and Discussion 

With a 50kN weight factor, the proposed method yielded joint 

contact estimates that were similar to baseline (i.e. hinge knee) 

estimates (Figure 1b). Translations were less than 0.1mm, 

indicating that CMC did not affect joint behaviour.  A slight 

difference in contact force magnitude is expected due to the 

sensitivity of the CMC optimization algorithm to changes in 

either the objective function or initial conditions. When axial 

knee contact force (Cy) was penalized by reducing its weight to 
1kN, gastrocnemius force decreased, and soleus force increased. 

This resulted in a 1.4BW (~1000N) reduction in knee contact 

load.  While these results are not intended to replace high-

fidelity finite element joint models of joint mechanics, the 

proposed method appears suitable for exploring movement 

strategies and devices that could minimize joint loading. 

 
Figure 1: a) OpenSim model b) tibiofemoral contact force c) Muscle 
Forces following penalization  

Conclusions 

This study demonstrated that the feasibility of introducing new 

DOF and actuators to represent contact forces, as well as the 

ability to penalize contact forces and redistribute gastrocnemius 

and soleus force. Thus, the proposed method could enable 

consideration of joint contact loads when analysing movement 

and developing novel assistive devices. 
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Summary 

Musculoskeletal systems (MSS) are dynamically indeterminate. 

For this reason, static optimization (SO) is commonly used to 

estimate muscle forces and activations. However, SO minimizes 

antagonistic coactivation, which may not be physiologically 

realistic. To address this issue, we developed a novel technique 

called informed synergy optimization (ISO) for the estimation of 

muscle forces in MSS. 

Introduction 

Estimation of muscle forces during human movement could 

facilitate the development of improved interventions for disorders 

such as osteoarthritis, stroke, cerebral palsy, and Parkinson's 

disease [1]. Static optimization is applied one time frame at a time 

used to estimate muscle activations, which leads to minimized 

antagonistic coactivation. Muscle synergies have been used 

previously within static optimization (SO) to limit the achievable 

predicted muscle activations by reducing solution indeterminacy 

and increasing physiological co-activation [2]. 

This study describes a computational approach (informed synergy 

optimization—ISO) for using muscle synergies to resolve 

indeterminacy in estimating leg muscle forces during walking and 

then evaluates how the number of synergies affects muscle 

activation estimates as well as joint moment matching by 

comparing them to experimental data. 

Methods 

Walking data (Motion, ground reaction, and EMG of 10 trials at 

self-selected speed) from a previous study of a patient post-stroke 

with significant walking dysfunction were used [3]. A modified 

OpenSim ([4]) model with 31 degrees of freedom (DoFs; 5 per each 

leg) and 35 leg muscles was used for the initial musculoskeletal 

analysis, including scaling and inverse kinematics and dynamics. 

Concatenated non-negative matrix factorization decomposed 

EMGs from 9 arbitrarily chosen trials to extract muscle synergy 

commands and weights [5]. These synergy weights, assumed to be 

fixed among all trials, were then passed to ISO to solve all time 

frames together for optimal muscle synergy commands 𝐶 of the 

10th trial by minimizing the error from tracking inverse dynamics 

moments over one gait cycle. Synergy commands were 

parameterized with 21 control nodes and resampled to 101 points 

using B-splines. Note that no physiological term was assumed in 

this optimization cost function, as follows:  

101 35 5 35
2

k

1 1 1 1

min ( (C ))  subject to 0
k

jk ijk ik k
C

k i j i

M r F C
   

 
  

 
    

Results and Discussion 
Muscle activations from the informed synergy optimization 

approach showed a significantly higher correlation with EMG data 

compared to traditional SO (mean r = 0.71 vs. 0.54; Fig. 1). In case 

6 synergies are chosen, the number of unknowns is 126 (6 synergies 

x 21 control nodes) whereas the number of known equations are 

505 (5 DoFs x 101 time frames), which made the problem 

overdetermined.  

Although activation minimization has been commonly used in 

musculoskeletal simulations of healthy subjects (despite poor 

agreement with the activation estimates and EMG), there is no 

evidence that subjects with movement or neurological disorders 

apply this as their neural control strategy. ISO may be the approach 

to estimate muscle activations and forces in different populations 

with no assumption on the physiological optimality, unlike static 

optimization.  

Conclusions 

Although the informed synergy optimization requires limited a 

priori muscle synergy information, it does not make any 

assumption about effort minimization and showed to be promising 

for solving the muscle redundancy problem in estimation of muscle 

activation and force.  
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Figure 1: Muscle activation estimates of informed synergy optimization (ISO) using 6 synergies versus static optimization (SO) and experimental 

muscle activity for gluteus maximus (glmax), gluteus medius (glmed), psoas, semitendinosus, rectus femoris, vastus medialis (vasmed) and lateralis 

(vaslat), gastrocnemius lateralis (gaslat) and medialis (gasmed), tibialis anterior (tibant), peroneus longus (perlong), and soleus. 
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Summary 

The stretch-shortening cycle is a naturally occurring muscle-
tendon function that serves to potently enhance performance, 
and when implemented until exhaustion results in 
neuromuscular fatigue that differs from that induced solely by 
isolated contractions. Comparable with previous reports with 
soleus, we found changes in medial gastrocnemius muscle 
architecture after exhaustion. Although further investigation is 
needed, these alterations seem to result from a unique 
interaction at musculoskeletal and neural levels.  

Introduction 

It is well-known that performance, work, and efficiency is 
enhanced in stretch-shortening cycle (SSC) tasks, whereby 
preactivated muscle-tendon units lengthen before shortening. 
This muscle-tendon function inherently occurs in daily 
movements, such as walking, running, and jumping. Thus, 
SSC exercise until exhaustion represents naturally-occurring 
fatigue better than isolated movements, consequently inducing 
a different fatigue and recovery model [1]. Muscle architecture 
of the mono-articular soleus has been reported to be altered 
after exhaustive SSC exercise [2], however it is unclear how 
the architecture of medial gastrocnemius (MG), a bi-articular 
synergist, may change after a similar exhaustive task. The 
purpose of this study was to investigate the effect of 
exhaustive SSC exercise on muscle architecture of MG.  

Methods 

Ten male athletes (age: 18.9±0.9) performed an exhaustive 
SSC exercise consisting of 5 sets of 20 maximal bilateral drop 
jumps (DJs) on a sledge apparatus immediately followed by 
continuous submaximal rebounding to a height corresponding 
to 70% of the maximal rebound height until either 50% of 
maximal rebound height could not be attained or volitional 
fatigue. Prior to and after exhaustion, participants performed 
plantarflexion MVCs and maximal DJs on the sledge 
apparatus. All jumps were recorded from the subject’s right 
side at 200Hz with a high-speed camera (Sony HXR-NX5E). 
Ultrasonography (SSD-α10, Aloka) was employed during rest 
and MVC with a 60-mm transducer (7.5MHz) collecting 
images at 94Hz. For pennation angle (PA) and muscle 
thickness (MT) during MVC, a still image was taken from the 
absolute peak force. All single frame images were analysed 
using ImageJ software. A reliable, automated fascicle tracking 
algorithm (Matlab R2016b) [3] was used to determine fascicle 
length (FL) during MVC, which was synchronized and 
averaged over the corresponding 500ms window from trials 
used for peak MVC force analysis. Blood samples were drawn 
from the fingertips and lactate was analysed automatically and 
instantly (Lactate Scout). 

Results and Discussion 

After exhaustion, MVC (-178.6N) and rebound jump height (-
11.8cm) were significantly decreased (p=0.004), and lactate 
was significantly increased (9.5mmol/L, p<0.001). Further, FL 
increased, PA decreased, and MT was unchanged (Table 1). 
While only a trend (p=0.058) was demonstrated for FL during 
MVC, the mean change exceeded the minimal detectable 
change previously reported [4]. Because we found no changes 
in MT, increased intramuscular pressure is unlikely to cause 
increased FL, as suggested for the soleus [2]. Since the 
amplitude of MG fascicle stretch during maximal DJs is much 
lower than soleus [5], fascicle strain-induced muscle damage 
[6] is also unlikely to result in longer fascicles. As muscle 
spindle contribution to MVC decreases with fatigue [7], it 
appears the increased active FL stems, by way of reduced 
fascicle shortening [8], from the well-established impairment 
of stretch reflex function after SSC fatigue [1]. Decreased 
resting muscle spindle discharge may also reduce resting 
muscle stiffness [9], which may be from increased fascicle 
compliance due to the cyclic active stretching and shortening.  

Table 1: Medial gastrocnemius muscle architecture parameters 
before and after exhaustive SSC exercise. * (p < 0.05) from baseline. 

 Pre Post 

FL – Rest (mm) 51.7±7.0 54.3±7.5* 

PA – Rest (deg) 14.3±2.2 13.4±2.8* 

MT – Rest (mm) 14.8±1.4 14.4±1.3 

FL – MVC (mm) 26.1±2.3 28.0±4.0 

PA – MVC (deg) 31.8±2.9 28.6±4.8* 

MT – MVC (mm) 14.9±1.0 14.7±1.2 

Conclusions 

A complex mechanical-neural interaction appears to occur as a 
result of exhaustive SSC exercise. Further exploration is 
merited.  
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Summary 

This study investigated whether the individual differences in 

knee extensor fatigue induced by sustained middle-level 

contraction are explained by one or more indices of muscle 

fatigue. Twenty-four healthy young men performed a 

sustained fatiguing contraction to task failure at 40% of 

maximal voluntary contraction (MVC) torque of the knee 
extensors. The evoked triplet torque (TQtri) and MVC torque 

(TQMVC) of the knee extensors were measured before and after 

the fatiguing task. Voluntary activation was also determined 

before and after the fatiguing task. These values after the 

fatiguing task were normalized to those before. The 

normalized TQMVC was significantly correlated with the 

normalized TQtri, but not with the normalized voluntary 

activation. The current results suggest that the individual 
differences in knee extensor fatigue induced by sustained 

middle-level contraction is more affected by the peripheral 

fatigue than the central fatigue.  

Introduction 

Muscle fatigue is generally defined as any exercise induced 

reduction in the ability of a muscle to generate force or power 

[1], and is mediated by central and peripheral components [2]. 

Although there is a previous study investigating individual 

differences in muscle fatigue induced by low-level contraction 

[3], the cause of the corresponding differences induced by 

other-level contractions has been unclear. Using the 

combination of various indices of muscle fatigue is expected 
to be effective for identifying the cause of the individual 

differences in muscle fatigue. This study aimed to investigate 

relationships between   the individual differences in the knee 

extensor fatigue and various indices of peripheral and central 

fatigue induced by sustained middle-level contraction. 

Methods 

Twenty-four healthy young men participated in this study. The 

subjects performed a sustained fatiguing contraction to task 

failure at 40% of maximal voluntary contraction (MVC) 

torque of the knee extensors. The evoked triplet torque (TQtri) 

and MVC torque (TQMVC) of the knee extensors were 

measured before and after the fatiguing task. The fatigue-
induced decrease in TQtri reflects peripheral fatigue, and the 

corresponding decrease in TQMVC reflects both peripheral and 

central fatigue. Voluntary activation (VA%) was also 

determined to evaluate central fatigue before and after the 

fatiguing task. In order to evaluate the degree of each 

peripheral fatigue of rectus frmoris (RF), vastus lateral (VL), 

and vastus medial (VM) muscles, shear moduli of these 

muscles were measured using shear wave ultrasound 

elastography before and after the fatiguing task. Muscle 
activities of the RF, VL, and VM during MVC were measured 

by surface electromyography (EMG). Root mean square 

(RMS) values and M wave peak to peak amplitude (Mmax) 

were evaluated using EMG signals. The RMS values were 

normalized to Mmax.  

Differences in TQtri, TQMVC, and VA% before and after the 

fatiguing task were examined using a paired t-test. A two-way 

analysis of variance (ANOVA) with two within-group factors 

[time (before and after the fatiguing task) and muscle (RF, VL, 

VM)] was used to evaluate the fatigue-induced changes in 

muscle shear modulus, RMS, and Mmax of each muscle. When 

a significant interaction was detected, an additional ANOVA 

with the Bonferroni multiple-comparison test was performed. 

When the variables decrease after the fatiguing task, these 

values after the fatiguing task were normalized to those before 

the fatiguing task. Afterwards, relationships between the 

normalized TQMVC and the corresponding values of other 

variables were explored using Pearson’s product moment 

correlation coefficients. Statistical significance was set at P < 

0.05.  

Results and Discussion 

The TQMVC and TQtri were significantly decreased after the 

fatiguing task, whereas VA% was not significantly changed 

before and after the fatiguing task. For muscle shear modulus, 

RMS, and Mmax, a significant main effect of time or muscle 

and a significant time × muscle interaction were not found. 
These results, suggest that central fatigue did not occur by the 

fatiguing task in contrast to the index of peripheral fatigue of 

the whole-knee extensors (i.e., TQtri). The correlation between 

the normalized TQMVC and TQtri was significant. In a previous 

study, it has been reported that peripheral component has a 

greater influence on the knee extensor fatigue induced by 

middle-level contraction than central component [4]. In 

addition, TQtri reflects peripheral fatigue. Hence, the current 
results suggest that the individual differences in muscle 

fatigue induced by sustained middle-level contraction are due 

to those in peripheral fatigue.   
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Summary 

Using a novel decomposition system capable of tracking the 

firing behaviour of motor units during dynamic tasks, we 

investigated for the first time the control of motor units during 

fatiguing dynamic flexion/extension contractions of the 

quadriceps muscle. We observed increasing motor unit firing 

rates and recruitment indicating that the excitation to the 

motoneuron pool increases to sustain the movement output as 

muscle fatigue develops. These findings are in agreement with 

those previously observed during isometric fatiguing tasks. 

Introduction 

Historically, the investigation of motor unit control during 

fatigue has been restricted to isometric contractions due to the 

challenges of tracking motor unit action potentials (MUAPs) 

shapes in the midst of complex superpositions that occur 

during dynamic exercises and movements [1-2]. We have 

overcome this limitation by developing new algorithms 

capable of extracting motor unit firing behaviour directly and 

noninvasively from surface EMG signals across a broad 

spectrum of natural human movements. These advancements 

have allowed us to expand the investigation of muscle control 

during fatigue in natural dynamic contractions.        

Methods 

N=5 healthy subjects (3 males, 2 females, age range 23-31 

y.o.) participated in a fatigue protocol of leg flexion/extension 

repeated to the endurance limit. Subjects were seated in an 

apparatus that restricted knee range of motion to 0-60° flexion 

and applied 10 lbs resistance. During the voluntary dynamic 

task, we used a surface EMG array placed on the skin over the 

vastus lateralis (VL) muscle to record four EMG signals 

filtered between 20-450 Hz and sampled at 2 kHz 

(NeuroMapTM System, Delsys, Natick, MA). The subjects’ 

maximal voluntary contraction force was measured before and 

after the fatigue protocol. Knee joint angle was concurrently 

monitored using an electrogoniometer (Biometrics, UK). The 

EMG signals were decomposed into the MUAP shapes and 

firing instances of the constituent motor units using novel 

decomposition algorithms designed to identify and track 

MUAP shapes throughout dynamic movement [3]. For each 

motor unit and contraction repetition, we calculated: 1) the 

MUAP amplitude, as the maximum amplitude of the positive 

and negative MUAP phases; 2) the peak firing rate, as the 

peak of the mean firing rate curve calculated using a 0.8-s 

Hanning window; and 3) the motor unit recruitment and 

derecruitment thresholds, as the joint angle at which the motor 

unit started and stopped firing.  

Results and Discussion 

Because motor unit firing properties are known to differ across 

motor units with different size, we tracked the firing behaviour 

of motor unit with similar MUAP-amplitude throughout the 

contraction series (see blue firing trains in Figure 1, top). We 

observed that from the beginning to the end of the protocol: 1) 

average motor unit peak firing rates increased (Figure 1, 

middle); 2) motor units with higher MUAP amplitude were 

recruited (Figure 1, middle); 3) recruitment and derecruitment 

angle decreased (Figure 1, bottom).  
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Figure 1: Motor unit firing instances (top); peak firing rates (middle); 

changes in peak firing rates, recruitment and derecruitment angle 

(bottom) from the beginning to the end of the fatigue protocol. 

Conclusions 

These findings are consistent with previous results during 

isometric fatiguing contractions of the VL [1-2], and suggest 

that the central nervous system increases excitation to the 

motoneuron pool to sustain the dynamic movement as the 

muscle fatigues. 
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Summary 
Fatigue of skeletal muscles reduces their ability to prevent 
injuries to their corresponding tendons. For example, Achilles 
tendinopathy often results when the tendon is overloaded due 
to fatigue of the triceps surae. To better understand this 
occurrence, we used a high-density array of electrodes to 
measure electromyographical signals from the medial 
gastrocnemius during walking before and after a fatiguing 
task. Muscle fatigue induced a proximal shift in the 
distribution of muscle activity and caused overall muscle 
activity to decrease. This shift in muscle activity likely 
indicates that the muscle recruits different motor units and 
muscle fibers when it is fatigued than when it is not fatigued. 

Introduction 
When muscles fatigue, they are unable to absorb mechanical 
energy at the same capacity as under non-fatigued conditions. 
As a result, the muscle-tendon unit becomes compromised and 
the muscle cannot protect the tendon from high strains [1]. 
This is particularly relevant for the triceps surae muscles and 
the Achilles tendon during walking and running. Fatigue of 
these muscles is associated with Achilles tendinopathy due to 
increased load placed on the tendon [2]. Understanding how 
fatigue alters neuromuscular recruitment could provide insight 
into injury mechanisms.  
The purpose of this study was to determine if spatial 
electromyography (EMG) activity changed in the medial 
gastrocnemius with fatigue. Previous research with high-
density EMG found a shift in spatial muscle activity in the low 
back during a repetitive task [3]. With that in mind, we 
hypothesized that gastrocnemius fatigue would result in a 
proximal shift in muscle activity during walking. 

Methods 
We recorded high-density surface EMG from the medial 
gastrocnemius on the right leg of 3 subjects (1 M, 2 F) using a 
64-channel array of electrodes. Subjects walked on an 
instrumented treadmill at a speed of 1.2 m/s for five minutes. 
They then performed a fatiguing task (calf raises at a rate of 
40/minute for a total of 12.5 minutes) before walking for five 
more minutes on the treadmill. We measured the maximum 
voluntary contraction (MVC) of ankle plantarflexion at the 
beginning and end of the experiment (~1-1.5 hours after the 
fatiguing task).   
 

We high-pass filtered EMG data at 20 Hz and epoched the 
data into stance phases for the walking trials. We then 
averaged the data for all stance phases and calculated the 
average RMS value for each electrode of the array from both 
walking trials. 

Results and Discussion 
The centroid of the muscle activity shifted proximally 1.6 cm 
after fatigue (Figure 1). There was also a large decrease in 
muscle activity amplitude after the fatiguing task. The average 
peak RMS value decreased by 36% with fatigue.  

 
Figure 1: Average spatial distribution of EMG-RMS values for all 
subjects during the stance phase of walking before (left) and after 

(right) the fatiguing task. RMS values were normalized to the peak 
value from the trial before fatigue.  

The peak MVC decreased by an average of 20.4% after the 
fatiguing task (Table 1), indicating that we successfully 
induced fatigue of long duration in each subject. We did not 
observe differences in peak ground reaction force or stance 
phase duration between walking trials before and after fatigue.  

Conclusions 
The proximal shift in muscle activity suggests that different 
motor units and muscle fibers were recruited after muscle 
fatigue. This may be a compensation by the nervous system to 
reduce the effects of fatigue on muscle mechanics.  
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Table 1: Average MVC, peak ground reaction forces, and stance phase time for all subjects before and after fatigue. 

  MVC (%BW) Peak Ground Reaction Force (%BW) Time in Stance Phase (s) 
Before Fatigue 0.161 ± 0.019 1.173 ± 0.093 0.658 ± 0.020 
After Fatigue 0.128 ± 0.031 1.171 ± 0.084 0.650 ± 0.025 
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Summary 

The purpose of this ongoing study is to assess back extension 
endurance time and muscle fatigue of university students with 
and without history of low back pain (LBP). To date, 11 
graduate students (5 with and 6 without LBP) have 
participated, and the final sample will be 30 (15/group).  The 
electromyographic (EMG) activity of the lumbar multifidus 
and iliocostalis muscles was measured using a Biometrics 
System (Guent, UK) during the Biering-Sorensen Test (BST), 
which evaluates back extension endurance. The trends indicate 
that back extension endurance is lower and muscle fatigue is 
higher in those with LBP history compared to those without it. 
The final results will be presented at the conference. 

Introduction 

BST provides information on the isometric endurance of the 
trunk extensor muscles, and EMG can be used to assess 
muscle fatigue based on muscle firing rate median frequency 
decline. LBP is associated with lumbar weakness and muscle 
fatigue. However, the effects of history of LBP on lumbar 
extension endurance and muscle fatigue of currently 
asymptomatic subjects needs further investigation. Therefore, 
the purpose of this study is to assess the back extension 
endurance time and muscle fatigue of asymptomatic university 
students with and without history of LBP. 

Methods 

To date, 5 graduate students with and 6 without LBP history 
(6 female and 5 male, 26±3 years old, height 176±9 cm, and 
weight 68±8 kg) have participated. The final sample will be 
15/group. The group with LBP history included the subjects 
that reported to have had low back pain that resulted in a 
doctor visit or missed day of work or school. To be eligible, 
all subjects had to be asymptomatic (no current LBP). The 
EMG of the lumbar multifidus and iliocostalis muscles was 
measured bilaterally at 2000 Hz using a Biometrics System 
during the BST. During the test, the participants had to hold a 
prone, unsupported back extension for up to 4 minutes with 
the hands crossed over the chest and the chin tucked in. The 
test was stopped when your shoulders dropped lower than the 
neutral position. A Matlab routine was used to filter (fourth-
order Butterworth - bandwidth 10 to 400hz). The median 
frequency (MF) was calculated at 5s intervals with FFT 
throughout the duration of the test. Linear regression was 
calculated for each muscle and group. 

 

 

Results and Discussion 

The group without LBP history had much longer time during 
the BST than the group without LBP history (135±47s vs. 48 
±27s, p=0.017). The MF regression lines and coefficients for 
both groups and muscles are presented in Figures 1.  

 

 
Figure 1: MF regression lines and determination coefficients of 
participants with BP (red) and without NBP (blue) for the multifidus 
(A) and iliocostalis (B) muscles during the Biering-Sorensen Test. 

The slope of the median frequency regression lines for the 
were 81% (multifidus -0.41 vs. -0.23) and 152% (iliocostalis -
0.25 vs. -0.10) steeper for the group with LBP history than for 
those without it, indicating that those with LBP history fatigue 
faster and at a higher rate that those without. These 
preliminary results are consistent with previous findings [1,2]. 

Conclusions 

The trends indicate that back extension endurance is lower and 
muscle fatigue is higher in those with LBP history compared 
to those without it. The final results will be presented at the 
conference. 
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SUMMARY (142/150) 
Recently, we suggested that cross-bridge kinetics and residual 
force enhancement (RFE) contribute to the stretch-shortening 
cycle (SSC) effect. Cross-bridge kinetics and RFE are affected 
by fiber type. Therefore, we examined the influence of fiber 
type on the SSC effect and RFE. Rabbit psoas and soleus were 
used as representatives of a fast and a slow twitch-fibred 
muscle, respectively. We performed pure shortening (control 
test) and shortening following eccentric contraction (SSC test) 
experiments to observe the SSC effect. We also performed 
pure isometric contractions (control test) and isometric 
contractions following eccentric contraction to quantify RFE 
independently. The magnitude of the SSC effect was greater in 
the soleus than the psoas muscle, while RFE was the same in 
both muscles. These results suggest that the difference in the 
SSC effect between soleus and psoas was not caused by RFE, 
but by the cross-bridge kinetics. 

INTRODUCTION  
Mechanical work done during muscle shortening is increased 
when preceded by an eccentric contraction. This phenomenon 
is called the stretch-shortening (SSC) effect. Recently, we 
suggested that cross-bridge kinetics and residual force 
enhancement (RFE) contribute to the SSC effect [1]. If so, the 
SSC effect may be modulated by fiber type, because the cross-
bridge kinetics and titin isoform, which is related to RFE, are 
different between fiber types [2,3]. Thus, the purpose of this 
study was to examine the influence of fiber type on the SSC 
effect and RFE. 

METHODS 
Four tests (SSC, SSC control, RFE, RFE control) were 
conducted in the rabbit psoas (fast twitch muscle, N=15) and 
soleus (slow twitch muscle, N=14) fibers. In the SSC test 
(Figure 1, right panel, red line), fibers were activated at an 
average sarcomere length of 2.4 μm, and then stretched to 3.0 
μm in two seconds and shortened to 2.4 μm in two seconds. In 
the SSC control test (Figure 1, right panel, black line), fibers 
were activated at an average sarcomere length of 3.0 μm and 
then shortened to 2.4 μm in 2 seconds. The relative increase in 
mechanical work obtained during shortening between tests 
was defined as the SSC effect. In the RFE test (Figure 1, left 
panel, red line), fibers were activated at an average sarcomere 
length of 2.4 μm and then stretched to 3.0 μm in two seconds 
while the pure isometric contraction was conducted at 3.0 μm 
in the RFE control test (Figure 1, left panel, black line). The 
relative increases in steady-state isometric force following the 
stretch contraction was defined as the RFE. The magnitude of 
the SSC effect and the RFE were compared between psoas and 
soleus fibers. 

 
Figure 1: Typical force and fiber length responses for a SSC 

condition (left panel) and a RFE condition (right panel). 

 
RESULTS AND DISCUSSION 

The SSC effect was greater in the soleus than the psoas fibers 
(p = 0.012, Figure 2, left panel) while the RFE was the same 
for both muscles (p = 0.739, Figure 2, right panel). Since the 
RFE was the same for the psoas and soleus fibers, the 
observed difference in the SSC effect was likely caused by a 
factor other than RFE, possibly, the cross-bridge kinetics. 

 
Figure 2: The magnitude of SSC effect (left panel) and RFE (right 

panel) between psoas and soleus. 

CONCLUSIONS 
We conclude that the SSC effect depends on fiber type, and is 
greater for the slow twitch soleus than the fast twitch psoas 
fibers. This difference in SSC effect might be partly caused by 
the different relative speeds used in the SSC for the fast and 
slow fibres, and using the same relative (to the maximal), 
speeds for both fiber types, this difference might be modified. 

ACKNOWLEDGEMENTS 
This study was supported by the Grant-in-Aid for Challenging 
Exploratory Research (16K13009), The Descente and 
Ishimoto Memorial Foundation for the Promotion of Sports 
Science (2018), NSERC of Canada, The Canada Research 
Chair Programme, and the Killam Foundation. 

REFERENCES 
[1] Fukutani A et al. (2017). Physiol. Rep, 5: pii: e13477. 
[2] Capitanio M et al. (2006) Proc. Natl. Acad. Sci. U S A, 

103: 87-92. 
[3] Prado LG et al. (2005). J. Gen. Physiol, 126: 461-480.

  

Friday, August 02 2019: Posters (1600-1800) 1144

Muscle History Dependence 2



 

 

Tendon-Evoked Reflexes Are Attenuated in the Torque-Depressed State 
 

Jackey Chen1, Caleb T. Sypkes1, Joanna Stuart1, Brian H. Dalton2, Geoffrey A. Power,1 
1Department of Human Health and Nutritional Sciences, University of Guelph, Guelph, ON, Canada 

2School of Health and Exercise Sciences, University of British Columbia, Kelowna, BC, Canada 
Email: gapower@uoguelph.ca

Summary 

Residual torque depression (TD) refers to the deficit in 
isometric torque following active muscle shortening, and has 
been associated with increased spinal excitability [1,2]. In 
support of these observations, we demonstrated that tendon-
evoked reflexes are attenuated in the TD state, which is 
attributed to reduced Ib afferent inhibition to the spinal cord, as 
a result of the decreased torque production.  

Introduction 

When an isometric contraction is immediately preceded by an 
active shortening phase, a deficit in steady-state isometric 
torque relative to a reference isometric (ISO) contraction 
(without preceding shortening) can be observed [1]. Recent 
findings have shown that this shortening-induced residual 
torque depression (TD) is associated with increased spinal 
excitability when compared to an ISO contraction [2]. This 
increased spinal excitability has been proposed to be due to 
reduced Golgi-tendon organ (GTO)-mediated Ib afferent 
inhibitory feedback, owing to decreased tension in the TD 
steady-state. Therefore, the purpose of the present study was to 
investigate the influence of TD on tendon-evoked responses and 
infer the findings to previous observations of increased spinal 
excitability. It was hypothesized that tendon-evoked reflexes 
would be attenuated in the TD compared to ISO state, as a result 
of the decreased torque production. 

Methods 

Eighteen healthy adult males (age: 25 ± 4 years, height: 178 ± 
6 cm, weight: 81 ± 12 kg) performed ankle dorsiflexion 
contractions over a 40° excursion (from 50° to 10° of plantar 
flexion) in a HUMAC NORM dynamometer (CMSi Medical 
Solutions, Stoughton, MA). Participants were tasked with 
matching submaximal (40% maximal voluntary contraction) 
isometric torque and integrated electromyographic activity 
(iEMG) values during a TD and ISO contraction, while a series 
of 10 percutaneous electrical stimulations (average intensity: 
4.8 ± 1.2× perceptual threshold) were delivered to the tibialis 
anterior tendon in order to evoke inhibitory reflexes [3].  

Tendon-evoked reflexes were identified through spike-
triggered averaging of the tibialis anterior EMG signal. All 
torque and EMG values (including reflex characteristics) were 
compared between the TD and ISO states at 10° of plantar 
flexion using a paired-t test. Significance was set to an α = 0.05. 
All values are presented as means. 

Results and Discussion 

Steady-state isometric torque in the TD state was ~14% lower 
than the ISO for the activation-matched condition (p < 0.05; 
Fig. 1A). Likewise, reflex amplitude in the TD state was ~16% 
lower (p < 0.05; Fig. 1C). Meanwhile, steady-state isometric 
torque – and consequently, reflex amplitude – did not differ 
between the TD and ISO states for the torque-matched 
condition (p > 0.05; Fig. 2). 

 
Figure 1: Activation-matched condition. Torque (A) and reflex 
amplitudes (C) were lower in the TD than ISO state (p < 0.05) for the 
same level of activation (p > 0.05; B). TD, residual torque depression; 
TA, tibialis anterior; EMGRMS, root mean square electromyographic 
activity; P-P, peak-to-peak. 

 
Figure 2: Torque-matched condition. Agonist activation (B), but not 
reflex amplitudes (C), were different between the TD and ISO states 
(p < 0.05) for the same torque output (p > 0.05; A). TD, residual torque 
depression; TA, tibialis anterior; EMGRMS, root mean square 
electromyographic activity; P-P, peak-to-peak. 

Conclusions 

It appears that the lower torque in the TD state contributes to a 
tension-mediated decrease in Ib afferent inhibition. These 
results support prior findings from our lab that reduced 
inhibitory feedback from the tendon onto the motor neuron pool 
may increase spinal excitability in the TD state [2]. 
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Summary 
Residual torque depression (rTD) is the decrease in isometric 
torque following active shortening of skeletal muscle, 
compared to a purely isometric contraction performed at the 
same muscle length and level of activation. This study 
investigated performance fatigability in males and females 
during purely isometric (ISO) contractions and isometric 
contractions following active shortening (a rTD state). 
Recognized sex differences exhibited in the ISO state were 
lessened in the rTD state, demonstrating that sex-differences in 
fatigue resistance may be altered by history dependent 
properties.  

Introduction 
Performance fatigability is defined as any exercise-induced 
reduction in voluntary force or power regardless of whether the 
task can be sustained [1]. Females are typically more fatigue 
resistant than males at low intensity isometric contractions [2]. 
It is hypothesized that both males and females will have a 
shorter time to task failure in the rTD state compared to ISO, 
owing to the greater muscle activation (activation increase; AI) 
required in a rTD state [3]. Consistent with previous literature, 
we expect females to show superior fatigue resistance compared 
with males in the ISO state. We expect the sex difference to be 
attenuated in the rTD state due to AI, and the increased 
contraction intensity in the rTD state.  

Methods 

13 females (age: 22 ± 2 years, height: 167 ± 4 cm, weight: 63 
± 5 kg) and 12 males (age: 23 ± 1 year, height: 180 ± 7 cm, 
weight: 78 ± 9 kg) were recruited from the University of 
Guelph. Torque output was measured with a HUMAC NORM 
dynamometer. Electromyography (EMG) from the tibialis 
anterior (TA) and soleus muscle was normalized to their 
respective Mmax. (Figure 1). The interpolated twitch 
technique (ITT) was used to evaluate voluntary activation 
(VA) during baseline maximum voluntary contractions 
(MVCs). The MVCs were used to determine a 30% 
submaximal torque target which was held until task failure 
 

 

 
The ISO fatigue task was performed at 10q plantar flexion. 
Prior to the same fatigue task in the rTD state, participants did 
a 30q shortening contraction. MVCs with ITT were performed 
immediately after task failure, 30 s after task failure and 1, 2, 
3, 4, 5, 10, 20, and 30 mins after task failure to track recovery. 

Results and Discussion 
Despite similar VA, females were ~29% weaker than males. As 
hypothesized, time to task failure (TTF) in the ISO state was 
~22% longer in females (588.9 ± 365.1 s) than in males (458.5 
± 258.5 s). Although sex-differences in fatigue resistance were 
evident in the ISO state, in the rTD state the sex-differences 
were less clear (Figure 2). Due to torque reduction in the rTD 
state, to maintain the same target torque as the ISO state, more 
activation is required [3]. In this study, a low intensity 
contraction of 30% MVC was used; however, considering the 
additional EMG activation demanded in the rTD state, the 
intensity of the contraction may be closer to 40-50% MVC [3]. 
Since fatigue related sex-differences are largest at lower 
contraction intensities, this intensification could effectively 
diminish sex related differences in the rTD state.  

 
Figure 2: Percent difference between ISO and rTD time to task failure 
in males and females.  

Conclusions 

Despite marked sex-differences in fatigability during a purely 
isometric fatigue task, the sex-differences are reduced during a 
sustained isometric steady-state following a shortening 
contraction. History-dependence of force has potential to alter 
sex-related differences in muscle performance. 
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Figure 1: Schematic depicting the experimental protocol. 
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Summary 
Little is known about the influence of muscle length on force-
enhancement during (FE) and following (rFE) lengthening 
contractions. Preliminary data shows that during electrically 
stimulated contractions, FE and rFE are relatively greater at a 
longer, compared with a shorter muscle length, which 
indicates a muscle length dependence of FE and rFE. 

Introduction 
FE and rFE have been repeatedly observed for voluntarily 
activated and electrically stimulated in vivo human muscles 
[1]. However, the role of muscle length on force production 
during and after active muscle lengthening is unclear. This is 
because FE and rFE have been observed at short and long 
muscle lengths [2] and only at long [3] or short [4] muscle 
lengths. The discrepancy between these studies may be due to 
differences in muscle lengths, length-dependent muscle-
specific force capacities and variable muscle fascicle stretch. 
Therefore, the aims of this study were (1) to match the 
muscle-specific forces produced by the vastus lateralis (VL) at 
the final muscle length on the ascending and descending limbs 
of its force-length relationship (F-l-r), and (2) to quantify the 
amount of fascicle stretch during the electrically-stimulated 
lengthening contractions. 

Methods 
Four healthy subjects had their right VL electrically stimulated 
(Digitimer DS7AH, UK; 1ms square-wave pulses at 80 Hz) 
via its muscle belly with the anode and cathode (5x5cm) 
placed over its proximal and distal ends. Stimulation intensity 
was set to result in 20% of VL’s maximum voluntary 
contraction torque (MVC peak torque*0.34) at 60° knee 
flexion (0° refers to a straight leg). Contractions were 
performed in an isokinetic dynamometer (IsoMed2000, D&R 
Ferstl GmbH, Germany) with the subjects sitting with 90° of 
hip flexion and their right shank fixed to the lever arm of the 
dynamometer. VL was electrically stimulated for 4-s at knee 
flexion angles ranging from 10° to 90° in 10° increments. 
Then individual VL force was estimated by dividing net joint 
torque by the estimated mean patellar tendon moment arm [5] 
at the respective joint position. A third-order polynomial was 
fitted to the resulting force-angle relationship and one knee 
joint angle on the ascending and descending limbs of its F-l-r 
was selected where VL produced the same estimated muscle 
force. Next, the experiment consisted of three different 
contraction conditions (repeated twice) performed in a 
randomized order: (1) fixed-end contractions at the two 
predetermined knee joint angles, (2) a pure stretch contraction 
with a 25° rotation (15° to target joint angle) and (3) a stretch-
hold contraction with 15° stretch to the target joint angle 
followed by an isometric-hold phase. Dynamic contractions 

started with isometric pre-activation and were performed at 
60°s-1. VL muscle fascicles were imaged with B-mode 
ultrasonography (60 mm width x 65 mm depth) using a frame 
rate of 60Hz (LS 128; Telemed, Vilnius, Lithuania). Fascicle 
stretch was determined offline using a semi-automated 
tracking algorithm [6]. Net knee joint torque was recorded 
from the dynamometer at 1000 Hz and synchronized with 
ultrasound videos using a 16-bit A/D card within a Power 
1401 data acquisition interface (Spike2, CED, UK). FE and 
rFE were calculated as the difference between VL force at the 
target joint angle and time-matched isometric force.  

Results and Discussion 
Preliminary results indicate that mean VL muscle forces were 
similar on the ascending (963 ± 331 N) and descending limbs 
(951 ± 268 N) of its F-l-r, with mean knee angles of 13 ± 2° 
(24 ± 4° dynamometer angle) and 28 ± 3° (40 ± 5° 
dynamometer angle), respectively. Mean FE was observed at 
both short (21 ± 8%) and long (37 ± 13%) muscle lengths. 
Mean rFE was only observed at the long (9 ± 7%) and not 
short muscle length (-2 ± 8%). However, two of the four 
participants were also responders at the short length (4.3%, 
4.1%). The differences in FE and rFE observed at the short 
and long muscle lengths may be explained by greater fascicle 
stretch on the descending (pure stretch: 4.2 ± 1.9 mm, stretch-
hold: 2.6 ± 0.7 mm) versus the ascending limb of the F-l-r 
(pure stretch: 3.0 ± 1.1 mm, stretch-hold: 1.9 ± 0.6 mm). 

Conclusions 
Preliminary results suggest that FE and rFE are possible on the 
ascending and descending limbs of the F-l-r, with greater FE 
and rFE and no non-responders on the descending limb. Due 
to electrical stimulation of the VL, the nervous system can 
largely be excluded as a contributing factor to the differences 
in FE and rFE at short and long muscle lengths. Therefore, 
potential cellular-level mechanical factors should be 
considered, such as activation-dependence of titin stiffness. 
Furthermore, because FE and rFE should increase with 
increasing fascicle stretch, the greater fascicle stretch at the 
long muscle length may be a key factor influencing the level 
of FE and rFE. However, this requires further testing to match 
fascicle stretch for the lengthening contractions. 

References 
[1] Lee H-D et al. (2002). J. Physiol., 545: 321-330. 
[2] Linamo V et al. (2006). E. J. A. P., 96: 672-678. 
[3] Shim J et al. (2012). J. Biomech., 45: 913-918. 
[4] Doguet V et al. (2017). Muscle Nerve, 56: 750-780. 
[5] Bakenecker P et al. (2019). J. Biomech., In press. 
[6] Farris DJ and Lichtwark GL (2016). Comput. Meth. Prog. 

Bio., 128: 111–118. 

Friday, August 02 2019: Posters (1600-1800) 1147

Muscle History Dependence 2



 

 

Contribution of neural modulations to reduced residual force depression after stretch-shortening cycles  

 

 Antonia M. Zehentbauer1, Brent J. Raiteri1 and Daniel Hahn1,2 
1Human Movement Science, Faculty of Sport Science, Ruhr University Bochum, Germany 
2School of Human Movement and Nutrition Sciences, University of Queensland, Australia  

Email: antonia.zehentbauer@rub.de  

 

Summary 

The aim of this study was to investigate and evaluate the role of 

mechanical and neural modulations after stretch-shortening 

cycles (SSCs). Net ankle joint torque and H-reflexes of triceps 

surae were obtained during different tetanic contraction 

conditions, elicited by tibial nerve stimulation. While residual 

force enhancement (rFE) contributed to enhanced SSC 

performance, H-reflex modulations did not. 

Introduction 

The SSC is a typical muscle-tendon unit behaviour in humans 

[1]. However, the enhanced performance during the shortening 

phase of a SSC compared with a pure shortening contraction 

(SHO) still cannot be fully explained. Based on recent findings 

[2], it was suggested that the force enhancement related to 

muscle history dependence contributes to SSC performance. 

Further, it was argued that neural modulations might also 

contribute to history-dependent force enhancement [3]. To 

investigate the contributions of both to SSC performance, we 

took advantage of the fact that Ia-afferents are sensitive to 

stretch velocity [3] and rFE is sensitive to stretch amplitude. 

Accordingly, we expected smaller H-reflex responses to a slow 

vs. fast stretch, but similar rFE and vice versa when the stretch 

amplitude was reduced while stretch velocity remained 

constant. 

Methods 

Six healthy male participants had their right triceps surae 

activated by electrical stimulation of the tibial nerve (6-s 

duration, 20 Hz, 1-ms square-wave pulses, DS7AH, Digitimer, 

UK) while the resulting net ankle joint torque during different 

contraction conditions was measured by an isokinetic 

dynamometer (IsoMed 2000, D&R Ferstl, GmbH, GER) as they 

laid in a prone position. The contraction conditions involved 

pure stretch contractions (STR), SHO and SSCs. To investigate 

neural and mechanical contributions to SSC performance, two 

stretch velocities (40 °s-1 (slow), 120°s-1 (fast)) and two stretch 

amplitudes (15° (small), 25° (large)) were used. Fixed-end 

reference contractions were performed at three ankle joint 

angles: 5° (dorsiflexion), 15° and -10° (plantarflexion). 

Stimulation intensity was set to result in a minimum torque of 

20% MVC with detectable M-waves and H-reflexes between 

each stimulation pulse [4]. Maximal M-waves (Mmax) during 

fixed-end contractions were used to normalise the H-reflexes 

and submaximal M-waves obtained after the dynamic 

contractions. H-reflexes and M-waves of soleus and 

gastrocnemius muscles were measured by surface EMG with a 

sampling rate of 5000 Hz. Torque and ankle angle were 

recorded at 200 Hz and synchronized with EMG data using a 

16-bit A/D card within a Power 1401 data acquisition interface 

with Spike2 software (CED, Cambridge, UK). rFE, residual 

force depression (rFD) and the peak-to-peak amplitudes of M-

waves and H-reflexes were calculated and averaged over one 

second at a steady-state torque after joint rotation. 

Results and Discussion 

Preliminary results showed that mean rFE was -0.5 ± 6.6% after 

the small STR, 10.0 ± 12.3% after the large and slow STR, and 

7.8 ± 10.3% after the large and fast STR. Mean rFD was 9.6 ± 

12.7% after the short SHO and 22.5 ± 14.7% after the large 

SHO. After the small SSC, mean rFD was 3.9 ± 14.7%, 14.9 ± 

15.0% after the large and slow SSC, and 19.8 ± 9.9% after the 

large and fast SSC. Accordingly, rFE only occurred after the 

large STR and rFD was reduced for all SSC conditions 

compared with SHO. 

The mean H-reflex decreased after the small STR (-1.1 ± 6.2 

Mmax) and increased after the large and slow STR (2.7 ± 6.2 

Mmax) and large and fast STR (1.6 ± 6.2 Mmax). The mean H-

reflex decreased after the short SHO (-1.0 ± 3.7 Mmax) and large 

SHO (-3.6 ± 5.8 Mmax), as well as after the small SSC (-0.6±1.3 

Mmax), large and slow SSC (-2.7 ± 4.0 Mmax) and large and fast 

SSC (-3.6 ± 4.1 Mmax). Therefore, H-reflex was increased after 

STR when rFE was present. For SHO and SSCs, H-reflex 

responses were reduced by a similar amount. 

The rFE after the large STR suggests a mechanical modulation 

due to active muscle stretch. H-reflex responses show a 

potential neural modulation. This increased Ia-afferent 

excitability might originate from persistent inward currents or 

altered motoneuron excitability. The reduction in rFD after 

SSCs seems to originate from mechanical, rather than neural 

contributions, because H-reflexes were only slightly larger than 

those following SHO. The slow stretch during the SSCs seemed 

to have a larger influence on SSC performance than the fast 

stretch, which might be due to a greater stretch of triceps surae 

fascicles.  

Conclusion 

Our results indicate that STR with a large amplitude modulates 

neural and mechanical contributions to history-dependent force 

enhancement, whereas only a mechanical contribution to 

enhanced performance following SSCs may be present.  
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Summary 
The purpose of this study was to directly compare the 
passive moduli of single muscle fibers and fiber bundles 
between frog and mouse muscles. This study demonstrated 
that the passive elastic tensile load born by frog fibers is 
almost exclusively born intracellularly by the muscle fibers 
themselves rather than by the ECM, while ECM bears the 
majority of the load in mouse fiber bundles. Theoretical 
modeling based on these results predicts that intracellular 
titin would bear only 1-2% of whole muscle tension in 
mammalian muscle, which is highly unlikely to be 
functionally significant. 

Introduction 
Mechanical properties of skeletal muscle, specifically 
length-tension and force-velocity relationships, were first 
elucidated in frog skeletal muscle [1,2] since single muscle 
cells can be easily isolated in this species.  It was in frog 
muscle that titin was discovered and shown to be a giant 
intracellular elastic protein responsible for the majority of 
passive loadbearing [3,4].  Since that time, others have 
assumed that titin also bears significant load in mammalian 
muscle [5]. However, recent findings have called this 
assumption into question, suggesting that the extracellular 
matrix (ECM) bears the majority of passive load in 
mammalian muscle.  The purpose of this study was to 
directly address this discrepancy by comparing the passive 
moduli of single muscle fibers and fiber bundles from both 
frog and mouse muscles. 

Methods 
Experiments were performed on frog (Rana pipiens, 
Carolina Biological Supply) semitendinosus muscle or 
mouse (Mus musculus, strain 129/Sv 7-9 weeks old; Taconic 
Farms) extensor digitorum longus (EDL) muscle.  Single 
fibers and fiber bundles (10-20 fibers) were dissected in a 
chilled relaxing solution with leupeptin and E64 to prevent 
protein degradation.  After dissection, the specimen (frog 
fiber or fiber bundle; mouse fiber or fiber bundle) was 
attached via 10-0 suture between a motor that controlled 
specimen length and force transducer. Specimens were 
stretched in ~10% strain increments at 2000%/sec to impose 
a ~0.25 μm sarcomere length change, which was maintained 
for 3 minutes to allow stress-relaxation.  Stress at full 
relaxation was plotted vs. sarcomere length and fit with an 
exponential equation for consistency [4]. Modulus was 
computed as the slope of the tangent to these curves at 
various sarcomere lengths with modulus expressed in 
kPa/µm.  Data were compared across species and sample 
size by two-way ANOVA, considered significant at p<0.05.  

Results and Discussion 
For frog muscle, modulus increased with increasing 

sarcomere length and was identical for fibers and bundles 
(Fig. 1A).  However, for mouse muscle, bundle moduli 
diverged from fibers at about a sarcomere length of 3.2 µm 
and this difference became more pronounced with increasing 
sarcomere length, more than doubling the modulus of mouse 
fibers at the longest sarcomere lengths tested (Fig. 1B).  
Two-way ANOVA comparing fibers and bundles between 
species found a significant effect of sarcomere length on 
tangent modulus for specimens of both species (p<0.0001).  
However, only in the mouse samples was there a significant 
effect of specimen type (p<0.01) and a significant specimen 
x sarcomere length interaction term (p<0.0001), 
demonstrating differential passive mechanical properties 
between fibers and bundles in mouse but not in frog.   

 
Figure 1: Tangent modulus of muscle fibers (open symbols) and 
fiber bundles (filled symbols) for (A) Frog and (B) Mouse.   Data 
are presented as mean ± SEM for n=9-17 samples/symbol. 
Conclusions 
This study demonstrates that the passive elastic tensile load 
born by frog fibers is almost exclusively born intracellularly 
by the muscle fibers themselves rather than by the ECM.  
Conversely, the ECM bears the majority of the passive 
elastic tensile load in mouse fiber bundles, with a ratio of 
ECM:muscle fiber load-bearing of about 55:45 at a 
sarcomere length of 3.5 μm and increasing at longer lengths. 
Based on these results and the fact that titin bears 20-50% of 
single fiber passive force [5], these data demonstrate that 
intracellular titin would bear only 1-2% of whole muscle 
tension in mammalian muscle which is highly unlikely to be 
functionally significant or represent a significant therapeutic 
target. 
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Summary 

Contractility increased following both aerobic and resistance 

exercise training. Resistance training resulted in increases in 

maximum force and velocity, aerobic training led to greater 

increases in shortening velocity, while combination training 

resulted in increases in both maximal force and velocity. 

Introduction 

At the structural level, the heart has been demonstrated to 

adapt differently to aerobic and resistance training as a result 

of differing hemodynamic stimuli [1-2]. These differences in 

structural adaptations are hypothesized to coincide with 

differences in mechanical function. Previous work has 

identified that shortening rates are increased, while force 

production is unaffected in cardiac muscle following aerobic 

exercise training. However, it is not known how these 

mechanical factors adapt to resistance training. Therefore, the 

purpose of this study was to evaluate the maximum force and 

velocity properties of cardiac muscle following chronic 

aerobic and resistance exercise training in rats. 

Methods 

Twenty-three three-month-old male Sprague-Dawley rats were 

randomized into four groups: (i) no exercise (control) group 

(n=5), (ii) aerobic exercise training group (n=6), (iii) 

resistance exercise training group (n=6), and (iv) combination 

training group (n=6). Training consisted of established 

progressive treadmill and resistance training programs for 11 

weeks. Aerobic exercise animals ran for 60 minutes 5 days a 

week [3]; resistance exercise animals completed weighted 

ladder climbing exercise 3 days a week [4]; and the 

combination group performed 3 days of aerobic training and 2 

days of weighted ladder climbing. At the completion of the 11 

weeks, hearts were excised and strips of the trabeculae were 

dissected and chemically permeabilized. 

On the day of experiments, fibre bundles were isolated and 

suspended between a force transducer and a length controller 

at 15°C. Sarcomere length was set to 2.2 µm using laser 

diffraction, and the width and length of the fibre bundles were 

measured (mean length and width: 1430 and 128 µm). 

Samples were then transferred to an activating solution to 

determine maximum active force, which was normalized to 

the cross-sectional area (stress). Unloaded shortening velocity 

was determined using the slack test [5]: once the sample was 

maximally activated, it was rapidly shortened by 10% of its 

length (FL). The time until tension redevelopment was then 

used to calculate the unloaded shortening velocity. This was 

repeated at shortening magnitudes of 11%, 12% and 13% of 

FL. 

Results and Discussion 

Maximal active force (stress) was not different between hearts 

from the control and aerobic trained animals. However, active 

stress was greater in hearts from both the resistance-trained 

and the combination groups (p=0.039) (Figure 1).  

Maximal shortening velocity was approximately 10% greater 

in hearts from the resistance and combination trained groups 

and was around 17% greater in hearts from aerobic trained 

animals compared to controls (p=0.001) (Figure 1).  

 

Figure 1: Maximal active stress and shortening velocity from 

isolated cardiac muscle bundles following exercise training. Data 

represents mean±SEM.  
* indicates significant difference from controls. 

An increase in either velocity or force production would result 

in increased contractility and represent an enhanced ability to 

eject blood from the ventricle. Therefore, from a muscle 

mechanics perspective, both training modalities increased the 

performance capacity of cardiac muscle.  

Conclusions 

Aerobic and resistance training both led to increases in 

contractility of the cardiac muscle. However, the specific 

adaptations differed. A combination of training modalities 

may be the most effective strategy for enhancing cardiac 

performance.   
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Summary 

The absolute and normalized rate of torque development (RTD) 
of knee extensors were measured to investigate the interactions 
between angle-torque and angle-RTD relationships. Eighteen 
men performed maximal isometric explosive contraction (MIC) 
of knee extensors at the angles K, K-15°, K-30°, K+15°, and 
K+30°, where K is the angle of the isokinetic concentric peak 
torque obtained at 30°/s (knee more flexed at K+30°). From the 
absolute and normalized MIC torque signals, the maximal value 
(MT), RTD100 and RTD200 were obtained. The angle 
significantly influenced MT, absolute and normalized RTD100 
and RTD200 (p<0.01). The absolute angle-RTD100, angle-
RTD200, and angle-MT relationship curves presented similar 
patterns, differently of angle-normalized RTDs. MT was 
significantly correlated to the absolute but not to the normalized 
RTD100 and RTD200. It is suggested that absolute RTD is 
more related to muscle strength, whereas normalized RTD to 
other muscle skills besides strength. 

Introduction 

Explosive force has been assigned to the rate of torque 
development (RTD), which can be determined from maximal 
isometric explosive contraction test (MIC) as the ratio between 
the torque and its corresponding time [1]. The RTD is highly 
correlated to maximum torque exerted [2,3], and therefore, 
RTD and muscle strength may be related to similar information 
of muscle skills. This study measured absolute and normalized 
RTD of knee extensor aiming at investigate the interaction 
between angle-torque and angle-RTD relationships.  

Methods 

Eighteen healthy physically active adults with mean (SD): 30.4 
(6.08) years old, 81.33 (11.03) kg, and 176.4 (5.41) cm, 
performed maximal isometric explosive contraction (MIC) of 
knee extensors at the angles K, K-15°, K-30°, K+15° and 
K+30° in a random order, where K is the angle of the isokinetic 
concentric peak torque, obtained for each participant at 30°/s. 
The maximal torque (MT), one early and one latte (RTD100 
and RTD200, respectively – Eq. 1), from the absolute MIC 
signal and its correspond normalized (MIT signal/MT) and 
were registered.  

𝑅𝑇𝐷 =  
 

 
,                         Eq.1 

where ∆torque is the torque value at ∆time (100ms and 200ms).  
 
Interaction between angle and MT was tested by one way and 
angle and RTDs by two way repeated measures ANOVA 

(esphericity was confirmed). Further post hoc of Bonferroni. 
Pearson correlation coefficients between MT and RTDs were 
obtained. 

Results and Discussion 

The knee angle significantly influenced MT (p<0.01), absolute 
and normalized RTDs (p<0.01). The angle-RTD100 and angle-
RTD200 of absolute data presented similar pattern of angle-
MT, which was very different of the angle-RTD of normalized 
MIC signal (Figure 1). No significant correlation was found 
between normalized RTD and MT (Table 1).  

 
Figure 1: Mean (95%IC) of MT and absolute (A), and normalized (B) 
RTD. Letter (italic RTD200) means different from: a) K-30° b) K-15°. 
c) K. d) K+15°; e) K+30°. p<0.05.  

Table 1: Pearson correlation coefficients calculated between MT and 
RTD at each knee angle. 

Angle 
Absolute Normalized 

RTD100 RTD200 RTD100 RTD200 
K-30° 0.59* 0.84** -0.37 -0.23 
K-15° 0.72** 0.80** -0.22 -0.22 

K 0.70** 0.81** -0.07 0.03 
K+15° 0.71** 0.81** 0.31 0.32 
K+30° 0.13 0.55* -0.43 -0.43 

*p<0.05. **p<0.001. 

Conclusions 

The results suggest that MT and absolute RTD may reveal very 
similar information regarding muscle skills of knee extensor, 
whereas normalized RTD may be more related to other muscle 
ability. 
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Summary 

In vivo studies of joint moment-velocity relationships usually 

do not breakdown the contributions of individual muscles. 

Namely, force contributions of individual muscles may change 

according to muscle group isotonic load. To address this 

question, we measured the in situ force-velocity (F-V) 

properties of the kangaroo rat plantarflexor group and used 

two models to estimate the contributions of individual 

muscles. In the first model, each muscle’s percent contribution 

was assumed constant across all group forces. In the second 

model, we assumed that the F-V relationships for the fibers of 

each muscle were identical, but due to muscle architectural 

differences, each muscle’s contribution would change with 

group force. We found that the second model predicted the 

contributions better when compared to independent estimates 

based upon sonomicrometry of muscles’ lengths during 

isotonic loading. This shows that architecture differences 

influence how muscles contribute to the group F-V properties. 

Introduction 

Properties of the multiple muscles spanning a specific joint 

combine together to determine the joint moment-generating 

properties. If the muscles have contractile properties that are 

identical, differ only in size (i.e., physiological cross-sectional 

area), and share a common tendon, the combined properties of 

the muscle group are a simple weighted sum of the individual 

muscles. However, there are substantial differences amongst 

the properties of individual plantarflexor muscles and their 

tendons [1]. This implies that the contributions of individual 

muscles to the total force and power of the group may change 

with loading conditions. The objective of this study was to 

determine the contributions of individual plantarflexors to the 

plantarflexor group properties. 

Methods 

All procedures completed were approved by the Institutional 

Animal Care and Use Committee at WSU. Experiments were 

performed with 7 kangaroo rats (k-rats) (Dipodomys deserti). 

The plantarflexors except for the small soleus (2% of 

plantarflexor mass) were isolated in situ. Sonometric (SONO) 

crystals were placed on the medial and lateral gastrocnemii 

and plantaris (MG, LG, and PL respectively). The muscles 

were maintained at 37°C and electrically stimulated via the 

sciatic nerve.  Group musculotendon (MT) force was 

controlled by a servo motor which also measured the MT 

length of the combined MG, LG, and PL group. 

Typically, 9 isotonic trials were performed for each animal, 

ranging from 0.1 to 1.0 Fmax (Fmax=group isometric force). 

With the muscle group F-V data, we used two models to 

estimate the contributions from individual muscles. The first 

model assumed that the percent contributions did not change 

with isotonic load. The second model assumed that the F-V 

relationship of fibers within each muscle were identical 

(corresponding to exclusively fast fibers in k-rats) and 

included architectural differences amongst the muscles. Model 

predictions were statistically compared (ANOVA) to 

calculations based upon SONO data, from which each 

muscle’s force was estimated from its tendon stretch. 

Results and Discussion 

The first model predictions were significantly different than 

the SONO based calculations (P=0.0007), whereas the second 

model predictions were not (P=0.4690). The second model 

predicted that force contributions changed with the load 

(Figure 1), in agreement with SONO based calculations. Thus, 

the changes in the contributions were mainly due to 

differences in muscle architecture, namely fiber length and 

pennation angle, which determined fiber velocity for a given 

group muscle velocity.  Further, this approach worked for k-

rat plantarflexors, which have uniform fiber type, but it should 

also work for muscle groups with heterogeneous fiber types. 

 

Figure 1: Contribution of individual muscles FM (expressed as a 

fraction of the muscle group force (FGRP)) as a function of isotonic 

load of the muscle group (normalized to Fmax).  

Conclusions 

We verified that individual muscle contributions can be 

estimated from muscle group F-V data by using a model 

accounting for architectural parameters. These estimates 

showed that the contributions change with loading condition. 
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Summary 

A bout of eccentric exercise confers protective effect against 

muscle damage after the same exercise performed several 

weeks later, which is known as the repeated bout effect (RBE). 

We investigated whether the RBE magnitude would be 

different between maximal voluntary contraction (MVC) 

torque and rate of torque development (RTD). Fourteen young 

men performed 100 eccentric knee extensions twice separated 

by 4 weeks. Knee extensor MVC torque and RTD were 

measured before and 24-72 hours after each exercise. The 

magnitudes of MVC torque and RTD reductions were similar 

after each bout, but it was significantly smaller after the 

second than the first bout. The greater the decreases in MVC 

torque and RTD after the first bout, the greater the RBE. It 

was concluded that MVC torque and RTD changed similarly 

after eccentric exercise, and the their magnitude of decreases 

after the first bout was associated the magnitude of RBE. 

Introduction 

Not only maximal strength but also explosive strength are 

important for sport activities, since the time to develop force is 

limited in sprinting and jumping [1]. Eccentric exercise often 

induces muscle damage resulting in prolonged decrease in 

muscle function [2]. However, a bout of eccentric exercise 

confers protective effect against muscle damage such that the 

magnitude of force loss after the second bout is smaller than 

that after the first bout [2], which is known as the repeated 

bout effect (RBE) [3]. A previous study [4] observed a greater 

reduction of explosive (40%) than maximal strength (26%) 

after a bout of eccentric exercise of the knee extensors. 

However, it is not clear whether such difference is also 

observed after the second bout. Moreover, what determines 

the magnitude of RBE is poorly understood. Therefore, the 

present study examined 1) whether RBE would be different 

between maximal voluntary contraction (MVC) torque as an 

index of maximal strength and rate of torque development 

(RTD) as an index of explosive strength, and 2) whether the 

magnitude of RBE would be associated with the magnitude of 

decreases in MVC torque and RTD after the first bout. 

Methods 

Fourteen young (22 ± 1 y) men performed 100 eccentric knee 

extension contractions with maximal effort twice separated by 

4 weeks. MVC torque and RTD of the knee extensors were 

measured before and 24, 48 and 72 hours after each exercise 

bout. RTD was determined as the slope of the time-torque 

curve over the window of 0-200 ms after the onset of torque 

[2]. Changes in MVC torque and RTD were compared 

between bouts by a two-way (time × bout) repeated measures 

analysis of variance. In addition, MVC torque and RTD values 

at 24-72 hours post-exercise were normalized to their baseline 

values for each bout, and the magnitude of RBE for each 

participant was calculated by the mean differences between 

bouts for 3 days post-exercise. The magnitudes of the 

difference in the decreases (average of the 3 days) between 

bouts was compared between MVC torque and RTD by a 

paired t-test. Pearson product moment correlation coefficient 

(r) was used to analyse the relationship between the magnitude 

of decreases in MVC torque and RTD after the first bout and 

the magnitude of RBE. The significance level was set at α = 

0.05. 

Results and Discussion 

A significant time × bout interaction effect was evident for 

MVC torque (P = 0.003) and RTD (P = 0.001). MVC torque 

and RTD decreased at 24-72 hours after both bouts, but the 

decreases were greater (P < 0.039) after the first (MVC: 41%, 

RTD: 41%) than the second bout (29%, 24%), indicating that 

RBE was induced in both MVC torque and RTD. The 

magnitude of RBE based on the difference in the changes 

between bouts at 24-72 hours post-exercise was not different 

between MVC torque (14%) and RTD (18%). Significant 

correlations were found between the magnitude of the strength 

changes after the first bout and the magnitude of RBE for both 

MVC torque (r = −0.871, P < 0.001) and RTD (r = −0.722, P 

= 0.004). These results suggest that MVC torque and RTD do 

not necessarily represent different aspects of muscle damage, 

probably the cause of decreases in MVC torque and RTD after 

eccentric exercise is the same. As reported in a previous study 

[5], the present study also found that the magnitude of the 

RBE was associated with the magnitude of muscle damage 

after the first bout (the greater the decreases in MVC torque 

and RTD after the first bout, the smaller the decreases in MVC 

torque and RTD after the second bout). It is concluded that 

changes in MVC torque and RTD after initial and secondary 

bouts of maximal knee extensor eccentric exercise are similar. 
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Summary 

This study investigated the influence of joint angular velocity 
on time to maximum available torque when contracting from 
rest. Involuntary contractions were evoked at different 
velocities, with and without pre-load. In contractions without 
pre-load, time from rest to 75% of pre-loaded torque got 
shorter with increased angular velocity. This effect reflects a 
novel intrinsic property of contracting muscle. 

Introduction 

We have recently shown that the time to reach maximum 
available torque when contracting from rest was shorter at fast 
compared to slow contraction velocities [1]. These findings 
were for voluntary contractions so it is unclear if the 
mechanisms for faster utilisation of available torque were 
neural or an intrinsic property of contracting muscle. The 
purpose of this study was to investigate the influence of 
angular velocity on the time to reach available maximum 
torque from rest, during electrically evoked involuntary 
contractions which isolate contractile from neural 
mechanisms. 

Methods 

17 participants completed electrically evoked (100 Hz) 
involuntary contractions of the knee extensors in an isokinetic 
dynamometer. Stimulation intensity was that which elicited 
40% of maximal voluntary torque at an 85° knee angle (180° 
= full extension). Involuntary contractions were completed in 
an isometric condition (0°.s-1) at 85°, and in concentric 
conditions at iso-velocities of 40, 80, 120, 160, and 200°.s-1. 
During the concentric conditions the knee was repeatedly 
extended from ~60 to 175° whilst participants remained 
voluntarily passive. For each velocity, two different 
involuntary contractions were evoked: (1) without pre-load, 
300-ms in duration, commencing from ~85° during the 
motion; and (2) with pre-load, 1300 ms in duration, 
commencing 1000 ms prior to 85° being reached (Figure 1). 
Data were corrected for passive torque contributions. In 
contractions without pre-load, time from torque onset to 75% 
of the pre-loaded torque (tt75) was measured (Figure 1). 

Results and Discussion 

tt75 was longer in isometric than all other velocities 
(P<0.001), longer at 40°.s-1 than all faster velocities (P<0.01), 
and longer at 80°.s-1 (P<0.05) than both 120°.s-1 (P=0.099) and 
200°.s-1 (P<0.001; Figure 2).  This effect reflected an intrinsic 
contractile property, as the results were produced during 
involuntary contractions, independent of voluntary neural 
drive. Differences between higher velocity conditions were 

non-significant, perhaps due to the lower torques at higher 
velocities being more susceptible to noise. 

 
Figure 1: Torque-time at different angular velocities in contractions 
with (orange) and without pre-load (blue) and for 75% of pre-load 

(green). Data are for 1 participant. 
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Figure 2: Time to 75% of pre-loaded torque (tt75) measured at 
different angular velocities. Paired differences (P<0.05) denoted by: 

A (> all faster velocities), B (> 200°.s-1). 

Conclusions 

The time to available maximum torque when contracting from 
rest shortens with increased contractile velocity and this is an 
intrinsic property of contracting muscle. 
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Summary 

In this study, we determined the relationship between muscle 

architecture and peak torque and total work produced by the 

plantarflexors during maximal effort isokinetic contractions. 

We measured resting fascicle length and pennation angle and 

calculated muscle thickness in the medial gastrocnemius using 

ultrasound in healthy adult subjects (n=12). Subjects performed 

maximal effort isokinetic contractions on an isokinetic 

dynamometer at 0, 30, 120 and 210 °/s. We calculated peak 

torque and total work at each velocity and used linear regression 

to examine the relationship relating fascicle length, pennation 

angle, and muscle thickness to peak torque and total work. We 

found that fascicle length was more strongly correlated with 

both peak torque and total work than pennation angle or muscle 

thickness. This provides experimental evidence linking resting 

muscle architecture to dynamic muscle performance in healthy 

adults which has been hitherto not experimentally demonstrated 

in existing literature. 

Introduction 

Plantarflexor kinetics is critical for ambulatory function in elite 

athletes, the elderly, and many patient populations. Despite the 

robust findings linking plantarflexor muscle structure with 

these populations [1], the link between plantarflexor fascicle 

length and ankle kinetics has not been established in the 

literature. Therefore, the purpose of this study was to determine 

the relationship between medial gastrocnemius architecture and 

plantarflexor function. 

Methods 

Twelve healthy adults performed maximal effort plantarflexor 

contractions at 0, 30, 120, and 210 °/s on an isokinetic 

dynamometer after providing written informed consent in this 

IRB approved study. We measured muscle architecture 

(fascicle length, pennation angle, and thickness) of the medial 

gastrocnemius muscle with the ankle in resting position of 16° 

[2] using ultrasound. We calculated peak torque and total work 

at each velocity. To determine the relationship between muscle 

architecture and plantarflexor function, we performed linear 

regression between the three architectural parameters and the 

two kinetic parameters. We hypothesized that (1) longer resting 

fascicles would generate higher peak torques and do more work 

(2) that fascicle length would have the strongest correlation to 

plantarflexor function. 

Results and Discussion 

Longer fascicles generated higher peak torque and did more 

total work (Figure 1, R2 > 0.41, p < 0.013) across all velocity 

conditions. We found that resting fascicle length was more 

strongly correlated with both peak torque and total work than 

pennation angle and muscle thickness (Table 1). These 

experimental findings support our recent computational 

simulations [3] that highlight the importance of plantarflexor 

fascicle length during single-leg heel raises – a clinical test of 

function in patients with Achilles tendon pathology. 

 

Figure 1: Peak plantarflexor torque (top row) and work (bottom row) 

are positively correlated with resting fascicle length at slow (30°/s) 

and fast (210°/s) rates of plantarflexion rotation. 

Conclusions 

These results link muscle architecture with dynamic muscle 

function in healthy young adults. Ongoing work is focused on 

understanding the implications of injury on muscle remodelling 

and long-term plantarflexor function. 
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Table 1: Regression Values comparing three resting architecture parameters to the two functional dynamic parameters. Bold shows p<0.05 

 R2 - Resting Fascicle Length R2 - Resting Pennation Angle R2 - Resting Muscle Thickness 

Angular Velocity (°/s) 0 30 120 210 0 30 120 210 0 30 120 210 

Peak Torque 0.325 0.521 0.415 0.477 0.09 0.339 0.296 0.417 0.153 0.124 0.104 0.076 

Total Work - 0.599 0.413 0.494 - 0.326 0.255 0.39 - 0.172 0.117 0.089 

 

Friday, August 02 2019: Posters (1600-1800) 1156

Muscle Properties 2



 

 

EMG-based Garments Reflect Athlete Physical Stress Better  
Kurtis Ashcroft

1
, Victoria Penpraze

1
, Christopher Wiebe

2
, Ming-Sheng (Matthew) Chan

2
 

1
College of Medical, Veterinary & Life Sciences, University of Glasgow, Scotland 

2
Athos, MAD Apparel Inc, Redwood City, CA, USA 

Email: k.ashcroft.1@research.gla.ac.uk 

 

Summary 

The present study investigated the feasibility of 

implementing EMG-based training load as well as current 

accelerometry-based external training load as a surrogate of 

oxygen consumption. Establishing the correlation between 

training loads and oxygen consumption will provide coaches 

with an improved method to assess athletes’ training 

responses.  

Introduction 

Identifying an appropriate methodology to monitor and 

quantify athletes training load is challenging. External 

training load is a measure of work performed by the athletes 

using position-based devices (e.g. accelerometer), while 

internal training load is a measure of physiological stress 

imposed on the athletes assessed using biological sensors 

(e.g. heart rate monitor    O2 cart, and EMG-based garment). 

The internal training load reflects how athletes’ physical 

capacity is responding to a training program, and the external 

load is quantified independently of the physical capacity.  

Current technology has advanced to allow sports scientists 

and coaches to monitor individuals’ training load using 

electromyography (EMG)-implemented garments. The 

association between integrated EMG (iEMG) of quadriceps 

and hamstrings muscles and oxygen consumption suggests 

that muscle activation may be a representation of 

individuals’ physical exertion. [1,2]. The purpose of this 

study was to investigate the feasibility of implementing 

EMG-based internal training load as well as current 

accelerometry-based external training load as a surrogate of 

oxygen consumption.  

Methods 

10 healthy and physically active collegiate athletes (4 

female, 24.73.4 yrs, height: 174.411.3cm, weight: 

69.510.8kg  performed the   O2max test using an 

incremental treadmill running protocol (speed: 10km/hr, 

inclination increased every minute). The experimental 

protocol was approved by the Ethics Committee at the 

University of Glasgow.  

All participants were attached to a calibrated metabolic cart 

(MGC Diagnostics Corporation, St. Paul, MN, USA) and 

wore EMG-based garments with 8 electrodes on gluteus 

maximus, biceps femoris, vastus lateralis, and medialis, 

bilaterally  (ATHOS, Redwood City, CA, USA) as well as 

accelerometry-based training load vests (Catapult Sports). 

External and internal training loads and    2 measures were 

recorded every minute during the    2max test. External 

training load from the accelerometry-based monitoring 

system and the    2 measure over one minute were averaged 

every 1-min interval during the    2max test.    2 measure 

was normalized to    2max (%   2max). Internal training load 

was quantified as the sum of the iEMG of the muscles.  

Separate Pearson’s product-moment correlations were used 

to determine the correlations between EMG-based and  

accelerometry-based training loads and     2max (composite 

and individual data). Significance level was set at .05. 

Results and Discussion 

A moderate positive correlation (r = 0.30, p = 0.02) between 

EMG-based training load and     2max was found in the 

composite data set. Higher EMG-based training load was 

related to higher     2max during the incremental treadmill 

running. However, no significant relationship (r = 0.09, p = 

0.41) was found between accelerometry- ased training load 

and     2max. In addition, when considering individual data, 

EMG-based training load demonstrated the positive 

relationship, ranging from .80 - .96, in eight participants. The 

accelerometry-based training load only demonstrated the 

relationship in four participants (see table 1).  

Conclusions 

The present study demonstrates that the EMG-based internal 

training load associates with the energy expenditure. It 

suggests that the EMG-based internal load may be a valid 

surrogate for measuring physical exertion during 

incremented treadmill running.  
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Table 1: Relationship between training loads and loads and oxygen consumption (%VO2max).   
Participants 1 2 3 4 5 6 7 8 9 10 

EMG 

r 0.80 0.84 0.64 0.92 0.92 0.84 0.95 0.96 0.81 0.85 

P <0.01* 0.08 0.09 <0.01* <0.01* <0.01* 0.05* 0.01* 0.02* 0.02* 

Accelerometry 

r 0.42 0.95 0.42 0.46 -0.16 0.85 0.00 0.97 -0.83 0.74 

P 0.26 <0.01* 0.30 0.22 0.69 <0.01* 1.00 0.01* 0.01* 0.06 

* indicates significantly positive  relationship (ɑ ≤ .05  

Friday, August 02 2019: Posters (1600-1800) 1157

Muscle Properties 2



 

 

In vivo force velocity relation of human m. gastrocnemius medialis during maximal voluntary preloaded contractions 

 

Denis Holzer1, Wolfgang Seiberl1 
1Biomechanics in Sports, Technical University of Munich, Munich, Bavaria, Germany 

Email: denis.holzer@tum.de  

 

Summary 

The force velocity relation (f-v-r) of the human gastrocnemius 

medialis was assessed using maximum voluntary preactivation 

prior to shortening at different angular velocities. Compared to 

previous work, preloading resulted in increased torque outputs 

and clearly decreased slope characteristics of the f-v-r at 

higher velocities. This might be explained by an elastic recoil 

of the Achilles tendon that adds to active muscle force. 

Introduction 

Contraction velocity of fibres influences the capacity of a 

muscle to produce forces. For concentric contractions, the f-v-

r follows a hyperbolic curve, with maximum force at zero 

velocity and vice versa [1]. This characteristic has been 

confirmed for in vivo human plantar flexor muscle action [2]. 

However, at high velocities a non-preloaded protocol possibly 

underestimates muscle forces due to the activation dynamics 

and muscle-tendon complex slackness [3]. Therefore, the aim 

of this study was to investigate the in vivo human force-

velocity relation of the gastrocnemius medialis using a 

protocol with maximum voluntary preload. 

Methods 

Eleven subjects (age: 30±6 years) participated in the study. 

Concentric maximum voluntary plantarflexion contractions 

(MVC) with a preload of 95% were recorded at 20-200°/s. The 

concentric contraction started at 15° dosiflexion over a range 

of 30°. Surface EMG and 3D-motion capturing was applied. 

Ultrasound was used to track fascicle velocity of the GM. 

Achilles tendon moment arm was individually determined 

using the tendon excursion method [4]. Torque data was 

determined at neutral ankle position and normalized to the 

individual peak torque/force measured during the isometric 

MVC in neutral position. A one-way measures analysis of 

variance was used to identify differences in muscle activation, 

peak torque and muscle length at tested velocities.  

Results and Discussion 

Isometric contractions showed the highest torque values 

(218±33Nm). With increasing angular velocity, fiber 

contraction velocity increased linearly while torque decreased 

(144±25Nm at 200°/s). The normalized f-v-r is represented in 

figure 1. There was no difference (p<0.05) in muscle activity 

and fascicle length at analyzed neutral position for all tested 

conditions. Mean calculated moment arm was 45.9±4.7mm 

with individual moment arms ranging from 37.7mm to 

53.5mm. 

Net torque of isometric and isokinetic MVC was clearly 

higher than reported in previous work [2]. Interestingly, when 

extrapolating a hyperbolic fit to the present data it seems like 

the concentric f-v-r almost plateaus at roughly 60% of the 

isometric MVC, and predicted maximum shortening velocity 

would be ~2.5 times higher than previously reported in vivo 

[2]. Increased torque outputs and decreased slope 

characteristics might not be due to the pure f-v-r of muscle 

fibres but rather represent a combination of active contraction 

forces and passive forces stored in the tendinous tissue during 

the preloading. This elastic recoil has also been observed in 

the knee extensors [3] and potentially plays an even larger role 

in the triceps surae that inserts in the strong Achilles tendon. 
 

 

Figure 1: Normalized mean force-velocity relation of human m. 

gastrocnemius medialis. *statistically significant differences in 
muscle force between adjacent angular velocities. 

Conclusions 

Determining the true f-v-r in vivo might be difficult to achieve 

as all applicable protocols (e.g. with/ without preactivation) 

lack precision. However, preactivation is part of everyday 

movement and should be considered in force generation of in 

vivo muscle-tendon complex. 
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Summary 

We used a new experimental approach in a rabbit model to test 
for differences in the rate of force development among the 
individual quadriceps muscles and to assess their contribution 
to total torque during force development. We highlight that 
simultaneous and identical activation does not result in 
similar, or constant, force contributions of the individual 
quadriceps muscles, as has typically been assumed in the 
clinical literature.  

Introduction 

Patella misalignment and patellofemoral pain are often 
associated with a force imbalance between vastus lateralis 
(VL) and vastus medialis (VM). Delays in the onset of VM 
activation relative to VL have been shown in patients with 
knee pain, while no differences are found in healthy controls 
[1]. 

Synchronized activation, however, does not necessarily mean 
synchronized force outputs, as individual muscles may have 
different rates of force development, leading to different 
absolute torque values throughout a quadriceps activation-
deactivation cycle.  

This study was aimed at testing for differences in the time 
needed to achieve a given level of force among quadriceps 
muscles, and for changes in VL and VM contribution and 
VM/VL torque ratio during quadriceps force development.  

Methods 

Quadriceps muscles of 10 skeletally mature, New-Zealand 
white rabbits were analysed. Maximum isometric torque was 
measured at 60, 90 and 120 degrees of knee flexion. The nerve 
branches of VL, VM and rectus femoris (RF) were isolated 
and individually activated. Three maximal activations (VL, 
VM and RF activation) were performed at each knee angle. 

Time to reach 70% of peak torque and time to reach 70% of 
VM peak torque were determined for each muscle. Mean VL 
and VM contribution between 40-60 ms, 100-120 ms, and 
180-200 ms, and the VM/VL torque ratio were calculated. 
Repeated measures ANOVAs were used with Bonferroni post 
hoc and α<0.05. 

Results and Discussion  

Time to reach 70% of peak torque was shorter for VL than 
VM and RF, with differences being greatest at 60° of knee 
flexion (p = 0.006 for angle*muscle) (Fig 1 – dark colours) 
and no difference at 120°. 

70% of VM peak torque was reached 35 ms earlier for VL 
than VM, across all angles (p<0.001) (Fig 1 – light colours) 

 
Figure 1: Time to reach various torque levels for VL, VM and RF 
during maximum contractions evoked by isolated nerve stimulation. 
Dark colours indicate time to reach 70% of peak torque and light 
colours indicate time to reach 70% of VM peak torque at each angle.  

Contribution of VL to quadriceps torque development 
decreased from the beginning of contraction (40 to 60 ms, 
60%) towards the end (180-200ms, 52%) (p=0.011). No 
changes were observed in VM contribution. Fig 2 shows the 
VM/VL torque ratio at all angles for the first 300 ms of 
activation. 

 
Figure 2: VM/VL torque ratio during the force development phase of 

contractions at 60, 90 and 120°. Dashed line is the average ratio.  

Conclusions 

VL torque contribution changes upon quadriceps activation as 
the rate of force development is faster in VL than VM and RF. 
We conclude from our results that simultaneous and similar 
activation in agonistic muscles should not be interpreted 
necessarily as similar force ratio and force balance. 
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Summary 
Characterization of tendon mechanical properties is of 
importance to gain a comprehensive understanding of this 
tissue’s responses to ageing and loading and can also inform 
the development of artificial biomaterials based on living 
tissue data. In this study, we presented an innovative method 
combing ultrasound imaging with three-dimensional motion 
capture system to estimate passive mechanical properties of 
tibialis anterior (TA) tendon in vivo. 

Introduction 
It is well known that some tendons exhibit important elastic 
and time-dependent characteristics that influence the function 
of the overall muscle-tendon unit (MTU) [1]. Thus far, 
mechanical properties of the TA tendon have been only 
estimated during voluntary contraction [2] and under 
electrically induced contraction [3]. Compared to the active 
muscle, assessed a relaxed MTU can provide important 
insights into the therapeutic approach for improving joint 
function in pathological populations. This study therefore aims 
to quantify subject-specific passive mechanical properties of 
TA tendon in vivo.  
Methods 
Eight healthy adults (age: 27.6 ± 2.8 yrs; weight: 67.0 ± 6.6 
kg; height: 171.9 ± 4.9 cm) voluntarily participated in the 
study and the study was approved by the local ethics 
committee. First, all subjects participated in a static standing 
reference trial with 27 reflective markers were placed 
bilaterally on body landmarks based on a conventional full-
body marker set. Second, subjects were lying in a prone 
position with the knee flexed at 20° and their foot fixated to 
the foot plate connected to a dynamometer (IsoMed 2000). 
The ankle joint was then passively rotated at a velocity of 5°/s 
within the test range of motion (ROM) between 20° 
dorsiflexion and 30° plantarflexion. The ankle torque and 
angle were recorded simultaneously by the dynamometer. An 
ultrasonography system (Mindray M9) with a 38mm linear 
transducer was used to record muscle-tendon junction (MTJ) 
excursion of the TA. The US transducer was then rotated 
approximately 90° at this level to measure the CSA of the TA 
MTJ. In order to determine the position of the MTJ and the 
insertion point of Achilles tendon relative to the global 
coordinate system, in combination of the ultrasound system a 
motion capture system (Qualisys) was utilized. Three 
reflective markers were placed on the ultrasound (US) 

transducer, one marker was attached to the skin at the location 
of Achilles tendon insertion over the calcaneus and another 
two markers were attached to the footplate. EMG signals of 
the medial gastrocnemius, soleus and TA muscles were 
recorded to assure no voluntary contraction during the 
measurement. 
Due to the limitation of the experimental set-up, TA insertion 
location could not be directly tracked. Thus, a virtual marker 
was manually placed over the TA insertion point in the 
subject-specific musculoskeletal model (scaled using the static 
standing reference trial) in order to determine the geometric 
relationship between the coordinates of heel, ankle joint center, 
and TA insertion point during the ankle dorsi-plantarflexion. 
Moment arm (MA) was calculated using tendon excursion 
method. Mechanical parameters for instance tendon length, 
moment arm, slack length, stress-strain relationship and 
stiffness can then be estimated.  

Results and Discussion 
In vivo passive mechanical parameters of the TA tendon are 
summarized in Table 1. 
Table 1: Mechanical parameters of the TA tendon of the participants 

Parameters Mean Standard deviation 

Stiffness [N/mm] 30.49 13.02 

MTJ CSA [mm2] 36.16 11.78 

MA at 0 degree [mm] 26.37 7.77 

Max. strain [%] 3.67 1.56 

Max. stress [MPa] 5.61 1.95 

Tendon elongation [mm] 9.51 1.99 

 
Conclusions 
The non-invasive in vivo measurement method makes it 
possible to examine tendon mechanical properties during real-
life physiology conditions. By combing ultrasound imaging 
with three-dimensional motion capture system, we can 
successfully quantify mechanical properties of TA tendon in 
vivo. 
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Summary 

In the present study, five types of tendons were treated with 
different sterilization methods. Cyclic testing is used to 
determine the mechanical parameters that are evaluated after 
the comparison. On the basis of result, the vulnerability of 
freezing and gamma irradiation of TA and PL was less than 
Achilles and quadriceps tendons. 

Introduction 

ACL reconstruction has become a common procedure for ACL-
deficient The demand of ACL allografts has increased in recent 
years, and the post-operative results are promising. The goals 
of our study were to evaluate the effect of gamma irradiaton and 
freezing on biomechanical properties at five different tendons. 

Methods 

From every donor, five types of grafts were harvested: Group 
A contained 79 fresh and cooled specimens (16 pieces from 
Achilles, 16 pieces from quadriceps, 17 pieces from STG, 14 
pieces from TA and 16 pieces from PL;. Another tendons was 
labelled frozen slowly at -80°C. Group B contained 30 frozen 
specimens (16 pieces from Achilles, 16 pieces from quadriceps, 
17 pieces from STG, 14 pieces from TA and 16 pieces from 
PL). 109 tendons of group C (16 pieces from Achilles, 16 pieces 
from quadriceps, 17 pieces from STG, 14 pieces from TA and 
16 pieces from PL) were irradiated with a target dose of 21 kGy 
(dose range 18-24 kGy). Group D contained 147 tendons (16 
pieces from Achilles, 16 pieces from quadriceps, 17 pieces from 
STG, 14 pieces from TA and 16 pieces from PL) were irradiated 
with a target dose of 42 kGy (dose range 38-46 kGy). The grafts 
were soaked in a radio-protectant solution. Cyclic loading tests 
were performed followed by load to failure tests [1]. During 
cyclic loading tests, the specimens were cycled between 50 and 
250 N for 1000 cycles at 2 Hz frequency, and then a load to 
failure test was performed, the test speed was 20 mm/minutes. 
Before tensile testing, pre-tensioning was applied with 50 N for 
30 seconds [1]. Young modulus of elasticity, maximum force, 
strain at tensile strength and strain at rupture were calculated. 
For group comparisons of variables the Kruskal-Wallis test 
were used. Multiple comparisons of mean ranks for all groups 
were applied for post hoc analyses. In all analyses, a p value of 
less than 0,05 was considered statistically significant. 

Results and Discussion 

In the case of the Achilles, the maximum load (p=0.004) and 
the strain at tensile strength (p=0.009) were significantly 
reduced after higher gamma irradiation dose (group A vs. D). 

However, the Young’s modulus of elasticity was significantly 
increased after freezing (Group A vs B) (p=0.045). In the case 
of the quadriceps, the strain at tensile strength (p=0.000-0.024) 
and the Young’s modulus of elasticity (p=0.03548) were 
significantly decreased after higher gamma irradiation dose 
(group D) compared to other three group (A, B, C). In the case 
of STG, TA and PL, the strain at tensile strength, the maximum 
load were not influenced after freezing and after gamma 
irradiation. However, the Young’s modulus of elasticity was 
significantly increased at TA (p=0.046934) after freezing 
(group A vs. B). The strain at break was not affected by the 
freezing and the gamma irradiation at all tendons. 

 
Figure 1: Values of tendons of Young’s moduli of elasticity. 25% 

and75% percentile, minimum and maximum values are used. The: A 
non-irradiated and non-irradiated and non-frozen, B non-irradiated, C 

irradiated with 21 kGy, D irradiated with 42 kGy 

Conclusions 

The vulnerability of freezing and gamma irradiation of TA and 
PL was less than Achilles and quadriceps tendons.  
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Summary 
Iliotibial band (ITB) stretching in the modified Thomas test 
position can be suggested as an effective management method 
for improving ITB flexibility and VMO muscle activity in 
subjects with tight ITB. 

Introduction 
A tight iliotibial band (ITB) can cause lateral maltracking of 
the patella, compression, and tilt. Moreover, activity of the 
more dominant vastus lateralis (VL) muscle relative to vastus 
medialis (VMO) muscle can laterally displace the patella, 
causing anterior knee pain [1,2,3,4]. Therefore, an effective 
management technique is essential to stabilize the patella in 
subjects with tight ITB. The purpose of this study was to 
determine the effect of ITB stretching in the modified Thomas 
test position on ITB flexibility, patellar translation, and 
activities of the VMO and VL muscles during quadriceps-
setting (QS) exercise in subjects with tight ITB. 

Methods 
Twenty-one subjects with tight ITB were recruited. The 
stretching procedure was initiated in the modified Thomas test 
position [5]. The examiner applied a pelvic belt around the 
subjects’ pelvis for pelvic stabilization. The examiner then 
stood on the left or right side of the subject, based on the side 
which had a tight ITB by placing one hand on the anterior 
superior iliac spine (ASIS) and the other hand on the lateral 
aspect of the distal thigh, the examiner passively adducted the 
subject’s hip joint. The examiner felt the resistance from the 
tight ITB (Figure 1), and the stretching was applied until the 
subject felt a “good stretch” without discomfort [6]. Four 
repetitions of stretching were applied for 30 seconds with a 
15-second resting time. 

 
Figure 1: Iliotibial band stretching in modified Thomas test position. 

Results and Discussion 
ITB flexibility significantly increased after ITB stretching. 
The range of hip adduction in the modified Ober test position 
significantly increased (t = 2.27, p = 0.04) and the range of hip 
abduction in the modified Thomas test position significantly 
decreased after ITB stretching (t = 4.40, p < 0.01). The lateral 
patellar translation showed no significant difference (t = 0.85, 
p = 0.40). The VMO muscle activity significantly increased 
after ITB stretching during QS (t = - 3.66, p < 0.01), while the 
VL muscle activity showed no significant difference. 
The force applied during the stretch might have influenced the 
connective tissue of the ITB and altered its viscoelasticity, 
resulting in an increased range of motion [7]. Thus, ITB 
stretching in the modified Thomas test position might increase 
its flexibility. Since the VMO activity significantly increased 
during QS exercise after ITB stretching, the lateral patellar 
maltracking during QS can be prevented by passive ITB 
stretching. This study shows that ITB stretching itself 
facilitates the VMO activity during QS, which could improve 
the lateral patellar maltracking in subjects with tight ITB and 
provide an active medial pull of the patella. 

Conclusions 
ITB stretching in the modified Thomas test position can be 
suggested as an effective method for improving its flexibility 
and VMO muscle activity in subjects with tight ITB. Further 
studies are warranted to compare the effects of ITB stretching 
in the modified Thomas test position and other stretching 
positions in subjects with tight ITB. 
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Summary 
Plantar fascia is related to the metatarsophalangeal joint 
(MTPJ) by the windlass mechanism, but the correlation 
between joint stiffness and diagnosis of plantar fasciitis has 
not been researched. In this study, passive MTPJ dorsiflexion 
stiffness was measured in healthy subjects and patients with 
plantar fasciitis using a robotic device. MTPJ stiffness was 
higher in the patient group except for the stiffness in early 
stage of dorsiflexion. The result was interpreted that an 
inflammation of plantar fascia affects the passive dorsiflexion 
stiffness of metatarsophalangeal joint. 

Introduction 
Plantar fascia is related to the metatarsophalangeal joint 
(MTPJ), and joint stiffness is useful to determine the joint 
condition. Although MTPJ range of motion has been measured 
in many studies, only a few studies have measured passive 
MTPJ torque in healthy subjects [1]. The purpose of this study 
was to investigate passive MTPJ dorsiflexion stiffness in 
patients with plantar fasciitis. 

Methods 
This study was approved by the institutional review board of 
KAIST, and informed consent was received from each subject. 
Ten healthy subjects (control group) and five patients with 
plantar fasciitis (patient group) participated in this study. 

Passive MTPJ dorsiflexion stiffness of each subject was 
measured by the robotic device equipped with a torque sensor 
and a magnetic encoder aligned with the 1st MTPJ rotation 
center. All subject were lying in the supine position on a bed 
with their knee in full extension. Ankle angle was maintained 
at 90 degrees, and MTPJ was dorsiflexed at 8 deg/s of speed 
by the robotic device from 0 to 40 degrees [2]. 

Because of the windlass mechanism between the MTPJ and 
plantar fascia, the passive MTPJ dorsiflexion stiffness curve is 
similar to a cubic polynomial with a single inflection point 
(Figure 1). Stiffness was obtained at 4 different points: K1, K2, 
K3, and K4. The slope from beginning to the inflection point 
was Kinitial, and Ktotal was the slope from beginning to the end. 

Results and Discussion 
Before the inflection point, the passive MTPJ dorsiflexion 
stiffness of the patient group was lower than that of the control 

group (Table 1). However, the MTPJ of patients with plantar 
fasciitis was stiffer than the MTPJ of healthy subjects after the 
inflection point. The patient group on average had a lower 
Kinitial but a higher Ktotal than that of control group. 

 
Figure 1: Passive MTPJ dorsiflexion stiffness curve 

These results show that an inflammation of plantar fascia 
affects passive MTPJ stiffness, and the tendency differs before 
and after the inflection point. The inflection point indicates the 
starting point of the foot arch deformation induced by the 
windlass mechanism [3]. Further researches on the correlation 
between inflammation and MTPJ stiffness could provide a 
basis for diagnosis of plantar fasciitis using MTPJ stiffness. 

Conclusions 
Plantar fasciitis decreases MTPJ stiffness at the beginning of 
dorsiflexion (K1, Kinitial), but increases MTPJ stiffness after 
the foot arch deformation (K2, K3, K4, Ktotal). 
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Table 1: Passive MTPJ dorsiflexion stiffness in healthy subjects and patient with plantar fasciitis (unit : Nm/°, SD : standard deviation) 

 
K1 K2 K3 K4 Kinitial Ktotal 

mean SD mean SD mean SD mean SD mean SD mean SD 
Patient 0.0752 0.0229 0.0178 0.0071 0.0274 0.0101 0.0240 0.0121 0.0344 0.0106 0.0294 0.0077 
Control 0.0880 0.0290 0.0160 0.0085 0.0231 0.0099 0.0177 0.0090 0.0371 0.0123 0.0264 0.0091 
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Summary 

The aim of this study is to evaluate the influence of aging on 

the mechanical properties of the supraspinatus tendon, using 

Supersonic Shearwave Imaging (SSI) elastography. We 

evaluated 38 healthy individuals of both sexes, being 20 in the 

range of 20 to 35 years and 17 over 60 years old. The shear 

modulus of the supraspinatus tendon was measured by SSI 

elastography, always on the right side. The shear modulus of 

the supraspinatus tendon of young adults (23.98 ± 9.94 kPa) 

were statistically higher than the elderly (17.92 ± 6.17 kPa).  

Introduction 

Rotator cuff tears (RCT) are among the most prevalent 

musculoskeletal diseases and may lead to shoulder pain and 

significant functional impairment [1,2]. Previous studies show 

advanced age as the most important single risk factor for RTC 

[3]. Supersonic Shearwave Imaging (SSI) is an ultrasound-

based imaging modality that provide non-invasive estimate of 

tissue mechanical properties, which have important clinical 

implications. The purpose of this study is to evaluate the 

influence of aging on the mechanical properties of the 

supraspinatus tendon, using SSI elastography. 

Methods 

The shear modulus of the right supraspinatus tendon was 

measured by SSI elastography (Aixplorer v.11, Supersonic 

Imaging, Aix-en-Provence, France) from 38 healthy individuals 

of both sexes, being 20 in the range of 20 to 35 years and 17 

over 60 years old. The normality distributions were assumed 

using the Shapiro-Wilk test. The intra-observer reliability was 

determined by the interclass correlation coefficient (ICC). A 

mean of three measurements was used as the final shear 

modulus value for each subject and the intergroup comparison 

was done applying the Student’s t test. The patient was asked to 

remain seated, with the right hand on the back to better exposure 

of the supraspinatus tendon during evaluation. A MATLAB 

software (Mathworks, Massachusetts, USA) was used for 

images processing in order to estimate the shear modulus 

(Figure 1) 

Results and Discussion 

The ICC was 0.726 (95% CI of 0.452 to 0.863; p < 0.001), 

showing good reliability. There was a significant difference 

between the average shear modulus values in the elderly group 

and in the young adult group (Figure 2). 

  

Figure 1: Subject position and respective SSI image from the 

supraspinatus fibres. 

 

Figure 2: Average, standard deviation and individual data of shear 

modulus values with standard deviation in both groups. 

This finding suggests altered mechanical properties in elderly 

supraspinatus tendon, which may predispose to the high RCT 

prevalence in this population [1,2]. Even when the tendon is not 

torn, impaired mechanical properties may influence clinical 

decisions, e.g. choosing between reverse or anatomical 

shoulder prosthesis in an elderly patient with advanced 

osteoarthritis.  

Conclusions 

Shear modulus of supraspinatus tendon was significantly higher 

in young adults compared to elderly subjects.  

Acknowledgments 

The authors acknowledge FINEP, FAPERJ, CAPES and CNPq. 

References 

[1] Yamamoto A et al. (2010). J Shoulder Elbow Surg, 19: 

116-20 

[2] Murthi AM. (2009) AAOS Comprehensive Orthopaedic 

Review; American Academy of Orthopaedic Surgeons. 

[3] Sher JS (1995). J Bone Joint Surg Am., 77: 10-15.

 

Friday, August 02 2019: Posters (1600-1800) 1165

Orthopedic Tendon 2



 

 

An 8-Week Resistance Training Protocol Is Effective In Adapting Quadriceps But Not Patellar Tendon Shear Modulus 

Measured By Supersonic Shearwave Imaging 

Mannarino, P.1,2, Matta, T. T.2,3, Oliveira, L. F.2 

 

1Clementino Fraga Filho University Hospital, UFRJ, Rio de Janeiro, Brazil. 
2Biomedical Engineering Program, UFRJ, Rio de Janeiro, Brazil. 

3Escola de Educação Física e Desportos, UFRJ, Rio de Janeiro, Brazil. 

Email: liliam.oliva@gmail.com 

Summary 

Resistance training (RT) can determine changes in muscle and 

tendon mechanical properties that can now be evaluated 

properly with Supersonic Shearwave Imaging (SSI). The aim of 

the present study was to investigate the chronic effect of 8-week 

RT on Vastus Lateralis (VL) and patellar tendon (PT) 

mechanical properties. A group of 15 untrained men was 

submitted to an 8-week quadriceps RT. VL and PT shear 

modulus (µ) was assessed with SSI pre and post intervention. 

The RT was effective in promoting VL µ adaptations, but not 

in significantly affecting PT µ.  

Introduction 

Habitual loading and RT can determine changes in muscle and 

tendon morphology but also in its mechanical properties [1]. 

Conventional ultrasound (US) evaluation of these mechanical 

properties present limitations that can now be overcome with 

the advent of SSI [2]. To our knowledge no previous studies 

evaluated the PT or quadriceps µ changes promoted by a RT 

protocol using SSI.  

Methods 

We submitted 15 untrained healthy male volunteers between 25 

and 40 years old (28.6 ± 3.26 years old, 177.3 ± 6.88 cm height 

and 91.8 ± 17.25 kg of body mass) to SSI of the PT and VL, pre 

and post an 8-week RT protocol for the quadriceps femoris 

muscle consisting of free-weight Squats (SQ) and Knee 

Extensions Machine (KEM). Exercises were performed in an 8-

12 repetitions range, with a two-minute rest interval between 

sets. The frequency of the training program was 2 sessions per 

week with at least 72 hours rest between sessions [3]. 

An Aixplorer US (v.11, Supersonic Imaging, Aix-en-Provence, 

France) was used in this study. For PT analysis, the transducer 

was positioned at the inferior pole of patella and aligned with 

the tendon (Fig 1). For VL exams, scans were obtained on 

longitudinal plane laterally at 50% of the length of the right 

thigh, represented by the distance from the great trochanter to 

the center of patella. Scanning of PT and VL was performed 

with the subject in supine lying and the knee at 30° of flexion 

and fully extended, respectively. A custom MatLab® routine 

calculated the mean µ over a selected polygon, where the 

original matrix data, generated from the system, were divided  

by 3 [4].  
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Figure 1: MatLab® custom routine and ROI defined between 5 and 25 

mm from the patella tip for PT analysis. 

Results and Discussion 

No statistically significant changes in PT µ and a statistically 

significant increase in VL µ were observed after the 8- weeks 

of RT (Fig 2). 

Figure 2: A- PT µ at baseline and after eight weeks of resistance 

training. B- VL µ at baseline and after eight weeks of resistance 

training. 

An 8-week intervention was long enough to trigger changes in 

muscle responses but not in tendon tissue composition at an 

extent to make the µ detectable by SSI, probably due to the slow 

and complex nature of tendon remodeling involving collagen 

and proteoglycans synthesis [1]. 

Conclusions 

Future research should address longer interventions, possible 

PT structural changes set points and the muscle-tendon resting 

state tension environment. 
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Summary 
A continuously moving axis of rotation yields Achilles tendon 
moment arms that differ from those found using a single fixed 
axis derived from ankle motion, but those differences occur 
only at the dorsiflexion end of the range of motion. 

Introduction 
In vivo studies of bone motions show that the location of the 
ankle joint axis of rotation (AoR) varies with ankle angle [1], 
but the plantarflexion moment arm of the Achilles tendon 
(ATma) is often found using a fixed AoR defined by the 
malleoli. We previously used ultrasound coupled with motion 
analysis to find ATma using a fixed AoR derived from 
measured ankle motion, with ATma values similar to those 
computed from magnetic resonance (MR) data [2].  The 
purpose of this study was to investigate whether ATma differs 
when a moving instantaneous helical axis (MA) is used as 
compared to a fixed axis (FA). We hypothesized that ATma 
will be similar between MA and FA in the mid-range of ankle 
motion, but that differences in ATma will be found at the ends 
of the range of motion. 

Methods 
Cyclical plantar- and dorsi-flexion motions were performed by 
15 adults (8 F, age: 26 ± 2 y, height: 1.70 ± 0.07 m, mass: 71 ± 
12 kg), following informed consent. All procedures were 
approved by the Institutional Review Board of The 
Pennsylvania State University. Retroreflective markers were 
placed on anatomical landmarks of the foot and shank, with 
rigid clusters of four markers each affixed to the dorsum of the 
foot and the anterior shank. A 60 mm linear ultrasound probe 
(Telemed) placed over the Achilles tendon collected images at 
~60 fps. Marker positions were tracked by seven Eagle 
cameras (Motion Analysis Corp.) at 100 Hz.  
Modified ISB coordinate systems [3] were used to define the 
shank and foot frames, with both origins located at the 
transmalleolar midpoint. Finite helical axes were computed 
from pairs of positions separated by rotations of at least 0.25. 
The FA was defined as the single axis with the least deviation 
from all finite helical axes. The MA was located using 
instantaneous helical axis (IHA) decomposition. Generalized 
cross-validated splines were fit to the components of the 
translation vector and Cardan angles between the foot and 
shank frames. The rotation matrix was reconstituted and the 
relative angular velocity w between foot and shank was found 
from the numerical time derivative of this matrix. The 
orientation of the IHA was defined by a unit vector along w 
and a point on the IHA was found from w and the translational 
velocity between the two frames. Only those IHA associated 
with |w| > 0.8 rad/s were deemed valid for computation of 
ATma. For both FA and MA, ATma was found as the dot 

product of (1) the vector connecting arbitrary points on the 
AoR and the Achilles tendon, and (2) the cross product of the 
unit vectors along the AoR and the Achilles tendon. 
A two-way repeated measures ANOVA (factors: axis, angle) 
was run in SPSS (v.25, IBM) with Bonferroni correction for 
post hoc comparisons. Pearson’s correlations between ATma 
for FA and MA were performed at 5° angle increments. The 
level of significance for all analyses was set at α=0.05.  

Results and Discussion 
ATma computed using MA and FA were strongly correlated at 
15° PF (r2 = 0.55, p = 0.002), moderately correlated at neutral 
position (r2 = 0.33, p = 0.024), and not correlated at 5° DF (r2 
= 0.02, p = 0.639). The two methods produced significantly 
different values of ATma only for 5° DF (p = 0.002) and 
neutral position (p = 0.006) (Figure 1). Previously, differences 
in 2D ATma computed from a fixed and moving center of 
rotation were investigated [4]. We believe this study is the first 
investigating differences in ATma between MA and FA in 3D.  
Motion of the MA in this study was similar to that reported 
from roentgen stereophotogrammetry [1]. One limitation of 
the MA method is that IHA are unreliable near the ends of the 
range of motion when velocities are small, restricting the 
angle range over which ATma from MA may be determined. 

 
Figure 1: ATma computed from FA (▲) and MA (●) across the 
ankle range of motion. Significance with p < 0.05 indicated with *. 

Conclusions 
A moving axis yielded ATma similar to those found using a 
fixed axis in plantarflexion but the ATma for each method 
diverged toward the dorsiflexion end of the range of motion. 
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SUMMARY 
Heterogenous strain distribution within the Achilles tendon 
has been regarded as a main contributor of the overuse 
injuries and tendinopathy[1]. Yet it is not possible to measure 
internal tissue stress/strain distribution in real time due to 
technical and computational difficulties. We present here a 
method that combines finite element (FE) analysis and 
machine learning techniques and show that this can be a 
promising candidate for measuring subject-specific internal 
tissue stress/strain distributions within the Achilles tendon.  

INTRODUCTION 
Achilles tendon injuries are common but the mechanisms of 
tendon injuries and degeneration remain unknown. Recent 
studies have indicated that the nature of tendon deformation, 
specifically heterogeneous strain distributions, may 
contribute to the development of overuse injuries and 
tendinopathy [1]. One of the most widely used methods of 
characterizing tendon strain distribution is to use subject-
specific FE models [2]. Despite increases in high 
performance computing power, complex finite element 
modelling investigations remain limited to small subject 
numbers. In order to translate computational tools to medical 
applications and large-scale visualisation, population-based 
models are a possible way forward. This modelling approach 
involves using large sets of pre-computed or measured data 
to train a model using machine learning or multivariate 
regression methods. Here we present a novel coupling 
between continuum mechanics simulations and partial least 
squares regression (PLSR) and report accuracy associated 
with rapid prediction of Achilles tendon shape and strain. 

METHODS 
Data from our previous study where we analyzed the tendon 
internal strain patterns with subject-specific FE models was 
used [2,3,4]. Our FE models have both geometry and tissue 
internal structure in the form of embedded fibres [5]. Results 
from these studies were used in our Partial Least Squares 
Regression (PLSR) model. We trained a PLSR model by 
simulating 30 scenarios (6 different tendon lengths for 5 
different tendon fascicle torsion angles) from FE predicted 
models. PLSR creates a linear model to predict response 
variables from predictor variables. In this study, the predictor 
variables were tendon length and torsion angle, and the 
response variables were FE predicted stresses, deformed 
shape and tissue strain. Model accuracy was assessed by 
doing a ‘leave-one-out’ analysis where one simulation from 
36 was left out of the PLSR model and predicted 
independently. This was repeated for each case to report an 
average error for stress at strains of 3, 6 and 9%. We used the 
PLSR plugins in the Python SciPy (www.scipy.org) and 

scikit-learn (machine learning) modules and these methods 
are encapsulated in the Musculoskeletal Atlas Project, an 
open source toolkit for musculoskeletal model development 
(https://simtk.org/projects/map). 
 
RESULTS AND DISCUSSIONS 
The PLSR model predicted internal stress distribution with 
the RMS error of less than 7 MPa (< 5% of the maximum 
stress) (Figure 1). The complex stress distribution with dual 
peaks on medial and lateral sides were successfully captured 
by our PLSR model, giving us confidence in the model’s 
ability to predict internal tissue stress/strain.

 
Figure 1: Comparison between original stress pattern and the 
predicted stress pattern from PLSR model (range 0-100MPa) 

 
CONCLUSIONS 
Our PLSR model accurately predicted tissue internal stress 
from a subject-specific FE model. The PLSR approach will 
be used in our personalized Achilles tendon treatment 
program as a real time predictor of internal tendon stress 
and/or strain. This information will be used to guide tendon 
training and rehabilitation and to identify people who are at 
risk for tendon rupture [6].  
 
REFERENCES 
[1]. Magnusson SP et al. (2008).J Physiol 586, 71-81,  
[2]. Shim VB et al. (2014) J. Biomech 47, 3598-3604 
[3]. Hansen W et al. (2017) J. Biomech 56, 26-21 
[4]. Shim VB et al. (2018) J. Biomech 82, 142-148  
[5]. Shim VB et al. (2018) Scientific Reports 8 (1), 13856  
[6]. Pizzolato C et al. (2019) BJSM 53 (1) 11-12 

Friday, August 02 2019: Posters (1600-1800) 1168

Orthopedic Tendon 2



 

The effect of prolonged weight bearing physical activities on plantar soft tissue properties 

 

Haeun Yum1, So Young Eom1, Yeokyong Lee2, Seung Bum Park3, Naomichi Ogihara4, Taeyong Lee1,  
1Div of Mechanical & Biomedical Engineering, Dept of Architectural Engineering, Ewha Womans University, Republic of Korea 

4Department of Biological Science, University of Tokyo, Japan 

Email: tlee@ewha.ac.kr  

 

Summary 

This study investigated whether prolonged and repetitive 

exercise stiffens the plantar soft tissue. Healthy early twenties 

female subjects with similar BMI but different majors (13 

engineers and 13 ballerinas) were recruited. The plantar tissue 

thickness, peak pressure and force and pressure distribution 

were obtained using Zebris® machine. Also, the stiffness was 

evaluated using self-developed indenter. 

There was no significance in the tissue thickness of the 2nd 

sub-metatarsal head (MTH) and heel between the two groups. 

In the 2nd sub-MTH, the ballet group showed significantly 

higher peak pressure, distribution ratio, and stiffness than the 

control group. However, in the heel, there were no significant 

differences except for the distribution ratio. Our results 

quantified the impact of prolonged and repetitive exercise on 
the plantar soft tissue stiffness and explained why healthy 

individuals who do such activities can be vulnerable to foot 

injuries even if they have no other diseases. 

Introduction 

Level of activity influences amount of mechanical trauma to 

the foot [1]. The constant pounding on hard surfaces and 

shearing forces frequently cause the localized injury in the 

foot [2]. Nevertheless, the studies about plantar soft tissues 

mostly focused on the diseased or elderly subjects. The aim of 

this study is to figure out the relationship between the 

localized cumulative stress due to prolonged weight bearing 

activities and stiffness of plantar soft tissue in healthy 
individuals with the use of in-vivo indentation technique. It is 

hypothesized that excessive and repeated exercise will alter 

the tissue properties over time. 

Methods 

Ballet is a typical exercise that apply localized stress on the 

sole, especially 2nd sub-metatarsal head (MTH). Therefore, 

healthy female subjects aged early 20s with similar BMI were 

recruited from engineering (controls) and ballet schools (13 

each) and then 2nd sub-MTH and heel region were measured. 

Thickness of the plantar soft tissue was measured using 

ultrasound. Peak pressure and force and pressure distribution 

were obtained from the Zebris® pressure mat in standing mode. 

Stiffness were recorded using the custom-made tissue 

indentation system. The indenter probe has a stylus which is 
driven by a stepper motor and is connected to a compression 

load cell. 

Results and Discussion 

There was no significant difference in the tissue thickness of 
the sub-MTH and heel between the control and ballet groups. 

As shown in Fig.1, the stiffness of plantar soft tissue of ballet 

students was significantly higher as compared to the control at 
the 2nd sub-MTH. Similar results were obtained from peak 

pressure, force and pressure distribution. In the heel, there was 

no significance except for distribution. (Fig.2) 

The ballet dancers’ occupational behavior such as the basic 

posture ‘relevé’ that exerts concentrated forces on the forefoot 

resulted in higher mechanical stress on that region. Regardless 

of the process of tissue glycation due to aging and metabolic 
disease, high frequency and large magnitude of localized 

stresses due to high impact physical activities may also stiffen 

the plantar tissue excessively. Stiffened tissue can lead the 

inability of the foot to tolerate mechanical stress and decrease 

cushioning effect of the tissue. This is why even healthy 

individuals who do prolonged weight bearing activities suffer 

from the foot injuries though they have no other diseases. 

 

Figure 1: Average stiffness differences between the control and 
ballet groups in the 2nd sub-MTH (left) and heel (right). 

 

Figure 2: Force distribution (A) and the pressure distribution (B) of 
the control and ballet groups 

Conclusions 

Our results demonstrated that prolonged and repetitive 

exercise can change force and pressure distribution in standing 
mode and increase stiffness in the plantar soft tissue. The 

increased stiffness could be attributed to the altered posture 

due to the specific repeated movements of ballet. 
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Summary 

The diaphragmatic ligament (DL) provides the pressure barrier 

separating thorax from abdomen in mammals. It has a 

microarchitecture that resists hoop stresses and herniation and 

provides a biaxial elastic layer of elastin. Modelling of the 

microarchitecture reveals how the ligament could transpose 

increased hoop stresses, during intercostal breathing, into non-

muscular shortening of the diaphragm and increased inflation 

of the lung. 

Introduction 

The mammalian diaphragm is composed of a unique pressure 

barrier, the diaphragmatic ligament (DL) which functionally 

separates the thorax and abdomen [1], in parallel with, a layer 

of muscle in series with central tendons. 

The diaphragmatic ligament sits on the thoracic surface of the 

diaphragm and is very stiff perpendicular to the muscle fibres 

and yet highly compliant and elastic in parallel with the 

muscle fibres.  In this study our aim was to see how these 

properties are achieved at the level of the microarchitecture. 

Methods 

Fresh sheep diaphragms were obtained directly from an 

abattoir in Alberta. Whole diaphragms were placed under the 

microscope with the diaphragmatic ligament on top. From this 

we were able to maintain correct alignment of the microscope 

with the direction of the muscle fibres. 

Two-photon excitation microscopy and second-harmonic 

generation were used to visualize the elastin and collagen 

fibres respectively. The orientation of elastin and collagen 

fibres were measured using the Directionality Process in 

ImageJ.  Fibre angle mean ± SD, was recorded at 2 locations 

over muscle fibres in each of 6 sheep. 

The DL was modelled as a fibre-reinforced hyperelastic 

incompressible material, with ground matrix, muscle fibres, 

collagen and elastin, and accounting for the measured angular 

dispersion of collagen and elastin [2,3]. 

Results and Discussion 

Elastin and Collagen fibres are clearly visible in the DL 

running in the general direction of the hoop stresses  

(Figure 1). The Elastin fibres were at 70.5 ± 10.6 degrees to 

the muscle fibres. Collagen fibres were at 82.2 ± 15.3 degrees. 

    

Figure 1: Elastin and Collagen fibres. Scale mark is 100µm.  

Muscle fibres run left to right below this ligament. 

Modelling of the structural arrangement and material 

properties of elastin, collagen and muscle fibres shows that:  

i) collagen fibres provide a very high protection in the 

direction of hoop stresses (1-direction);  ii) increasing stretch 

in hoop stress direction for Elastin results in increasing stress 

in the direction of the muscle fibres (2-direction) (Figure 2).  

We propose that inspiration can start at A heading to B in 

diaphragm breathing at rest. Intercostal breathing can then add 

hoop stresses which could lead to further shortening to C. 

Expiration leads back to A. 

 

Figure 2: Cauchy stress-stretch (σ-λ) behaviour of the diaphragmatic 

ligament model. The muscle fibres are in the 2-direction.  

Conclusions 

We propose that the bi-axial architecture of the ligament 

transposes increased hoop stresses, during intercostal 

breathing, into non-muscular shortening of the diaphragm and 

increased inflation of the lung. 
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Summary 
The purpose of this investigation was to quantify the 
mechanical response of healthy facet capsular ligaments (FCL) 
in a porcine model. Twenty-five porcine FCL samples were 
subjected to uniaxial stress-relaxation tests at 30% and 50% 
strain to quantify their elastic and viscoelastic properties. 
Results support non-linear viscoelastic theory, as viscoelastic 
parameters were found to be influenced by peak strain 
magnitude. 

Introduction 
The facet capsular ligament (FCL) is a structure in the lumbar 
spine that constrains motions of the vertebrae. It is innervated 
by mechanically sensitive neurons, sensitive to capsular 
ligament stretch, and is a recognized source of low back pain 
[1]. Previous work has demonstrated that under physiological 
motion the FCL is subjected to significant deformation [2] with 
FCL strains increasing in magnitude with increasing flexion 
and extension moments [3]. Thus, it is important to accurately 
characterize the mechanical response of the FCL for 
investigations into injury mechanisms. 
Damaged tissue behaves differently from healthy tissue. Sub 
failure loads can produce micro-damage resulting in increased 
laxity [4], decreased stiffness [4] and altered viscoelastic 
responses [5].  
The first step in quantifying microdamage and potential injury 
in the FCL is to establish parameters for healthy tissue. Thus, 
the objective of this investigation was to determine parameters 
of the FCL and investigate the viscoelastic response of the FCL 
under various magnitudes of strain.  

Methods 
Twenty-five, 5 x 10 mm FCL samples were excised from the 
left and right FCL of 10 porcine cervical functional spinal units 
(FSUs) (4 C34, 6 C56). Porcine cervical FSUs were used as 
surrogates for the human lumbar spine due to the anatomical 
and functional similarities [6]. Specimens were extracted and 
mounted onto a displacement-controlled tensile testing 
apparatus (Biotester, Cellscale, Waterloo ON).  
Each specimen was loaded uniaxially, collinear with the 
collagen fiber orientation. The loading protocol was identical 
for all specimens: preconditioning with 5 cycles of 
loading/unloading to 5% strain, followed by a 30 second rest 
period, 5 cycles of 10% strain and 1 cycle of 10% strain with a 
hold duration at 10% strain for 240 seconds (4 minutes). The 
same protocol then followed for 30% and 50% strain, with 5 
repeated cycles and one strain cycle hold for 240 seconds. All 
loading and unloading was performed at a rate of 2%/sec. Force 
and displacement were renormalized to engineering stress and 
strain. 
The ligament stiffness (k) in the linear portion of the stress-
strain curve as well as two parameters representing the mean 

collagen slack strain (µ) and standard deviation of slack strain 
(s) were obtained [7]. These parameters were obtained from the 
initial strain portion of the 50% strain hold cycle. Viscoelastic 
parameters were quantified by fitting a Prony Series to the 30% 
hold and 50% hold separately, defined as: 

!(#) = &' + &)*+,/./ + &0*+,/.1 

This gives an approximation to the tissues’ reduced relaxation 
modulus established in Quasilinear Viscoelastic Theory [8]. 

Results and Discussion 
Four specimens were omitted as outliers from the viscoelastic 
analysis due to parameter values being orders of magnitude 
larger than the rest of the sample.  Mean parameter values 
obtained are presented in Tables 1 and 2. For viscoelastic 
parameters, t1 and t2 parameters were found to be statistically 
different across 30% strain hold and 50% strain hold (p = 0.003; 
p = 0.025).  
Table 1: Parameter estimates from the 50% strain portion of the 50%-
hold (average R2 = 0.99) 

Parameter (Standard Deviation) 
k (MPa)  1.32 (1.02) 
µ (unitless)  0.39 (0.016) 
s (unitless)  0.063 (0.013)  

 
Table 2: Viscoelastic parameters (average R2 30%-hold = 0.93; 
average R2 50%-hold = 0.99).   

Parameter Hold Strain 
       30%      50% 
ao (unitless) 0.63 (0.076) 0.65 (0.045) 
a1 (unitless) 0.13 (0.041) 0.13 (0.019) 
a2 (unitless) 0.20 (0.043) 0.18 (0.025) 
t1 (seconds) 5.37 (2.26) 7.77 (2.11) 
t2 (seconds) 94.55 (35.13) 125.45 (44.33)  

Conclusions 
Results from this investigation provide parameters for the FCL 
which can provide future investigators with new measures to 
compare ligament mechanics across experimental conditions. 
Stress relaxation response was shown to be non-linear, with the 
rate of relaxation being dependent upon the peak strain 
magnitude.  
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Summary 
Herein, a novel, scaffold-free fiber engineering platform was 
utilized to investigate the influence of quasi-static and 
dynamic uniaxial loading on tendon fiber development. 
Engineered fibers were subjected to 3 days of basic loading 
(i.e., intermittent cyclic uniaxial strain) or combined loading 
(i.e., basic loading plus an incremental quasi-static 
component). After 3 days, the basic loading increased fiber 
elastic modulus and failure stress, but did not affect failure 
strain, as compared to unloaded controls. The addition of a 
quasi-static component did not further affect modulus or 
failure stress, but caused a significant increase in toe-in and 
failure strains, compared to basic loading alone. These 
findings suggest distinct biomechanical roles for dynamic and 
quasi-static loading in tendon development. 

Introduction 

Mechanical stimulation during embryonic development has 
been implicated in the elaboration of tendon biomechanical 
and structural properties. Our laboratory has developed a 
novel, embryonic-inspired, scaffold-free approach to engineer 
single tendon-like fibers [1], and to explore how biophysical 
and biochemical stimuli, applied during fiber development, 
influence fiber formation and structural/functional maturation 
[1,2]. Previously, we showed that intermittent bouts of low-
amplitude cyclic uniaxial strain (8h on/off) increased the 
failure stress, modulus, and toughness of developing fibers, 
however fiber failure strain was unaffected [2]. The purpose 
of this study was to examine the effect of adding an 
incremental quasi-static loading component (designed to 
mimic slower-rate tissue stretch, e.g., strains associated with 
limb lengthening) on the biomechanical properties of these 
engineered tendon constructs. These findings will provide 
unique insight into the role of mechanical stimulation on early 
tendon development and regeneration, which, in turn, can be 
used to inform future tendon-engineering strategies and grafts.  

Methods 
Tendon fibers were engineered using previously outlined 
methods [1,2]. In brief, growth channels (150 µm-wide, 17.5 
mm-long) were molded into agarose and coated with human 
fibronectin, then seeded with human dermal fibroblasts (1.5 × 
107 cells/mL) and incubated (37 °C, 5% C02, 95% RH) for 18 
h, prior to being loaded on a modified FlexCell® Tissue 
Train® system for 3 days of basic cyclic uniaxial loading or 
combined (cyclic and quasi-static) loading (n = 8/group). The 
“basic loading” protocol consisted of alternating 8-h blocks of 
applied cyclic tensile strain (0.7% sinusoidal strain; 0.1 Hz) 
and rest (0% strain). For “combined loading”, a quasi-static 
stretch component (similar to limb lengthening) was 
introduced to the basic loading protocol by increasing the 

static strain and baseline of the sinusoidal strain by 0.1% at 
each 8-h rest period. Mechanical characterization: Loaded 
fibers were t-clipped, mounted on a custom ADMET 
BioTense single-fiber Bioreactor, and elongated (0.08 mm/s) 
to failure. Elastic modulus, toe-in strain, and the failure stress 
and strain were calculated. Kruskal-Wallis Rank Sum Tests 
were used for all statistical comparisons. 

Results and Discussion 

Aligned fibers formed in growth channels within 24 h post-
seeding. A comparison of the two loading modalities showed 
no differences between the groups in modulus, failure stress, 
and toughness (Fig. 1A). However, failure strain and toe-in 
strain both increased significantly with the addition of the 
quasi-static loading component (Fig. 1B). 

Mechanical stimulation plays a pivotal role in the matrix 
deposition and growth of embryonic tendon. The results herein 
suggest that the slower stretch of incremental loading acts to 
increase fiber extensibility, while the faster dynamic loading 
increases stiffness and failure stress. Our ongoing studies 
examine the influence of loading on cytoskeletal structure, 
nuclear deformation, and fiber gene expression of classic 
tendon markers (Col-I, Col-III, Scx, and Tnm).  

 
Figure 1: Fibers subjected to 3-day basic or 3-day combined loading 
(A) showed no difference in peak stress or elastic modulus, however, 
(B) fiber failure strain and toe-in strain significantly increased with 
the addition of a quasi-static component. (Mean ± s.d., ** p<0.01). 

Conclusions 
Intermittent cyclic loading increases failure stress and 
modulus of engineered tendon constructs, however, over time, 
the extensibility of the constructs is preserved. The 
introduction of a quasi-static loading component increases the 
fiber extensibility. These findings strongly suggest distinct 
developmental roles for the two loading modalities.  
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Summary 

A deep neural network is used to segment whole slide images 

of plantar soft tissue sections. Morphology characteristics are 

computed and compared in aggregate and between diabetic 

and non-diabetic tissue, yielding trends in the deep adipose 

layer septal chambers.  

Introduction 

Diabetes mellitus continues to be a concern in the United 

States, with 9.4% and 33.9% of the population affected by 

diabetes and pre-diabetes, respectively [1]. Lower extremity 

ulceration is a leading complication contributing to 108,000 

amputations per year [1]. However, while systemic risk factors 

for ulceration are well established, the mechanism of injury is 

unknown, reducing efficacy of preventative treatment. A 

hierarchical approach to plantar soft tissue mechanics and 

changes therein with diabetes could inform mechanical and 

systemic interventions. This approach requires comprehensive 

histological analysis, which has recently become accessible 

through  improved computational methods.  

Methods 

Plantar soft tissue specimens were obtained from nine fresh 

cadaveric feet (4 diabetic, 5 non-diabetic, age 61-79 yr), 

sectioned, and prepared for histological analysis with 

Modified Hart’s stain for elastin using standard methods [2]. 

Digital whole-slide images (WSI) were obtained using a 

Nikon Eclipse i80. Seven WSI (n=3 diabetic, 4 non-diabetic) 

were manually segmented by a trained histologist to train and 

test a convolutional neural network for automated 

segmentation. 500x500 pixel tiles were taken from four WSI 

and augmented by random saturation, illumination, rotation, 

and elastic deformation for a total of 2641 tiles (Fig 1A).    

 

Figure 1: A) Example augmented tiles for training network C). B) 

example image for ground truth D) and automatic segmentation E). 

A modified Unet [3] (Fig 1C) was trained on these tiles using 

Adam optimization [4]. Accuracy was assessed on stitched 

WSI. Morphology characteristics area, area ratios, orientation, 

eccentricity, minimum and maximum diameter, and tissue-

specific features were calculated from segmented WSI using 

custom MATLAB code (Fig 2).  

Results and Discussion 

Unweighted total segmentation accuracy for the three WSI 

previously unseen by the network was 0.938, 0.922, and 

0.910. However, consistent localized errors precluded 

morphology analysis from these automatic segmentations (Fig 

1D, 1E). Therefore, the manually segmented images were used 

for preliminary morphology analysis. Septal chambers in the 

superficial adipose layer trended toward smaller total area and 

maximum diameter compared to the deep layer (0.17±0.14 v. 

0.05±0.03mm
2
; 0.61±0.38 v. 0.39±0.20 mm). These trends 

weakened when data were split into groups by disease status. 

Deep chambers of non-diabetic tissue samples trended toward 

higher total area and adipocyte count than diabetic deep 

chambers (0.21±0.17 v. 0.11±0.10mm; 330±145 v. 149±119).  

 

Figure 2: Example morphology workflow: Binary masks created 

from segmented WSI, superficial and deep adipose layers separated, 
and tissue-specific feature adipocytes identified by thresholding.   

Conclusions 

Initial segmentation results support deep learning as a viable 

alternative to manual segmentation for morphology analysis. 

A weighted loss function, multi-scale training data, and deeper  

network architecture should be investigated for segmentation 

improvement. Preliminary morphology analysis suggests that 

diabetic deep adipose layer septal chambers are smaller and 

contain fewer adipocytes than those of non-diabetic tissue, 

which could cause poor energy absorption in the adipose layer 

and could be an initiation site of ulcerative injury. A larger 

sample is required to make population inference.   
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Summary 

Biomechanical tests aim the understanding of the structure-

function relationship often require time-consuming 

preparation of the samples. During preparation of the tendon 

samples, occurs an unfavorable effect of sample drying that 

leads to ultimate dehydration. To invert the impact of tissue 

samples dehydration, one can use different buffer solutions. 

Although, buffer solutions may alter the physiology of the 

tissue, disturbing the result of the mechanical tests. The nature 

of these changes depends on the osmotic pressure of applied 

solution. The osmotic effects are well described in the 

literature but processes of tissue dehydration are still poorly 

understood. This study aimed to evaluate the influence of 

hyper, hypo and isotonic solutions on the rehydration process 

and resulting biomechanical properties of tendon samples.  

 Introduction 

In order to invert results of tissue dehydration during 

preparation of the tendon samples, tissues must be hydrated in 

buffer solutions. Buffer solutions affect the sample by 

changing the osmotic pressure, thereby causing swelling or 

shrinking of the tissue. Buffer solutions alter tendon strength, 

stiffness in terms of Young Modulus, and cause structural 

changes such as cells' shape and tendon weight, thus changing 

the results of the mechanical tests [1-3]. These changes 

intensify with the incubation time, which has a significant 

impact on long-lasting mechanical tests such as cyclic loading 

or fatigue tests. Moreover, during preparation of the tendon 

samples, there occurs an unfavorable effect of sample drying 

that leads to ultimate dehydration; therefore, the ability to 

rehydrate the tissue without changing its biomechanics is an 

important factor for the tested solution. For that reason, we 

chose to investigate an influence of solutions with different 

osmotic pressure on the tendons' structure and mechanical 

behavior. The objective of our research is to analyze the 

ability of solutions with different osmotic pressure to 

rehydrate tendon tissues, and to optimize the process of 

sample handling and preparation for biomechanical testing. 

Methods 

The studies were conducted on male bovine Achilles tendons 

(animals age <2yr). The samples were divided between test 

groups due to the tested solution, and the drying time or lack 

thereof. Solutions used in this study among others were: 0.1% 

saline, 0.9% saline, and 10% saline. The samples were 

subjected to experimental measurements using: 

 Uniaxial mechanical tests - to measure strength and 

stiffness to determine how tested solution alters 

tendon's mechanics 

 Weight gain rate test - to investigate which solution 

provides the best rehydration of the tendon sample 

 Scanning Electron Microscopy - to determine internal 

structure changes within fascicles rehydrated in 

different solutions 

Results and Discussion 

Figure 1 shows rehydration process of tendon tissue samples 

in solutions with different osmotic pressure. We observed 

swelling of tendon's fascicles, which increased with incubation 

time. In addition, we noticed a significant change in stiffness 

for samples incubated in hypotonic solution, this change also 

intensified with the incubation time. 

 

Figure 1: Mass recovery during rehydration process of tendon 

tissue sample in saline solutions with different osmotic 

pressure. 

Conclusions 

Our experiment allowed us to analyze the effect of solutions 

with different osmotic pressure in terms of tissue rehydration, 

thus optimizing the process of sample preparation for 

biomechanical testing.  
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Summary 

The purpose of this investigation was to determine whether 

parameters which describe the rate of collagen fibre damage 

accumulation in a collagen distribution model are dependent on 

the strain-rate. Fifty rat tail tendons were subjected to one of 

five different strain rates until failure. Using a collagen 

distribution model, parameters describing the rate of fibre 

damage were obtained by least-squares and regressed against 

the strain rate. Rates of damage accumulation were found to be 

proportional to the strain rate. 

Introduction 

Accurate characterization of the mechanical response of 

collagenous-tissue is critical for investigations into mechanisms 

of injury [1]. The time-evolution of a population of collagen 

fibres can be modelled using the differential equation [2]: 

𝜕𝜌

𝜕𝑡
− 𝑣

𝜕𝜌

𝜕𝜀
= −𝐵(𝜀, 𝑡, 𝜌) (1) 

Where 𝜌(𝜀, 𝑡) is the distribution of strain among the collagen 

fibres, 𝑣 is the strain rate, and 𝐵(𝜀, 𝑡, 𝜌) is a function describing 

the rate of breaking. We tested a breaking function of the form: 

𝐵(𝜀, 𝑡, 𝜌) = (𝑏0 + 𝑏1(𝜀 − 𝜀0))Θ(𝜀 − 𝜀0)𝜌(𝜀, 𝑡) (2) 

Where Θ(⋅) is the Heaviside step function. This breaking 

function supposes that the rate at which collagen fibres break is 

linear in the amount they have been strained beyond some 

threshold, 𝜀0. The objective of this investigation was to 

determine how the parameters of the initial distribution 𝜌(𝜀, 0), 

and the three breaking function parameters (𝜀0, 𝑏0 and 𝑏1) 

depend on the strain rate. In the above model, stress is 

calculated by integrating over 𝜀: 

𝜎(𝑡) = ∫ 𝐸𝜀 𝜌(𝜀, 𝑡)𝑑𝜀
∞

0

 (3) 

𝐸 is the tangent modulus in the linear region of the stress strain 

curve. It was hypothesized that the parameters (Eq. 2), 𝑏0 and 

𝑏1, would be directly proportional to the strain rate, since failure 

strain has been shown to be rate independent [3]. The 

parameters for 𝜌(𝜀, 0) were not expected to vary with rate. 

Methods 

Fifty rat tail tendon specimens were excised from one rat. Each 

specimen was mounted uniaxially in the longitudinal direction, 

in a displacement controlled biaxial biological tissue testing 

system (Biotester, Cellscale, Waterloo Ontario). All specimens 

underwent a cyclic preload, 10% strain at 1 Hz for 20 cycles [4] 

before being strained to failure at one of five strain rates: 0.01, 

0.05, 0.10, 0.15, and 0.20 s-1. Force and displacement, which 

were renormalized to engineering stress and strain, were 

continuously sampled at 100 Hz until the specimen achieved 

failure. 

The tangent modulus in the linear portion of the stress strain 

curve, as well as two parameters representing the average slack 

strain (𝜇) and standard deviation of slack strain (𝜎) were 

obtained [5]. The remaining parameters—𝑏0, 𝑏1 and 𝜀0—were 

obtained from least-squares. These six parameters were linearly 

regressed against strain rate to assess the influence of strain rate 

on such parameters. 

Results and Discussion 

Of the six parameters, 𝜇, 𝜎 and 𝑏1 were found to vary 

significantly with strain-rate. In most cases (34 of 50), 𝑏0 was 

found to be identically zero. The average root-mean-square 

error was 0.95 MPa (Range: 0.17 – 3.97 MPa), despite a large 

variability in parameter estimates (Fig 1). 

 

Fig 1: Parameter estimates for 𝑏1, 𝜇 and 𝜎 as a function of strain rate. 

Conclusions 

Results from this investigation suggest that for positive strain 

rates below 20 s-1, there is evidence to support using a breaking 

function of the form (Eq. 4): 

𝐵(𝑥, 𝑡, 𝜌) = 𝑏1𝑣(𝑡)(𝑥 − 𝑥0)Θ(𝑥 − 𝑥0)𝜌(𝑥, 𝑡) (4) 

The rate-relations observed involving 𝜇 and 𝜎 may be explained 

in terms of viscoelasticity, which was not explicitly modelled 

in this investigation. 
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Summary 

Tendon tissue engineering approaches are challenged by a 
limited understanding of the role mechanical loading plays in 
normal tendon development. We propose that the increased 
loading that developing postnatal tendons experience with the 
onset of locomotor behavior impacts tendon formation. In this 
study, we assessed weight-bearing locomotion in postnatal day 
1, 5, and 10 rats, and the mechanical properties of weight-
bearing and non-weight-bearing tendons. We found significant 
changes to the material and structural properties of neonatal 
tendons, which coincided with increases in the onset of weight-
bearing locomotion. 

Introduction 

There is limited information on how the mechanical function of 
tendon forms during development, and specifically the effects 
of mechanical loading on tendon formation. During early stages 
of postnatal development, the mechanical loads that tendon 
experiences likely increase as locomotion and weight-bearing 
movements emerge. The mechanical properties of tendons 
change throughout postnatal development, with increasing 
strength and stiffness [1,2]. However, it remains unknown how 
the development of movement and the associated increases in 
mechanical loads imposed on the musculoskeletal system 
during postnatal development impact immature tendons. We 
hypothesize that developmental changes in locomotion and 
weight-bearing behavior influence the mechanical properties of 
tendon by contributing to increased loading, which in turn 
impacts tendon formation. To test this hypothesis, we measured 
the mechanical properties of Achilles tendons (ATs) as weight-
bearing tendons and tail tendons (TTs) as non-weight-bearing 
tendons, and the onset of weight-bearing locomotion as a 
function of age in neonatal rats.  

Methods 

ATs and TTs were dissected from postnatal day (P)1, P5, and 
P10 Sprague Dawley rats. To measure mechanical properties, 
tendons were mounted into our custom small-scale tensile load 
frame, preconditioned, and pulled-to-failure at a rate of 0.1 
mm/s. Tendons were kept hydrated with saline during testing. 
A 500 g capacity load cell (Honeywell, Columbus, OH) 
measured force data and custom LabVIEW software (National 
Instruments, Austin, TX) recorded force and displacement data. 
Changes in mechanical properties at each age group were 
evaluated using a one-way analysis of variance and Tukey’s 
post-hoc test. To evaluate locomotion, P1, P5, and P10 (n=8 per 
age group) rats were individually placed in an open-field test 
area inside a warm incubator. Behavior was video recorded for 
20-minutes. Behaviors that were scored included non-weight 
bearing (i.e., kicking, crawling with hindlimbs dragging), 

partial weight-bearing (i.e, partial rearing), and full weight-
bearing activity (i.e., walking, full rearing). 

Results and Discussion 

P10 rats significantly increased the frequency and duration of 
weight-bearing locomotion behavior, compared to P1 and 
P5 (data not shown). ATs showed corresponding significant 
increases in the structural properties (maximum force, 
displacement at maximum force, cross sectional area) at P10, 
compared to P1 and P5 (Fig 1A, C, E). There were no 
differences in AT material properties (maximum stress, elastic 
modulus). At P10, the TTs had significantly 
increased structural (maximum force, stiffness) and material 
properties (maximum stress, elastic modulus), compared to 
P5 (Fig 1 B, D, F). When comparing the development of AT to 
TT, only TT had increased material properties at P10. 

 
Figure 1: Mechanical properties of P1, P5, and P10 rat ATs and TTs 

Conclusions 

Our results suggest that significant changes in the mechanical 
properties of neonatal tendons coincide temporally with the 
development of weight-bearing locomotor behavior. The onset 
of movement may provide mechanical stimuli to direct 
postnatal tendon formation. Future studies will evaluate the 
developmental differences in the regulation of the structural 
and material properties of ATs and TTs.  
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Summary 

We introduce a simple experimental paradigm for estimating 

Achilles tendon stress and calibrating the wave speed squared-

stress relationship for individual subjects. We observed strong 

linear relationships between wave speed squared and stress for 

32 subjects, with some task- and subject-specific variability in 

estimated calibration parameters. 

Introduction 

We introduced a shear wave tensiometer to dynamically track 

shear wave speeds in tendons as a proxy for tendon stress. A 

theoretical model and ex vivo data suggest wave speed squared 

(c2) increases in proportion to axial tendon stress (σ) [1]. This 

relationship can be written as σ=βc2+α (Eqn 1), and allows 

tendon stress to be estimated from wave speed squared 

measured during movement. Doing this requires calibration of 

the parameters β and α. The purpose of this study was two-

fold. First, we compared subject-specific calibration of an 

Achilles tendon tensiometer using two simple sway tasks that 

can be performed on a force platform. We hypothesized that 

both tasks would result in similar calibration parameters. 

Second, we investigated differences in calibration parameters 

between young and older adults. A large (-38%) age-related 

decline in Achilles tendon wave speed has been observed 

during push-off [2]. We hypothesized this decline is in part 

attributable to slower wave propagation in older tendons, 

translating into a higher gain, β, between wave speed squared 

and stress. 

Methods 

Ground reaction forces, kinematics, and Achilles tendon shear 

wave speeds were acquired from 16 (8M/8F) healthy young 

(26±5 years) and 16 (8M/8F) older (67±5 years) adults. In 

random order, subjects swayed in the anterior-posterior 

direction to a metronome (0.5 Hz) with equal weight 

distribution on both legs (Two-leg A-P sway) and weight 

primarily transferred to one leg (One-leg A-P sway) (Figure 

1). Tendon stress was computed as =T/(rA), where T is ankle 

torque, r is Achilles tendon moment arm, and A is the tendon 

cross-sectional area. Tendon moment arms were measured 

using motion capture and ultrasonography [3]. Tendon area 

was measured from MRI or ultrasound images. β and α were 

calculated from data for each task using a least-squares fit 

(Eqn 1). Two-way mixed ANOVAs were used to evaluate the 

effect of age group and task on β, α, and coefficient of 

determination (R2) (p<0.05). 

 

Figure 1: Representative data (colored) and tensiometer calibration 

(black) for two anterior-posterior sway tasks. 

Results and Discussion 

There were strong linear relationships between wave speed 

squared and tendon stress for all subjects and tasks, with 

average R2 exceeding 0.9 (Table 1). β and α were significantly 

larger in the one-leg task (p <0.01) but were not different 

between age groups (p=0.15 and 0.23). There were no 

significant age-by-task interaction effects for β or α.  

Our first hypothesis was not supported, as the calibration 

parameters did vary with task. This could arise from 

inaccuracies in computed stress and/or variations in loading 

range. Stress was computed assuming no co-contraction of the 

ankle dorsiflexors. If active, then the dorsiflexors would result 

in lower torque, and hence Achilles tendon stress, than is 

present. We are currently analysing EMG activity from the 

sway tasks to evaluate empirical evidence of co-contraction. 

Regarding our second hypothesis, older adults did tend to 

exhibit larger calibration parameters though the difference was 

not statistically different. Thus, it would seem that lower 

tendon wave speeds in older adult gait is likely an indicator of 

reduced tendon stress during the push-off phase of walking.  

Conclusions 

Young and older adults exhibit similar Achilles tendon wave 

speed-stress relationships, with some task- and subject-

specific variability in estimated calibration parameters.  
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Table 1: Calibration coefficients from both groups and sway tasks (mean ± SD). 

 

Slope β (kPa m-2 s2) Intercept α (kPa) Coefficient of Determination R2 

Young Older Young Older Young Older 

Two-leg 7.1 ± 2.1 8.4 ± 3.7 -2348 ± 2759 -4130 ± 5454 0.94 ± 0.04 0.92 ± 0.05 

One-leg 8.8 ± 2.9 10.9 ± 5.2 -4847 ± 5044 -6842 ± 6476 0.95 ± 0.03 0.91 ± 0.10 
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Summary 

Plantar fascia shear modulus was assessed in healthy 

participants, participants with plantar fasciitis and active pain, 

and participants with a history of plantar fasciitis, but no current 

pain. Plantar fascia stiffness was lower in the symptomatic 

group than either the healthy or asymptomatic groups.  

Introduction 

Plantar fasciitis is a common condition resulting in substantial 

disability [1]. However, diagnosis of the disorder relies heavily 

on patient history [2]. Past studies have examined compression 

elastography to assess plantar fasciitis and describe the plantar 

fascia as having lower stiffness in symptomatic individuals [3]. 

However, compression elastography cannot directly quantify 

tissue stiffness and the plantar fascia is assessed in a direction 

transverse to the collagen fiber orientation. Measurement of the 

tissue stiffness in the longitudinal direction may be more likely 

to be functionally relevant. The purpose of the present study 

was to assess the shear modulus of the plantar fascia along the 

longitudinal direction using shear wave elastography (SWE). 

Methods 

The shear modulus of the plantar fascia was measured in 11 

healthy controls, 11 participants with plantar fasciitis and 

current symptoms, and 6 participants with a history of plantar 

fasciitis, but who were currently asymptomatic. Participants 

had no previous foot surgery or osteoarthritis. Both feet were 

analysed in healthy individuals (total of 22 feet). In patient 

groups, both feet were analyzed if symptoms were bilateral and 

in participants with unilateral symptoms or history of symptoms 

only the symptomatic foot was analyzed (17 currently 

symptomatic feet, 10 asymptomatic feet). Measurements were 

taken using SWE on an Aixplorer ultrasound system 

(SuperSonic Imagine, Aix-en-Provence, France). Participants 

lay prone, in a relaxed position, on an examination table with 

their feet hanging just slightly off the end for the entirety of the 

scanning protocol. Three measurements were taken at both 

~40% (proximal) and ~75% (distal) of foot length from the 

most posterior aspect of the heel. Shear modulus was 

determined in a 1 mm circular region of interest placed in the 

middle of the tissue at each measurement location. The mean 

shear modulus of three measurements were averaged and 

reported for each location. Shear modulus between healthy, 

symptomatic, and asymptomatic feet were compared using two-

tailed t-tests for the proximal and distal plantar fascia locations.   

Results and Discussion 

The shear modulus of the plantar fascia at the proximal site near 

the heel was significantly greater in healthy feet than 

symptomatic (p = 0.04) and in asymptomatic feet than 

symptomatic (p = 0.02) (Figure 1). There were no significant 

differences between any of the groups for shear modulus of the 

distal plantar fascia near the 1st metatarsal head. (Figure 1).  

  

Figure 1: Comparison of shear modulus at the proximal plantar 

fascia site across all groups. 

Reduced plantar fascia stiffness in the symptomatic group may 

be indicative of tissue damage. Between group differences in 

plantar fascia stiffness suggest SWE may be useful in diagnosis 

or monitoring of plantar fasciitis. However, all shear modulus 

values for the symptomatic group were within of the modulus 

range of the healthy group. Thus, the sensitivity and specificity 

related to injury need to be established to verify diagnostic 

utility. Comparable values in the currently asymptomatic group 

and healthy individuals suggest that plantar fascia stiffness may 

return to normal following recovery. Thus, shear wave 

elastography may be an effective tool to monitor treatment 

effectiveness or to help assess recovery.  

Conclusions 

Plantar fascia stiffness was lower in the symptomatic group 

than either the healthy or asymptomatic groups. More work is 

warranted to assess both diagnostic potential and to provide 

insight into the etiology of plantar fasciitis. 
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Summary 

Plantar pressure during gait and plantar fascia shear modulus 

were assessed in participants with plantar fasciitis and active 

pain, and participants with a history of plantar fasciitis, but no 

current pain. There were moderate relationships between 

plantar pressure under the 1st MH and shear modulus of the 

distal plantar fascia. 

Introduction 

It has been estimated that 1 in 10 people will develop plantar 

fasciitis in their lifetime [1]. However, the etiology of the 

condition is unclear. Past work has examined plantar pressures 

to better understand the possible role of loading in the 

development of plantar fasciitis and found reduced plantar 

pressures under the heel in plantar fasciitis patients [2]. We 

recently identified that plantar pressure is related to plantar 

fascia shear modulus in healthy feet [3]and there is evidence 

from compression elastography that plantar fascia stiffness is 

reduced in patients with plantar fasciitis [4]. It is possible that 

changes in plantar pressure could be driven by changes in the 

material properties of the plantar fascia. The purpose of this 

study was to examine the relationship between plantar pressure 

and plantar fascia shear modulus in people with symptomatic 

and asymptomatic plantar fasciitis.  

Methods 

The shear modulus of the plantar fascia was measured in 11 

participants with plantar fasciitis and current symptoms, and 5 

participants with a history of plantar fasciitis, but who were 

currently asymptomatic. Both feet were analyzed if symptoms 

were bilateral and in participants with unilateral symptoms or 

history of symptoms only the symptomatic foot was analyzed 

(17 currently symptomatic feet, 9 asymptomatic feet). 

Participants had no previous foot surgery or osteoarthritis. 

Shear modulus was measured using SWE on an Aixplorer 

ultrasound system (SuperSonic Imagine, Aix-en-Provence, 

France). Participants lay prone, in a relaxed position, on an 

examination table with their feet hanging just slightly off the 

end for the entirety of the scanning protocol. Three 

measurements were taken at both ~40% (proximal) and ~75% 

(distal) of foot length from the most posterior aspect of the heel. 

Shear modulus was determined in a 1 mm circular region of 

interest placed in the middle of the tissue at each measurement 

location. The mean shear modulus of three measurements were 

averaged and reported for each location. Plantar pressure data 

were collected with a Novel Pedar System (Novel, Munich, 

Germany) during walking at 1.3 m/s on a split-belt instrumented 

treadmill (Bertec, Columbus, OH). The peak pressure (PP) and 

pressure-time integral (PTI) under the 1st metatarsal head (MH), 

medial and lateral heel were measured. Pressures at the heel 

were correlated with the proximal shear modulus measurements 

and measurements at 1st MH were correlated with the distal 

shear modulus.  

Results and Discussion 

No relationships were found between shear modulus and plantar 

pressure at either heel location. However moderate correlations 

were found between measurements at the 1st MH. 

Table 1: R-Squared Values for the examined relationships. 

 

It is possible the past relationship between plantar pressure and 

plantar fascia stiffness [3] was a chance result. It is also possible 

that the relationship between tissue stiffness and modulus is 

different in participants with plantar fasciitis. 

Conclusions 

The relationship between plantar pressure and plantar fascia 

material stiffness of the distal plantar fascia in participants with 

plantar fasciitis was found only at the 1st MH and was weaker 

than from past findings [3] in healthy participants. 
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 Symptomatic Asymptomatic 

 PP PTI PP PTI 

1st MH 0.09 0.12 0.13 0.26 

Med. Heel 0.01 0.02 0.02 0.00 

Lat. Heel 0.02 0.02 0.00 0.00 
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Summary 

Previous research has demonstrated age-dependence in various 

tendon mechanical and material properties. However, little is 

known regarding the effect of aging on injury mechanics in 

damaged fascicles. By loading both mature and aged partially-

cut fascicles and observing local deformations, this study 

shows that shear failure propagates longitudinally away from 

the cut, while exhibiting age-dependent failure thresholds. 

Introduction 

Tendon’s ability to stretch and recoil results from its hierarchy 

of collagenous structures, from fascicles on the microscale to 

microfibrils on the nanoscale [1]. In addition to fiber stretch, 

fiber sliding enables fascicle extension within tendon [2]. In 

partially-cut fascicles, cell death occurs along an apparent 

shearing plane where fiber sliding is exaggerated [3]. 

Interfibrillar shear stresses reach approximately 32 kPa prior 

to failure along this shear plane [4]. Previous research has 

shown age-dependent variation in mechanical and material 

properties; however, a clear relationship between aging and its 

effects on damaged fascicle mechanics is not yet established. 

Therefore, the aim of this study is to explore the effects of 

aging on the propagation of failure in partially-cut fascicles. 

Methods 

Dorsal tail tendons were dissected from six mature (9-month) 

and four aged (32-month) F344xBN rats. Animals were 

euthanized in a separate IACUC-approved study. A single 

fascicle was teased from each tendon, stained in DTAF, and 

subsequently washed in PBS. A dissecting microscope and 

scalpel were used to introduce a mid-substance, partial-

thickness cut. The fascicle was then overlaid onto a micro-grid 

with 38-μm openings and photobleached on an epifluorescent 

microscope to create a grid on the fascicle (Fig. 1). Fascicles 

were then loaded into a PBS bath in a custom-made uniaxial 

testing device. Grip-to-grip length was measured with a 

calipers. Fascicles were preloaded to 0.014 ± 0.0096 N and 

then stretched to 4% grip-to-grip strain at 0.01 s-1. Fascicles 

were imaged at 15 frames per second throughout testing. A 1-

D implementation of speckle tracking [5] was used to measure 

local tissue displacements (Fig. 1). A shearing plane emerged 

with fascicle stretch and was identified at each position along 

the fascicle. Deformation was then quantified at each frame by 

the differential displacement between nodes adjacent to the 

shearing plane on either side. Failure at each position was 

identified as the inflection point in differential displacement 

versus grip-to-grip strain (Fig. 1). Data were binned as a 

function of initial distance from the cut. Differences between 

age groups within each bin (unequal variance), and between 

bins within each age group (equal variance) were tested with 

two-sample t-tests (significant at p ≤ 0.05).      

 

Figure 1: Study methods: cut fascicle with grid (top inset), tracked 

displacements (bottom inset), and failure identification (plot). 

Results and Discussion 

Both grip-to-grip strain and differential displacement at failure 

were greater for aged rats within 2 mm of the cut (Fig. 2). This 

suggests an age-dependent increase in deformation failure 

thresholds, which may arise from greater resistance to fiber 

sliding, as seen at the fascicle level [6]. Strain at failure varied 

by location for both age groups (Fig. 2A), suggesting that 

shear failure propagates along the fascicle, originating nearest 

the cut. However, no spatial differences were seen in 

differential displacement in either age group (Fig. 2B), 

suggesting a consistent injury threshold along the fascicle.  

 

Figure 2. Failure strain (A) and differential displacement (B) by 

distance from cut (red = mature, blue = aged). Bars show significance 

between groups (black) and bins (red/blue). 

Conclusions 

We found age-dependent failure thresholds that may reflect 

changes in interfibrillar sliding with age and are relevant for 

understanding injury mechanics and guiding repair strategies. 
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SUMMARY 

The purpose of this study was to use foot pressure data, at the 
age of 2 years, to predict reoccurrence of deformity for children 
with unilateral clubfoot. Algorithms predicting overall presence 
of reoccurrence, repeat casting, repeat tenotomy, Achilles 
lengthening and tibialis anterior tendon transfer were developed 
utilizing parameters related to peak pressure, contact area, 
contact time and force. The algorithms for overall reoccurrence 
and tibialis anterior tendon transfer were robust (R2 0.55 and 
0.59) and should be utilized in the clinical setting. The 
algorithms for repeat casting, repeat tenotomy and Achilles 
lengthening should be used with caution (R2<0.50).  

INTRODUCTION  

Previous literature reports that 7-64% of children with clubfoot 
will experience a reoccurrence of deformity [1]. Previously 
cited causes of reoccurrence (i.e. foot abduction orthosis 
compliance, socioeconomic status, parental education level, 
etc), are not indicative of overall foot function. However, foot 
pressure analysis is one of the most common biomechanical 
tools used to track/monitor clubfoot progression and provides 
an objective and reliable assessment of foot deformity and 
function [2]. Therefore, the purpose of this study was to utilize 
foot pressure data to predict clubfoot reoccurrence for children 
with unilateral clubfoot deformity. The goal was to utilize 
retrospective foot pressure data, for subjects whose outcome 
was known, to build algorithms that would predict the 
probability of developing a reoccurrence.  Algorithms for the 
following reoccurrence scenarios were developed: overall 
presence of reoccurrence (any non-operative or operative 
intervention), repeat casting, repeat tenotomy, Achilles 
lengthening and tibialis anterior tendon transfer (TATT). 

METHODS 

Retrospective review of foot pressure analyses collected using 
the Novel emed® x platform and stored in the Novel Database 
Pro M v.23.3.52 software (Novel Electronics, Munich 
Germany) were reviewed. A total of 77 subjects met the 
following inclusion criteria: underwent a foot pressure analysis 
at one to three years of age, diagnosis of unilateral clubfoot, 

treated with Ponseti casting and currently over the age of six 
years.  

A representative foot pressure trial on the affected side was 
chosen for analysis for each subject. Eighty-five variables 
related to peak pressure, contact area, contact time and force 
were identified for analysis. Due to the large number of 
variables, variance inflation factor (VIF) was utilized to address 
multicolinearity and reduce the number of variables for 
prediction. The parameters with VIF of <0.5 were used in a 
binomial logistic regression, backward elimination using the 
Wald Statistic. The model with the highest Nagelkerke R 
Square was chosen as the equation for prediction. The result of 
each equation is a probability (p) between 0<p<1, with ≥0.5 
indicating the presences of reoccurrence and <0.5 indicating no 
reoccurrence.   

RESULTS AND DISCUSSION 

The models for overall reoccurrence and TATT reported R2 
values of 0.55 and 0.59 respectively. Whereas the algorithms 
for repeat casting, repeat tenotomy and Achilles lengthening 
reported R2<0.50. The equations for overall reoccurrence and 
TATT are in Table 1. The parameters utilized for overall 
reoccurrence were:  a)contact time first metatarsal, b)instant of 
peak pressure lateral metatarsals, c)age at initial foot pressure 
(years), d)abduction orthosis compliance  (compliance=1, non-
compliance=0), e)contact area medial hindfoot, f)age at last 
follow-up (years). The parameters utilized for TATT were 
a)instant of peak pressure total foot, b)contact area medial 
hindfoot, c)instant of maximum force lateral midfoot, 
d)maximum force lateral midfoot, e)instant of maximum force 
second metatarsal, f)midfoot width. 

CONCLUSIONS 

The algorithms for overall reoccurrence and TATT are robust 
and should be utilized in the clinical setting. The algorithms for 
repeat casting, repeat tenotomy and Achilles lengthening 
should be used with caution.  
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Table 1: Prediction Algorithms for the presence or absence of reoccurrence.  

Overall Reoccurrence 
𝑝 =

𝑒( . . . . . . . )

1 − 𝑒( . . . . . . . )
 

TATT 
𝑝 =

𝑒 . . . . . . .

1 − 𝑒 . . . . . . .  
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Summary 

Glenohumeral (GH) morphometry vary among populations 

and the current Total Shoulder Arthroplasty (TSA) implants 

do not incorporate these features. This study aims to determine 

the inter-population kinematic variation owing to 

morphometric changes of a GH surface using OpenSim. Three 

population-specific musculoskeletal models were created. 

These models represented average South African (SA), 

Chinese (CN) and Swiss (CH) populations. Post-surgical 

muscle moment arms (MMA) were calculated for three 

muscles during abduction, forward flexion and internal 

rotation. The average SA and the CH models exhibited similar 

muscle moment arms, the Swiss and the CN models showed 

the maximum difference in MMA, ranging up to 11.2%. This 

observation correlated with the average morphometric 

variation, which was maximum for the SA and CN 

populations. From this study it can be concluded that there 

might be a need for population-specific TSA prosthesis since 

the morphometric variation induces kinematic changes. 

Introduction 

An important function of any orthopaedic implant is to 

replace the native bony articulating surfaces with high fidelity. 

Failure in doing so might lead to undesirable post-surgical 

outcomes, such as loss in range of motion, joint pain and 

prosthetic dislocation. Commercially available TSA implants 

offer a generalised design for patients, they are not customised 

for any population. The design of these implants is based on 

morphometric studies performed on populations from global 

North. Morphometric analyses comparing the size of GH 

articulating surfaces of European cohort with Asian [1] and 

sub-Sahara African [2] have demonstrated that there exists a 

statistically significant difference in humeral head diameter 

among these population cohorts. There is no evidence of the 

kinematic implication arising due to these morphometric 

variations. Investigating population-specific post-TSA 

kinematic variation might aid in substantiating the need of 

population-specific TSA prosthesis in the future.  

Methods 

The Newcastle Shoulder Model (NSM) [3] was modified 

to create three population-specific post-TSA shoulder models 

in OpenSim (Fig. 1). The healthy GH articulating surfaces 

were replaced with average population-specific TSA implants 

representing the three populations. The dimensions of these 

implants were obtained from [1][2] and were designed in 

SolidWorks®. MMAs for subscapularis, supraspinatus and 

anterior & middle deltoids were calculated during three 

motions. The average difference in MMAs were calculated 

between the population specific models. 

 
Figure 1: Post-TSA upper arm OpenSim model. 

Results and Discussion 

The observed musculoskeletal variation is presented in 

Table 1. There was a positive correlation between the extent of 

humeral head size variation and percentage MMA difference 

between the populations. The CH and CN cohorts had the 

highest average MMA variation and humeral head size 

variation. The current study was limited to a single average 

model representing each population, future studies will 

investigate MMA variations in a larger population. 

Conclusions 

From this study, it can be inferred that inter-population 

morphometric variation might contribute towards kinematic 

variations. Hence, there might be a need for population-

specific TSA implant to improve post-surgical outcomes. 
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Table 1: Percentage muscle moment arm variation between the populations during the induced motions. The morphometric variation was sourced 

from previously peer-reviewed publications. 

Population 

Difference 

Humeral Head 

Diameter & 

Thickness [1][2] 

Anterior Deltoid  Middle Deltoid Subscapularis Supraspinatus 

CH – SA 1.2 mm & 0.6 mm 
ψ
4%; 

ß
4.8% 

ψ
2.9%; 

ß
2.3% 

ψ
1.7%; 

ρ
-2.1% 

ß
-0.4% 

SA – CN 1.2 mm & 2.0 mm 
ψ
5.0%; 

ß
-5.9% 

ψ
-6.6%; 

ß
-2.7% 

ψ
8.6%; 

ρ
9.0% 

ß
11.2% 

CH – CN 2.4 mm & 2.6 mm 
ψ
8.7%; 

ß
-10.2% 

ψ
-3.5%; 

ß
-0.4% 

ψ
10.1%; 

ρ
7.1% 

ß
10.8% 

ψ Forward Flexion; ßAbduction; ρ Internal Rotation at 90° abduction. 
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Summary 

A medializing calcaneal osteotomy (MCO) is frequently 

performed to correct adult-aquired flatfoot deformities, but a 
lack in reliable 3D data associated to clinical/surgical 

parameters still exists. This study was aimed at reconstructing 
relevant 3D surgical parameters using a Cone-Beam CT 

(CBCT) in standing position, by also identifying possible 
relevant correlations. The findings suggest that the present 3D 

investigation in weight-bearing is very valuable in MCO. In 

the future, computer-aided surgery can benefit much of this.  

Introduction 

In the adults, the flatfoot deformity represents a morphological 
condition characterized by a general loss of the medial-

longitudinal arch, hindfoot valgus alignment and midfoot 
abduction [1]. When conservative treatments are ineffective, 

MCO is frequently performed to correct surgically such 

deformity in order to  restore more proper foot arches and 
overall mid- and hind-foot coronal alignment [2]. 

Unfortunately, the relevant literature does not report fully and 

reliable 3D analyses showing possible correlations between 

the amount of executed surgical medialization and the 
corresponding medial longitudinal arch and other 

morphological alignments. This is accounted for to the current 

bi-dimensional analyses based on 2D radiographs, where bone 
superimpositions and inappropriate projections are frequent 
and may result in unreliable measurements. The aim of this 

study was to investigate on the possible correlations between 

the preoperative hindfoot valgus deformity, selected calcaneal 
osteotomy angle and the postoperative calcaneal displacement 

by using 3D morphological foot reconstructions obtained via 

an innovative CBCT in weight-bearing conditions. 

Methods 

Pre/ post-operative CBCT scans [3] in a bipedal standing 

position were performed on 16 patients (mean age: 49.4 yy; 

range: 18-66 yy) selected among those with adult-diagnosed 
flat foot deformity stage II and with indication for MCO 

surgery. 3D bone morphological models of the tibia, talus, 

calcaneus, and II metatarsal were reconstructed using relevant 

DICOM files; on these models, a number of technical and 
bony landmarks were computationally identified to define the 

scan base-plate, the Foot Anatomical reference Frame (FAF) 

via a standard protocol [4] and the proximal-distal tibial axis, 
defined as the axis between the ankle center and the centroid 
of the most-proximal scan slice. These references were used to 

measure pre/post-MCO valgus, the inclination of the 

osteotomy plane, and then the displacement of the posterior 

calcaneus (Fig. 1). Linear regression was calculated to assess 

the relationship between measurements. 

 

Figure 1: 3D morphological overview (left) showing anatomical 

landmarks and post-MCO osteotomy plane [5]. The medial and 

inferior displacement (right) were calculated as the distance between  

post- and pre-MCO centroid of the posterior calcaneus, along the 
FAF medial-lateral and superior-inferior axes [5]. 

Results and Discussion 

The hindfoot valgus improved markedly after surgery, 

dropping down, on average, from 13.1°±4.6° before surgery to 

5.7°±4.3° post-MCO. A mean inferior displacement of 3.2±1.3 
mm was observed on the osteotomy plane with a mean 

inclination angle of 54.6°±5.6°, 80.5°±10.7°, -13.7°±15.7° in 
the axial, sagittal and coronal planes, respectively. A 

statistically significant positive correlation (P < 0.05, R
2
 > 

0.59) was found when relating the pre-operative valgus with 
respect to the axial osteotomy inclination and the inferior 

calcaneal displacement. 

Conclusions 

This study shows, for the first time in 3D using an innovative 

CBCT for scans in weight-bearing, that the amount of pre-

operative hindfoot valgus and the axial osteotomy angle are 
predictive factors for the amount of post-MCO plantar 
calcaneal displacement. This contrasts with the current general 

recommendation [5], where a 90° calcaneal osteotomy angle, 

i.e. perpendicular to the lateral calcaneal wall, is generally 
advised. In conclusion, these correlations suggest that the 

present 3D measurements in weight-bearing, using reliable 

anatomy-based references, should be taken into account when 

performing a MCO; these would be fundamental in computer-
aided pre-operative planning and intra-operative monitoring. 
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SUMMARY 
[Purpose] The purpose of this study was to investigate the 
effect of Rocker Sole (RS) with Pivot Point (PP) on the 
metatarsal head (MTH) on lower extremity joint angle during 
gait. [Methods] Ten healthy men underwent three-dimensional 
gait analysis while walking wearing RS and postoperative 
shoes (POS). The reliability of the measurements for the joint 
angles at heel-off (HO) and toe-off (TO), obtained wearing 
postoperative shoes, was examined. The influence of RS with 
PP on the MTH was investigated by comparing the results of 
the two conditions. [Results] No significant difference 
between the two conditions was evident in ankle dorsiflexion 
angle. In wearing RS, the knee flexion angle was significantly 
decreased, but the value of change did not exceed the minimal 
detectable change. [Conclusion] The results of this study 
indicate that RS has no effect on lower extremity joint angle 
during gait in healthy adults. 

INTRODUCTION  
Rocker Sole (RS) was prescribed for decreasing forefoot 
plantar pressure in patients with diabetic foot. Rocker Sole 
decreases plantar pressure by compensating the ankle 
dorsiflexion during gait [1,2]. Previous studies have used RS 
with the location of the Pivot Point (PP) proximal to the 
metatarsal head (MTH) [1,2], however, in these cases there 
was a risk of reduced stability [3]. It is possible that RS with 
PP on the MHT will be able to compensate dorsiflexion 
without impairing stability. However, few reports are available 
on the effect of RS with PP on the MTH on lower extremity 
joint movement during gait. Therefore, the purpose of this 
study was to investigate the effect of RS with PP on the MTH 
on lower extremity joint angle during gait. 

METHODS 
Ten healthy males participated in this study. Prior to 
participation, the subjects provided written informed consent. 
A three-dimensional motion analysis system (LOCUS 3D 
MA-3000; ANIMA, Tokyo, Japan) was used to capture 
motion trajectories of each subject during level walking (8m).	
Participants were asked to walk at a comfortable speed. The 
sampling frequency was 100 Hz. The reliability and Minimal 
Detectable Change (MDC) of the measurements for the lower 
extremity joint angles (Hip, Knee, ankle) at heel-off (HO) and 
toe-off (TO), obtained wearing postoperative shoes, was 
examined. The influence of RS with PP on the MTH was 
investigated by comparing the results obtained while wearing 
RS and postoperative shoes (POS). Statistical analyses were 

conducted using intraclass correlation analysis and bland-
altman analysis, paired t-test (α=.05). 

RESULTS AND DISCUSSION 
Intraclass correlation coefficient showed 0.6 or more and 
minimal detectable change (MDC) indicated less than 6° 
(Table 1). No significant difference between the two 
conditions was evident in ankle dorsiflexion angle at HO and 
TO (Table 2). In wearing RS, the knee flexion angle at HO 
and TO was significantly decreased, but the value of change 
did not exceed the minimal detectable change (Table 2). The 
results of this study indicate that RS with PP on the MTH has 
no effect on lower extremity joint angle during gait. Since RS 
with PP on the MHT has no function to reduce dorsiflexion 
during gait, it is necessary to use RS with PP proximal to the 
MTH when using RS for off-loading the forefoot during gait. 
Table 1: Reliability and Minimal Detectable Change for the lower 
extremity joint angle measurements. 

 
Note: Negative values indicate extension (plantarflexion) and positive values 
indicate flexion (dorsiflexion).  

Table 2: Comparison of lower extremity joint angle between two 
conditions in HO and TO. 

 
Note: Negative values indicate extension (plantarflexion) and positive values 
indicate flexion (dorsiflexion). 

CONCLUSIONS 
The results of this study indicate that RS has no effect on 
lower extremity joint angle during gait in healthy adults. 
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Summary 

Patients with shoulder subluxation often experience pain which 

limits arm functionality. In this paper we present a spring 

loaded shoulder orthosis which provides a joint-oriented force 

on the upper arm. Due to the type of springs and the location of 

the attachment points this force is always directed towards the 

gleno-humeral joint, regardless of shoulder flexion angle. 

Introduction 

Patients with shoulder subluxation (partial separation of the 

humeral head and the glenoid) often suffer from pain. In many 

instances muscle function is still (partially) present, for instance 

in case of rotator cuff injury or neuralgic amyotrophy. In spite 

of this, pain may still render the shoulder dysfunctional. Pain 

may be relieved by wearing a sling (taking the weight off the 

shoulder) or a shoulder orthosis aimed at stabilizing the 

shoulder joint. Slings, however, are not very effective, while 

both orthoses and slings limit arm function. Clinically, it is 

hypothesised that if the humeral head can be repositioned 

towards the glenoid cavity the pain will be relieved. Therefore 

it is the purpose of this paper to present an orthosis which does 

exactly that, but without restricting motion of the arm. 

Methods 

Main requirements for the shoulder orthosis are: 

- Deliver constant force which is always directed 

towards the gleno-humeral joint 

- Provide force of up to arm weight (70N) 

- Allow up to 90° flexion and elevation 

- Be comfortable to wear 

The first requirement can be fulfilled by application of a 

“spring-to-spring balancer” [1,2] as shown below (Figure 1). 

This mechanism consists of a lever connected to the fixed world 

by a joint (Center of Rotation) and two springs. 

 

Figure 1: Planar spring to spring balancer, depicted in two positions. 

A1, A2, B1, B2: respective spring attachment points. k1, k2: spring 

constants. a1, a2, b1, b2: distances to Center of Rotation (C.o.R.). 

α, β: angles enclosed between attachment points and the C.o.R. 

It can be shown that the resultant force of the two springs is 

always directed towards the Center of Rotation if the following 

conditions are met: 

- Use is made of “ideal springs” (i.e. springs with free 

length zero) 

- α + β = π 

- k1·a1·r1 =  k2·a2·r2 

Results and Discussion 

One part of the orthosis is attached to the trunk, acting as the 

“fixed world”. The upper arm part is a sleeve containing high 

friction prosthetic liner material, and together with the upper 

arm forms the lever rotating around the shoulder joint. It 

features a force adjustment mechanism. The orthosis parts are  

connected by (non-latex) rubber bands. In their working range 

these bands behave as ideal springs. The prototype, worn by a 

healthy subject, is shown below (Figure 2). 

 

 

 

 

 

 

 

Figure 2: prototype of the orthosis. Springs are blue, red is the 

adjustment mechanism 

First results show that the prototype is comfortable to wear and 

the arm can be freely elevated sideways as well as forward. A 

fitting test with a patient resulted in immediate pain relief. 

Conclusions 

An orthosis has been developed that counters shoulder 

subluxation, allows free motion of the arm and does not 

generate disturbing shoulder torques. Future plans include 

testing for comfort and pain reduction with patients. 
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Summary 

Individuals with lower limb amputation often develop overuse 

injuries and osteoarthritis in the intact knee [1]. Unfortunately, 

how prosthetic foot stiffness and load carriage technique 

influences intact knee joint loading during amputee gait is not 

well understood. This study found that during unloaded 

walking, using a standard of care prosthetic foot resulted in the 

lowest intact knee joint loading. However, while carrying both 

an anterior and posterior load, the standard of care foot 

produced higher knee joint loading compared to stiffer feet such 

as those with a heel-stiffening wedge.  

Introduction 

Individuals experience sudden load changes when carrying an 

infant, toddler, or other heavy items. This added weight places 

an increased demand on muscles that provide body support and 

forward propulsion [2]. For non-amputees, the mechanical 

output from the ankle muscles are seamlessly modulated to 

meet the altered demands of load carriage [2]. However, the 

stiffness properties of standard-of-care prosthetic feet are 

constant and cannot be modulated with load condition.  The 

purpose of this study was to use a forward dynamics simulation 

framework to gain insight into the relationships between 

prosthetic foot stiffness and load carriage technique on intact 

knee joint loading. 

Methods 

After providing informed consent to an institutional review 

board-approved protocol, kinematic and kinetic data were 

collected from a male transtibial amputee (age: 68 yrs, height: 

176 cm, mass: 80 kg) walking overground at his self-selected 

speed during three loading conditions: unloaded (NL), with a 

13.6 kg pack carried posterior to their torso (PL), and anterior 

to their torso (AL). For each loading condition, the participant 

wore a standard-of-care (SOC) prosthetic foot (Sierra; Freedom 

Innovations), the same prosthetic foot with a heel-stiffening 

wedge (HW), the same prosthetic foot but one category stiffer 

(SF), and a dual keel (DK) prosthetic foot (Thrive; Freedom 

Innovations). Simulations of a complete gait cycle for each 

loading and prosthetic foot condition were generated using 

OpenSim 3.3. An amputee model [3] was scaled based on 

experimentally-measured marker data. Joint angles throughout 

the gait cycle were calculated using an inverse kinematics 

algorithm. A residual reduction algorithm was used to improve 

the dynamic consistency between experimentally measured 

kinematic and kinetic data. Computed muscle control was used 

to solve for the muscle excitations that reproduced the amputee 

walking mechanics while a joint reaction force analysis was 

used to estimate the knee forces throughout the stance phase.  

Results and Discussion 

The intact knee axial contact impulses increased in the AL and 

PL loading conditions relative to the NL condition for all the 

prosthetic feet (Table 1). For all the prosthetic feet except the 

SOC, the increase in intact knee contact impulse was greater in 

the PL condition relative to the AL condition. In the NL 

condition, the SOC had the lowest intact knee contact impulse, 

while in both the PL (Fig. 1) and AL conditions, the HW 

prosthetic foot had the lowest intact knee axial impulse. These 

results suggest that foot stiffness plays an important role in 

reducing intact knee joint loading during different loading 

conditions. 

Conclusions 

The ability to modulate foot stiffness in response to different 

loading conditions may be needed to reduce the likelihood of 

developing overuse intact knee injuries in individuals with 

lower limb amputations. 
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Figure 1: Stance phase intact knee axial contact forces (N/BW) 

while wearing the four study prostheses in the PL condition.  

 

Table 1: Intact knee axial contact impulse for the load carriage conditions wearing the four study prostheses 

Load Condition No Load Posterior Load Anterior Load 

 Prosthesis SOC HW DK SF SOC HW DK SF SOC HW DK SF 

Impulse (N*s) 1359 1429 1434 1444 1664 1590 1792 1632 1726 1515 1695 1554 
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Summary 

Knee osteoarthritis decreases the ability to perform many daily 

activities such as walking. Thus, individuals adapt their initial 

movement strategy to compensate this deficit. One such 

compensatory strategy is to increase the foot progression 

angle. In order to study its impact on the lower limb joints and 

the trunk, we developed an ankle orthosis able to mechanically 

constrain the ankle external rotation. We compared four 

walking conditions: 1) normal walking; 2), 3) and 4) walking 

with the orthosis with a mechanical constraint of 0°, 10° and 

20° respectively. The orthosis increased the ankle external 

rotation by 6° during the swing phase compared to normal 

walking in the 20° condition. This change led to a decrease in 

ankle extension, trunk sway and hip flexion on the equipped 

side. We therefore observed mechanical adaptations at 

multiple joints of the lower limb and at the trunk in response 

to the orthosis constraint.  

Introduction 

Knee osteoarthritis is a complex pathology involving 

biological, biomechanical and structural factors [1]. This 

pathology reduces the ability to perform many essential daily 

activities such as walking. This forces individuals to 

mechanically adapt their movement strategies to overcome a 

functional deficit and reduce joint pain. These compensatory 

strategies result in a new distribution of joint constraints. One 

such strategy is to increase the foot progression angle while 

walking [2]. While the impact of this strategy on the knee has 

been studied [3], little is known about its impact on the other 

joints of the lower limb and the trunk. In order to isolate and 

study the impact of this strategy on the lower limb joints and 

the trunk, we developed an ankle orthosis which will set the 

external rotation of the ankle and passively constrain it.  

Methods 

The ankle orthosis was designed using a computer assisted 

design software (PTC Creo 3.0, Boston MA, US) and 3D 

printer (Dimension SST 1200es, Stratasys, Eden Prairie MN, 

US). The kinematic data were recorded by a motion analyses 

system (10 Vicon Vantage cameras, Oxford, UK, 100Hz). To 

validate the design, one healthy participant was equipped of 

40 infrared reflecting markers placed on anatomical landmarks 

of the lower limbs and trunk. The participant performed a 

walking task at a self-selected comfortable speed in 4 different 

conditions: 1) Normal walking; 2), 3) and 4) walking with the 

orthosis with a mechanical constraint of 0°, 10° and 20° 

respectively. Five gait cycles were analyzed by condition. 

Preliminary Results and Discussion 

The orthosis main effect on the ankle external rotation 

happened during the swing phase of gait (Table 1), with a 

maximum difference of 6° between the mean value during the 

normal walking and the 20° constraint conditions. 

Table 1: Kinematic changes due to the orthosis 

 Normal 0° 10° 20° 

Peak hip 
flexion (°) 

41.7±1.9 40.3±1.6 39.6±1.5 38.7±1.2 

Minimum ankle 
flexion (°) 

8.9±1.9 15.3±2.7 22.9±3.1 24.3±2.3 

Ankle rotation 

at heel-strike (°) 
15.1±1 14.7±0.5 16.8±0.5 18.7±0.5 

Peak ankle 
rotation during 

swing (°) 

16.2±2.2 17.4±1.1 20.0±0.7 22.3±1.1 

Trunk sway (°) 5.0±0.6 4.2±0.7 3.1±0.7 2.2±0.7 

 

The mechanical adaptations to the orthosis constraint were a 

decrease in peak hip flexion, ankle extension and trunk sway. 

We were also able to confirm a change in the foot progression 

angle corresponding to the change in ankle external rotation 

angle (Figure 1).  

Figure 1: Foot progression angle during a gait cycle 

These are preliminary results obtained on one participant and 

need to be expended. The target ankle external rotation angle 

was not reached with the orthosis. The orthosis being attached 

on the surface of the segments, we suppose soft tissue 

movements decreased the imposed mechanical constraint. 

Conclusions 

Although the orthosis failed at constrained the ankle to the 

target value, the modification induced resulted in mechanical 

adaptations at multiple joints of the lower limb and the trunk. 

Therefore, it seems critical to study in more detail what are the 

kinematic and kinetic adaptations to compensatory strategies. 
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Summary 

A new variable stiffness torsion adapter for a lower limb 

prosthesis was developed to reduce soft tissue shear stress in 

the residual limb by reducing transverse plane stiffness during 

activities of daily living. However, direct measures of shear 

stress are challenging due to the inability to optically resolve 

the relative motion between the socket and shank of the 

residual limb. Previous work has utilized the peak transverse 

plane moment as an indirect measure to indicate induced shear 

stress. This work uses an inverse kinematics analysis to 

estimate the relative motion between the socket and residual 

limb and determine if that motion is correlated with the direct 

measure of transverse plane moment at the socket interface.  

Introduction 

Loading of the residual limb by the prosthesis during walking 

can induce damaging shear stresses in the soft tissues of the 

residuum [1], particularly when turning [2]. A variable 

stiffness torsion adapter (VSTA II) has been developed that 

can vary its stiffness in response to changing activities and has 

been shown to reduce the peak transverse plane moments 

experienced by the residual limb [3, 4]. In general, reductions 

in loading should relate to reductions in displacement between 

the residual limb and prosthesis and therefore reduce the shear 

stress in the soft tissues. However, no analysis has been 

performed to directly relate these two quantities. Motion of the 

residual limb is difficult to measure experimentally via motion 

capture as markers cannot be placed on the residuum inside of 

the socket [5]. Using inverse kinematics (IK), a new method 

has been developed to help estimate the relative motion 

between the residual limb and socket [5]. Using this method, 

we seek to better quantify the magnitude of transverse plane 

motion encountered during straight line walking and turning 

when using the VSTA II and relate that motion to the 

magnitude of transverse plane loading. 

Methods 

Data for one subject were analysed from a previously 

collected dataset involving human experimental trials using 

the VSTA II [6]. Briefly, transtibial amputee subjects walked 

in a straight line and while turning in both the left and right 

directions around a 1-meter radius circle. During these 

walking tasks, the VSTA II was set to one of three stiffness 

settings (A: 0.25 Nm/°, B: 0.75 Nm/°, C: 1.25 Nm/°) in a 

randomized order while the subject walked at three different 

constant speeds (self-selected, +20% and -20%) during three 

activities (straight-line walking (ST), turning with prosthesis 

on the inside of the turn (PI), and turning with the prosthesis 

on the outside of the turn (PO)). In the present study, we used 

OpenSim IK to estimate the motion between the socket and 

residual limb and compared it to the measured transverse 

plane moment at the socket. This resulted in 490 gait cycles to 

be analysed. Matlab was used to calculate the Pearson 

correlation coefficient between the estimated relative motion 

and the peak transverse plane moment with all stiffness 

settings, walking speeds and activities combined.  

Results and Discussion 

The Pearson correlation coefficient between the two metrics 

was calculated as r = 0.928 with a p-value < 0.0001 indicating 

that the two metrics are highly correlated. Additionally, there 

was a linear relationship between the two metrics (Fig. 1). 

These results suggest that the measured transverse plane 

moment is a viable proxy for estimated motions between the 

socket and residual limb. 

 

Figure 1: Relationship between peak transverse plane moment and 

estimated displacement between the socket and limb across all 

activities, speeds and stiffness settings. 

Conclusions 

Preliminary results suggest the transverse shear stresses 

induced by relative motion between the socket and residual 

limb may be estimated through the measurement of transverse 

plane moments at the socket interface. Future work will seek 

to evaluate data from all 10 subjects measured during the 

VSTA II protocol to further understand the relationships 

between the two metrics broken down by stiffness, walking 

speed and activity. 
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Summary 

Effective prosthetic socket design following lower-limb 

amputation depends upon the accurate characterization of the 

residuum shape and volume fluctuations. This study proposes a 

novel framework for measuring and analyzing residuum shape 

and deformation, using a high-resolution low-cost system. A 

multi-camera system was designed to capture simultaneous 

images of the residuum surface. The images were analyzed 

using a specially developed open-source 3D digital image 

correlation (3D-DIC) toolbox, to obtain accurate time-varying 

shapes and full-field strain maps, as well as the enclosed 

volumes and cross-sectional areas of the residuum. 

Measurements on a transtibial amputee were obtained during 

knee flexions, muscle contractions, and swelling post-doffing. 

This novel framework provides a promising solution for the in-

vivo evaluation of residuum shapes, strains, and mechanical 

properties. These data may inform data-driven computational 

algorithms for prosthetic socket design. 

Introduction 

The residual limbs of lower-limb amputees undergo 

considerable changes in volume and shape, as a result of 

stresses applied by the prosthetic socket, muscle activation, and 

knee angle changes. These changes lead to compromised limb-

socket interface stress distributions, which is critical for 

ensuring a comfortable and stable load transfer between the 

residuum and the prosthesis.  

The aim of this work was to develop a system for providing 

high-resolution and accurate measurement of the time-varying 

shape, as well as full-field deformations and strains of residual 

limbs. Other considerations for the system were its non-

invasive nature, low cost and relatively small size. 

Methods 

A 360° camera rig was designed and fabricated to hold 21 

synchronously controlled Raspberry Pi camera modules. The 

residuum was scanned in multiple configurations: knee flexions 

and extensions, swelling upon socket removal, and muscle 

contractions. The images were analyzed using MultiDIC, an 

open-source 3D-DIC MATLAB toolbox developed by the 

authors [1]. The toolbox features fast stereo calibration 

procedures tailored to allow 3D reconstruction of points and 

triangular meshes from multi-view images. The 3D 

displacement vectors at each triangle vertex were used to 

calculate the full-field 3D stretches and strains, as well as the 

enclosed volumes and cross-sectional areas. 

Results and Discussion 

Strains in the range of -0.45-0.25 were measured as a result of 

knee flexion and muscle contraction, with respect to the 

reference configuration. Doffing resulted in an immediate and 

fast increase in the residuum volume followed by a slower 

monotonic increase, which reached 30.2ml 10 minutes post-

doffing. The cross-sectional area increase was non-uniform 

along the length of the residuum. 

Conclusions 

It was shown that the proposed 3D-DIC framework can be 

employed to quantify the time-varying residuum shapes and 

strains, and the enclosed volumes and cross-sectional areas. 

This framework also provides a promising solution for the in-

vivo evaluation of the mechanical properties of the underlying 

soft-tissues, which may inform data-driven algorithms for 

prosthetic socket design and other biomechanical interfaces. 
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Figure 1: Workflow of residual limb surface reconstruction using 3D-DIC. 
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Summary 

The purpose of this study is to explore how individuals with 
transtibial amputation walk with vs. without a toe joint in their 
prosthetic foot, as well as to quantify how toe joint stiffness 
affects gait biomechanics and metabolic cost. We created a 
custom foot prosthesis that enables us to systematically vary 
toe joint stiffness from low to infinite (locked joint), then 
tested individuals walking on level ground, slopes, stairs and 
uneven terrain while we collected ground reaction forces, 
kinematics and also oxygen consumption for level ground. 
Here we present preliminary results from the first subject, who 
underwent a 4-day training and testing protocol. Data 
collection on additional subjects is currently underway, and 
we plan to present these more extensive, multi-subject 
biomechanics results at the conference.  

Introduction 

Biomimetic approaches to prosthetic foot design have 
primarily focused on mimicking ankle function, but the design 
of the foot itself has received far less attention. For instance, 
the biomechanical and metabolic consequences of toe joint 
articulation are relatively unexplored in the scientific 
literature. However, walking simulations suggest optimizing 
toe joint stiffness may improve walking economy [1]. 
Recently, toe joint stiffness has been shown to greatly affect 
center-of-mass dynamics (e.g., work done during push-off) in 
able-bodied subjects walking on simulator boots [2]. To date, 
what has not been studied is the effect of toe joint dynamics 
on individuals with amputation. We therefore aim to assess the 
biomechanical and metabolic effects of toe joint stiffness on 
transtibial prosthesis users (TPU) during various tasks. 

Methods 

We modified a commercial prosthesis (Balance J, Össur) such 
that we can vary the stiffness of the toe joint. In our study, 
subjects undergo a two-day training protocol, in which they 
have time to acclimate to the modified prosthesis, the different 
toe joint conditions and the various ambulation tasks (walking 
on flat level ground, uneven terrain, inclined/declined slopes, 
and stair ascent/descent). Subjects then return for two days of 
instrumented gait analysis testing, in which kinematic (Vicon), 
and ground reaction force (Bertec) data are collected; and also 
oxygen consumption (Cosmed) during level ground walking. 

We are exploring three toe joint conditions: 0.27 Nm·degree-1 
stiffness (LOW), 0.33 Nm·degree-1 stiffness (MODERATE), 
and locked-out with a metal strut (INFINITE). We compute 
prosthesis power using methods outlined in [3], which capture 
power due to rotational and translational deformation of the 
prosthesis. We also collect subjective user feedback. To date, 
one TPU (33 year old male, 119 kg, K4 mobility level) has 
completed the full 4-day protocol; with data collection from 

additional subjects ongoing. Level walking results are 
summarized in this Abstract, with the expectation of sharing 
more extensive multi-subject results at the conference. 

Results and Discussion 

During level walking, peak prosthesis push-off power was 
39% (0.81 W·kg-1) and 29% (0.94 W·kg-1) higher with the 
INFINITE toe joint stiffness relative to the LOW and 
MODERATE stiffness conditions, respectively (N=1). This 
increase in peak push-off power with increasing toe stiffness 
aligns well with prior findings from able-bodied subjects [2]. 
The LOW condition yielded the lowest metabolic rate (14.1 ml 
O2·kg-1·min-1) compared to MODERATE (14.7 ml O2·kg-

1·min-1) and INFINITE (14.6 ml O2·kg-1·min-1); however, 
differences in metabolic rate between all conditions were 
<5%. Statistical analysis will performed pending more 
subjects. Interestingly, the small metabolic reduction of the 
LOW stiffness toe joint may have been perceived by the 
subject, who reported this condition as the one they felt 
required the least effort to walk on level ground. Over all 
locomotor tasks, the MODERATE stiffness toe joint was the 
subject’s preference, despite the reduction in peak prosthesis 
push-off power relative to INFINITE (Fig. 1). From here, we 
will continue to investigate the effect of this toe-articulating 
prosthesis on the biomechanics and energetics of TPU across 
level, sloped, stairs and uneven terrain gaits. 
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Summary 

Ankle-foot orthosis (AFO) properties, particularly stiffness, can 
affect gait kinematics. Because AFOs are made from 
viscoelastic materials, the effects of stiffness may vary at 
different walking speeds. However, the impact of ankle flexion 
speed on AFO stiffness has not been thoroughly investigated. 
We evaluated the impact of flexion speed on stiffness of one 
traditional and three 3D-printed AFOs. AFO stiffness was 
affected by speed for the thermoplastic and 3D-printed carbon 
fiber and nylon AFOs, but not for the 3D-printed polyether 
block amide (PEBA) AFO. Future work will assess whether 
these stiffness variations have a significant impact on gait 
mechanics.  

Introduction 

AFOs are used to support the ankle during walking. The benefit 
of an AFO may depend on its stiffness. In particular, AFO 
stiffness has been shown to affect ankle kinematics during gait 
[1]. As many AFOs are made from viscoelastic materials, their 
effectiveness during walking may vary at different speeds. 
Unfortunately, a majority of the studies that report AFO 
stiffness do not report the angular velocity used during testing 
[2]. Other studies have shown that thermoplastic AFOs are not 
affected by flexion speeds from 0.5 to 50 °/𝑠 [2]. However, with 
the emergence of new materials and manufacturing methods 
such as 3D printing, it is unclear whether these new AFOs will 
be affected. This work investigated whether speed affected the 
stiffness of four AFOs made from different materials using 
traditional and 3D-printed fabrication methods.  

Methods 

We tested the stiffness of four AFOs. One was a traditionally-
manufactured thermoplastic AFO, while the other three were 
3D-printed using fused deposition modelling (FDM) with 
carbon fiber, PEBA and nylon. The AFOs were flexed through 
a specified range of motion (Table 1) in a custom device termed 
the Stiffness Measurement Apparatus (SMApp), while a load 
cell measured the total torque applied. The SMApp used a linear 
actuator attached to a surrogate shank and ankle joint (Fig 1). A 
clamp held the AFO footplate in place, while a strap secured the 
AFO cuff to a surrogate calf ring, which slid along the shank 

via a linear bearing. Range of motion was specified using a 
bang-bang control scheme on an Arduino board. 

Each AFO was cycled through its range of motion for 10 
continuous cycles at four speeds (5, 10, 15, and 20°/𝑠) in 
ascending order, and then again in descending speed order. 
Stiffness was calculated as the slope of the torque-angle curve. 
We tested for differences in stiffness across the four speeds 
using a single-factor ANOVA (𝛼=0.05).  

 
Figure 1: Stiffness Measurement Apparatus (SMApp) testbed used to 
measure stiffness of various AFOs. 

Results and Discussion 

There were significant differences in stiffness across speed for 
the carbon fiber, thermoplastic, and nylon AFOs, but not for the 
PEBA AFO (Table 1). The results from this AFO sample 
indicate that flexion speed should not be dismissed when 
measuring and reporting stiffness. The effect on other materials 
and printing orientations has yet to be investigated. 
Nonetheless, the observed stiffness variations were quite small 
(< 0.5 𝑁𝑚/°). Future work will assess whether such small 
stiffness variations would have an impact on gait mechanics.  
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Table 1: Properties of the tested AFOs, stiffness values at each speed condition and statistical analyses results.  

AFO Material Manufacturing Flexion Range Stiffness [𝑁𝑚/°] at: 5 °/𝑠 10 °/𝑠 15 °/𝑠 20 °/𝑠 p-value 
PEBA FDM 3 ° to -6 ° mean (SD) 1.48 (0.04) 1.50 (0.05) 1.52 (0.06) 1.36 (0.78) 0.5699 

Carbon Fiber FDM 3 ° to -12 ° mean (SD) 8.83 (0.68) 8.78 (0.32) 9.05 (0.23) 9.24 (0.28) 0.0024 
Thermoplastic Plaster casting 8 ° to -10 ° mean (SD) 3.10 (0.06) 3.15 (0.04) 3.16 (0.05) 3.18 (0.05) <0.001 

Nylon FDM 3 ° to -12 ° mean (SD) 0.87 (0.01) 0.87 (0.01)  0.86 (0.01)  0.84 (0.02) <0.001 

limit switch 

footplate clamp 

linear actuator 

load cell 
calf ring on linear 

bearing 

ankle joint 
with encoder 

surrogate shank 
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Summary 

The purpose of this study was to further understand the role of 

plantar-surface sensation in modulating muscle activity. The 

additional of texture to orthotics served as a mechanism to 

manipulate mechanoreceptors in the sole of foot. The study 

divided the plantar foot surface into 5 distinct areas. 55 healthy 

adults performed level walking trials while muscle activity was 

recorded in eight lower leg muscles. Results indicated that the 

addition of texture to different areas under the foot sole 

successfully modulated lower limb muscular output. This 

research has large scale implications to foot orthoses 

professionals, and furthers our understanding of the neuromotor 

paradigm supporting foot orthoses use. 

Introduction 

The neuromotor control paradigm is one potential mechanism 

to understanding the physiological changes and effectiveness of 

foot orthoses [1]. By facilitating feedback from the plantar foot 

sole, foot orthoses can decrease fatigue and increase muscular 

efficiency during locomotion [2]. Secondly, by modifying the 

plantar foot surface interface, texture can increase cutaneous 

receptors ability to modify motor output [3]. The purpose of this 

study was to topographically divide the plantar foot surface into 

5 areas, facilitate cutaneous mechanoreceptors via textured 

material, and measure posterior compartment musculature 

during level walking. The aim of the study was to further 

understand the relationship between site specificity of plantar 

foot surface mechanoreceptor facilitation and lower limb 

muscular output. 

Methods 

55 healthy young adults (19M, 36F; 24.3±4.2years) were fit to 

customizable foot orthotics (Thinsport, Sole) and Rockport 

walking shoes (World Tour, Rockport). The plantar surface of 

the foot was divided into 5 topographical areas, corresponding 

to 5 distinct areas of cutaneous receptor facilitation (Figure 1). 

Electromyography (EMG) data was collected during a series of 

level walking trials. Indwelling (iEMG) and surface (sEMG) 

EMG was recorded (sampling frequency = 1000Hz) from eight 

lower limb muscles (sEMG: tibialis anterior, peroneus longus, 

medial gastrocnemius, extensor digitorum longus; iEMG: 

extensor hallucis longus, flexor digitorum longus, flexor 

hallucis longus, tibialis posterior). The gait cycle was 

subdivided into 10% bins of normalized integrated EMG (full 

wave rectified, linear enveloped with 40Hz dual-pass 

Butterworth filter, and normalized to a percentage of peak 

activity). Bins 1-6 correspond to stance phase, and bins 7-10 to 

the swing phase. 

 

Results and Discussion 

A within-subject repeated measures ANOVA was conducted to 

compared the effects of texture location on EMG activity, in 

bins 1 through 10. Each texture location was compared to the 

no texture orthotics worn within the standardized footwear. 

 

Figure 1: The five topographical areas of sensory facilitation: A=no 

texture; B=medial forefoot; C=lateral forefoot; D=calcaneus; 

E=medial midfoot; F=lateral midfoot. 

Adding texture to the medial midfoot resulted in a statistically 

significant decrease in FHL bins 3-7 (bin3: F(5,1437)=3.99, 

p=.001; bin4: F(5,1439)=3.60, p=.003; bin5: F(5,1439)=3.29, 

p=.006; bin6: F(5,1439)=4.04, p=.001) (Figure 2). Adding 

texture beneath the calcaneus significantly increased tibialis 

posterior activity in bin 3, F(5,1559)=3.04, p=.0098. 

 

Figure 2: A comparison of normalized flexor hallucis longus EMG 

across bins 3 to 6 (mid to late stance phase of the gait cycle). 

Conclusions 

Adding texture to distinct areas of the plantar foot sole appears 

to modulate deep posterior musculature during flat level 

walking. 
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Summary 

Foot orthoses (FOs) are commonly used to alleviate several 

pathologies. Their design will affect differently lower limb 

kinematics. Additive manufacturing, 3D printing, makes it 

easier to provide innovative geometries of customized FOs in 

accordance to patient-specific needs. This study aimed at 

estimating the impact of 3D printed FOs and extrinsic rearfoot 

postings on foot kinematics. In-shoe multi-segmental foot 

kinematics was assessed during walking in 15 participants 

with normal foot posture. Results showed that adding posting 

to FOs can enhance their impact on rearfoot eversion. In 

addition, based on their design, postings alter forefoot 

transverse plane kinematics in a different way. FOs, through 

3D printing and postings, could therefore be modulated 

depending on pathologies as well as throughout treatment.  

Introduction 

FOs are frequently prescribed to address pathologies by 

altering lower limb biomechanics, like controlling an 

excessive foot pronation in flatfeet patients. Material 

properties, as well as FO designs, have previously been 

reported to alter differently lower limb kinematics [1, 2]. In 

this way, 3D printing presents a high potential as it allows the 

production of custom shapes and geometries hardly possible 

through traditional fabrication techniques. The aim of this 

study was to estimate the effect of 3D printed FOs and novel 

designs of extrinsic rearfoot postings on foot kinematics. 

Methods 

Two pairs of ¾ length FOs, flexible and rigid, were 

customized, based on a general foot shape in North America, 

using a computer-aided design software. FOs were designed 

so that two novel designs of rearfoot posting, medial and 

mediolateral, can be inserted (Figure 1). Both FOs and 

rearfoot postings were manufactured using 3D printing.  

 

 

 

 

 

 

 

Figure 1: Bottom view of a right FO with medial (A) and 
mediolateral (B) posting 

In-shoe multi-segment foot kinematics were then measured 

using Leardini foot model [REF] in 15 participants with 

normal foot posture during walking in five conditions in a 

random order: control, flexible FO (Flex), flexible FO with 

medial posting (FlexMP), flexible FO with mediolateral 

posting (FlexMLP), and rigid FO (Rigid). An 18-camera 

motion capture system (VICON, Oxford, UK), at a frequency 

of 100 Hz, was used to record positions of reflective markers 

attached to the skin. Participants were asked to walk for 3-min 

on an instrumented treadmill for each condition. Kinematic 

data were recorded during the last 30-s. A 5-min rest was 

given between the conditions. Kinematic data were 

normalized to 0 to 100% of the stance phase, with gait events 

defined from the ground reaction forces. To compare the 

experimental conditions, we used a one-way ANOVA 

(p<0.005) using Statistical Parametric Mapping [3] followed 

by Bonferroni post-hoc. 

Results and Discussion 

Significant differences between conditions were most notable 

in rearfoot frontal plane. FOs reduced rearfoot eversion from 

heel strike to heel off (0-75% stance phase) (Figure 2). Adding 

rearfoot postings enhanced FOs impact, as both FlexMP and 

FlexMLP reduced significantly more rearfoot eversion. 

Postings differed from each other in forefoot transverse plane: 

FlexMP increased its abduction. No notable effect of FOs 

rigidity was found in our normal foot participants. 

 

Figure 2: Frontal plane rearfoot kinematics (-eversion/+inversion) 

Conclusions 

Adding rearfoot postings to FOs design can enhance their 

effect on frontal foot plane kinematics. Such new design of 

modular FOs would allow clinicians to better adapt FOs 

according to pathologies and during treatments. 

Acknowledgments 

NSERC R&D Coop with Medicus, Caboma and MedTech, as 

well as the TransMedTech institute funded this project. 

References 

[1] Healy et al. (2012). Prosthet Ortho Int., 36(1): 53-62. 

[2] Telfer et al. (2013). J. Biomech., 46(9): 1489-1495 

[3] Pataky et al. (2012). Comput. Methods Biomech. Biomed. 

Eng., 15: 295-301 

Friday, August 02 2019: Posters (1600-1800) 1194

Rehab 2



 

 

The rigidity of foot orthosis will alter its predicted deformation during walking 

 

 Maryam Hajizadeh1, Benjamin Michaud2, Gauthier Desmyttere2, Jean-Philippe Carmona3, Mickaël Begon1,2 
1Institute of Biomedical Engineering, Université de Montréal, Montréal, QC, Canada 2School of Kinesiology and Exercise Science, 

Université de Montréal, Montréal, QC, Canada, 3Caboma, Montréal, QC, Canada 

Email: maryam.hajizadeh@umontreal.ca  

 

Summary 

There is growing use of foot orthosis (FO) to improve comfort 

and performance as well as to relieve pain for various 

pathologies. However, the design of FOs is still based on 

controversial and uncertain criteria. Previous research 

evaluated FO based on foot motion and pressure. This is the 

first study to look at the direct interaction between foot and FO 

during walking through an artificial intelligence approach. A 

neural network provides the deformation of different regions of 

FO from 55 markers. Such an innovative approach should help 

to improve the rigidity of design in different regions of FO 

based on individual demands.  

Introduction 

The human foot is made of 28 bones and nearly100 ligaments 

and muscles which enable it to address several demands of 

dynamic activities. The design of customized FO has been 

established based on foot plantar pressure and foot kinematics 

[1, 2]. However, it is not obvious how FO design effects on the 

interaction of foot and FO. The objective of this study is to 

predict during walking the deformation of FOs with different 

rigidities through an artificial intelligence approach. The 

pattern of FO deformation will represent the direct interaction 

between foot and FO design. 

Methods 

Two pairs of ¾ length FOs, flexible versus rigid, were designed 

based on the general foot shape of North American male (size 

10). The thickness of the base surface was lower in flexible FO. 

Six removable triads were also designed to be fitted on the 

outline of FO, three on medial, one on heel and two on the 

lateral. Nylon 12 was selected for 3D printing of FOs and triads. 

55 retroreflective markers were taped to the inner surface of the 

FO. Markers were recorded using 18-camera motion capture 

system (VICON, Oxford) at 100 Hz. In a training session, the 

FO was fixed to a base plate on the heel area. Several loads were 

applied on different regions with maximum possible 

deformations. The input data were the 3D coordinates of triad 

markers (18 markers), and the output data were the positions of 

markers on inner surface (55 markers). The dataset of training 

session was divided into train/test sets (ratio 80/20). A 

sequential model (with 100 epochs, 4 layers (2 hidden), and 

optimizer ‘adam’) was designed with Tensorflow to learn the 

dependency between input (triads) and output (FO markers). 

Then during a walking session, a participant wore shoes and its 

triads; he was asked to walk on a treadmill at his comfortable 

speed for 30 s. The speed was the same for both FOs. The inner 

marker positions were predicted using those on the triads, and 

we compared the FO deformation normalized to stance phase 

of walking.  

Results and Discussion 

We found different patterns (Figure 1) as well as ranges of 

deformation (Table 1) for flexible versus rigid FO. For the 

flexible FO, the collapse of medial arch deforms the FO from 

heel strike to flatfoot (17%), where it starts to reform until heel 

off (83%), thereafter the forefoot motion deforms the medial 

and front region of FO. The lateral region of FO deforms 

slightly from heel strike to mid-stance, then reform until toe off.  

 

Figure 1. The deformations for flexible and rigid foot orthosis 

For the rigid FO, the region under medial arch deforms similar 

to flexible FO, but with much smaller range. The front region 

of FO increases its deformation from flatfoot to toe off, due to 

both rigidity and forefoot motion. The region under lateral arch 

increase height from heel strike to flatfoot, with deforming from 

flatfoot to toe off, unlike flexible FO. 

Table 1. The range of deformation [mm] in 4 phases of walking 

Conclusions 

Predicting FO deformation during dynamic activities is quite 

novel and promising approach to improve the design and 

functionality of customized FOs.  
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heel strike 

to flatfoot 

flatfoot to 

mid-stance 

Mid-stance 

to heel off 

heel off 

to toe off 

flexible [-7.2,1.5] [-7.7, 0.3] [-5.6, 0.6] [-5.8, 0.9] 

rigid [-0.7, 2] [-0.7, 1.7] [-1.4,0.4] [-2.2, 0.6] 
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Summary 

A better understanding of contact kinematics of the shoulder 
joint after total shoulder arthroplasty (TSA) may help identify 
causes of poor clinical outcomes following surgery [1]. In-vivo 
glenohumeral (GH) joint kinematics can be quantified from 
biplane fluoroscopic images using a 2D-3D image registration 
approach [2]. However, with some shoulder implants, tracking 
the glenoid component using fluoroscopy is challenging due to 
radiotransparency of the polyethylene component. An imaging 
protocol was proposed to overcome this limitation. The aim of 
this study was to describe the shoulder implant tracking 
accuracy using this protocol during dynamic biplane 
fluoroscopy. The overall RMS error of GH implant tracking 
was 1.72 mm in translation, and 0.96° in rotation, compared to 
radiostereometric analysis (RSA). 

Introduction 

Postoperative contact kinematics of the shoulder joint after 
TSA can help identify causes of poor clinical outcome such as 
impingement, component loosening and polyethylene damage 
[1]. The purpose of this study was to propose a new technique 
for achieving accurate 3D shoulder-implant kinematics using 
2D-3D registration and also to quantify the accuracy of the 
proposed technique. 

Methods 

With approval from our biospecimens committee, both 
shoulders of a cadaveric torso (47 yr, female) were imaged 
with computed tomography (CT) (slice thickness & increment: 
0.6mm & 0.35mm; kVp: 120; FOV: 500mm; Kernel: I70h; 
Siemens Definition FLASH; Forchheim, Germany) to 
construct 3D bone models. Then, TSA was performed 
bilaterally by an experienced orthopedic surgeon using 
Zimmer-Biomet Comprehensive Total Shoulder System 
(Zimmer-Biomet, Warsaw, Indiana, USA). Five to nine 
tantalum beads (1 mm diameter) were also implanted into the 
each humerus and scapula. Following TSA, a biplane flat-
panel fluoroscope (Siemens Artis Zee; Forchheim Germany) 
was used for imaging each shoulder at 30 frames/s (15 
frames/s per source), while passively moving the humerus 
through 11 static positions and three simulated dynamic 
motions: frontal-plane elevation; sagittal-plane elevation; and 
internal/external axial rotation. A CT of the shoulder was also 
acquired postoperatively to construct digital 3D bone/implant 
models and the 3D positions of the beads within the models. 
3D surface models of the humerus and scapula were 
segmented from CT volumes (AnalyzePro; Mayo Clinic). 
Coordinate systems were computed as recommended by the 
International Society of Biomechanics (ISB) [3]. A rigid 
transformation was determined between the coordinate system 
of the bone models and 3D implant CAD models (provided by 
Zimmer) matched to the postop bone–implant CT using 3D-
3D registration. To quantify implant rotations and translations, 

the 3D bone/implant models were matched to each set of two 
2D calibrated images using an automatic 2D-3D registration 
algorithm, written as a MATLAB script [2]. For tracking the 
glenoid component, the 3D CAD model was fit to the post-
operative CT, to determine the relative positions of the glenoid 
component and scapula. Then the scapula model was 
registered to the fluoroscopy images to measure the glenoid 
kinematics (Figure 1). For RSA (gold standard), the positions 
of the beads were tracked from the biplane fluoroscopy images 
using XMA Lab software [4], which were then used to 
calculate frame-by-frame motion for each bead set and thus 
the corresponding bone model. The accuracy of the 2D-3D 
image registration was evaluated by computing the 
measurement bias, precision and root-mean-squared (RMS) 
error of the 2D-3D image registration results compared to the 
RSA for each of six DOF of the humerus and scapula. 

Results and Discussion 

The total bias and precision errors were 0.33 ± 0.46 mm and 
-0.23± 0.38° for the glenoid component and were -0.14 ±0.16 
mm and 0.39 ± 0.60° for the humeral component. In some 
fluoroscopy frames, the markers inserted close to the implant 
were overprojected by the implant itself, which result in 
slightly larger RMS error in those frames. These results 
demonstrated the accuracy and feasibility of our proposed 
method for measuring 3D shoulder-implant kinematics using 
biplane fluoroscopy. This method can be used to assess 
kinematics in patients and controls to assist with 
improvements in implant designs, surgical implantation 
techniques, and ultimately may enhance component longevity.  

 
Figure 1: 2D-3D auto-registration program 

Acknowledgments 

Funding was provided by Zimmer-Biomet. We thank Mark 
Hindal, RT(R), for assistance with fluoroscopic imaging. 

References 

[1] Massimini DF et al. (2010). J. Bone Jt. Surg. 92, 916-26. 
[2] Akbari-Shandiz M et al. (2018). J. Biomech. 82, 375-380. 
[3] Wu G et al. (2005). J. Biomech. 38, 981–992. 
[4] Knorlein B et al. (2016). J. Exp. Bio. 23, 3701-3711.

Friday, August 02 2019: Posters (1600-1800) 1196

Rehab 2



 

 

Changes in the ankle muscle co-activation pattern after 5 years using ankle arthroplasty  
 

C. De la Fuente
1,2

, E. Martinez-Valdes
3
, R. Guzman-Venegas

1
, FP. Carpes

4
 

1
Laboratorio LIBFE, Escuela de Kinesiología, Universidad de los Andes, RM, Chile 

2
Carrera de Kinesiología, Departamento de Cs. de la Salud, Facultad de Medicina, Pontificia Universidad Católica, RM, Chile. 

3
School of Sport, Exercise and Rehabilitation Sciences, CPR Spine, College of Life and Environmental Sciences, University of 

Birmingham, Birm, United Kingdom 
4
Laboratory of Neuromechanics, Universidade Federal do Pampa, Campus Uruguaiana, RS, Brazil 

Email: delafuentte@gmail.com 

 

Summary 

The Hintegra
®
 arthroplasty allows ankle movements at sagittal 

plane, and therefore contribute to restore gait. However, 

impairments still are observed after rehabilitation and could 

rely on neuromuscular activation. We determined the timing 

and amplitude of co-activation of the tibialis anterior and 

medial gastrocnemius muscles during gait in patients with 

ankle arthroplasty, 5 years after surgery. We found higher co-

activation during gait after 5 years using Hintegra
®
 prosthesis. 

This strategy may compensate ankle instabilities following 

arthroplasty and may significantly affect gait dynamics. 

Introduction 

Ankle arthroplasty is a surgical procedure in which the 

tibiotalar joint is replaced. Up to 80% of candidates are 

patients who developed ankle osteoarthritis secondary to 

trauma [1,2]. Co-activation has been defined as an involuntary 

and concurrent activation of the antagonist, in opposition to 

the contraction of the agonist [3]. Currently, there is little 

information concerning the effect of ankle replacement on 

neuromuscular activity at medium term of prosthesis survival. 

Here we determine the timing and amplitude of co-activation 

of the tibialis anterior and medial gastrocnemius muscles 

during gait in patients with ankle arthroplasty, 5 years after 

surgery. 

Methods 

A cross-sectional, observational, analytical study design was 

used. The sample included twenty-nine patients with age 58 

(5) years, height 156.4 (6) cm, and body mass 73 (6) kg that 

underwent total ankle replacement 5 years before the 

measurement session. A sample size of 23 patients was 

estimated considering a difference between two dependent 

means (matched pairs), using the t-test family distribution, two 

tails, alpha equal to 5%, statistical power of 80%, a calculated 

effect size of 0.62, and 20% of loss in the recruitment. EMGs 

recordings were performed using a Myomonitor IV (Delsys, 

inc., Boston, USA) while the patient walked. Two DE-2.3 

single differential sensors (Delsys, inc., Boston, USA) with an 

inter-electrode distance of 10 mm were placed in tibialis 

anterior (TA) and medial gastrocnemius (MG). Traditional 

pre-treatment of signals and signals standardization using z-

score method was performed.  

Data were reported as the median and interquartile range (IQ 

range) because the Shapiro-Wilk test revealed a non-

parametric distribution. Homoscedasticity was confirmed 

using the Levene’s test. Wilcoxon Signed-Ranks test was used 

to compare the timing, percentage, and index of co-activation 

of medial gastrocnemius and tibialis anterior between operated 

and non-operated leg. Significance level was set at .05. 

Results and Discussion 

The timing of co-activation between the TA and MG for the 

non-operated leg (median: 390 ms, IQ range: 80 ms) was 

lower than the operated leg (median: 566 ms, IQ range: 104 

ms, p<.001). The percentage of co-activation between the TA 

and MG was lower than the operated leg (median: 100%, IQ 

range: 0.00 %p<.001). The index of co-activation between the 

TA and MG for the non-operated leg (median: 0.00 %IQ 

range: 1.94 %) was lower than for the operated leg (median: 

30.96%, IQ range: 13.52%, p<.001). Figure 1 depicts the 

results. Patients treated with the Hintegra® arthroplasty 

present abnormal plantar and dorsi-flexion co-activation 

patterns during gait at medium term of survival of the 

prosthesis. These electromyography alterations are clinically 

relevant after 5 years despite of improvement in the AOFAS 

score. 

 

Figure1: Temporal co-activation between medial 

gastrocnemius and tibialis anterior during gait in the non- 

operated (top) and operated (bottom) leg.  

Conclusions 

Altered co-activation during gait is present after 5 years of 

total ankle replacement with the Hintegra
®
 prosthesis.  
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Summary 
Increased articular contact stress, resulting from joint 
incongruity following intra-articular fractures of the distal tibia, 
contributes to the development of post-traumatic osteoarthritis. 
We are using finite element-computed contact stress to identify 
at-risk areas of the joint surface for the purpose of developing 
custom dynamic orthoses to preferentially unload at-risk areas. 
Areas of elevated contact stress at the tibio-talar joint were 
primarily located on the anterior third of the articular surface, 
which suggests unloading during late stance may be most 
beneficial. 
Introduction 
Surgical fracture reduction following intra-articular fracture 
(IAF) of the distal tibia is performed with the goal of restoring 
joint stability and reducing joint incongruity, which can elevate 
contact stress and predispose the joint to post-traumatic 
osteoarthritis (PTOA). Few treatment options are available to 
protect the joint after definitive fixation. Custom dynamic 
orthoses (CDOs) have been used to dramatically improve 
function and reduce pain after traumatic limb injury.[1] The 
carbon fibre devices are comprised of a proximal cuff below the 
knee, a posterior strut used to store and return energy, a semi-
rigid foot plate, and a heel cushion between the footplate and 
shoe. The design can be varied to influence the forces and 
motions experienced by the limb,[2,3] which in turn influences 
the forces on the foot and activation of muscles that cross the 
ankle. Recent findings indicate that this can decrease load 
transfer at the ankle,[4] suggesting CDOs may be tuned to 
reduce joint contact stress (Figure 1). 

 
Figure 1: Vision of how CDO design can be adapted to decrease 

harmful contact stress exposure. 

Existing finite element-computed contact stress data from 
individuals post-surgical treatment for IAFs of the distal tibia 
[5] were analysed to determine the spatial distribution of 
harmful mechanical stimuli. 

Methods 
Finite element-computed contact stress exposures after surgical 
treatment of IAFs of the distal tibia were previously reported 
for 11 patients. Habitual contact stress elevations were 
quantified using a time-weighted metric of contact stress over-
exposure, which was highly predictive of PTOA development 
in ankles two years after surgical treatment. The regional 
distribution of harmful contact stress exposures in these patients 
was characterized by splitting their joint surfaces into 9 discrete 
and clinically relevant regions using a 3-by-3 grid from anterior 
to posterior and medial to lateral. These data were then queried 
to identify areas with increased contact stress exposure. 
Results and Discussion 
The distribution of harmful contact stress exposures over the 
articular surface of the distal tibia are shown in Figure 2. While 
the preponderance of elevated contact stress was located on the 
anterior third of the articular surface, additional sites of high 
exposure were identified centrally and mid-posteriorly. 

 
Figure 2: Distribution of harmful contact stress exposures over the 

articular surface of the distal tibia. 

Conclusions 
These findings suggest that the anterior joint surface, primarily 
loaded during late stance, is a good first target when seeking to 
reduce contact stress and the risk of PTOA development 
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Summary 
Orthotic insoles can be an effective way to alter gait mechanics 
to conservatively manage knee osteoarthritis (OA). Changes in 
plantar pressure distribution and comfort impact adherence to 
insole treatment but have not been investigated in insoles 
specific for knee OA. We evaluated differences in plantar 
pressure distribution, gait mechanics, and self-reported comfort 
among various combinations of lateral wedge insoles with and 
without custom medial arch support. Lateral wedge insoles with 
a variable-stiffness custom arch support reduced knee loads 
similarly to lateral wedge insoles alone, but mitigated ankle 
eversion effects that may be a cause for discomfort.   
Introduction 
Laterally-wedged insoles (LWI) are a form of conservative 
treatment for medial knee OA that aims to redistribute knee 
loading, as measured by the knee adduction moment (KAM) [1]. 
LWI reduce KAM by laterally shifting the centre of pressure 
(CoP) underneath the foot. Although effective, LWI treatment 
may be poorly tolerated due to ankle eversion effects that could 
cause discomfort. Hatfield et al 2016 demonstrated that LWI 
with custom arch support can maintain KAM reductions at the 
knee, while mitigating ankle eversion effects [2]. Demonstrating 
the biomechanical effects of these insoles is crucial to 
understanding their role in patient treatment plans. However, the 
effects of LWI variations on plantar pressure distribution and 
comfort require investigation to inform upon the use and 
adherence to this type of intervention in a knee OA population.  
Methods 
Forty healthy participants were recruited to compare outcomes 
of gait kinetics and kinematics, plantar pressure distribution, and 
comfort between six insole conditions: (1) flat control (FLAT), 
(2) 5° uniform-density lateral wedge (WEDG), (3) variable-
density custom arch support (V-ARCH), (4) uniform-density 
custom arch support (U-ARCH), (5) 5° lateral wedge with 
variable-density arch support (VA-WEDG), (6) 5° lateral wedge 
with uniform-density arch support (UA-WEDG).  Participants 
wore standardized sandals and walked across a 10m walkway in 
each insole condition, while 3D motion capture cameras (100 
Hz) and force plates (2000Hz) measured joint kinematics and 
kinetics. Pressure sensing insoles (F-Scan, TekScan Inc., South 
Boston, MA) measured plantar pressure (100Hz, 3.9 sensels/in2) 

from which the medial-lateral pressure index (MLPI) could be 
calculated (Figure 1). The MLPI is a time-series measurement 
of the distance between CoP and the longitudinal axis of the foot 
(heel centroid to second toe), normalized to foot width [3]. 
Comfort in insole conditions was rated as a change from FLAT 
using the global ratings of change scale (±7 = maximally 
improved/reduced comfort; 0 = no change). Repeated-measures 
analyses of variance and pairwise comparisons with Bonferroni 
corrections were used to compare the effect of insole condition 
for outcomes of MLPI, KAM, ankle eversion and comfort. 

 
Figure 1: Ensemble averages of MLPI between insole conditions time-
normalized to the stance phase of gait.   

Results and Discussion 
Table 1 summarizes discrete outcomes. Compared to FLAT, 
peak KAM was significantly lower in WEDG and VA-WEDG, 
suggesting both insole types were effective at reducing knee 
joint load distribution. Mean MLPI was significantly increased 
in WEDG and VA-WEDG throughout the gait cycle, indicative 
of a more lateralized CoP in these two conditions compared to 
walking with the FLAT insole. Both LWI and VA-WEDG had 
greater ankle eversion moments than FLAT. However, VA-
WEDG had significantly lower ankle eversion moments than 
WEDG and may translate to improved relative comfort.   
Conclusions 
LWI with custom arch support lateralizes the foot CoP to reduce 
the knee adduction moment similar to LWI alone while 
mitigating potentially adverse ankle eversion effects.  
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Table 1: Plantar pressure (positive = lateral), joint moment (positive = knee adduction, ankle inversion), and comfort between insole conditions.  

Outcome FLAT WEDG V-ARCH U-ARCH VA-WEDG UA-WEDG 
Mean MLPI (Early) (%foot width) 3.29 ± 2.98 b 5.66 ± 2.63 a 4.98 ± 3.46 a 5.77 ± 3.06 a 5.85 ± 3.07 a 6.96 ± 3.04 a 
Mean MLPI (Late) (%foot width) -2.62 ± 5.96 b 0.49 ± 6.12 a -3.43 ± 6.86 b -2.41 ±6.36 b -0.69 ± 5.96 a 0.51 ± 6.09 a  
Peak Knee Add. Moment (Nm/kg) 0.42 ± 0.09 b 0.40 ± 0.10 a 0.44 ± 0.10 ab 0.46 ± 0.10 ab 0.40 ± 0.10 a 0.42 ± 0.10 b 
Peak Ankle Ev. Moment (Nm/kg) -0.16 ± 0.09 b -0.20 ± 0.09 a -0.13 ± 0.07 ab -0.11 ± 0.07 ab -0.18 ± 0.08 ab -0.16 ± 0.08 b 

Comfort Change (-7 to +7) - -1.18 ± 2.29 -0.03 ± 2.34 -0.58 ± 2.88 -0.85 ± 2.20 -0.68 ± 2.47 
* a and b denote a significant difference from FLAT and WEDG, respectively. 

MLPI (+) = Lateral 

MLPI (–) = Medial 
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Summary 

Kinematics of the prosthetic tibiotalar joint in total ankle 
replacement (TAR) patients have yet to be measured using 
dual fluoroscopy (DF). These data could improve our clinical 
understanding of failures in TAR patients, leading to better 
surgical approaches and implant designs. With dual 
fluoroscopy, computed tomography (CT) images are acquired 
to track implant motion.  One challenge with this approach is 
dealing with metal artifact in the CT images.  We report a 
methodology of using computer aided drawing (CAD) models 
to create a bone and implant hybrid model for tracking in-vivo 
kinematics. We evaluated a TAR patient to demonstrate the 
feasibility of this approach.   

Introduction 

Tibiotalar osteoarthritis (OA) affects 100,000 individuals per 
year [1]. The current surgical practice is to fuse the tibiotalar 
joint in patients with end-stage OA. Unfortunately, fusion 
limits the ability of patients to return to activities they enjoyed 
prior to injury. Total ankle replacement eliminates pain, while 
preserving sagittal plane motion. However, TAR failure rates 
remain high; 29% of implants fail within 10 years [2]. This 
precludes application of TAR in younger patients, whom are 
expected to outlive their implant. The etiology of TAR failures 
is multifactorial, including aseptic/septic loosening, 
luxation/instability and implant failure/pathological wear [3]. 
Measurement of in-vivo kinematic function in TAR patients 
could identify causes of implant failure. Dual fluoroscopy and 
model-based tracking accurately quantifies kinematics through 
the registration of volumetric CT data with images acquired 
in-vivo by two fluoroscopes [4,5]. In this study, we developed 
a methodology to track bone and implant kinematics and 
applied this to a patient who had undergone a TAR. 

Methods 

In this IRB-approved (University of Utah #65620) study, one 
patient who previously underwent unilateral TAR (Zimmer 
Trabecular Metal Total Ankle) 1.5 years prior was enrolled 
(male; 77 yrs; BMI 23.1 kg/m2). The patient was 
unremarkable for pain, swelling, and other signs of TAR 
failure. Tibiotalar kinematics for the prosthesis were measured 
using a previously-validated high-speed DF system [6]. A CT 
scan was acquired (SOMATOM Definition AS; Siemens 
Medical Solutions) from mid-tibia through metatarsals at 0.6 
mm slice thickness using iMAR (metal artifact reduction 
algorithm). The tibia and talus were segmented for cortical 
bone regions not containing the metal implant (Amira 6.0; 
Visage Imaging). A modified markerless tracking procedure 
was developed [5]. Briefly, in a static DF trial, bone (tibia and 
talus) and CAD models of the implants were separately 
tracked. A hybrid model was then developed based on the 
known relative position of the bones and implants from the 

static trial. Re-segmentation was performed to improve the 
bone-implant interface in regions where metal artifact was 
readily apparent. Newly refined hybrid models were used for 
markerless tracking of the walking trial. TAR tibiotalar joint 
angles were calculated using landmark based coordinate 
system definitions [7]. Kinematics for the TAR patient were 
compared to previously-published DF tibiotalar kinematics 
from healthy controls. 

Results and Discussion 

Our approach was successful with quantifying in-vivo 
kinematics of the tibiotalar joint using DF and markerless 
tracking. Sagittal plane tibiotalar kinematics for the TAR 
patient trended towards that of healthy controls. However, the 
TAR patient exhibited reduced peak plantarflexion in early 
stance and minimal dorsiflexion in late stance (Fig. 1). Frontal 
and transverse plane kinematics for the TAR patient fell 
within CIs for healthy controls (data not shown).  

This new DF tracking methodology enabled comparison of 
TAR kinematics with healthy controls.  Preliminary results 
based on a single TAR patient are promising. Future work 
includes implementing this new tracking method in a cohort of 
TAR patients, with subsequent comparisons with controls. We 
also anticipate that this approach could be applied to the study 
of other joints that undergo arthroplasty, including the knee, 
hip, and shoulder.    

 
Figure 1: Mean (±95% confidence intervals) tibiotalar angles during 
overground walking (TAR limb = black line; controls = white line). Data 
are normalized to percent stance.  

Acknowledgments 
Funding from Stryker/ORS Postdoctoral Fellowship, the National Institutes of 
Health (NIH R21 AR069773), and the L.S. Peery Discovery Program in 
Musculoskeletal Restoration is gratefully acknowledged. 

References 
[1] Brown TD et al. (2006). J Orthop Trauma, 10: 739-744. 
[2] Brunner S et al. (2013). J Bone Joint Surg, 8: 711-718. 
[3] Barg A et al. (2015). Dtsch Arztebl Int, 11: 177-184. 
[4] Bedi A et al. (2011). Am J Sports Med, 39: 43-49. 
[5] Bey MJ et al. (2008). J Orthop Surg Res, 4: 30-38. 
[6] Wang B et al. (2015) Gait and Posture, 4: 888-893. 
[7]     Roach KE et al. (2016) J Biomechan Eng, 9: 1-9. 

Friday, August 02 2019: Posters (1600-1800) 1200

Rehab 2



 

 

Socket pistoning depends on socket design in a person with a transfemoral amputation walking at different speeds and 

slopes 

Vani H. Sundaram1, Kara Ashcraft2, Alena Grabowski2 
1Department of Mechanical Engineering, Advanced Medical Technologies Lab, University of Colorado, Boulder, CO, USA 

2Department of Integrative Physiology, Applied Biomechanics Lab, University of Colorado, Boulder, CO, USA 

Email: vani.sundaram@colorado.edu  

 

Summary 

Developing a method to quantify and improve the “fit” of a 

prosthetic socket would presumably enhance the function of a 

person with a transfemoral amputation (TFA). Previous studies 

have found a correlation between increased socket pistoning, 

the movement of a prosthetic socket relative to the residual 

limb, and reduced comfort. We quantified socket pistoning in a 

participant with a unilateral TFA while he walked at different 

speeds and slopes using two different sockets, a conventional 

suction socket and a novel Quorum lanyard socket. We found 

that socket pistoning varies based on the type of socket used 

and in general, increases when walking uphill or downhill 

compared to level ground and when walking faster. 

Introduction 

The attachment between a prosthetic socket and the residual 

limb is important for the function and quality of life of a person 

with a TFA. Movement between the residual limb relative to 

the socket, or socket pistoning, is likely indicative of socket fit 

and can predict comfort and function [1]. However, the 

magnitude of socket pistoning that occurs during dynamic 

movements such as walking has not been widely studied [2]. 

Further, socket design may affect socket pistoning, but these 

effects are not yet known and may have important implications 

for the function of people with amputations [3]. Therefore, we 

quantified socket pistoning while a person with a TFA walked 

at different speeds and slopes using two different socket 

designs. We hypothesized that socket pistoning would increase 

with faster speeds and greater slopes and would differ based on 

the type of socket.   

Methods 

One male adult (BMI = 24.0) with a unilateral TFA was asked 

to walk at 1.0, 1.25 and 1.5 m/s on level ground, and 1.25 m/s 

at ±3° and ±6° using a Quorum Quatro lanyard socket (QL) 

(Quorum Prosthetics, Windsor, CO) and a standard suction 

check socket (SS). The primary difference between these two 

sockets is the attachment method – the QL socket uses three 

RevoFitTM dials to adjust three different sections of the socket 

while the SS suction cup uses the user’s bodyweight to push air 

out from between the liner and the socket [4].  

We used a 10-camera 3D motion-capture system (Vicon, 

Centennial, CO) at 100 Hz and a dual-belt force measuring 

treadmill (Bertec, Columbus, OH) at 1000 Hz to 

simultaneously measure motion and forces during each trial. 

We measured socket pistoning during each trial using a 

custom-made magnetic potentiometer (Softpot Potentiometer, 

Sparkfun) and a magnet that was placed on the outside of the 

socket. Another magnet was attached to the participant’s skin 

on their residual limb. We measured socket pistoning by 

tracking the movement of a reflective marker on the outer 

magnet relative to the right superior anterior thigh marker for 

all the trials with both sockets. We omitted the data from -3° 

for the SS socket because the trial was cut short during testing. 

We averaged socket pistoning during the stance phase from 

~10 steps per trial. 

Results and Discussion 

Average socket pistoning was 0.57 cm and 0.75 cm lower 

when using the QL socket while walking at different speeds 

and on different slopes, respectively, compared to the SS 

socket (Fig. 1). Socket pistoning for both sockets increased by 

0.58 cm when walking faster on level ground and 4.64 cm and 

4.80 cm when walking uphill and downhill, respectively, 

compared to level ground (Fig. 1).  

Conclusions 

We found that different socket designs, walking speeds and 

walking slopes influence socket pistoning for a person with a 

TFA. Measurement of dynamic socket pistoning could be an 

assessment tool to assess socket fit.  

Acknowledgments 

We thank the Department of Veterans Affairs for funding 

under award VARR&D SPiRE I21 RX002182 and the 

National Science Foundation (NSF 16-104). 

References 

[1] Newton RL et al.(1988). Skeletal Radiol, 17: 276-280.  

[2]  Lenz AL et al.(2018). JBiomech, 74: 213-219. 

[3]  Eshraghi A et al. (2012). POI. 36: 15-24. In review. 

[4]  Quorum Prothetics. Joe Johnson. www.opquorum.com 

Figure 1: Average socket pistoning during the stance phase for 

the SS socket (red squares) and QL socket (green circles) at 1.0, 

1.25, and 1.5 m/s (left) at 0° and at ±3° and ±6° slopes at 1.25 m/s 

(right).  
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Summary 

Robotic assistance in rehabilitation is becoming more and 

more popular. However, little is known about how the robot's 

support affects the muscular activation underlying the 

therapeutic exercise. To investigate the effect of robotic 

assistance on muscular activation 20 healthy subjects 

performed the same exercises with and without robotic 

support. Support of the end-effector-based robotic system was 

changed with respect to impedance of the robotic system. 

Muscular activation of Biceps, Brachioradialis and Triceps has 

been assessed by surface electromyography (sEMG). 

Compared to exercises performed without robotic support, the 

muscular activity increases when the exercise is assisted by 

the robot. The effect is more pronounced when the support of 

the robot is reduced (low impedance). From the results of the 

study it can be concluded, that the robot can not be regarded as 

only a passive system. This should be considered in the design 

of robotic-assisted exercises.  

Introduction 

Particularly in the rehabilitation of patients with stroke robotic 

assistance is increasingly being used. Motivation is the 

plasticity of the brain through which lost motor functions can 

be relearned when movements are often repetively repeated. 

Currently, there are several robotic systems supporting the 

execution of therapeutic exercises. Among them, end-effector 

based robotic systems, where the robot is linked to the distal 

part of the upper extremity while the proximal part is 

unconstrained, are presently the focus of research. However, 

in the case of stroke, movement could be most likely 

recovered if not only the movement performance but also the 

muscular activation is minimally influenced by the robotic 

system. However, little is known about how the robot's 

support affects the muscular activation underlying the 

execution of the therapeutic exercise.   

Methods 

20 healthy right-handed subjects took part in the study. 

Subjects had to perform a cup-to-box followed by a cup-to-

mouth movement representing daily activities. In doing so, a 

cup had to be placed on a box to the left to the subject, then 

led to the mouth and brought back to the table. During the 

exercise the forearm of the subjects was supported by an 

industrial light-weight, 7 degrees of freedom robotic arm (Iiwa 

14, KUKA Robotics, Augsburg, Germany). Subject had to 

perform the exercise in 3 different modes [1]: 1) free, without 

being connected to the robot, 2) with low impedance of the 

robotic arm (low support) and 3) with the ten-fold impedance 

of mode 2 (higher support).  

 

SEMG has been recorded from the Biceps brachii, 

Brachioradialis and Triceps. sEMG envelope has been 

calculated and sEMG amplitudes have been normalised to the 

corresponding values of freely performed exercises. RMS of 

the sEMG envelope has been used to characterize the amount 

of muscular activation. 

Results and Discussion 

Compared to freely performed exercises RMS of Biceps 

activation increases significantly (Figure 1) when the exercise 

was assisted by the robot. The increase was more pronounced 

when the impedance of the robotic arm was low. For 

Brachioradialis and Triceps muscular activation was 

significantly increased in the low impedance mode too, but no 

significant difference could be found between freely 

performed exercises and exercised assisted by a robot with 

higher impedance (Figure 1). 

 

Figure 1: Muscular activation at freely performed, low supported 

(low stiffness) and higher supported (high stiffness) exercises. 

In the low impedance mode, the robot is more or less 

passively following. The subjects must perform the movement 

actively. Increased muscular activation of all three muscles 

suggests increased co-activation needed to control the 

movement in the presence of the robotic arm. Increased 

impedance of the robotic arm leads to more support of the 

robotic system to the execution of the movement, so less 

muscular activation is needed.  

Conclusions 

From the results of the study it can be concluded, that the 

robot cannot be regarded as only a passive system. This should 

be considered in the design of robotic-assisted exercises.  
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Summary 

An exoskeleton to assist the knee during a vertical jump was 

built and tested. The device stores energy in springs during knee 

bending before the jump and releases energy during the leg 

push. The device thus provides support during both the negative 

and the positive work phases of the muscles during the jump. 

The preliminary results showed that the device provided about 

57% of the work at the knee joint, resulting in a non-significant 

3 cm higher vertical jump (p = 0.11). The long-term goal of the 

study is to use this exoskeleton as a model for understanding 

the interaction between the exoskeleton and the human. 

Introduction 

An exoskeleton is a mechanical device worn by a person to 

enhance his/her physical abilities. In such devices built to assist 

walking [1], running [2] and hopping [3], the goal was to reduce 

the effort expended in aerobic tasks (i.e., the metabolic rate). 

Thus, the level of support provided was optimized to reduce the 

metabolic rate. The primary strategy applied in exoskeleton 

design is to build – and rebuild – several prototypes until the 

desired parameter values are reached, which is a very expensive 

and time-consuming process. Thus, an understanding of the 

interaction between the device and the human is critical for 

improved and more efficient design of exoskeletons.  

In this study, we designed and built a device for the anaerobic 

task of vertical jumping with the aim of using it in a case study 

for examining the interaction between the exoskeleton and the 

user. In such a scenario, it is the lower extremity joints – the 

knee, the ankle and the hip – that contribute most of the energy 

[4]. In the knee, there is a phase of negative work, followed by 

positive joint work. Therefore, a passive exoskeleton (based on 

a spring) can assist the knees during a jumping action. The 

preliminary results obtained with our first prototype are 

presented below. 

Methods 
The exoskeleton (Fig. 1) consists of aluminum profiles attached 

to the thigh and calf with Velcro tape and plastic supports, a 

rubber band (i.e., a spring) attached to the aluminum profiles, 

and a plastic wheel attached to the joint. The overall device 

mass is 580 g (for each leg).  

In an experiment, a subject (79 kg, 170 cm) performed 6 vertical 

jumps aiming to reach the maximum height—3 jumps with the 

device and 3 without. With the device, the maximum moment 

of the spring at low bending which is 36% of the maximum knee 

moment, which yielded 57% of the joint power. 

Leg joint kinematics were recorded with 14 cameras (Oqus, 

Qualisys, Gothenburg, Sweden), and the ground reaction, with 

an instrumented treadmill (FIT, Bertec Corporation, Columbus, 

OH, USA). The motion data and ground reaction forces were 

then filtered using a second-order Butterworth low-pass filter 

with a cutoff frequency of 10 Hz. The 

moments and work (W) of the leg joints 

were calculated using a bottom-up 

inverse dynamic approach [5]. In 

addition, the following parameters were 

calculated: Hg - the difference between 

the height of the center of mass when 

standing and the maximum vertical 

height during the jump; Hf - height 

difference from the minimum 

(maximum bent knee position) to the 

maximum vertical height point; and Ep 

- mgHf, potential energy.  

Results and Discussion 

Table 1 presents the average results for the trials with and 

without the exoskeleton. The average jump height with the 

exoskeleton was not significantly different from that without 

(424 vs 394 mm; p = 0.11, t-test). 

Table 1: Results: jump heights (mm), energy & positive work (J) 

Test 𝐻𝑔 𝐻𝑓 Ep(Hf) W Wexo/Wknee 

Without exoskeleton 394 911 706 622 0/216 

With exoskeleton 424 714 553 475 75/132 

 

The results show that the exoskeleton provided an average 75 J 

to the knee joint. This work should have given a difference in 

height of h = Ep/(m·g)  10 cm, but the difference obtained 

experimentally was only 3 cm. The most likely explanation for 

this finding is that the device limited the bending of the knee, 

which meant less time to accelerate the center of mass when 

straightening the knees. Future work will focus on designing a 

device that will allow deeper knee bending, and hence a higher 

jump height. The effect of different torque profiles on the 

achieved height will then be tested. 
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Summary 
This study reports the effectiveness of a 6-week ankle training 
program using a stiffness-controlled robotic platform on 
paretic ankle motor control and lower extremity function in 
stroke patients. Two chronic stroke subjects with right 
hemiparesis participated in training for 12 sessions over 6 
weeks. While standing on the compliant robotic platform 
simulating rotational stiffness comparable to ankle joint 
stiffness of unimpaired individuals, subjects performed 
visually-guided target reaching ankle movement tasks in the 
sagittal and frontal planes. The proposed training not only 
contributed to the significant improvement of paretic ankle 
motor control, seen by smoother and less variable ankle 
movements, but also led to functional improvement in postural 
balance and walking, evidenced by improved Berg Balance 
Scale and 10 Meter Walk Test scores, respectively.  

Introduction 
Recent studies of joint-specific robotic training for the paretic 
ankle have demonstrated positive outcomes of improving 
lower extremity function in chronic stroke patients [1]. 
However, the training was performed in a seated position, 
which might diminish the degree of functional improvement. 

Given the importance of task-specific training in stroke 
rehabilitation, we expect that robotic ankle training would be 
more effective if performed during upright postural balance or 
locomotion. This study reports our initial findings on a 6-week 
robotic ankle training that involves visually-guided target 
reaching ankle movement tasks during upright standing. 

Methods 
Two individuals with hemiparesis post-stroke were recruited 
for this study. Both subjects were in the chronic stage after 
stroke and have moderate impairments in postural balance 
(Berg Balance Scale (BBS) ≥ 39).  

The experimental setup included a robotic platform, a visual 
feedback display, and a bodyweight support harness system. 
Subjects performed motor tasks while standing upright, 

secured by a bodyweight harness system with their paretic 
(right) leg on the robotic platform [2]. 

Subjects participated in a 6-week training program consisting 
of 12 training sessions (2 sessions/week; 1 hr/session). During 
each training session, subjects performed visually-guided 
target reaching ankle movement tasks (5º from horizontal) in 
dorsiflexion–plantarflexion (DP) in the sagittal plane and 
inversion–eversion (IE) in the frontal plane, while standing 
upright on the compliant robotic platform simulating rotational 
stiffness comparable to ankle stiffness of unimpaired 
individuals during quiet standing. Subjects were instructed to 
use their ankle to reach the target as fast as possible without 
losing control. For trials in the sagittal (or frontal) plane, 
stiffness of the platform was set as 150 Nm/rad (or 30 
Nm/rad), while movement in the frontal (or sagittal) plane was 
restricted. A total of 40 trials were completed in each of 4 
ankle movement directions, resulting in a total of 160 trials. 

Results and Discussion 

The robotic training significantly reduced the variability and 
improved the smoothness of paretic ankle motor control in all 
movement directions in both subjects, evidenced by the 
decreased standard deviation (SD) of the movement and the 
decreased number of submovements, respectively. The 
training also improved clinical scores for both postural 
balance and walking, evidenced by the increased BBS and 10 
Meter Walk Test (10 MWT) scores, respectively (Table 1). 

Conclusions 
This pilot study suggests potential benefits of the proposed 
robotic ankle training to chronic stroke patients by providing a 
desirable therapeutic target towards improved ankle motor 
control, postural balance, and walking. 
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Table 1: The percentage change of variability (SD), smoothness (number of submovements) of paretic ankle motor control from the beginning to 

the end of the training, and the the percentage change of clinical scores (BBS and 10 MWT) from pre-training to post-training assessment. 

Measures 
Subject Variability (SD) Number of 

submovements 
10 MWT BBS 

Self-selected speed Fast speed Plantarflexion 
Subject 1 -61.2 -63.0 21.4 20.8 18.2 
Subject 2 -31.6 -44.2 -2.22 55.5 5.1 
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Summary 

We tested six subjects leaning with vs. without assistance 

from a spring-powered exosuit. We quantified the effect on 

back muscle fatigue rate. We found that five of the six 

subjects showed significant reductions in fatigue rate (ranging 

from 19-85%) for a subset of lumbar muscles (ranging from 

one to all six recorded muscles) when receiving assistance 

from the exosuit. These findings suggest that the exosuit may 

reduce fatigue and improve endurance for individuals who 

perform extended bouts of leaning (e.g., nurses, material 

handlers, construction workers). 

Introduction 

Prolonged leaning and repeated lifting can lead to lumbar 

muscle fatigue which can have detrimental effects on worker 

performance, productivity, satisfaction and safety. Wearable 

assistive devices can reduce lumbar muscle fatigue; however, 

most wearable devices are limited by practical factors such as 

affordability, form factor, and their ability to integrate into 

industrial workflows without interfering [1]. To address these 

limitations, we previously introduced a new spring-powered 

exosuit that combines the low-profile benefits of daily 

clothing with the physical assistance benefits of an 

exoskeleton [2]. In this study we evaluated the effect of this 

exosuit on lumbar muscle fatigue during leaning. 

Methods 

Six subjects (4 male, 2 female, 23.5 ± 1.4 yr., 69.6 ± 7.7 kg., 

1.8 ± 0.1 m) performed leaning without, then with, then again 

without assistance from the exosuit, while holding a 16 kg 

mass. Lumbar torque assistance provided by the exosuit 

ranged from 12-16 N/m across subjects. A custom scaffold 

was designed to ensure consistent leaning posture between 

trials. Surface electromyography (sEMG) was recorded from 

six back extensor muscles: bilaterally on the lumbar multifidus 

(LM), longissimus thoracis (LT), and iliocostalis lumborum 

(IL). Subjects reported no history of back pain in the past 6 

months and gave written consent in accordance with the 

Vanderbilt University Institutional Review Board. Individual 

muscle fatigue rate was calculated as the slope of the 

windowed (1-second epoch) median power frequency (MDF 

slope) of the bandpass filtered (10-500 Hz) sEMG data. 

Individual muscle differences in MDF slope across conditions 

were evaluated using an analysis of covariance (F-test, 

α=0.05). 

Results and Discussion 

Five of six subjects exhibited significant reductions in MDF 

slope (ranging from 19-85%) in a subset of muscles with vs. 

without assistance from the exosuit. Of these five, one showed 

statistically significant reductions for all muscles, and the  

remaining subjects showed significant reductions for two to 

five muscles. The sixth subject showed a significant reduction 

in MDF slope for one muscle, and a significant increase for 

another muscle. Across all 6 subjects, the exosuit significantly 

reduced the fatigue rates for 20 of 36 muscles analyzed. 

Previous literature suggests that these reductions in MDF 

slope may correspond to increased task endurance [3], which 

may be particularly beneficial for occupations and applications 

where prolonged leaning is common (e.g. nursing, 

material/package handling, construction) 

 

Figure 1: When wearing the spring-powered exosuit (left), subjects 

(two representative subjects shown) experienced reduced fatigue 
rates for individual lumbar muscles (right). 

Conclusions 

We found that a spring-powered, clothing-like exosuit could 

significantly reduce the rate of lumbar muscle fatigue during 

leaning. We observed inter-subject variability in the number of 

muscles that benefited, which specific muscles benefited, and 

the degree to which each muscle benefited (percentage 

reduction in fatigue rate) from wearing the exosuit prototype. 

These findings suggest that this type of exosuit may be 

effective for reducing the lumbar fatigue of individuals who 

perform bouts of leaning (e.g., dentists, nurses, assembly line 

workers and construction workers). 
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Summary 

It was proposed that muscle force is related to metabolic cost of 

gait [1]. A knee exoskeleton, harvesting different amounts of 

energy, modulates the metabolic costs, during gait. We used 

musculoskeletal modelling and simulation to estimate muscle 

forces changes due to the energy harvesting levels. Mean 

muscle forces over the gait cycle were significantly different 

(p<0.01) at most exoskeleton energy harvesting levels; 

moreover, the muscle force changes account for the observed 

metabolic cost changes over different energy harvesting levels. 

Introduction 

Metabolic cost of gait is determined by the muscular force 

generated to overcome gravity; however, individual muscle 

contributions to the metabolic cost remain unknown [1,2]. By 

using an energy harvesting exoskeleton during gait, metabolic 

cost changes as the amount of energy harvested changes [3]. 

The purpose of this study was to determine muscle force 

contributions to metabolic cost by investigating the changes 

resulting from harvesting energy at the knee with an 

exoskeleton that modulates the metabolic costs during gait. We 

hypothesized that muscle forces estimated during gait using 

different energy harvesting levels will have different means 

over the gait cycle. Furthermore, our goal was to determine 

which muscle forces contributed most to the observed changes 

in metabolic cost during gait using the exoskeleton energy 

harvester. A better understanding of muscle force contributions 

to metabolic cost is necessary to refine exoskeleton design for 

targeted interactions with humans. 

Methods 

Experimental data was collected for one healthy subject (male, 

32 yr, 180 cm, 85 kg) walking with a knee energy harvesting 

exoskeleton on both legs [4]. The subject walked on an 

instrumented treadmill for 7 minutes (v = 1.3 m/s) at six 

different conditions: mechanically disconnected (wearing the 

device as a dead weight, 0% harvesting) and five harvesting 

levels (15%, 22.5%, 30%, 37.5% and 50%), each one 

representing a level of resistance torque applied onto the knee 

joint. Kinematics were collected using ten cameras (Oqus, 

Qualisys, Sweden), ground reaction forces (GRFs) with an 

instrumented treadmill (FIT, Bertec Corporation, Columbus, 

OH, US), and metabolic rates via oxygen consumption (Quark, 

Cosmed, Italy). The GRFs were filtered using a second-order 

Butterworth low-pass filter with a cut-off frequency of 35Hz, 

and motion data were filtered using a cut-off frequency of 6Hz.  

To estimate muscle forces using an OpenSim-MATLAB API, 

we scaled a musculoskeletal model (23 degrees of freedom and 

92 muscle-tendon actuators) to match the subject and performed 

inverse kinematics to determine the model’s generalized 

coordinate values that match the marker data. We applied 

torque from the exoskeleton energy harvester to each femur and 

tibia and then performed static optimization (minimizing the 

sum of muscle activations squared) to resolve the net joint 

moments and determine individual muscle forces.  We 

evaluated our hypothesis regarding muscle force differences by 

performing a balanced one-way ANOVA followed by multiple 

comparisons of muscle force means across different energy 

harvesting levels. We also computed the relative contributions 

of individual muscle forces to the overall means and compared 

these muscle forces to the observed metabolic cost. 

Results and Discussion 

Muscle forces were significantly different (p<0.01), on average, 

across several of the energy harvesting levels (Figure 1). There 

were 16 muscles contributing to roughly half of the mean 

muscle force and accounting for the observed metabolic cost 

changes at each device setting.  

 

Conclusion 

An exoskeleton harvesting energy at the knee changes the 

muscle forces during gait consistent with observed changes in 

metabolic cost. Relationships between muscle forces and 

metabolic cost of movement will potentially improve 

exoskeleton design for rehabilitation and other applications.  
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Figure 1: Significant differences (★, p<0.01) in mean muscle forces 

highlighting the 16 major contributors to the metabolic costs during 

gait using a knee exoskeleton harvesting energy at different levels. 
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Summary 

Different adaptation rates have been reported in studies 
involving ankle exoskeletons designed to reduce the metabolic 
cost of their wearers. The purpose of this study was to 
characterize energetic adaptations occurring over multiple 
training sessions in a novel exosuit assisting the hip joint. The 
percentage change between powered and unpowered 
conditions was significantly larger at Session 3 (-10.5±4.5%) 
compared to Session 1 (-6.2±3.9%). However, Session 3 
reductions were similar to the percentage change at Session 5 
(-10.3±4.7%), indicating that two 20-minute sessions may be 
sufficient for users to fully maximize the metabolic benefit 
provided. Metabolic adaptations were also retained 5-months 
following the final training session. 

Introduction 

A common goal for many exoskeletons is to reduce the 
metabolic cost of walking in those with normal gait. Varied 
adaptation rates have been reported in studies involving ankle 
exoskeletons [1-3], with focus primarily on the types of 
controllers implemented in these devices. These investigations 
have also been limited to a maximum of three training 
sessions, therefore it is unclear if additional sessions would 
continue to improve performance.  

The purpose of this study was to understand the effects of 
long-term training on metabolic energy expenditure when 
utilizing an exosuit which assists the hip joint. Furthermore, 
we hypothesized that any metabolic benefit would be retained 
five months following the final training session.  

Methods 

Eight male participants (20.6 ± 1.2 yr; 1.80 ± 0.09 m; 78.6 ± 
9.2 kg) with no exoskeleton experience participated in this 
IRB approved study. Participants walked at the constant speed 
of 1.5 m/s on a treadmill while carrying a loaded backpack 
(20.4 kg) and the soft exosuit actuator, battery and textile 
components (5.4 kg) [4]. During each training session net 
metabolic cost was assessed with indirect calorimetry by 
means of a portable gas analysis system (K4b2, Cosmed, 
Roma, Italy). Each participant completed five training sessions 
with each session separated by at least 48 hours; each session 
consisted of 4 minutes of standing, 20 minutes of walking with 
the exosuit powered, and then 5 minutes of walking with the 
exosuit unpowered. Data were separated during walking with 
the soft exosuit powered at minutes 9-11 (mid_pow), at 
minutes 18-20 (late_pow) and unpowered at minutes 23-25 
(unpow). Five participants were also retested five months after 
the completion of their last training session to investigate 
retention. Repeated measures ANOVA with Tukey post-hoc 
corrections were used to test for differences within and across 
sessions. 

Results and Discussion 

A significant within-sessions effect of the net metabolic cost 
of walking across every training session and a significant 
difference across-sessions for the late_pow (p=0.034) was 
shown. No significant difference was found in percentage 
change of late_pow vs unpow between Session 1 and Session 
2 (-6.2±3.9% vs -8.1±9.4%; p=0.586). A significant difference 
was identified in percentage change at late_pow between 
Session 1 with respect to Session 3 (-10.5±4.5%; p=0.031). No 
significant difference was found between late_pow for the 
final training session and the 5-month retention follow-up 
session. 

 
Figure 1: Net metabolic cost across the five training sessions (n=8) 
and 5-month follow-up investigating retention (n=5). Metabolic 
power and percentage change in metabolic cost for mid_pow and 
late_pow with respect to unpow are displayed. 

Conclusions 

The percentage change in metabolic benefit was significantly 
larger at Session 3 compared to Session 1, however did not 
continue to improve with additional training sessions. 
Metabolic benefit was retained 5-months follow training. 
More research is necessary to understand the factors 
influencing improvements in metabolic cost with exoskeleton 
training. 
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Summary 

Ankle exoskeleton (exo) optimization typically focusses on 
steady-state (SS) walking conditions, even though non-steady-
state (nSS) walking comprises a large portion of daily 
locomotion. An improved understanding of how exos impact 
nSS and SS gait differently may further inform optimal exo 
design. We investigated the impacts of ankle exo stiffness on 
kinematics and muscle activity in healthy adults during SS 
walking and acceleration from quiet standing. Peak ankle 
dorsiflexion and ankle plantarflexor activity on the first stride 
of nSS showed the largest deviations from SS walking. 
Sensitivity to exo stiffness was greatest early in gait initiation, 
but generally approached SS values within three strides. 
Differences between strides emphasize that SS models for exo 
optimization may be suboptimal for gait initiation. 

Introduction 

Ankle exos are generally designed and tuned to optimize 
locomotor performance. However, ankle exos are typically 
studied during steady-state (SS) walking, even though non-
steady-state (nSS) walking comprises a large portion of daily 
locomotion [1]. Altered kinematics and kinetics during gait 
initiation and the subsequent strides leading up to SS walking 
may alter the impacts of exos on an individual’s kinematics 
and muscle recruitment [2]. Consequently, optimal exo 
stiffness may differ if tuned for SS versus nSS walking, 
potentially yielding suboptimal tuning for daily use. 

To investigate potential differences in response to ankle exos 
during SS and nSS walking, we compared changes in joint 
kinematics and muscle activity in response to different 
exoskeleton dorsiflexion stiffness levels.      

Methods 

We collected experimental kinematics and electromyography 
(EMG) data for three healthy adults (2/1 F/M; 
Age=24.0±3.6yrs; Mass=62.6±11.9kg; Height=1.70±0.09m) 
walking overground with bilateral passive ankle exoskeletons 
at a steady self-selected speed (SS) and accelerating from 
quiet standing to steady-state (nSS). EMG data were collected 
bilaterally from seven lower-limb muscles. Participants 
walked in shoes only and in four exoskeleton dorsiflexion 
stiffness conditions (K0=0, K1=67, K2=187, K3=291 Nm/rad) 
in random order. Participants performed four SS trials and 
twelve nSS trials per stiffness condition. 

We computed joint kinematics using OpenSim 3.3 and 
identified the average peak hip, knee and ankle flexion angles, 
and integrated linear EMG envelopes for each trial. SS data 
were averaged over strides and nSS data were averaged for 
each stride. To understand the impact of stride on exo 
response, we compared each stride of nSS and SS gait for each 
outcome using Friedman’s tests with Dunn-Sidak post-hoc 
tests (αcorrected=0.05/20). We used linear regression to evaluate 

differences in sensitivity to exo stiffness between nSS and SS 
gait. 

Results and Discussion 

When gait was initiated, peak hip extension was significantly 
reduced and ankle dorsiflexion increased for the stance limb 
(i.e., the limb not taking the first step) compared to SS 
walking (p<0.002). After the first stride, ankle dorsiflexion, 
knee flexion and hip extension approached SS values (Figure 
1). Muscle activity in the stance-limb gastrocnemius (GAS) 
and soleus (SOL) were altered across the first three nSS 
strides compared to SS walking (p<0.001). However, since the 
first three nSS strides took ~75, 90 & 100% the duration of SS 
strides, average GAS and SOL activity were similar for all 
nSS strides. Across strides, ankle dorsiflexion, knee flexion 
(|slope|>0.10 degj/Nm/degakg.) and SOL activity (|slope|>0.1e-
3 degakg/Nm) were sensitive to exo stiffness. Surprisingly, the 
GAS had near-zero sensitivity to exo stiffness across strides, 
implying that models of GAS response to exo stiffness during 
SS walking may also capture nSS responses. While mechanics 
may explain kinematic differences in sensitivity to exo 
stiffness [4], additional neuromuscular factors are likely 
needed to explain the variable sensitivity of muscle activity to 
exo stiffness. 

 
Figure 1: Differences in ankle dorsiflexion angle in the stance limb 

between nSS and SS walking for the first three strides after gait 
initiation. Positive values indicate more nSS than SS dorsiflexion.  

Conclusions 
These early results motivate further investigation into 
modeling individualized responses to exos during nSS 
walking. Since nSS conditions encompass a large portion of 
steps in daily life, optimizing exos from the first step has 
potential to enhance performance and participation for a wide 
range of daily activities.  
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Summary 

The purpose of this study is to generate a realistic human knee 

exoskeleton model based on a physical system, create a 

human-machine system (HMS) in a musculoskeletal 

modelling software, and simulate assistive strategies and 

human-machine interaction based on joint kinematics. A knee 

exoskeleton was developed in CAD and then imported into a 

musculoskeletal simulation. A damped pendulum model was 

used to simulate the adaptive assistive strategy of the 

exoskeleton and to predict the torque during rhythmic flexion-

extension of the knee, without prespecifying a reference 

trajectory. To compare the effectiveness of the proposed 

adaptive assistive strategy, three fixed (high, medium, low) 

assistive torque strategies depending on the required assistive 

torque were also simulated. Computed knee joint moment, 

knee joint reaction force, and human-exoskeleton interaction 

force were compared. 

Introduction 

Exoskeletons are increasingly used in rehabilitation and daily 

life in patients with motor disorders after neurologic injuries. 

While experimental evaluation of exoskeleton prototypes is 

important, biomechanical predictive simulations early in the 

design process can minimize prototype iterations and evaluate 

some factors that are otherwise difficult to measure 

experimentally. The purpose of this study was to assess the 

adaptive assistive strategy in an HMS, based on kinematics. 

Methods 

The knee exoskeleton physical design was built in CAD 

(Solidworks) and incorporated into a generic leg model 

(AnyBody Managed Model Repository v2.1), creating a 

virtual HMS. The HMS was simulated during a seated cyclic 

knee extension-flexion movement. In order to perform more 

precise simulations, mass, damping and inertia of exoskeleton 

components were incorporated into the HMS.  

Our hypothesis is that knee dynamics can be represented as a 

damped pendulum [1], ( ) sin ( ) ( ) ( )I t mgl t b t u t  = − − +  , where 

I, m, l are inertia, mass, and equivalent length of leg-

exoskeleton segment, respectively; b is a viscous damping 

constant; , ,    represent the angular position, velocity and 

acceleration of the knee joint, respectively, and u is the 

required torque to perform movements. We computed the 

required torque using this dynamic model, and transferred to 

the assistive motor controller. The three fixed torque were 

given at 2, 6, 10 Nm, respectively. We also computed the 

interaction forces between the leg and the exoskeleton straps,  

modelled as conditional contact elements [2].  

Results and Discussion 

Fig. 1 shows the knee joint torque variation in different 

assistive modes. In the no-assistance mode, the extension 

torque was highest when the knee was extended. In the three 

fix assistive torque modes, the variation in knee joint torque 

shifted into a higher torque, and in the high torque mode, the 

flexion torque increased much to 10 Nm when knee is at 

around 130°. In contrast, the knee torque in the adaptive 

assistance was possibly smoother, and the knee joint torque 

was compensated closer to 0 Nm during the movement.  

The interaction force of human-exoskeleton, and knee joint 

reaction force increased while assistive torque increased. 

Thus, the adaptive assistive strategy is also probably a better 

choice compared to the fixed assistive torque. 

 

Figure 1: Knee joint torque with different assistive strategies. 

Conclusions 

In this study, a kinematics based adaptive assistive strategy 

was proposed for providing torque assistance by a knee 

exoskeleton during the execution of rhythmic movements. 

Compared to the fixed assistive strategies, the adaptive 

strategy is more appropriate because of its smoother torque 

generation, acceptable interaction force and joint reaction 

force. Future plans include combining the proposed adaptive 

method with real-time EMG signals from knee muscles, in 

order to investigate exoskeleton controller design.  
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Summary 

This study investigated the effect of passive exoskeleton use 

on shoulder torque control in an intermittent shoulder-loading 

task. Sixteen participants completed 15 30-sec cycles of 

intermittent, isometric shoulder contraction at 90º both in the 

sagittal and scapular planes, with a 50% duty cycle at 30% of 

maximum torque; this was completed with and without 

external support from two exoskeletons. Torque steadiness 

was quantified using the coefficient of variation (CV) across 

work cycles. Repeated measures ANOVA was used to assess 

the effects of device support and time on torque CV, with user 

strength added as a covariate. Exoskeleton use significantly 

decreased torque CV in both the sagittal and scapular planes. 

While previous studies have shown exoskeleton-use to reduce 

musculoskeletal loads, our results show that exoskeleton-use 

may also improve motor performance by having a steadying 

effect on shoulder torque generation. 

Introduction 

Exoskeletons are wearable assistive devices that augment and 

assist physical activity by providing structural supports and 

assistive torques to the body. The potential use of industrial 

exoskeletons to mitigate the risk of musculoskeletal disorders 

in manual handling jobs is an emerging research topic [1]. 

While earlier work demonstrated  the use of upper-extremity 

exoskeletons use can reduce shoulder demands [2], it remains 

unclear how such devices can affects the shoulder torque 

control performance. The aim of this study was thus to 

investigate the effects of passive exoskeleton use on shoulder 

joint torque control in an intermittent shoulder-loading task. 

Methods 

Sixteen healthy gender-balanced participants aged 27 (SD 5) 

years, 174 (4) cm tall, and with body mass 78.6 (13) kg, 

completed isometric, intermittent shoulder-loading tasks with 

their dominant arm. The task required isometric shoulder 

flexions at 90º and at 30% of maximum torque, with a 15–15 

sec work-rest cycle over a 7.5 min period (15 cycles). Torque 

level was set at 30% of the maximum torque exerted, while 

adjusted for the weight of the participant’s resting arm. This 

task was repeated in two planes – sagittal and scapular – and 

with four device conditions: 1) no device (ND), 2) Levitate 

AirFrame with support on (LE), 3) EksoBionics EksoWorks 

with support on (EBON) and 4) with support off (EBOFF). Due 

to differences in the form/profile, design principle, weight, and 

cost of the LE and EB, both were included in this study. 

Participants selected their preferred support level for each 

device after a 1-min training in the task. External shoulder 

torque was measured using a dynamometer (Humac-NORM, 

CSMi, MA, USA), sampled at 100 Hz. Task performance (i.e., 

torque steadiness) was quantified as the CV in each work 

cycle, and 5 mean values were obtained from every three 

consecutive cycles to create torque control profiles across 

time. Repeated measures ANOVAs were performed separately 

for each plane (sagittal and scapular), to determine the effects 

of device condition and time on torque CV, with user strength 

added as a covariate. Significant effects (p < 0.05) were 

followed by Tukey’s HSD post-hoc comparisons. 

Results and Discussion 

In the sagittal plane, only device had a significant effect on 

CVs. Torque CVs were lower for both device-supported 

conditions (LE and EBON) compared to the two conditions 

without support (p<0.0001, Figure 1). In the scapular plane, 

similar results were found, with the torque CVs being lower 

for both device conditions with support (p<0.0001, Figure 1). 

However, the EBON condition also led to significantly lower 

CVs compared to the LE condition. Furthermore, there was a 

significant effect of time, in that torque CVs were higher at the 

fifth time point (i.e., the last 3 cycles) compared to the first 

(i.e., first 3 cycles), which may represent fatigue effects. 

However, there were no significant interactions between 

device condition and time. Thus, although CVs were lower 

across all time points in the exoskeleton conditions, using an 

exoskeleton did not decrease the extent to which torque 

steadiness decreased over time. 

 

Figure 1: Torque CV in all conditions  

Conclusions 

The use of exoskeletons enhanced steadiness (decreased 

torque CV), and both devices produced comparable 

performance in the sagittal plane. However, for work outside 

the sagittal plane (i.e., scapular plane), use of the EksoBionics 

exoskeleton was associated with slightly better torque 

steadiness than the Levitate. Further research with longer task 

durations is required to demonstrate whether these changes 

also translate to differences in fatigue when performing 

prolonged shoulder-loading tasks. 
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Summary 

The purpose of this study is to evaluate the influence of 

different weight distribution of knee exoskeleton components 

on muscle activations during common movements. Three 

different mechanical designs of a knee exoskeleton were 

incorporated into a musculoskeletal model to create a human 

machine system (HMS) simulation. Squat and seated knee 

flexion-extension were simulated, and the resulting effect on 

four muscles’ activations were compared. Design3 has best 

performance on squat and Design1 shows best results on 

seated knee flexion-extension. 

Introduction 

Optimal design of wearable assistive devices requires not only 

ideal active control, but even a physical design that encumbers 

as little as possible. The placement of the heaviest 

components, namely the motor and gearbox, can be varied 

through simulation to prevent extra iterations in physical 

prototyping. The aim of our study was to determine how the 

placement of the motor and gearbox, and thereby the weight 

distribution of the exoskeleton components, affects the 

required muscle activations during two common activities.  

Methods 

Three mechanical designs of a knee exoskeleton were 

developed in CAD (Solidworks).  All three have motor 

placement parallel to the right knee, as well as similar overall 

mass, materials, and interfaces with the wearer. The placement 

of the motor and gearbox, however, varied. The long axis of 

motor and gearbox is parallel to the sagittal plane of thigh in 

Design1 (thigh-parallel position) and perpendicular to the 

sagittal plane of thigh in Design2 (thigh-perpendicular 

position). Similar to Design2, Design3 places the long axis 

anterior to the frontal plane of the thigh (thigh-anterior 

position), right above the knee joint. All components were 

modelled as passive weight. These CAD models were 

incorporated into a biomechanical model and simulation 

software (AnyBody), creating a virtual HMS. The HMS was 

simulated in a standing squat and a seated knee flexion-

extension movement. A control simulation with no 

exoskeleton was also performed. In squat simulations, ground 

reaction forces were predicted [1]. Inverse dynamics were 

performed and activations in lower extremity muscles that 

minimize overall metabolic energy were computed. 

Results and Discussion 

Different exoskeleton weight distribution influenced the 

required muscle activation to perform the two activities. In 

squat, the weight of any device did not always cause a 

negative influence (Fig. 1a). Among the designs, Design3, 

induces the least additional muscle activation during squat, 

and Design1 induces the least additional activation during 

seated leg extension (Fig. 1b). Exoskeletons influence the 

vastus lateralis activity most in squat, and the rectus femoris, 

biceps femoris, tibialis anterior and gastrocnemius most in the 

seated leg flexion-extension. 

    

(a)                                                 (b)   

Figure 1: Integration of muscle activations during (a) squat and (b) 

seated knee extension, in the vastus lateralis (VL), rectus femoris 

(RF), semitendinosus (ST), biceps femoris long head (BFL), biceps 

femoris long head (BFS), Tibialis Anterior (TA), and Gastrocnemius 
(GAS).  

Conclusions 

From our simulation, weight distribution of exoskeleton 

components will affect required muscle activation during 

common activities, and should be taken into account early in 

the design process. Placement of the motor and gearbox in a 

thigh-anterior position (our Design3) induces the least 

additional metabolic effort in squat. Placement of the motor 

and gearbox in a thigh-parallel position (our Design1) induces 

the least additional metabolic effort in seated knee flexion-

extension.  
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Summary 

This study aimed to investigate how the variability associated 
with human-provided physical assistance impacts patient 
locomotor training outcomes. To this end, a cyberphysical 
rehabilitation system was developed that allowed assistive forces 
to be rendered on patients by either a human therapist or a 
deterministic assist-as-needed algorithm using the same robotic 
interface. Methods and preliminary results are presented. 

Introduction 

During locomotor rehabilitation the physical challenge for 
therapists is high, and therefore robots have been increasingly 
used in place of therapists. However, robotic gait training 
outcomes have not always met expectations. To increase success 
and encourage active participation from patients, many robotic 
approaches employ assist-as-needed (AAN) strategies, which 
apply assistive forces proportional to patient errors [1]. Although 
a promising approach, it remains fundamentally different from the 
modus operandi of human therapists. Human-provided physical 
assistance is delivered by an empirical and heuristic neural 
controller that applies variable assistive forces [2]. In contrast, 
robotic assistance typically uses deterministic algorithms (e.g., 
AAN). This begs the question: does the natural variability 
associated with human physical assistance positively impact 
patient learning? We test this hypothesis, based on the rationale 
that task-relevant variability promotes action exploration and 
learning [3], with a novel cyberphysical system that allows 
assistive forces to be rendered on patients by either a human 
therapist or AAN algorithm using the same physical interface.  

Methods 

In the cyberphysical rehabilitation approach, a therapist interacts 
with patients through coupled robotic arms that act as an extension 
of the therapist’s arm (Fig. 1). In a patient interface, a large 
human-safe robotic arm is attached to the patient’s leg through 
magnetic couplings and moves with the patient as he/she walks 
on a treadmill. A therapist interface provides multisensory 
feedback about a patient’s movements through a visual display 
and small robotic manipulandum. The therapist manipulandum 
shadows the movement of the larger robot, allowing the therapist 
to feel and alter a patient’s gait by applying forces that are 
transferred to the patient through the larger robot arm.  

Healthy subjects (the “patients”) were asked to learn a new gait 
pattern on a treadmill; the task goal was to increase the step height 
of the right leg by 40%. The large robotic arm was attached just 
above the ankle of the right leg. To increase the task challenge, 
subjects wore a rigid knee brace on their contralateral leg that 
prevented knee flexion. All subjects received a vertical assistance 
force 𝐹  from the robotic arm. In one group 𝐹  was delivered by 
a therapist via the manipulandum, and these data were used to 

create the AAN controller that assisted the other group. For both 
controllers, 𝐹  could only be applied between heel-off and toe-off 
and saturated at 30 N. The “patients” practiced the task with 
physical assistance for 10 min; visual error feedback was 
provided. After a 5 min rest, subjects performed a retention test 
without visual feedback and without assistance. 

Fig. 1: Left: Cyberphysical rehabilitation setup. Right: Example of 
therapist force inputs on the manipulandum (dashed red line = toe-off). 

Results and Discussion 

Preliminary data for one human therapist showed a quick increase 
in the magnitude of assistance, saturating at the limit (30 N) after 
only a few steps. Thereafter, the therapist appeared to use pulse-
width modulation to control the net impulse delivered to the 
“patient” (Fig. 1). The ANN controller modeled this behavior. A 
linear regression between the step height error on step 𝑖 1 and 
therapist impulse 𝐹 𝑑𝑡  on step 𝑖 (across last 30 steps) gave an 
assistance constant of 𝑘 1 Ns/cm. The ANN controller 
modulated the width of each assistive pulse based on 𝑑𝑡
𝑘 ℎ ℎ 𝐹⁄ , where ℎ  is the target step height, ℎ  is the 
previous step height, and 𝐹  fixed at ±30 N (sign determined by 
the sign of the error). In words, larger errors caused the assistive 
force to remain on for longer. Early results using the ANN 
controller support feasibility, but additional data are needed 
before a firm conclusion can be reached regarding the hypothesis. 

Conclusions 

A cyberphysical rehabilitation approach was used to investigate 
how patient learning is influenced by the nature of the assistive 
controller, i.e., a heuristic human controller or a deterministic 
algorithm. A deterministic controller was developed that used 
pulse-width modulation to deliver assistance, modeled after 
human assistive forces. At this time, data collection is ongoing.  
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Summary 

Use of passive exoskeletons to tune muscle-tendon dynamics 

for improvement of balance remains an unexplored area of 

research. A computational model of standing balance on a 

passive prosthesis was used to find values of hip exoskeleton 

stiffness and damping which optimized resistance to 

destabilizing lateral perturbations. Unexpectedly, optimum 

exoskeleton stiffness and damping were dependent on 

prosthesis stiffness, and did not tune hip muscle-tendon units 

for maximum dissipation of the destabilizing impulse.      

Introduction 

About 50% of people with lower limb loss (LLL) fall each 

year [1]. The inability to balance for >5 seconds on one limb 

has been identified as a predictor of injurious falls [2]. This is 

concerning given that people with LLL can rarely achieve this 

task on their spring-like prosthetic feet. Lateral balance, which 

is critical for avoiding falls, is achieved through ankle, hip, 

and stepping strategies [3]. For individuals with LLL, 

improving the ability of hip musculature to dissipate 

perturbations may lower fall risk and improve quality of life. 

We hypothesized that an optimal passive hip exoskeleton for 

improving balance would consist of a pure damper (vs. a 

spring or spring-damper combination), and that optimal 

exoskeleton parameters would maximize energy 

dissipation/absorption by hip muscle-tendon units.     

Methods 

A computational model of prosthetic limb balance in the 

frontal plane was devised, consisting of two rigid bodies (a 

lumped head, arms, and trunk segment, and a lumped leg 

segment), a pin joint at the hip, and a torsional spring 

connecting the leg to the ground (a passive prosthetic foot). 

Hill-type muscle-tendon units actuated the hip joint. Stretch 

reflexes stimulated the hip musculature. A torsional spring and 

damper at the hip joint represented a passive hip exoskeleton 

(Figure 1L). For all combinations of exoskeleton stiffness (0-

100 Nm/rad), exoskeleton damping (0-50 Nms/rad), and 

prosthesis stiffness (500-750 Nm/rad), the model was 

destabilized with progressively larger lateral impulsive forces 

(pushes) delivered to the hip joint over 0.5 msec. The smallest 

push which caused toppling in <5 sec was considered the 

critical push magnitude for a fall.                                                              

Energy dissipation/absorption by biological and exoskeletal 

hip components was quantified using the negative work of the 

muscle-tendon units and the hip exoskeleton, respectively.    

Results and Discussion 

The optimal exoskeleton parameters exhibited a dependence 

on prosthesis stiffness: more compliant prostheses required 

higher exoskeleton damping and no stiffness, while stiffer 

prostheses required both higher exoskeleton damping and 

stiffness. Optimal hip exoskeletons increased the critical 

perturbation for failure between 3.9 and 20.2% relative to 

conditions with no exoskeleton (Table 1). Optimal 

exoskeleton parameters did not maximize energy 

dissipation/absorption by hip muscle-tendon units (Figure 1R), 

but instead provided optimal shuttling of impulsive energy 

between ankle and hip to prevent toppling.      

 

Figure 1: L – Frontal plane prosthesis balance model. R – For a 600 

Nm/rad prosthesis, the optimum damping did not result in the most 

negative biological hip work. 

Conclusions 

Contrary to our hypotheses, optimal hip exoskeleton 

properties were dependent on prosthetic stiffness and were not 

exclusively dampers. Further, optimized exoskeletons did not 

optimize energy dissipation by hip musculature but rather 

tuned inter-joint energy transfers.  
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Table 1: Optimal hip exoskeleton properties at each prosthetic foot stiffness  

Prosthesis Stiffness (Nm/rad) 500 550 600 650 700 750 

Optimal Exo Stiffness;  

Damping 

0 Nm/rad; 

28.67 Nms/rad 

0 Nm/rad; 

4.15 Nms/rad 

0 Nm/rad; 

2.26 Nms/rad 

0.03 Nm/rad; 

4.33 Nms/rad 

2.56 Nm/rad; 

6.35 Nms/rad 

6.28 Nm/rad; 

8.42 Nms/rad 

Critical Push Magnitude for a Fall 

(% of No Exo Condition) 
9.2% 3.9% 5.3% 12.3% 15.4% 20.2% 
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Summary 
This study explores the potential benefits of interacting with 
variable damping-defined environments to improve the trade-
off between mediolateral ankle agility and stability in the 
frontal plane standing. While wearing an exoskeletal robot 
supported by a knee brace, subjects were instructed to move 
their ankles in either inversion or eversion and reach visually-
guided targets as efficiently as possible. Three different 
robotic damping environments were tested during the trials: 
positive, negative, and variable damping. Analysis of the data 
from five subjects confirmed that the variable damping, 
ranging from negative to positive values, was able to balance 
the trade-off between the effects of positive damping 
(promoting stability) and negative damping (promotes agility). 

Introduction 
The authors’ previous study demonstrated the benefit of a 
variable damping controller of balancing the tradeoff between 
ankle stability and agility in the sagittal plane [1]. However, it 
is unknown if the same benefit applies to the frontal plane. 

As the ankle plays a critical role in both the sagittal and frontal 
planes in postural balance, it is crucial to investigate the effect 
of the variable damping controller in the frontal plane. This 
study reports our initial findings in this regard. 

Methods 
Five young, healthy subjects participated in this study. The 
experimental setup included a wearable ankle robot (Bionik 
Laboratories Corp., Canada), a knee brace to support the 
robot, and a visual feedback display. Subjects were instructed 
to move their ankles in either inversion or eversion to reach 
targets shown on the display as efficiently as possible.  

At the beginning of each trial, subjects maintained the ankle 
position within ±0.5° of the neutral position for a randomized 
time interval between 3 and 5 sec. Once completed, the target 
was displayed 7.5° away from the neutral position and the 
subject moved to the target. Subjects were required to 
maintain the ankle position within ±0.5° of the target for a 
continuous 500 ms window for the trial to conclude. Once the 
task was completed, subjects returned to the neutral position in 
preparation for the next trial. The direction of movement, 
inversion and eversion, alternated between trials. 

Subjects interacted with three distinct mechanical 
environments, simulated by different robotic damping values: 
positive (+1.0 Nms/rad), negative (-0.5 Nms/rad), and variable 
([-0.5, +1.0] Nms/rad) robotic damping, each with 50 trials 
each, 25 in eversion and 25 in inversion. Variable damping 
was determined based on subjects’ intent of movement as 
described in [1]. 

Results and Discussion 
All subjects had similar responses to the three robotic damping 
conditions. The two constant damping conditions led to the 
expected results: positive damping led to the most stable 
response, while negative damping led to the fastest response. 
The variable damping condition, which aimed to combine the 
stable response of positive damping and the fast response of 
negative damping, demonstrated that variable robotic damping 
can effectively balance the trade-off between positive and 
negative damping during dynamic movement tasks. Results of 
a representative subject are shown to showcase these main 
results (Fig. 1).  

 
Figure 1: One representative subject’s position response for 
the inversion and eversion trials. Solid lines represent the 
mean of all trials, dashed lines represent the mean ± 1 standard 
deviation (SD), and the grey lines represent each trial. 

Conclusions 
This study suggests that a variable robotic damping controller, 
which imposes a range of damping values from negative to 
positive robotic damping based upon the known human 
damping and intent of movement, can help to improve the 
trade-off between mediolateral ankle agility and stability in 
the frontal plane. 
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Summary 
Lower-limb negative biomechanical power during stand-to-sit 
movements were computed using inverse dynamics modelling 
to resolve the biomechanical energy available for regeneration 
with lower-limb prostheses and exoskeletons. Nine subjects 
performed 20 stand-to-sit movements. Lower-limb kinematics 
and ground reaction forces were experimentally measured. 
Dynamic parameter identification calculated the subject-
specific body segment inertial parameters that minimized the 
differences in ground reactions forces and moments between 
the measurements and inverse dynamics simulations. Joint 
biomechanical powers were computed from the resultant joint 
moments and rotational velocities. The maximum negative 
biomechanical power from the hip, knee, and ankle joints were 
1.8 ± 0.5 W/kg, 0.8 ± 0.3 W/kg, and 0.2 ± 0.1 W/kg, respec-
tively. Assuming typical energy regeneration efficiencies (i.e., 
maximum 37%), knee joint prostheses and exoskeletons with 
backdriveable powertrains could regenerate 0.3 ± 0.1 W/kg of 
maximum electricity during stand-to-sit movements while 
providing controlled system deceleration. 

Introduction 
Regeneration can yield more energy-efficient lower-limb pros-
theses and exoskeletons by converting the otherwise dissipated 
biomechanical energy during locomotion into electrical energy 
for recharging the onboard batteries and extending the operat-
ing durations [1]. Previous studies of lower-limb prostheses 
and exoskeletons with regenerative powertrains have focused 
primarily on level-ground walking. Alternatively, this research 
examined the potential for energy regeneration during other 
activities of daily living, specifically stand-to-sit movements.  

 
Fig 1. Experimental measurements of sitting and standing movement 
biomechanics with optical motion capture cameras and force plates. 

Methods 
Nine subjects performed 20 stand-to-sit movements while 
marker positions and ground reaction forces were measured 
(Fig 1). A planar biomechanical model (i.e., including shank, 
thigh, and HAT segments and connecting revolute joints) was 
used for inverse kinematics and dynamics. Dynamic parameter 
identification calculated the subject-specific body segment 
inertial parameters that minimized the differences in ground 
reactions forces and moments between the experimental meas-
urements and inverse dynamics simulations. The lower-limb 
joint biomechanical powers were computed from the resultant 
joint moments and rotational velocities.  
Results and Discussion 
The hip joint generated the most negative mechanical power, 
followed by the knee and ankle (Fig 2). Given the structural 
complexity of the biological hip joint, however, the knee joint 
should instead be considered for regenerative powertrain sys-
tem designs. Such lower-limb negative biomechanical powers 
provided controlled system deceleration while sitting down.  

 
Fig 2. The computed hip, knee, and ankle joint biomechanical powers 
during stand-to-sit movements, normalized to subject bodyweight.   

Using previously reported regenerative powertrain efficiencies 
[1], the calculated knee joint negative biomechanical powers 
during stand-to-sit movements could be converted into 0.3 ± 
0.1 W/kg of maximum electrical power and used for battery 
recharging. These findings have implications on mechatronic 
design optimization of energy-efficient powertrains for lower-
limb prostheses and exoskeletons. 
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Summary 
This pilot study investigated the impacts of a whole-body, 
powered exoskeleton on low-back muscle activation and joint 
ranges-of-motion (ROM) in a load carriage task performed by 
able-bodied individuals. The prototype exoskeleton (Guardian 
XOTM, Sarcos Robotics) had 16 active degrees of freedom. 
After an initial training period, participants (five males) 
performed a load-carriage task with a 20kg suitcase, with and 
without the exoskeleton. The exoskeleton reduced erector 
spinae muscle activity for all participants (median reduction = 
25%, range = 7-41%). Sagittal plane ROM was lower for the 
hip and knee joints (up to 60% and 68%, respectively) when 
using the exoskeleton for load-carriage. Our results present 
preliminary evidence of the potential for powered 
exoskeletons to reduce physical demands in heavy industrial 
labour, supporting the need of design heuristics for 
exoskeleton control input tuning, and further development and 
testing of this platform.   

Introduction 
While rapid advances are occurring in powered exoskeleton 
technologies [1], there is little empirical evidence on the 
effects of powered exoskeletons on user biomechanics, 
especially if the exoskeleton has multiple actuated joints and is 
used to augment able-bodied individuals in performing heavy 
industrial tasks (vs. for rehabilitation purposes [2]). This study 
aimed to investigate the impacts of a whole-body powered 
exoskeleton on low-back muscle activation and joint ROM in 
a load carriage task performed by able-bodied individuals.  

Methods 
The prototype exoskeleton (XO) had mass = 110kg, and 16 
active degrees of freedom spanning the shoulders, elbows, 
trunk, hips and knees. The XO controller follows a “Get-Out-
Of-The-Way” control scheme to closely follow human 
movements and amplify the user’s joint torques [3]. Actuation 
gain (user torque amplification), payload and gravity 
compensation are examples of tunable parameters in the 
current prototype version tested. A convenience sample of five 
able-bodied males were recruited for this pilot study (mean 
values: 1.84 m stature; 79 kg body mass; 36 years). They were 
trained to use the XO over 5 sessions in a 2-week period, to 
tune exoskeleton parameters according to individual 
preference and to achieve stable operation. They then 
performed three trials of lifting and carrying a loaded suitcase 
(mass = 20kg) over a 6m level walkway, with and without the 
XO. ROMs of the trunk, hip, knee, and ankle joints and 
activation levels of the bilateral erector spinae were measured, 
to assess how XO use affected physical performance. Joint 
motions were monitored at 60 Hz using a wireless inertial 

motion capture system (XSens Technologies, Enschede, 
Netherlands).  

Raw electromyographic (EMG) signals were sampled at 2 kHz 
(Noraxon, AZ, USA), with bipolar electrodes over the lumbar 
erector spinae (LES, 3cm lateral to L1 spinous process). EMG 
signals were band-pass filtered (20–500 Hz), and root mean 
square (RMS) values were computed and normalized to 
maximal isometric voluntary contractions. 10, 50 and 90th 
percentiles of RMS EMG were determined, to characterize 
muscle activation patterns. Joint ROMs were computed as the 
difference between 90th and 10th percentile joint angles during 
load carriage. Given the small sample size, summary data are 
provided, rather than statistical hypothesis testing. 

Results and Discussion 

Overall, participants converged to choosing the XO supporting 
most of its own weight, and gain settings ranging from 2X to 
4X (joint- and user-dependent). XO use substantially reduced 
LES EMG activity among all participants. Load-carriage with 
XO (vs. without XO) resulted in a mean decrease in 10th 
percentile RMS EMG of 20.7% (range: 9-40%), median EMG 
of 25.3% (range: 7-41%), and 90th percentile EMG of 31.5% 
(range: 9-67%). Sagittal plane ROM was relatively unchanged 
for the trunk and ankle joints on average, with high inter-
individual differences. Sagittal plane ROM was lower for the 
hip (median reduction 27%, range: 2-60%) and knee (median 
reduction 44%, range: 23-68%) for all participants in the XO. 
While peak hip flexion was lower, the knee’s 10th percentile 
flexion was higher when users were in the XO, explaining the 
lower ROM at these joints.  

Conclusions 
Our results present preliminary evidence for the potential of 
using powered exoskeletons to reduce physical demands in 
heavy industrial labour. Although beneficial to all participants 
in terms of reducing LES EMG, future work will examine the 
notable inter-individual differences that may be attributable to 
using different control and coordination strategies for 
accomplishing the load-carriage task with the exoskeleton, and 
further development and testing of the exoskeleton prototype.  
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Summary 
Wearable device adoption is on the horizon for various 
populations, however there has been little consideration of 
long-term device impacts on the musculoskeletal system. 
Using a computational model, we investigated the influence of 
both exoskeleton device parameters and anticipated user 
behavioral response on tendon remodeling. We found critical 
differences in tendon remodeling depending on exoskeleton 
stiffness and predicted human behavior. Behavioral criteria for 
locomotion dominated remodeling outcomes and dictated the 
effects of a given exoskeleton stiffness. This work has 
implications for prescribing exoskeletons with parameters 
tailored to both an individual’s behavior and their physiology. 

Introduction 

Reduced metabolic cost is a key parameter for lower limb 
exoskeletons and has been achieved by decreasing muscle 
force and/or work during walking. While this unloading 
improves walking economy, little is known about the long-
term effects of these devices on structural properties of the 
musculoskeletal system. Increased device use may lead to 
tissue atrophy due to decreased tendon strain, resulting in less 
economical movement and higher injury risk. Additionally, 
changes in locomotion behavior in response to long term 
exoskeleton use are unknown. Models that address these 
critical aspects of exoskeleton use may provide key insights 
for effective device design. We developed such a model and 
hypothesized that user behavior while using a spring-like 
ankle exoskeleton is a critical driver of long-term tendon 
remodeling. 

Methods 
We represented daily locomotion using a neuromuscular 
model of human hopping with a passive exoskeleton [1]. 
Tendon stiffness adaptation was incorporated using 
relationships for cross sectional area and Young’s Modulus 
changes in response to mechanical loading [2]. A sigmoid 
function was used to scale these adaptational relationships to 
account for number of cycles. We modeled two predicted 
behavioral criteria: one maximized locomotion efficiency and 
another minimized metabolic cost of transport (COT). Total 
daily hopping cycles were determined assuming a fixed 
metabolic budget based on locomotion without an 
exoskeleton.  We simulated 100 days of locomotion and swept 
exoskeleton stiffness from 10-50% of normal Achilles tendon 
stiffness (kt*), over the complete landscape of muscle 
activation (10-100%) and frequency (2.2-2.5 Hz). Tendon 

stiffness and number of daily cycles were plotted over time for 
both behavior regimes (Fig. 1). 

Results and Discussion 
Assuming users maximize locomotion efficiency, kexo > 30% 
kt* reduced kt over time. After 100 days, the largest decrease 
in kt (26.27%) was observed for kexo of 50% kt*. However, kexo 
≤ 30% kt* had no effect on kt over time. 

Assuming users minimize COT, kexo ≤ 50% kt* decreased kt 
over time. After 100 days, the largest decrease in kt (10.72%) 
was observed for kexo of 50% kt*. However, kexo > 50% kt* 
increased kt over time. After 100 days, the largest increase in 
kt (8.63%) was observed for kexo of 10% kt*. 
These results indicate that tendon adaptation is dictated by 
both exoskeleton parameters and human behavioral response. 
As expected, behavioral criterion had a large impact on how 
kexo impacts kt. For example, at kexo = 40% kt* the two 
different behavioral criteria resulted in opposite trends in how 
kt remodeled over time. 

 
Figure 1: Tendon stiffness (kt) vs. time across exoskeleton stiffness 

(kexo=10 (light blue) to 50% kt*(purple)) and movement criterion 
(minimized COT (solid); maximized efficiency (dashed)) 

Conclusions 
Our results indicate that it is possible to design exoskeleton 
control systems that can steer tendon stiffness to a desired 
value given an adequate time horizon. For example, for older 
adults with increased tendon compliance, exoskeletons may be 
tuned to restore young tendon properties over time. 
Longitudinal human studies will confirm or refute the tendon 
adaptation relationships used in the model and elucidate 
behavioral changes in response to exoskeleton use. 
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Summary 

Exoskeletons reduce whole-body net metabolic rate by 

modifying limb-joint biomechanics. Yet, muscles, not limb-

joints, are the primary consumers of metabolic energy during 

locomotion. Perplexingly, it is unestablished how exoskeletons 

alter muscle dynamics to improve locomotion economy. We 

investigated the relationships between the rates of active soleus 

force, work, and volume to net metabolic rate from participants 

walking with springy bilateral ankle exoskeletons. Across 

exoskeleton stiffness (kexo) values, rates of soleus force, work, 

and active muscle volume explained 50.9, 16.1, and 54.1% of 

the change in net metabolic rate, respectively (p=0.006). Thus, 

we suggest that exoskeletons improve locomotion economy 

primarily by affecting rates of active muscle volume rather than 

muscle work. 

Introduction 

Numerous exoskeleton designs are purported to reduce net 

metabolic rate during walking (improve walking economy). 

Typically, engineers design wearable devices to improve 

walking economy via reducing limb-joint moments or powers. 

This is despite the fact that limb-joint and muscle dynamics are 

often disassociated, primarily due to in-series compliance. We 

contend that exoskeletons improve locomotion economy by 

improving the contractile dynamics of muscles; the primary 

consumers of net metabolic energy during locomotion [2]. 

Further, the literature suggests that walking economy may well-

corresponds to the rate of active muscle volume because it 

depends on both muscle force production and length change 

dynamics. Based on this notion, we hypothesized that 

exoskeletons primarily alter walking economy by altering 

active muscle volume. 

Methods 

10 participants completed the IRB approved protocol. Each 

participant performed 5, 1.25 m/s walking trials on a force-

instrumented treadmill with bilateral ankle exoskeletons. We 

varied exoskeleton ankle-joint rotational stiffness (kexo) from 0-

250 Nm/rad. Following habituation, we collected kinetic, 

kinematic, B-mode ultrasound, and metabolic data. We 

performed inverse dynamics and analyzed soleus ultrasound 

images [1] to determine stride averaged rates of active fascicle 

force, work, and volume for each condition. We extended [2]’s 

rate of active muscle volume calculation by accounting for 

following additional factors: effective mechanical advantage, 

muscle pennation angle, passive force, force-length and force-

velocity relationships. We performed an ANOVA to evaluate 

the effect of kexo on soleus fascicle dynamics. Finally, we 

determined how each biomechanical parameter related to net 

metabolic rate following the approach in [2]. 

Results 

kexo altered rates of active soleus force (p=0.042) and volume 

(p=0.034), but not work (p=0.190) (Fig. 1). Across kexo 

conditions, rates of active soleus force and volume explained 

50.9 and 54.1% of the change in net metabolic rate, 

respectively, whereas soleus work rate only explained 16.1% 

(p=0.006). 

 

Figure 1 A) Net metabolic rate vs. exoskeleton stiffness (kexo). B) 

Rates of active soleus force, work, & volume vs. kexo. Error bars=SE. 

Discussion and Conclusions 

Overall, rates of active muscle volume and force corresponded 

to net metabolic rate >3 times better than the rate of muscle 

work (>50 vs. 16%). Yet, our results do not fully support our 

hypothesis because the rate of active muscle volume 

numerically, but not statistically, corresponded better to net 

metabolic rate than active muscle force rate (Bonferroni-

adjusted 𝛼=0.017; p=0.032). In summary, exoskeletons may 

primarily reduce net metabolic rate by steering active muscle 

volume, opening the door to devices that use feedback 

controllers that incorporate muscles dynamics in-the-loop. 
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Summary 
Powered exoskeletons could be used to greatly improve a 
patient’s functionality, and this is especially true if they are 
able to accurately predict user intent.  Electromyogram (EMG) 
and motion capture data was recorded from three subjects (two 
female, one male) while performing 15 walking trials.  A 
Neural Net algorithm was trained using the EMG and motion 
capture data gathered to predict knee flexion angles at various 
times into the future.  Results suggest that predictions made at 
times closer to the measured signal lead to a higher level of 
accuracy, and accuracy was greater when both EMG and 
motion capture data was used compared to each individually.   

Introduction 
Assistive exoskeleton technology is a growing field with 
applications in the military, manufacturing, and health care. 
The next advancement in this technology will be 
improvements so powered exoskeletons can move more 
seamlessly with the user. A critical component of controlling 
such exoskeletons will be the ability to accurately predict joint 
angles (user intent) with enough lead time such that the 
motion of the user and the exoskeleton are in agreement. 
Muscle activation, measured via EMG, is typically detectable 
about 100 ms before movement of the limb is realized [1]. 
Thus, the purpose of this study is to use sensor fusion and a 
machine learning-based algorithm to predict future joint 
angles with current angles and EMG. 

Methods 
This study collected whole body biomechanics from three 
healthy participants (two females, one male, height = 165.9 +/- 
1.5 cm, weight = 60.9 +/- 4.1 kg, age = 22.7 +/- 2.1 yr) during 
an established gait. A 10-camera Vicon motion capture system 
was used to capture lower-limb kinematics of the subjects. 
The marker data was filtered using a 15 Hz lowpass 
Butterworth filter and the knee flexion angle of the left leg 
was calculated with Visual 3D software. A 6-sensor Delsys 
Trigno IM set was synched to the motion capture and used to 
capture EMG data for six muscles around the knee. These 
signals were split into training and testing data sets for a 
Nonlinear Input-Output Time Series Neural Network 
algorithm trained using Bayesian Regularization with 10 
hidden layers and a feedback delay set to 10. The resulting 
algorithms were used to predict knee flexion at varying times 
into the future (50ms, 100ms, 150ms, and 200ms). The RMS 
errors of these prediction plots vs motion capture results were 
used to compare the accuracy of the neural networks.  

Results and Discussion 
The success of knee flexion angle prediction depended upon 
the time in which the predictions were made. The measured 
RMS error increased with time for each subject regardless of 

gender (Table 1).  Figure 1 shows the best case scenario, 
which was subject M01 with predictions made at 50ms into 
the future (Figure 1). The RMS error for this case was less 
than one degree of knee flexion and a maximum error of 4.4 
degrees. 

Apart from use of an actual assistive device, which is outside 
of the scope of this study, the acceptability of RMS error can 
be analysed in the context of the proprioceptive ability of the 
user. A study by Petrella et al. of knee angle proprioception 
indicates that young individuals are typically able to detect a 
difference in knee flexion angle of approximately two degrees 
[2]. While it is seen that even in the best case scenario the 
maximum error exceeds 2 degrees, the RMS error is less than 
one degree. Therefore, it is possible that this error range may 
be imperceptible to the user. However, future work is required 
to provide a more reliable determination.  

The weighting of the input coefficients indicate that the 
current angle data is more important than EMG. However, this 
importance drops as the predictions get further out in time. 
Therefore, it is likely that the system is using the past motion 
data to replicate the walking patterns of the training data set 
and then using the EMG data for smaller augmentations to 
account for the variations that may occur. Future studies will 
include less repeatable motion patterns, such walking 
backwards and ascending/descending stairs, which will cause 
the system to rely more heavily on the EMG signals of the 
muscles to account for joint angle change. 

Table 1: RMS Error Calculated at Varying Prediction Times 

Subject F01 Subject F02 Subject M1
200 9.0114 3.0034 4.1187
150 5.8180 2.4693 2.7434
100 3.3111 1.6799 1.7068
50 1.4780 1.3058 0.9815

RMS Error (Degrees)Prediction 
Time (ms)

 

 
Figure 1: Knee Flexion Angle (Predicted 50 ms Ahead vs Measured) 

References 
[1] Novak et al. (2015) Robotics and Autonomous Systems 

73 155–1 
[2] Petrella et al. (1997) American Journal of Physical 

Medicine & Rehabilitation 76 - Issue 3 - p235-241

Friday, August 02 2019: Posters (1600-1800) 1220

Rehabilitation: Bio-Robotics + Exoskeletons 2



 

 

Hip Exoskeleton Emulator to Explore Spring-Like Assistance Strategies During Walking  
 

Benjamin A. Shafer1, Pawel R. Golyski1,2,3, Gregory S. Sawicki1,2,3, Aaron J. Young1 

1George W. Woodruff School of Mechanical Engineering, 2School of Biological Sciences, 
3Parker H. Petit Institute for Bioengineering and Biosciences, Georgia Institute of Technology, Atlanta, GA, USA 

Email: ben.shafer@gatech.edu  
 

Summary 
Knowledge of effective control strategies for reducing the 
metabolic cost of walking with active exoskeletons is limited. 
Here, we used a hip exoskeleton emulator to assess how 
stiffness and reference angle of a simplified impedance 
controller influence metabolic cost. In general, impedance 
parameter settings biased toward hip exoskeleton extension 
torque were more effective at reducing metabolic cost during 
walking.  

Introduction 
Unpowered elastic exoskeletons have reduced the metabolic 
cost of walking when applied at the ankle [2] and running, when 
applied at the hip [3]. To date, no study has examined whether 
spring-like assistance at the hip can reduce the metabolic cost 
of walking [1]. This is surprising given that the hip joint is a 
major source of torque during walking and exhibits spring-like 
behavior during stance phase. Simplified impedance controllers 
can also exhibit spring-like behavior whereby, assistance torque 
is a function of joint angle (Eq.1). Here, we used a tethered hip 
exoskeleton with a simplified impedance controller (Eq.1) to 
examine the influence of the stiffness and reference angle of a 
virtual spring on a user’s metabolic cost during walking with 
mechanical assistance. We hypothesized that spring-like 
control parameters that generate torque assistance profiles with 
magnitude and timing similar to physiological hip torques 
would result in the lowest metabolic cost. 

Methods 
We recruited one male volunteer who gave informed and 
written consent to participate, per the approved IRB protocol.  
We used a cable-driven bilateral hip exoskeleton emulator 
(HuMoTech, LLC.) to apply torques in real-time according to, 

𝜏𝜏𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑘𝑘(𝜃𝜃ℎ𝑖𝑖𝑖𝑖 − 𝜃𝜃0)     Eq. 1 

where k is a stiffness and θ0 is the reference angle of a virtual 
spring acting at the hip. We measured θhip using encoders 
mounted on the exoskeleton frame (+ is extension). We set 
exoskeleton torque to zero during late swing. The volunteer 
performed one 6-min trial for each combination of k and θ0 
(3x3) at 1.0 m/s. We chose θ0’s with flexion bias, extension 
bias, and neutral (i.e., no bias – the hip joint angle where 
physiological torques shifted from extension to flexion during 
stance). We chose k’s to generate torques of up to ~25% of the 
physiological peak during walking (k = 0.2, 0.4, & 0.6 Nm/deg). 
We used indirect calorimetry and a standard physiological 
equation to measure net metabolic power (W/kg).  

Results and Discussion 
Exoskeleton torques responded differently to changes in k vs θ0. 
For a θ0 = -12º, increasing k from 0.2 to 0.6 Nm/deg increased 
the range of applied torque from 0.07 to 0.29 Nm/kg. For a fixed 

k (0.6 Nm/deg), θ0 changed both timing and magnitude of 
extension and flexion torques. Timing of the transition of 
extension to flexion torque shifted from 35% to 50% of the gait 
cycle in flexion vs extension bias conditions. This resulted in 
decreased peak flexion torques (-0.18 to -0.07 Nm/kg) and 
increased peak extension torques (0.02 to 0.21 Nm/kg). 
Parameter combinations that provided increased extension 
assistance (both timing and magnitude) corresponded with 
lower metabolic cost. The highest metabolic cost (3.80 W/kg) 
was measured with the flexion biased reference angle and 
lowest stiffness, while the lowest metabolic cost (3.29 W/kg) 
was measured with the extension biased reference angle and 
highest stiffness.  

Figure 1: Hip exoskeleton torques across θ0’s (Left) and k’s (Right) 
In agreement with our hypothesis and other studies using 
powered hip exoskeletons [3], our initial result that exoskeleton 
controllers which tend toward physiological torque profiles  
during early stance hip extension are most effective at reducing 
metabolic cost.  

Conclusions 
Our preliminary results suggest spring-like properties of hip 
exoskeletons can be tuned to reduce the metabolic cost during 
walking. It remains unclear whether continuing to amplify hip 
exoskeleton extension assistance beyond levels studied here 
will lead to further decreases in metabolic cost (i.e., is more 
better?). We will explore a broader parameter space and employ 
human-in-the-loop optimization procedures to find the optimal 
control parameters. Long-term, we hope to translate optimal 
control concepts from emulator studies to state-of-the-art 
pseudo-passive hip exoskeleton technology. Ideally, these 
devices will adapt to both user and environment under real-
world locomotion scenarios by modifying impedance 
parameters in real-time. 
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SUMMARY 

Excessive hip adduction and knee valgus are common 

movement impairments that underlie various lower-limb 

injuries in runners. The purpose of the current study was to 

determine the associations among frontal plane hip and knee 

kinematics during running, hip abductor strength, and pelvis 

width. Results revealed that the width of the lower pelvis 

(measured as the bilateral hip joint center distance), as 

opposed to hip abductor strength, was predictive of peak hip 

adduction and knee valgus during running. 

INTRODUCTION 

Excessive hip adduction and knee valgus during 

weightbearing activities have been reported to contribute to 

lower extremity injuries in runners (e.g. patellofemoral pain 

[1]). Weakness of hip abductors is commonly thought to be 

contributory to these movement impairments; however, 

strength has been shown to be a weak predictor [2]. Another 

important factor that is likely contributory, but has not been 

systematically explored, is the potential influence of pelvis 

morphology. Specifically, individuals with a greater pelvis 

width may adduct more of their femur relative to the pelvis 

and tibia to maintain the center of mass over the base of 

support during single limb tasks such as running.  

The purpose of the current study was to determine the 

associations among frontal plane hip and knee kinematics 

during running, hip abductor strength, and pelvis width.   

METHODS 

Participants and Procedures: 11 healthy recreational runners 

participated in this study (rearfoot strikers, 18-45 yrs of age, 9 

women and 2 men). For each participant, isometric hip 

abductor strength was measured on a dynamometer (Cybex, 

Computer Sports Medicine Inc., Stoughton, MA). Lower limb 

kinematics were collected as participants ran 7 miles/hour on a 

treadmill. In addition, axial plane images of the pelvis and 

femurs were obtained using computerized tomography (CT).  

Data Analysis: Hip abductor strength was normalized to body 

mass. Visual 3D (C-Motion, Rockville, MD) was used to 

calculate the peak hip adduction and peak knee valgus angles 

during the deceleration phase of running. CT slices of the 

pelvis and femurs were segmented and 3-dimensionally 

reconstructed using Avizo (FEI Visualization Sciences Group, 

USA). Using MATLAB (Mathworks Inc., MA, USA), a 

sphere was fit to each femoral head and the pelvis width was 

determined as the bilateral hip joint center (bi-HJC) distance 

(i.e., the distance between left and right femoral head centers).  

Statistical Analysis: Pearson correlations were used to 

determine the associations among: 1) peak hip adduction 

angles and hip abductor strength, 2) peak knee valgus and hip 

abductor strength, 3) peak hip adduction and bi-HJC distance, 

and 4) peak knee valgus and bi-HJC distance. All analyses 

were performed using SPSS (Version 22; SPSS, Inc, Chicago, 

IL, USA) with the alpha of 0.05,   

RESULTS AND DISCUSSION 

There was no significant association between hip abductor 

strength and peak hip adduction (r=-0.189, p=0.577) or peak 

knee valgus (r=-0.336, p=0.313) (Figure 1a and 1b, 

respectively).  

In contrast, the bi-HJC distance was significantly associated 

with both peak hip adduction (r=0.665, R2=0.442, p=0.026) 

and peak knee valgus (r=0.618, R2=0.382, p=0.043) (Figure 1c 

and 1d, respectively).   

 

Figure 1: Relationships among peak hip and knee frontal plane 

kinematics with hip abductor strength (a,b) and bi-HJC distance (c,d). 

CONCLUSIONS 

The width of the lower pelvis, as opposed to hip abductor 

strength, was associated with frontal plane hip and knee 

kinematics during running. This finding suggests that muscle 

strengthening may have limited influence on correcting frontal 

plane excessive kinematics in runners. Future research will 

explore the relationship among additional morphology 

variables and lower-limb running kinematics. 
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Summary 

Runners with active plantar fasciitis (PF) (n=28) demonstrated 

higher vertical load rates (LRs) compared to healthy controls 

(CON). These differences were consistent across rearfoot 

strikers (RFS) and forefoot strikers (FFS). Further, FFS 

appeared to exhibit higher lateral LRs, where RFS showed 

lower medial LRs, compared to CON matched for foot strike. 

Introduction 

Plantar fasciitis is one of the most common running-related 

injuries [1]. Vertical ground reaction force LRs are reported to 

be higher in runners with a variety of injuries [2]. Only one 

study has examined this in a group of runners with plantar 

fasciitis [3]. However, this study was retrospective in nature and 

only included females. Therefore, our purpose was to compare 

LRs and peak forces between a mixed-sex sample of runners 

with active PF and CON. Since a downward and medially 

applied LR would increase the strain rate of the plantar fascia, 

we hypothesized that vertical and lateral load rates would be 

higher in the PF group for both strike patterns.  

Methods 

28 runners (22 rearfoot strikers (RFS) and 6 forefoot strikers 

(FFS) with active PF (16M, 12F, 41.3±10.9 yrs,) and 28 CON 

(39.8±10.2 yrs) performed an instrumented treadmill gait 

assessment at a self-selected speed (2.5±0.2 m/s). Controls were 

matched for speed, footstrike pattern (FSP) and sex. Ground 

reaction forces were normalized to body weight. The following 

force variables were calculated for early stance and averaged 

over 10 strides: load rates (vertical average and instantaneous 

(VALR, VILR), resultant instantaneous (RILR), and posterior 

instantaneous (PILR), medial instantaneous (MILR) and lateral 

instantaneous (LILR), peak vertical (vGRF) and posterior 

(pGRF) forces. The injured leg was analyzed for the PF group. 

The right/left leg was randomly selected for CON, 

counterbalanced with PF. Due to the differences in force 

patterns, RFS and FFS were assessed separately. For RFS, 

independent t-tests were used to test for mean differences 

between PF and CON groups. Descriptive statistics (means (sd) 

and effect sizes) were calculated for the FFS groups, due to a 

limited sample size. 

Results 

 RFS The PF group showed higher VALR (p=0.019), VILR 

(p=0.038) and RILR (p=0.035), as well as lower MILR  

(p=0.046) compared to CON (Figure 1).                                     

FFS PF group exhibited higher VALR, VILR, RILR and LILR 

(21-36% increases, ES=0.73-1.02) compared to CON (Table 1). 

No differences were detected in peak vGRF or pGRF for either 

group. 

 

Figure 1: RFS: Mean load rates between PF and CON groups (n=22) 

Discussion and Conclusions 

Similar to Pohl et al (3), we found increases in vertical LRs 

(average and instantaneous) in runners with PF.  However, 

these findings now relate to both male and female runners with 

active PF and both RFS and FFS patterns.  Higher vertical LRs 

indicate higher rates of downward application of force that will 

likely increase the strain rate of the plantar fascia during early 

stance. We also found higher lateral instantaneous LR in FFS 

with PF compared to CON. This indicates a greater medially 

applied LR which could increase strain rates, particularly on the 

medial bands, of the plantar fascia. This was unique to the more 

anterior strike pattern which likely places different loads on the 

plantar fascia in early stance. However, we acknowledge the 

preliminary nature of the FFS data and the need for further 

studies of PF in FFS runners.  
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Table 1: FFS: Mean load rates (BW/s; mean ± standard deviation) between PF and CON groups (n=6) 

 VALR VILR RILR PILR MILR LILR 

FFS-CON (n=6) 30.6±5.9 41.0±10.7 42.6±9.4 10.5±3.1 6.7±3.9 5.2±2.3 

FFS-PF (n=6) 40.0±13.9 52.1±13.6 52.9±13.5 13.4±4.6 6.5±1.9 7.5±2.2 

Effect Size (Cohen’s d) 0.88 0.91 0.89 0.73 0.07 1.02 
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Summary 

There is a paucity of literature investigating the influence of 

foot strike posture on Achilles Tendon (AT) forces; a common 

site for lower limb overuse injuries.  Fifteen male distance 

runners ran on an instrumented treadmill executing both, 

natural and imposed rearfoot (RFS) and forefoot (FFS) strike 

postures.  A validated, subject-specific lower limb model in 

OpenSim was used to calculate the magnitude and timing of 

peak AT forces during stance. The magnitude and timing of 

these forces did not differ between the natural FFS and RFS 

conditions. The time of peak AT force occurred earlier in 

stance during the imposed FFS conditional relative to all other 

foot strike conditions (i.e., natural FFS, RFS and imposed 

RFS).  Care should be used when considering changing an 

individual’s foot strike posture during running.   

Introduction 

The magnitude of peak ankle joint moments, mechanical work 

and power is a function of an individual’s foot strike posture 

(1).  Given that the one of the most common overuse injuries 

of the lower limb are Achilles tendinopathies, there is a need 

to estimate the magnitude and timing of peak forces applied to 

the Achilles tendon (AT) during running activities. The 

purpose(s) of this research were two-fold: 1) to determine if an 

athlete’s foot strike posture influenced the magnitude and 

timing of peak forces applied to AT during running and, 2) if 

changing an athlete’s foot strike posture influenced the 

magnitude and timing of peak AT forces during running. 

Methods 

Three-dimensional motion capture of 15 male runners 

(1.9±2.6m, 75±6.3kg, 22±3.7yrs) were recorded on an 

instrumented treadmill at 4.5ms-1.  Eight were natural rearfoot 

strike (RFS) runners and seven natural forefoot strike (FFS) 

runners.  Each participant performed trials with both their 

natural and imposed foot strike postures (2).   
 

Time varying, participant specific AT moment arms (m) (2) 

and ankle joint moments (Nm) were calculated during the 

stance phase of running in OpenSim.  Time varying AT forces 

(N) were calculated by dividing time normalised ankle joint 

moments by time normalised AT arm lengths.  AT forces were 

amplitude normalised to body mass (N.kg-1). 
 

The magnitude and time of peak AT forces of the right limb 

were calculated over three strides.  Dependent variables were 

analysed using a repeated measures ANOVA (α = 0.05).  
 

 

Results and Discussion 

Magnitude and timing of peak AT forces were not 

significantly different between the natural RFS and FFS 

conditions. The time of peak AT force occurred earlier in 

stance during the imposed FFS conditions relative to all other 

foot strike conditions (Figure 1 & Table 1). The magnitude of 

peak AT force was lower during the imposed RFS condition 

relative to the imposed FFS condition. 

 

 

Figure 1: Time varying AT forces during natural and imposed RFS 

and FFS running conditions. 

Results show that unique AT musculotendon dynamics are 

observed when transitioning from a natural FFS or RFS 

posture to an imposed RFS or FFS posture. AT injury and 

locomotion energetic implications are apparent.    

Conclusions 

No differences in the magnitude or timing of peak AT forces 

were observed between runners with natural RFS and FFS 

postures.  Differences in either peak AT magnitude or timing 

were observed when changing a runner’s natural foot strike 

posture (RFS to FFS or vice versa).     
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Table 1: Magnitude and timing of peak AT force during the stance phase of running. Symbols ‘a,b,c’ represent a significant difference (α= 0.05). 

Dependent variable Natural RFS posture Natural FFS posture Imposed RFS posture Imposed FFS posture 

Peak AT Force 76±10.4 N.kg-1 82±15.1 N.kg-1 a73±13.1 N.kg-1 a82±13.1 N.kg-1 

Time to Peak AT Force a55±4.6% stance b53±2.1% stance c53±1.7% stance a,b,c49±3.7% stance 
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Introduction 
Hamstring strain injury (HSI) is one of the most common 
injuries in soccer [1]. Hamstring muscles generate the peak 
muscle force with the peak musculotendon stretch during the 
late swing phase of high-speed running [2]. Therefore, 
hamstring muscles are most susceptible to strain injuries 
during the late swing phase of high-speed running. The biceps 
femoris long head muscle (BFLH) is injured most frequently 
among the bilateral hamstring muscles.  Recently, some 
previous studies reported that the relationships between 
muscle architectures and HSI [3]. However, the reasons why 
the muscle architectures lead to the HSI are not clear. The 
purpose of this study was to investigate the effects of muscle 
architectures of BFLH on the musculotendon dynamics during 
the late swing phase of high-speed running. We focused on the 
optimal fiber length and the pennation angle, which had the 
large individual differences in some previous studies.  

Methods 
Ten male soccer players (age 22.2±0.4 years, 64.6±3.9 kg, 
170.3±5.9 cm) performed three maximal-effort running trials. 
These trials were recorded using a three-dimensional motion 
analysis system (Vicon, 250Hz) and force platforms (Kistler, 
1.5kHz). The late swing phase was defined from maximal 
knee flexion to foot strike and normalized as 100% phase time.  

A three-dimensional musculoskeletal model with forty-three 
Hill-type musculotendon model of the right leg was used to 
compute the hamstring musculotendon dynamics in the 
running. Muscle parameters such as optimal fiber length, 
pennation angle, maximum isometric force, and original 
insertion points were determined by reference to 
Gati2392model of OpenSim3.3 and scaled to the subjects’ 
anthropometry. The musculotendon model included the 
muscle force-length-velocity and the tendon force-length 
relationships. In addition, the dynamics of muscle activation 
and pennation angle reported some previous studies were used 
in this model [4, 5].  
The optimal fiber length and the pennation angle of BFLH 
were set to six values around the reference values of 
Gait2392model (Table 1). We assessed the change of the peak 
muscle force of BFLH by using these parameters, respectively. 

Results and Discussion 
Increasing the optimal fiber length and decreasing the 
pennation angle of BFLH led to increasing the peak muscle 
force of BFLH. Change of the optimal fiber length effected on 

the curves of normalized contractile element force, and change 
of the pennation angle effected on the curves of pennation 
angle in maximal running (Figure 1). The peak muscle force 
of BFLH increased due to the change of the normalized 
contractile element force and pennation angle. Muscle force is 
a factor of HSI because muscle strain injuries occur in the 
eccentric contraction phase. Accordingly, the muscle 
architectures, such as the optimal fiber length and the 
pennation angle, related to increasing a muscle force and 
could be risk factors of HSI. 
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Figure 1: The change of BFLH musculotendon dynamics during the 

late swing phase of maximal running. 

Conclusions 
The results of this study showed increasing the optimal fiber 
length and decreasing the pennation angle led to increasing the 
peak muscle force of BFLH during the late swing phase of 
high-speed running. We found a possibility of the optimal 
fiber length and the pennation angle are the risk factors of HSI. 
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Table 1: The optimal fiber length and the pennation angle values of BFLH. The gray cells are the reference values. 

Optimal fiber length (lopt0) [m] 0.066 0.088 0.100 0.132 0.154 0.176 
Pennation angle (α0) [deg] 5.6 8.6 11.6 14.6 17.6 20.6 
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INTRODUCTION  

The impact load of 2-3 times the weight of each landing is 

considered to be the main risk factor for causing excessive 

damage such as stress fracture / fracture, patellofemoral joint 

pain syndrome [1,2] Lieberman et al. suggested that the 

effective mass of the lower extremities can be reduced by 

adjusting the angle of tilt when the plantar is in contact with 

the ground aim to reduce impact damage [3]. 

The purpose of this study to explore the effect of a 12-week 

gait retraining program with the minimalist shoes  on impact 

force and lower limb biomechanics . 

METHODS 

17 rearfoot strike runners were randomly divided into SBR 

group and MIN group. The SBR group (age: 27.63 ± 5.24 yrs, 

height: 173.88 ± 7.06 cm, weight: 75.38 ± 11.65 kg, n=9)     

needs to wear minimalist shoes for gait retraining, and the 

MIN group (age: 32.44 ± 6.13yrs, height: 174.78 ± 5.33 cm, 

weight: 70.22±6.04 kg, n=8) only wore minimalist shoes. 10 

Vicon infrared cameras (100Hz) and two Kistler 3D force 

platforms (1000Hz) were used to collect kinematics and 

ground reaction force (GRF) data synchronously before and 

after gait retraining. The SBR group was required to run at 

self-selected speed in BS condition with the forefoot strike 

(FFS). The MIN group was maintained habitual running 

posture. The training time lasted 10 to 48 minutes gradually 

for 12 weeks, three times a week. Two-way repeated 

measures ANOVA was used to compare the effect of gait 

retraining on variables (e.g., GRF, joint angle, moment, and 

power), and the significance level was set at p <0.05. 

RESULTS AND DISCUSSION 

Seven ninths participants converted to FFS pattern (78%) in 

the SBR group after training. For the GRF, the impact peak 

disappeared, the LR was decreased significantly and no 

differences were found in the time to the second peak and the 

contact time before and after training. After gait retraining: 1) 

For the kinematics, the foot contact angle of the SBR group 

was significantly reduced (p<0.05); the angle of plantar 

flexion increased at touchdown. 2) For the kinetics, the peak 

knee joint moment and peak hip joint power decreased 

(p<0.05) in both groups. Besides, the peak ankle joint 

moment increased (p <0.05) in the SBR group.  

 

 

Figure 1: Comparison of foot contact angle, peak ankle 

moment, peak knee moment and peak hip power pre- and 

post-training. *significant difference between pre- and post-

training with p < 0.05. 

CONCLUSIONS 

The 12-week gait retraining program with minimalist shoe 

could effectively convert the rearfoot strike runners who used 

to wear cushioned shoes into forefoot strike pattern. The foot 

touchdown angle and the peak ankle joint moment were 

increased. More importantly, the reduction of impact force 

after 12-week gait retraining may reduce the risk of impact-

related injury. 
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Table 1: Comparison of GRF in SBR group before and after retraining 

  Pre-training  Post-training 

LR(BW/s) 

SP(BW) 

Tsp(ms) 

CT(ms) 

155.47±54.57 

2.61±0.25 

96.4±8.7 

233.5±20.4 

 105.94±56.37* 

2.70±0.31 

95.0±10.9 

223.9±11.9 

Note: LR: maximum load ratio; SP: pedal force, that is, the second peak value of ground reaction force; Tsp: to SP time; CT: touchdown time. 

*: at this time point, there was a significant difference between the groups (P < 0.05). 
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Summary 

There are several methods for computing average vertical 

loading rate (AVLR) in the literature. In this analysis we 

developed a novel method (the 3-12% auto method) and 

compared it to 2 methods of computation previously 

established in the literature (the 3-12% method and 20-80% 

method). The 3 methods demonstrated good inter-method 

agreement [ICC (2, 5) .848].  Moderate to strong correlations 

were found (r (60) =.503-.960, p<.05) indicating significant 

linear relationships between the 3 methods, with the strongest 

relationship between the 3-12% auto and 20-80% methods. 

The results suggest that the 3-12% auto method may serve as a 

suitable, reliable alternative to compute AVLR regardless of 

impact peak presence / occurrence. 

Introduction 

Recently there has been a focus on the relationship between 

the characteristics of the vertical ground reaction force (vGRF) 

and running injury occurrence. [1,2] AVLR is defined as the 

slope of the vGRF-time curve following initial contact. There 

are several methods for computing AVLR in the literature, 

however, the 20-80% method can only be calculated in the 

presence of an impact peak, [3] typically only associated with 

a rearfoot strike pattern. Additionally, the 3-12% method is 

unreliable when the impact peak occurs earlier than 12% of 

stance phase. This presents a problem when computing, 

interpreting and comparing research findings amongst runners 

with different foot strike patterns. To our knowledge, no study 

has described a method that can evaluate AVLR regardless of 

time or occurrence of the impact peak. The purpose of this 

study was to introduce the 3-12% auto method for calculating 

AVLR and compare it to the 3-12% and 20-80% methods. 

Methods 

Sixty-two participants (40 male / 22 female, age 26 ± 9 yrs., 

height 1.8 ± .09 m, speed 3.0 +/- 0.3 m/s) volunteered to 

complete a 5-minute run at a self-selected pace on one side of 

a split-belt instrumented treadmill. Kinetic data from five 

consecutive right steps were low-pass filtered at 35 Hz with a 

two-way Butterworth filter. The filtered data were then 

processed using custom code in MATLAB. AVLR was 

evaluated from the vGRF using 3 methods that differed by the 

period over which the slope of the vGRF were calculated 

(Figure 1); from 3 to 12% of stance phase  (3-12% method), 

from 3 to 12% of stance phase with automatic detection of 

impact peak if impact occurred prior to 12% of stance phase

 (3-12% auto method), and from 20 to 80% of the time from 

initial contact to impact peak (20-80% method). The following 

equation was used for all calculations: AVLR = (Force (2) – 

Force (1))/(Time(2) − Time(1)) [BW/second]. 

Figure 1: Three Methods for Computing Loading Rate. 

Results and Discussion 

Intraclass correlation coefficient calculation [average ratings 

model, absolute agreement] demonstrated good inter-method 

agreement [ICC (2, 5) =.848 (95% CI .739-.910)] between the 

3 methods of AVLR computation. Pearson correlation 

coefficients were calculated, moderate to strong correlations 

were found (r (60) =.503-.960, p<.05) indicating significant 

linear relationships between the 3 methods. The group means 

and 95% CIs for each method were; 3-12% [56.9 (53.4-60.3)], 

3-12% auto [60.2 (56.3-64)], 20-80% [65.2 (61.1-69.2)]

BW/sec. Mean values for the 3-12% and 3-12% auto method

were statistically less than values for the 20-80% method

(p<.05). The 3-12% auto method demonstrated the strongest

relationship with the 20-80% method (r (60) =.960, p<.05).

Conclusions 

The 3-12% auto method may serve as a suitable and reliable 

method to calculate AVLR regardless of the presence and/or 

time of occurrence of the impact peak. This method may also 

serve as a reliable way to compute and compare research 

findings amongst runners with different or transitioning foot 

strike patterns.  
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Table 1: Pearson Correlation Coefficients Between 3 Methods of Computing Loading Rate. 

Method N Pearson Correlation Strength of Relationship Significance 

3-12% Method – 3-12% Auto Method 62 .608 Moderate <.05 

3-12% Method – 20-80% Method 62 .503 Moderate <.05 

3-12% Auto Method – 20-80% Method 62 .960 Strong <.05 
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Summary 

The relationship between coordination variability and running 

related overuse injuries has not been examined prospectively. 

Understanding this relationship will aid in identifying the 

loading effects of joint coordination on mechanically crucial 
musculoskeletal sites. Vector coding was used to determine 

the coordination angle and variability between ankle 

eversion/inversion, shank internal/external rotation, and knee 

extension/flexion during running of participants enrolled in a 

12 month study. Contrary to earlier retrospective findings, 

prospectively injured runners exhibited greater coordination 

variability in the ankle-knee and ankle-leg coupling 

relationships during 0-100% of stance and during 0-33% of 

stance, respectively. Injury development may be affected by 

more variable coordination patterns in the lower limb. 

Introduction 

The magnitude of variability in temporal joint/segmental 

coordination during running may be associated with injury 

risk. The coordinated motion of the knee, shank, and ankle 
during locomotion is mechanically linked due to the anatomy 

of the subtalar joint and articulating surfaces of the 

tibiofemoral joint. Greater coordination variability may allow 

distribution of joint and tissue forces over a larger area, 

minimizing overuse injury risk[1]. Retrospectively, injured 

runners have displayed significantly less joint/segment 

coordination variability[2], which is consistent with dynamical 

systems theory that reduced coordination variability may be 

related to musculoskeletal injury[1]. However, retrospective 

studies cannot identify the predictive role of coordinative 

variability in injury. Therefore, the purpose of this study was 
to compare coordination variability between prospectively 

injured and non-injured runners to identify in the ankle-shank-

knee coordination patterns that may increase injury risk. 

Methods 

Three-dimensional motion-capture was recorded for 38 

recreational runners (>10 miles/week) during over-ground 

running (4.0 m/s ± 5%). Injured (n=20) and uninjured (n=18) 

classification was based on whether a running-related overuse 

injury developed within 12-months following enrollment. 

Coupling angles between ankle eversion/inversion, shank 

internal/external rotation, and knee extension/flexion were 

calculated using vector coding[3]. Mean coupling angles and 

variability were calculated within initial (0-33%), mid (34-

66%), and late (67-100%) stance. Independent samples T-tests 

were used to determine differences between groups in 
coordination variability. Binning frequency analysis was 

performed on coupling angles which displayed significantly 

greater variability to determine type of coordination for the 

segments involved. 

Results and Discussion 

Ankle-knee coordination variability during each third of 

stance and ankle-shank coordination variability during initial 

stance were significantly greater for the injured group 

(p<0.05). Ankle-shank and ankle-knee coupling angles were 

significantly different between groups during initial stance and 
throughout entire stance, respectively (p<0.05). Binning the 

frequency of the knee-ankle coupling angles revealed 

significantly less in-phase motion for the injured runners 

(30.5/100% of stance) compared to uninjured controls 

(62.9/100% of stance) (p<0.05) throughout stance. Injured 

runners had significantly greater ankle and shank anti-phase 

motion for a longer duration of the initial stance phase 

(26.21/100% of initial stance) compared with uninjured 

controls (3.69/100% of  initial stance) (p<0.05).  

Ankle Eversion/Inversion & Knee Extension/Flexion 

       

Ankle Eversion/Inversion & Shank Internal/External Rotation 

       

Figure 1: Coupling Angle Variability (CAVi) (left) and coupling 
angle frequency (right) for the ankle-knee (top row) and ankle-leg 
(bottom row) across 100% and 33% of the stance phase respectively. 

Conclusions 

Greater coordination variability in the ankle-knee and ankle-

shank coupling relationships may increase injury risk. 

Negative effects of variability, i.e., stress, at these sites may be 

magnified during initial stance where the lower limbs face 

impact shock at foot-strike and work towards attenuating that 

shock. Therefore, inclusion of these variables may be 

beneficial when considering stress related injury etiology. 
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Summary 

Shin splints are common in high-arched runners, which may 
be related to rear-foot over-supination during toe-off caused 
by forefoot eversion. It was reported that the forefoot lateral 
wedge insole could decrease the supination angle of the rear-
foot during toe-off. The purpose of this study was to compare 
rear-foot kinematics characteristics between high-arched and 
normal foot runners, and find more suitable custom 
orthopaedic insoles for high-arched to prevent shin splints in 
three insoles. The results showed that the arch support adds 
forefoot lateral wedge insole(AS+FW) could not decrease the 
supination angle of rear-foot, but the arch support insole(AS) 
and the forefoot lateral wedge insole(FW) could prevent shin 
splints in the high-arch. 

Introduction 

High-arched have forefoot-driven-rearfoot-varus in standing 
condition [1]. Due to forefoot eversion, the foot is over-
supination during toe-off and the tibialis anterior muscle is 
excessive activation during swing stage. These cause the shin 
splints. It was reported that the forefoot lateral wedge insole 
could decrease the supination angle of the rear-foot during toe-
off [2].  

Therefore, the purpose of this study was to investigate the 
influence of different custom orthopaedic insoles on 
kinematics of rear-foot in high-arched with shin splints during 
toe-off. In order to find more suitable orthopaedic insoles for 
shin splints in the high-arched. 

Methods 

Nine high-arched and nine normal foot were screened using 
arch height index（AHI）. The normal foot AHI were 0.34±
0.01. The high-arched AHI index were 0.41± 0.03 and average 
forefoot valgus angle were 10.1°. There was no significant 
difference in height, weight and foot length between the two 
groups.  

Three different types custom orthopedic insoles for high-
arched. Including the arch support insoles (AS), the forefoot 
lateral wedge increased by 6° insoles (FW), arch support and 
forefoot lateral wedge increased by 6° insoles (AS+ FW). All 
the custom insoles were designed using Easy CAD software. 

The EVA block were engraved using a CNC milling machine, 
and the insole were polished using a grinding machine.  

The markers were attached directly to the skin surface 
according to Leardini's foot model. Rear-foot kinematics 
data were collected as participants ran at 3.0 m/s using an 
eight-camera motion capture system. The joint angle of 
rear-foot when toe-off were measured by Visual 3D 
software. T-test were used to investigate kinematic 
differences between normal foot and each conditions of 
high-arched. One-way repeated measure ANOVA were 
used to investigate kinematic differences between different 
insoles of high-arched. The alpha level for all statistical 
tests was set at 0.05. 

Results and Discussion 

The result showed that the rear-foot internal rotation angle of 
the high-arched was significantly large than the normal foot 
and AS+FW insole during toe-off. There was no significant 
difference between the AS and FW insole. Sagittal and frontal 
plane were no significant difference in each groups (Table 1). 

As the previous studies, high-arched with shin splints had a 
greater angle of internal rotation during toe off. However, the 
internal rotation angle of the rear foot with AS+FW insole 
were still greater than normal foot, which could not reduce the 
risk of shin splint in high-arched runners. Contrarily, AS 
insole and FW insole could decrease the supination angle of 
the rear foot. The AS and FW insole may adjust the COP, so 
that COP could be transferred to the first metatarsal. The 
AS+FW insole may change the COP and shift outward, 
causing the foot over-supination. However, this guess still 
needs to be verified. 

Conclusions 

The arch support adds forefoot lateral wedge insole(AS+FW) 
could not decrease the supination angle of the rear-foot, but 
the arch support insole(AS) and the forefoot lateral wedge 
insole(FW) could prevent shin splints in the high-arced. 
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Table 1: Rear-foot kinematics in normal foot and different conditions of high-arched during toe-off. 

 

 

Normal foot 

No insole 

High-arched 

No insole 

High-arched 

AS insole 

High-arched 

AS+FW insole 

High-arched 

FW insole 

Planter flexion° -23.02±5.76 -20.59±7.9 -20.25±7.64 -21.07±6.63 -21.82±8.96 

Inversion° 0.37±4.88 3.77±3.53 2.08±2.5 4.38±4.36 2.86±4.16 

Internal rotation° 5.68±6.92a 11.65±5.42a 9.16±7.75 12.27±4.95a 9.17±4.53 
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Summary 

Plantar fasciitis is a common running injury often resulting in 
alterations in training, but it is unknown if gait mechanics 
differ based on injury status. This study examined gait 
kinematics in runners with current plantar fasciitis, resolved 
plantar fasciitis, and no history of plantar fasciitis.  

Introduction 

Plantar fasciitis is a common running injury [1], yet 
biomechanical factors related to the development of plantar 
fasciitis are not well understood. Individuals with a history of 
lower extremity injury are at greater risk of suffering from a 
future injury. Although deviations in foot and ankle mechanics 
have been demonstrated in individuals with current [3] and 
resolved [4] plantar fasciitis, few studies have analyzed 
proximal joint mechanics. Therefore, the purpose of this study 
was to compare lower extremity gait mechanics in individuals 
with current plantar fasciitis, resolved plantar fasciitis, and 
controls.  

Methods 

Twenty-four participants were classified into three groups: 1) 
individuals who run at least 6 miles/week and have plantar 
fasciitis, with symptoms within the past two weeks (PF); 2) 
individuals who run at least 15 miles/week and have resolved 
plantar fasciitis, with no symptoms for at least one month 
(RPF); and 3) individuals who run at least 15 miles/week, with 
no history of plantar fasciitis (CON). The study was approved 
by the university’s Institutional Review Board. Participants 
completed questionnaires regarding injury history, running 
history and the Plantar Fasciitis Pain and Disability Scale. 
Height, mass, standing arch height index, and arch rigidity 
index were recorded. Retro-reflective markers were attached 
to the hips, legs and feet. The foot was modelled according to 
a modified Leardini multi-segment foot model.  Participants 
ran over-ground at a preferred velocity in a 3D motion capture 
laboratory (kinematics: 200 Hz; kinetics: 1000 Hz). Variables 
of interest included stance phase rearfoot-midfoot inversion, 
shank-rearfoot dorsiflexion and eversion, knee abduction, and 

hip flexion, adduction, and internal rotation. One-way 
ANOVAs were conducted for each limb to assess the effect of 
injury status on gait mechanics (α=0.05, post-hoc: LSD). 

Results and Discussion 

There were no differences in age (39.9±11 years), mass 
(69.5±12.7 kg) preferred velocity (2.95±0.4 m/s), arch height 
index (right: 0.34±0.03, left: 0.34±0.02), or arch rigidity index 
(right: 0.94±0.03, left: 0.94±0.03), among the three groups 
(p>0.05). While shank-rearfoot and knee kinematics did not 
differ between groups, there were differences in the frontal 
plane at the rearfoot-midfoot and hip joints (Table 1). The 
rearfoot-midfoot inversion angle at heel strike was less in the 
PF group than RPF and CON, and was less in RPF than CON. 
Maximum right hip adduction was greater in PF than RPF and 
CON, and was greater in RPF than CON. Left hip frontal 
plane ROM did not differ between PF and RPF, but was 
greater in both PF and RPF compared to CON. These results 
indicate that the PF and RPF groups run with altered frontal 
hip mechanics compared to those who have never experienced 
plantar fasciitis. It appears that hip and midfoot frontal plane 
mechanics differ among all three groups, with RPF exhibiting 
peak angles that lie between PF and CON.  

Conclusions 

The results of this study suggest that gait mechanics may exist 
on a continuum relative to an individual’s injury history. This 
supports the theory that injury history leads to altered gait. 
These alterations may explain why individuals with a history 
of injury may be more prone to developing injuries even after 
symptoms have resolved.  
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Table 1: Mean (SD) values for kinematic variables of the lower extremity 

Variable PF RPF CON 

Rearfoot-Midfoot Right Left Right Left Right Left 

Inversion, IC (°) 23.5 (5.7)* 24.8 (6.1)* 33.1 (3.0)* 30.9 (4.3)* 28.3 (4.0)* 29.9 (4.3)* 

Frontal ROM (°) 2.5 (1.4) 2.1 (0.9) 2.9 (1.6) 2.7 (1.1) 2.2 (1.1) 2.1 (0.9) 

Hip       

Sagittal ROM (°) 43.8 (4.7) 44.7 (2.7) 42.4 (8.8) 39.8 (7.4) 41.1 (4.0) 39.9 (6.1) 

Adduction, Max (°) 13.5 (2.4)* 14.0 (5.0) 10.3 (3.4)* 11.2 (4.8) 7.9 (2.6)* 10.7 (4.1) 

Frontal ROM (°) 12.5 (2.4) 13.7 (5.4)* 12.2 (2.7) 13.6 (4.3)* 9.0 (4.3) 10.6 (3.8)* 

Internal Rotation, Max (°) 6.2 (3.4) 6.5 (4.2) 6.3 (7.0) 7.0 (4.2) 5.9 (4.3) 5.0 (4.6) 

*indicates a main group effect (p>0.05). IC: initial contact; ROM: range of motion  
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Summary 

A large dynamic joint stiffness (DJS) has been associated with 

skeletal injury, while a lower DJS has been associated with an 

increase in soft tissue injury [1]. Increased Co-contraction 

indices (CCI) have been linked to increased joint contact forces 

[2]. DJS and CCI were calculated to determine how these 

variables relate to injury risk in running and cycling. Running 

had a higher DJS and, for most muscle groupings, a larger co-

contraction index compared to walking and cycling. Despite 

lower co-contraction, the antagonistic muscle activity at the 

large peak flexion angles experienced while cycling may help 

explain overuse injury in cycling. 

Introduction 

A common theory among endurance athletes is that cycling 

reduces knee injury risk compared to running, though there 

have been few studies directly comparing the biomechanics of 

running and cycling. Thus, the purpose of the current study was 

to compare the DJS and CCI between walking, running and 

cycling to investigate whether DJS or CCI could contribute to 

overuse injuries of the knee during these activities. It was 

hypothesized that running would have the largest DJS and CCI 

compared to walking and cycling. 

Methods 

Fifteen healthy, trained cyclist/runners (11M, 4F, age: 25.1 ± 

4.7 years, height: 1.80 ± 0.1 m, mass: 72.1 ± 8.2 kg) were 

recruited to perform this study. Muscle activity for 6 lower limb 

muscles of the right leg was measured: vastus lateralis/medialis 

(VL & VM), gastrocnemius lateralis/medialis (LG & MG), 

biceps femoris (BF) and semitendinosis (ST). External ground 

reaction forces and 3D kinematics were collected while 

participants performed 6 trials each of running and cycling at a 

moderate intensity and walking at a self-selected pace. DJS and 

CCI were calculated for the stance phase of walking/running 

and for the down stroke of cycling. DJS was calculated as the 

slope of the linear regression of the knee flexion moments 

plotted against the knee flexion angle CCI was calculated using 

methods developed by Rudolph et al. [3]. Co-contraction was 

calculated for VLLG, VMMG, VLBF, VMST, lateral knee and 

medial knee muscle groupings [4]. Data was partitioned into 

two phases (an initial and a terminal phase) separated by peak 

KFM to represent loading and unloading of the knee joint. For 

both phases of each outcome measure, separate one-way 

repeated measures ANOVAs were performed comparing 

between activities. Bonferroni corrections were used to correct 

for multiple comparisons. 

Results and Discussion 

During the initial phase, running resulted in the greatest DJS, 

followed by walking, which was larger than cycling (all p<.05). 

For the terminal phase, walking and running were larger than 

cycling (both p<.05), but not different from each other (p=.186) 

(Table 1).  

Over the initial phase (Figure 1), running had the largest CCI 

for VLLG and VMMG groupings (all p<0.05) and walking and 

cycling were not different from each other (both p>0.05). In 

VLBF, running had a larger CCI than walking, which was larger 

than cycling (all p<0.05). In VMST and medial knee, walking 

and running were larger than cycling, but not different from 

each other (all p<0.05). Analysis of the terminal phase revealed 

running had the largest CCI for all muscle groupings and that 

walking and cycling were not different from each other (all 

p<0.05). 

Table 1: Dynamic Joint Stiffness values for the initial and terminal 

phases. Values presented in Nm/kg/° (mean ± SD)). Values with the 

same superscript are significantly different from each other (p<0.05). 

 Walking Running Cycling 

Initial 0.032 ± 0.011AB 0.129 ± 0.041AC -0.015 ± 0.005BC 

Terminal 0.081 ± 0.035B 0.107 ± 0.035C 0.018 ± 0.004BC 

 

 

Figure 1: Co-contraction indices for muscle groupings about the 

knee for the three activities during the initial phase. * denotes a main 

effect of activity for the muscle grouping. 

Conclusions 

Running had a higher DJS and in general, a larger CCI 

compared to walking and cycling. Thus, DJS and CCI may 

contribute to injuries in running. In cycling however, further 

research is required to determine if the co-contraction values 

during the large peak knee flexion angles (where tibiofemoral 

contact area is decreased [5]) could contribute to overuse injury. 
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Summary 

Endurance athletes commonly believe that shifting from 

running to cycling participation will reduce injury risk. 

However, overuse injury rates in these two sports are very 

similar [1,2]. A dynamical systems approach was performed to 

assess how segment coordination variability differs between 

running and cycling. During initial foot loading, cycling was 

found to have a lower variation and it could be that coordination 

variation in this phase could provide insight into overuse 

injuries in cycling. 

Introduction 

A common theory among endurance athletes is that cycling 

reduces knee injury compared to running. However, there is 

limited data explicitly comparing the biomechanics of running 

and cycling. Segment coordination variability has previously 

been investigated in gait and has retrospectively been linked to 

overuse injury [3].Thus, the purpose of the current study was to 

compare segment coordination variability of walking, running 

and cycling to investigate in which activities this variable might 

contribute to overuse injury. It was hypothesized that cycling 

would have the lowest coordination variability.  

Methods 

Fifteen healthy, trained cyclist/runners (11M, 4F, age: 25.1 ± 

4.7 years, height: 1.8 ± 0.1 m, mass: 72.1 ± 8.2 kg) were 

recruited to perform this study. 3D kinematics were collected 

using an Optotrak motion capture system. Participants 

performed 6 trials each of running and cycling at a moderate 

intensity and walking at a self-selected pace. A walking or 

running trial consisted of one progression overground on a 30m 

runway and a cycling trial consisted of 30-second increments of 

a continuous 180-second bout on a cycle ergometer. Segment 

coordination was calculated using a modified vector coding 

technique for six segment couplings for the stance phase of 

walking/running and for the down stroke of cycling, using the 

following equation: 

 θi,j =  tan−1 [
yi,j+1−yi,j

xi,j+1−xi,j
] [4] 

Where 0 ≤ θ ≤ 360° and is the coupling angle between two 

consecutive points, j is the percent of stance for the ith trial, and 

x and y are the distal and proximal segment angles for each 

coupling, respectively. Coordination variation was calculated 

as the standard deviation of the coupling angle for each percent 

of the stance phase of walking/running and for the down stroke 

of cycling. The mean coordination variability was found for 

each third of the signal to represent early, mid and late phases. 

The segment couplings analysed were: transverse 

shank/transverse foot, sagittal shank/sagittal foot, frontal 

thigh/transverse shank, sagittal thigh/transverse shank, and 

sagittal thigh/sagittal shank. Separate one-way repeated 

measures ANOVAs were performed for each segment couple 

comparing the three activities. Bonferroni corrections were 

used to adjust for multiple comparisons. 

Results and Discussion 

Segment coordination variability was significantly lower for 

cycling compared to walking and running for the early phases 

of the  transverse shank/transverse foot, frontal thigh/ transverse 

shank and sagittal thigh/ transverse shank as well as the mid 

phase of the frontal thigh/ transverse shank segment coupling 

(all p<.05) (Figure 1). In addition, cycling had lower variability 

compared to running for the early phase of the sagittal shank/ 

sagittal foot and sagittal thigh/ sagittal shank segment couplings 

(both p<.05), but was not different from walking (both p>.05). 

Walking and running had a lower variability during the late 

phase of the sagittal thigh/ transverse shank coupling (both 

p<.05), but were not different from each other (p>.05). 

 

Figure 1: Segment coordination variation for the five segment 

couplings, partitioned into early (E), mid (M) and late (L) phases. * 

denotes a main effect of activity (p<.05). 

Although a definitive causal relationship has not yet been 

established between coordination variability and injury, a lower 

segment coordination variability has been linked to injury, with 

a larger, optimal level of coordination variation observed in a 

healthy state [3].  

Conclusions 

Cycling had a lower segment coordination variability during the 

early phase, during which there is initial loading on the foot and 

the knee is in relatively high flexion (between ~80° and 110°). 

This could help to explain how overuse knee injuries occur in 

cycling, despite having lower external foot forces compared to 

walking and running.  
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Summary 

The purpose of this study was to measure the effects of a 
menthol-based topical analgesic (Biofreeze®) on delayed 
onset muscle soreness (DOMS) induced changes to running 
biomechanics and pain. We measured perceived pain via a 
comparative pain scale (CPS) and pain pressure threshold 
(PPT). 3D kinematics and muscle activity of the lower 
extremity were measured. Biofreeze® led to a decrease in 
perceived pain and increased pain pressure threshold 
compared to a placebo group. The Biofreeze® group also 
showed trends towards a return to normal gait kinematics.  
This suggests Biofreeze® could be an effective option to 
mitigate the effect of DOMS on running biomechanics. 

Introduction 

Deviations from typical running kinematics can increase joint 
loading and if uncorrected, the cumulative effects may 
contribute to tissue damage. DOMS is known to cause pain 
and can lead to altered movement patterns as individuals 
compensate for the affected musculature [1]. One potential 
consequence of DOMS while running, is a greater vertical leg 
stiffness in an attempt to limit the use of the muscles with 
DOMS; which can result in greater ground reaction forces [2]. 
The topical analgesic, Biofreeze®, can be used as one 
intervention to mitigate discomfort from DOMS, however the 
corresponding effect on running biomechanics remains 
unclear. Thus, the purpose of this study was to determine if 
Biofreeze® can reduce DOMS related changes in running 
kinematics and restore typical movement patterns. 

Methods 

Ten participants were divided into two groups: 1) Biofreeze® 
and 2) placebo. Participants ran >20km/week and had no 
current injuries. Each group completed a 10-minute baseline 
(BASE) run followed by a downhill running protocol to 
induce DOMS. 48 hours later, participants returned to the lab. 
PPT was measured and another 10-minute run was completed 
(DOMS). Next, participants rested for 15 minutes while 
Biofreeze® (BIOF) or a placebo (PLAC) were applied to the 
plantar flexor and knee extensor musculature. After the rest 
period, PPT was measured and a final 10-minute run was 
completed. CPS was used during each session to compare 
relative perceived pain. A preferred transition speed (PTS) 
was predetermined by the runner and was used for all running 
sessions. During each running session, 3D kinematics of the 
lower extremity was measured using a 10-camera motion 
capture system (Vicon, Oxford, UK) at 120 Hz. Muscle 
activity was measured from 8 lower extremity muscles on the 
dominant leg using surface electromyography, sampled at 
2KHz (Bortec Biomedical Ltd, Calgary, Canada). Heel strike 
was determined for each stride and kinematic data was 
normalized to % of gait cycle.  

Results and Discussion 

For the Biofreeze® group, maximum knee flexion increased 
from the DOMS (86.8 ± 12.6°) to BIOF (91.7 ± 12.3°) 
sessions. The placebo group had no change in maximum knee 
flexion (DOMS: 96.7 ± 3.1°; PLAC: 97.6 ± 8.4°). The 
Biofreeze® group had a 2.6-point reduction on the CPS 
compared to PLAC. PPT increased at all assessment sites for 
Biofreeze® (Average: DOMS = 56.4 ± 14.2; BIOF = 80.2 ± 
16.8), while the placebo group decrease at all assessment sites 
(Average: DOMS = 85.1 ± 27.5, PLAC = 80.6 ± 20.6). Figure 
1 shows representative data for knee flexion and the 3 
experimental sessions. After the DOMS inducing protocol, a 
reduction in knee range of motion was observed during stance 
and the knee stayed in a more flexed position from stance until 
toe off. With the application of Biofreeze®, a return to normal 
mechanics was seen across the gait cycle.  

 
Figure 1: Representative individual kinematic data for knee angle 

(degrees) normalized to gait cycle.  

Conclusions 

Our pain measures (pressure threshold and comparative pain 
scale) demonstrate the effectiveness of both the DOMS 
protocol and Biofreze® application. Individual differences 
existed, with some participants showing expected kinematic 
results. It is expected that increases in running speed will have 
a greater effect on kinematics across all participants. Further 
investigation of muscle activity and ankle kinematics will help 
clarify any neuromuscular control adaptations. 
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Summary 
Examining the effects of prolonged running on gait mechanics 
is needed to understand the multifactorial nature of running 
injury. However, the window of opportunity to capture the 
effects of a sub-exhaustive prolonged run on gait is unknown. 
Five runners completed overground motion capture before and 
after a ‘typical’ sub-exhaustive treadmill run (3.9 ± 1.6 km; 
RPE 15.8 ± 1.1). Intra-class correlation coefficients were used 
to determine time to stabilization. Kinematic changes following 
the treadmill run persisted for 342 ± 98 sec (~4 min). We are 
continuing the prolonged run analysis on additional participants 
(i.e., N=10 additional) as well as a subset of participants 
completing a short, non-exhaustive (3 min; RPE ≤12) to 
differentiate between the effects of treadmill running from the 
effects of a prolonged run on overground gait patterns.  

Introduction 
The changes in gait patterns following a prolonged run may 
contribute to the multifactorial etiology of running related 
overuse injuries. Running gait at the end of an exhaustive run 
or after localized muscle fatigue is characterized by longer 
contact time, increased peak dorsiflexion, and increased tibial 
shock [1-3]. Runners may experience alterations to gait after 
each running bout, even in the absence of maximal fatigue. 
Thus, it is important to determine the gait patterns that result 
after a typical (i.e. prolonged, sub-exhaustive) run. However, it 
can be difficult to assess the effects of a prolonged run on 
running biomechanics due to methodological reasons or 
equipment limitations (e.g., run performed outdoors, needing to 
perform overground trials after a treadmill run). Discontinuous, 
overground trials across a runway take time to reset, which 
cause unavoidable rest periods. It is therefore pertinent to 
identify the time period for which a sub-exhaustive gait persists 
in order to accurately measure the effects of a prolonged run on 
lower limb kinematics. The purpose of this study, was to 
determine the time that running gait returns to the rested state 
following a typical prolonged, sub-exhaustive run. 

Methods 
Three novice runners (<2 years’ experience) and three low 
mileage recreational runners (>2 years’ experience) were 
analyzed to date. Overground running across an 18 m runway 
was performed before and after a treadmill run. The treadmill 
run was the same speed (mean ± 1SD: 2.94 ± 0.25 m∙s-1) and 
distance (3.9 ± 1.6 km) as the most typical run performed by 
each participant. The target speed for the overground trials was 
the same as the treadmill belt speed. Overground trials were 
performed with an allowable speed range of ±5%. Twenty 
consecutive overground trials were recorded immediately after 
the treadmill run. The start time of each trial relative to the end 
of the treadmill run was recorded. Contact time, peak ankle 

eversion, and dorsiflexion angles were calculated during the 
right stance phase. Test-retest intra-class correlation coefficient 
(ICC) for each kinematic variable was calculated between 
{x1,…,xk} and {x1,…,xk-1}∪ {average of x1,…,xk-1} such that xi 
is the kinematic variable for the ith trial, k>1. Time to stability 
in post-treadmill trials was identified as the time of the last trial 
upon which ICC was > 0.90. A t-test (α = 0.05) between pre-
treadmill and post-treadmill trials was used to verify that the 
post-treadmill gait stabilized or returned to the pre-treadmill, 
rested state [4,5]. 

Results and Discussion 
One participant was removed from the analysis because an ICC 
of >0.90 was not achieved for the ankle kinematic variables 
within 20 recorded trials. Thus the following results include the 
remaining 5 participants to prevent the results from being 
artificially skewed. The Borg scale RPE at the end of the 
treadmill run was 15.8 ± 1.1. The first overground trial was 
recorded 91 ± 49 seconds after the treadmill run ended. The 
time between trials was 28 ± 11 seconds. Across the three 
variables analysed, time to stability occurred 342 ± 98 seconds 
after the treadmill run ended. Contact time returned to the rested 
state more quickly (286 ± 27 seconds) than peak ankle 
dorsiflexion (371 ± 122 sec) and peak ankle eversion (380 ± 
102 seconds). Time to stabilization decreased as running 
experience increased (R2 = 0.6).  

Conclusions 
Our findings indicate that alterations in gait resulting from a 
simulated ‘typical’ run on a treadmill may dissipate within four 
minutes. Time to stabilization may differ between variables of 
interest and between less and more experienced runners. We 
recommend that collection of overground data be complete 
within 4-minutes following a prolonged run in order to depict 
the gait performed in a sub-exhaustive state. We are currently 
in the process of analysing additional participants and collecting 
a short run (i.e. 3-6 min) for which RPE remains below 12 to 
differentiate between effects of running on a treadmill from the 
effects of a prolonged run.   
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Summary 

 

Strain is an important mechanical stimulus for adaptation of 

biological tissues such as tendons. Triathletes frequently 

suffer from chronic tendon injuries [1], but investigations on 

tissue strain are lacking for this population. We investigated 

triceps surae tendon strain in triathletes during running after 

cycling using a kinematics-based musculoskeletal model.  

 

Methods 
 

Eight competitive triathletes (mean±SD: 32±5 years, 71±7 kg, 

176±5 cm) performed 20 mins cycling on a cycle-ergometer (LC7, 

Monark Exercise AB, Sweden) followed by a 5-km running time-

trial on a motorized treadmill (RL2500E, Rodby Innovation AB, 

Sweden). A musculoskeletal model [2] was scaled for each 

triathlete following standard procedures presented in [3]. Ankle 

and knee joint kinematics during three different running stages 

(start, mid and end) were computed by the Inverse Kinematics tool 

in [2], while triceps surae tendon lengths were assessed by the 

Muscle Analysis tool [2]. Ten stance phases for each leg were 

averaged in each running stage. Toe-strike and toe-off were 

defined by a 50N ground reaction force threshold recorded by a 

pressure measuring insole system (Pedar®, Novel GmbH, 

Germany). Mean ankle, knee joint angles and tendon lengths were 

computed and averaged from toe-strike to peak ground reaction 

force. Medial gastrocnemius (MG), lateral gastrocnemius (LG) and 

soleus (SOL) tendon strain were assessed by normalizing tendon 

length by their respective tendon slack length. Leg preference was 

determined based on a footedness questionnaire [4]. Data normality 

assumption was checked with the Shapiro-Wilk tests. Significant 

and/or important differences were inferred from Paired Sample T-

Tests and Cohen’s d for a 95% confidence interval computed with 

a free statistical package (JASP v0.9.1 - http://jasp-stats.org). 

 

Results and Discussion 

 

Although the small sample size of this study does not 

provide strong statistical power, the results suggest no 

significant effect of leg preference on joint kinematics and 

tendon strain (Table 1). Thus, triathletes in this study 

presumably do not expose their tendons to unequal strains 

during running. Important to note is that joint kinematics 

may not represent tendon behavior due to complex 

interactions between muscle and tendon tissues (e.g. 

gearing).  

 

Generic musculoskeletal models in [2] assume equal tendon 

length and strain between legs by default, what in practice 

may not be the case [5]. Functional symmetry may occur in 

dynamic tasks such as running, although studies 

investigating this assumption are lacking. Assuming 

symmetry in muscle-tendon properties such as strain could 

have implications for training periodization and 

musculoskeletal simulations. These strategies may be 

relevant when aiming to prevent or to treat chronic tendon 

injuries. Therefore, symmetry in tendon strain during 

running needs to be further experimentally confirmed. 

 

Figure 1. Mean tendon strain (top panel: MG (light grey 

lines), LG (dark grey lines) and SOL (black lines)) and joint 

kinematics during the complete 5-km run. P-leg: preferred 

leg; NP-leg: non-preferred leg. 

 

Table 1. Mean±SD values for joint kinematics and tendon 

strain during the loading phase of the 5-km running.  

 
 

Conclusions 

 

No important differences in bilateral tendon strain were 

observed during a 5km running trial after cycling. Possible 

differences in estimated vs experimentally measured strain 

should be addressed in future studies. 
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Summary 
Patellofemoral Pain Syndrome (PFPS) is a condition 
impacting the anterior knee and is exacerbated with running, 
squats, climbing stairs, or prolonged sitting. Altering running 
cadence, using a metronome (5-15% above baseline) has been 
shown to decrease knee joint forces and pain in individuals 
with PFPS. While a metronome may be effective, music at a 
specific beat frequency may be more enjoyable for runners. 
The purpose of this study was to determine the acute effects of 
music played at a specific beat frequency in order to impact 
cadence, knee flexion angle, and knee joint forces. Listening 
to music played at an increased beat frequency resulted in 
significant changes in cadence and peak knee flexion angle, 
but did not alter knee joint forces. Future research should 
better determine those who may be responsive to this type of 
intervention and to determine the long-term effects on running 
biomechanics and pain levels. 

Introduction 

Patellofemoral pain syndrome (PFPS) impacts up to 30% of 
runners every year [1,2]. Altering running cadence has been 
effective in reducing knee joint forces and decrease pain in 
this population [3-6]. A metronome has previously been 
utilized to provide an auditory stimulus to alter cadence [3,4]. 
A limitation of the metronome is it may be perceived as boring 
relative to music, which also has a set beat frequency. Music-
based gait retraining programs are more likely to be successful 
in impacting cadence, peak knee flexion angle, and peak knee 
flexion moment in females and individuals who are more 
musically inclined [7]. The purpose of this pilot study was to 
determine the effect of listening to music at a specific beat 
frequency on running biomechanics in individuals with PFPS. 

Methods 
Four participants (3 males, 1 female; age=24.5±5.2 y; 
height=180.5±9.0 cm; mass=76.2±9.5 kg; Tegner=6.8±1.3) 
with PFPS were recruited. Participants performed a 5-minute 
jogging warm up at a self-selected pace, immediately followed 
by a 2-minutes of running data collection with cadence 
determined during the first 30 seconds of data collection. After 
a 5-minute rest, participants performed a second 5-minute bout 
of running immediately followed by 2 minutes of data 
collection with the treadmill at the same speed used during the 

initial 7 minutes of running, while listening to music with a 
beat approximately 5-15% faster than their baseline cadence. 
A 7-camera motion capture system (200 Hz Qqus 500; 
Qualisys, Göteborg, Sweden) and instrumented treadmill 
(1000 Hz Bertec Corporation, Columbus, OH) were used to 
collect kinematic and kinetic data. The primary outcome 
measures were cadence, peak knee flexion angle (degrees), 
and peak external knee flexion moment (Nm/kg). 

Results and Discussion 
There was a significant increase in cadence (P=.03; PRE= 
168.0±8.0 steps per minute, POST= 177.0±7.2 steps per 
minute; d= 1.13) and decrease in peak knee flexion angle 
(Involved: P= .004; PRE= 39.5±5.5°, POST= 38.1±6.1°; d= 
.25). No significant differences were found in peak external 
knee flexion moment (Involved: P=.107; PRE= 2.6±.6 Nm/kg, 
POST= 2.7±.4 Nm/kg; d=.20). Listening to music was not 
beneficial to all participants. Treatment responders saw a 
decrease peak knee flexion angle and an increase in cadence.  

Conclusions 

Listening to music at a specific beat frequency was effective 
to cause significant changes in cadence and peak knee flexion 
angle in treatment responders. No significant changes were 
found in peak external knee flexion moments. While listening 
to music did have an effect on cadence and peak knee flexion 
angle, its long term effects on pain are unknown. Further 
research is required in order to get a better understanding of 
the long-term effects of running biomechanics and pain levels 
in the PFPS population. 
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Summary 

The number of head injuries in soccer increases every year, 
but only few studies have been carried out directly on the 
field. The restricted data limit the understanding of the risk of 
head injuries. Thus, the purpose of this research project was to 
identify head kinematics of specific head impacts underlying 
the risk of head injuries during male soccer play. Specific head 
impacts were heading technique and involuntary impact. 
Three groups of elite male soccer players wore an 
instrumented headband during games. Results showed that for 
the 3 groups, heading techniques caused higher values of head 
kinematics than involuntary impacts, which could cause a 
higher risk of head injury. 

Introduction 

Studies on sports head injuries mainly focus on contact sports 
such as football [1]. However, sports considered as non-
contact, such as soccer, are not exempt from such injuries. For 
example, young male players (5 to 9 years old) have similar 
rate of concussions in soccer (15%) and football (20%) [2]. In 
Canada, the concussion rates, for male soccer players aged 5 
to 19 years old, went from 3.5% between 2007 and 2010 to 
over 12% between 2011 and 2017 [2-3]. Linear and angular 
head accelerations (head kinematics) are recognized as the 
foremost mechanisms of head injuries in sports. Although, 
little is known about onfield head kinematics during soccer 
play, which limits the understanding of the risk and 
mechanisms of head injury. Moreover, the few onfield studies 
mainly targeted female soccer players [4]. Therefore, the 
purpose of this study was to identify head kinematics of 
specific head impacts underlying the risk of head injury during 
male soccer play. 

Methods 

An instrumented headband (SIM-G, Triax Technologies, 
Norwalk, CT, USA.) was worn by 3 elite groups of male (M1, 
M2, M3) soccer players (N1=8 and 18 yrs in 2016; N2=10 and 
18.1±0.3 yrs in 2017; N3=11 and 22.5±2.1 yrs in 2018) during 
8 real-time games of a summer season for M1 and 7 for M2 
and M3. Games were filmed and each head impact was 
validated by video. Each head impact was grouped as heading 
technique or involuntary impact and was subjected to standard 
descriptive statistics. Wilcoxon rank-sum test was used to 
compare head kinematics from heading techniques and 
involuntary impacts. 

Results and Discussion 

In total 239 head impacts were registered for M1, 83 for M2 
and 264 for M3. Heading techniques accounted for 92 impacts 
for M1 (36g±15g; 4175±2517 rad/s2), 51 for M2 (38g±18g; 

4263±2492 rad/s2) and 54 for M3 (40g±20g; 4687±3546 
rad/s2). Involuntary impacts accounted for 147 impacts for M1 
(20g±9g; 1964±1511 rad/s2), 32 for M2 (25g±11g; 2941±1623 
rad/s2) and 210 for M3 (22g±10g; 2188±1445 rad/s2). For M1, 
M2 and M3, the median peak linear (Figure 1) and angular 
(Figure 2) accelerations of the head caused by heading 
techniques were statistically higher than involuntary impacts 
(p < 0.05). Results show that heading techniques can cause 
higher values of head kinematics than involuntary impacts and 
therefore, could cause a higher risk of head injury in 3 
different groups of male soccer players. 

Figure 1: Mean and median (*) linear acceleration from heading 
techniques and involuntary impacts. 

Figure 2: Mean and median (*) angular acceleration from heading 
techniques and involuntary impacts. 

Conclusions 

Results showed that male soccer players can sustain a 
considerable amount of head impacts during games. 
Moreover, head kinematics were higher in heading technique 
which could be reduced with player awareness. Many players 
were not aware of the risk of head injuries in their sport, which 
shows the importance of awareness and education about head 
injuries in soccer for coaches, players and parents. 
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SUMMARY 

Male artistic gymnasts performing strength elements in their 

ring routines need a high level of balance and a maximal 

strength in their arms and shoulder muscles. The aim of this 

study was to investigate the effect of a 4-week eccentric-

isokinetic training period on muscular activation patterns in 

the EMG during two holding elements. The result showed 

an increase an increase of the muscular maximal strength 

and clearly visible changes in the Wavelet-transformed-

EMG. 

INTRODUCTION  

Male artistic gymnasts are allowed to perform up to eight 

strength elements in their ring routines. Due to the instabil-

ity of the rings and the significant leverage of the body’s 

weight working across the arms, high levels of balance and 

maximal strength are required to perform the elements 

Swallow and Support Scale with sufficient quality [1]. Dur-

ing these holding elements, the muscular work done by the 

arm and shoulder muscles to resist gravity is mainly eccen-

tric or isometric. The aim of this study was to investigate the 

effect of a 4-week eccentric-isokinetic training period on 

muscular activation patterns in the EMG during the two 

holding elements. 

METHODS 

A 3D-movement-analysis (Vicon Vintage, 120Hz, Full body 

Plug-in-Gait) with EMG (Myon, 2400Hz) was done before 

and after a 4-week eccentric-isokinetic training intervention 

using a 1080 Quantum Syncro (1080 Motion, Lidingö, 

SWE) [2]. Nine top-level gymnasts (m, 21.4 ± 1.96y) per-

formed the elements Swallow and Support Scale on the 

rings for 5sec with a maximal resistance 1 week (T1) before 

and 1 (T2) and 3 weeks (T3) after the intervention. The 

EMG of the Mm. Biceps brachii (BB), Pectoralis major 

(PM), Deltoideus ant., (DA) and post. (DP), Seratus ant. 

(SA), Trapezius trans. (TT), and ascen. (TA) was analysed 

using a Wavelet-transformation (WT) [3] with 23 Wavelets. 

The Total-Intensity-Pattern (Itot) over the full duration of the 

performance and the frequency-spectra over time-

normalized 10%-intervals were compared. 

RESULTS AND DISCUSSION 

The level of Itot increased minimally during the performance 

of the elements Swallow and Support Scale. The frequency-

spectra showed a general shift towards lower frequencies 

with a high muscular activity in the Wavelets 9 and 10 (cen-

tre frequencies (cf): 51 Hz and 62 Hz). The effect of the 

muscular pacing activity towards Wavelet 9 and 10 occurs 

later at T2 than at T1, as seen in the Multi-Muscle Pattern 

(Fig. 1). The correlation of the frequency spectra over all 

muscles during the performance of the element decreased at 

T1 at the beginning of the element from 0.93 to 0.85 at the 

end and at T2 from 0.95 to 0.87. The changes between T2 

and T3 were minimal and might showed the effect of the 

neuro-muscular recovery and adaption process.  

 

Fig 1. Mean Multi Muscle Pattern and Frequency-Spectra of the 

element Swallow at T1 and T2 

CONCLUSIONS 

The eccentric-isokinetic training intervention showed an 

increase of the muscular maximal strength [2] and clearly 

visible changes in the WT-EMG. The shift toward lower 

frequencies [4] and the better-controlled or paced muscular 

activity in a narrow frequency band indicated a muscular 

activation during an increasing muscular fatigue [5]. It 

seemed that the pacing frequency might vary between dif-

ferent kinds of muscular activation e.g. concentric, eccen-

tric, and isometric. Further, the delayed focussing towards 

the lower and “Pacing Wavelets” might have been related to 

improved muscular strength and a better neuro-muscular 

control while performing the elements Swallow and Support 

Scale. 
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Summary 

Fatigue decreases the performance and affects the postural 

control, but its after effect duration is not clear yet. This study 

aimed to investigate the effect of a specific fatigue protocol 

for handball athletes in the postural control. Handball athletes 

stood quietly on the force plate for 30 s. In addition, they 

executed a countermovement jump to compute the maximum 

propulsion force. The fatigue protocol was composed of 

specific actions that are daily practiced. The force reduced 

after the fatigue protocol and lasted for four minutes. Further, 

the postural sway returned to its initial values after four 

minutes. In conclusion, the athletes increased their postural 

sway and decreased their capacity to produce force but 

returned to baseline values after four minutes of the fatigue 

protocol. 

Introduction 

Fatigue is a case of interaction between intrinsic and extrinsic 

factors and is characterized by a decrease in muscle 

performance accompanied by an increase in the perceived 

effort to exercise and produce a desired amount of force. 

Fatigue impairs the knee position sense, resulted from changes 

in joint and muscle receptors, which in turn affects the muscle 

output to control the joint [1]. However, the fatigue effect on 

balancing tasks are not completely understood [2], especially 

the time course of the postural sway parameters during the 

recovery phase. 

Methods 

Twenty female handball athletes participated in this study 

(21.9 ± 3.4 years; 63.5 ± 9.1 kg; 1.76 ± 0.07 m). They stood 

upright in a one-leg posture supported by the non-dominant 

limb on a force plate (Bertec, Columbus, USA, sampling 

frequency: 5000 Hz). The center of pressure (COP) and the 

maximum propulsion force (FMAX) were obtained at baseline, 

immediately after the exhaustion due to the fatigue protocol 

and every minute during the first 10 min of the recovery 

phase. For the postural-sway measures, participants stood on 

the force plate for 30 s with eyes opened looking to a target. 

Based on the COP displacement, the ellipse area containing 

95% of the COP data points (Area) was computed. The FMAX 

was measured during a countermovement jump. The data were 

filtered with a low-pass 4ª Butterworth digital filter with a cut-

off frequency of 10 and 5 Hz for the COP and FMAX data, 

respectively. Specific handball actions composed the fatigue 

protocol in the format of a circuit with the gradual increment 

of laps. To identify the effect of fatigue on the dependent 

variables in the rest, fatigue state and recovery, the one-way 

ANOVA with repeated measures was used with the 

significance at 95%.  

Results and Discussion 

Force and postural sway were affected by fatigue. The force 

decreased ~9.5% after the fatigue protocol (F3,57 = 7.75; p = 

0.01) and returned to baseline values during the recovery 

phase at the fifth minute (Figure 1). 

Figure 1: Mean ± SE for the vertical force at the countermovement 

jump at rest and every minute after the fatigue protocol. 

 
Figure 2: Mean ± SE for the area at rest and recovery after the 

fatigue protocol.  

For the postural sway, the Area decreased during the recovery 

phase until the fourth minute (F10,190 = 2.53; p = 0.007). This 

restoration can result from different strategies used to reduce 

the sway such as sensory, cognitive and motor strategies [3]. 

Conclusion 

The fatigue protocol affected postural sway and force 

variables, which returned to baseline values after four minutes 

of the protocol. Therefore, we suggest that future fatigue 

analyses should be tested during this time window. 
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Summary 
Several fundamental differences in shooting posture and 
biomechanics were identified between expert and novice 
marksmen. The findings provide a foundation to begin 
modifying training interventions which may help accelerate 
performance optimization for marksmen. 

Introduction 
Marksmanship performance can be improved by advancing 
weapon, ammunition, and sight technology, but performance 
optimization should begin with the human operating the 
weapon. By analyzing expert marksmen biomechanics relative 
to novices, we can begin to identify key aspects that 
differentiate the groups which can then inform interventions to 
accelerate marksmanship proficiency. While optimal 
marksmanship requires mastery of many fundamentals, this 
study focused on analyzing the differences in shooting posture 
and whole-body mechanics between the skill groups, as well 
as how military clothing and individual equipment (CIE) 
encumbrance affected their technique and performance. 

Methods 
9 expert and 9 novice marksmen (25 ± 5 years; 1.8 ± 0.6 m; 81 
± 11 kg) had motion capture data recorded (240 Hz) while 
completing an indoor marksmanship event. Each participant 
completed the event with 2 CIE conditions: CIE1 (6 kg) and 
CIE2 (25 kg). The event entailed participants running 10 m, 
planting their feet on force plates, and firing at 2 targets [1]. 
All participants used an M4 equipped with FN Expert (FN 
America). Motion capture data were analyzed with Visual3D 
(C-Motion) to estimate biomechanics. A mixed-design 
ANOVA (α = 0.05) tested the main effects of and interactions 
between skill level and CIE for each dependent measure. 

Results and Discussion 

Sample results are presented in Table 1. Over the course of the 
event, experts hit targets at a rate of 1.52 hits/s which was 

50.5% more efficient than novices (p=0.023). To increase their 
AP stability, experts lengthened their base-of-support by 
stretching their off-side foot 28.8 cm forward, which was 25.7 
cm more than the novices (p=5.3E-4). To help manage recoil 
front-to-back, experts placed 62.4% of their total force under 
their front foot, which was 9.20% more than the novices 
(p=0.010), and moderately correlated to shot accuracy 
(r=0.478, p=3.6E-3) and shooting efficiency (r=0.332, 
p=0.050). The experts mounted the buttstock of the weapon 
high and tight on the edge of their pectoral muscle. Compared 
to the novices, experts positioned the toe of the buttstock 2.60 
cm farther away from the acromion (p=0.046) allowing them 
to better cushion the weapon’s recoil on their soft-tissue while 
still achieving a good sight picture. Experts also gripped the 
weapon 5.55 cm closer to the muzzle than novices (p=8.3E-3), 
placing their support-hand 73.4% down the barrel of the 
weapon. By creating more space between their hands, experts 
had better recoil management, muzzle control, and leverage to 
drive the muzzle between targets. Compared to the novices, 
experts were able to transition between targets in 34.9% less 
time (p=3.9E-4) and with 53.3% less muzzle travel distance 
(p=9.3E-4). It was observed that novices tended to lower the 
muzzle while acquiring the second target. Experts executed 
the transition more efficiently by linearly driving the weapon 
between targets. Of the reported metrics, only transition 
duration was negatively affected by CIE2, causing the 
transition between targets to take 14.7% longer (p=9.7E-4). 

Conclusions 
Marksmanship training requires drills and repetition to allow 
for efficient and consistent shots on target [2]. With this 
study’s quantified fundamental differences between skill 
groups, training can be modified to help improve coaching 
cues to accelerate performance optimization for marksmen. 

References 
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Table 1: Sample results (mean ± stdev) for each skill level and CIE type. Main effect of skill = A, and of CIE = B. 

 Expert Novice 
 CIE1 CIE2 CIE1 CIE2 

Shooting Efficiency (hits/s) A 1.77 ± 1.14 1.27 ± 0.80 1.03 ± 1.05 0.99 ± 0.92 

Feet AP Separation Distance (cm) A 30.0 ± 13.8 27.5 ± 12.8 4.73 ± 13.8 1.32 ± 12.8 

Forward Weight Distribution (%) A 61.8 ± 7.05 63.0 ± 7.84 53.7 ± 7.05 52.7 ± 7.84 

Shoulder to Buttstock Distance (cm) A 15.2 ± 2.16 15.5 ± 2.55 12.4 ± 2.16 13.1 ± 2.55 

Support-Hand to Muzzle Distance (cm) A 27.5 ± 3.78 26.6 ± 2.71 34.2 ± 3.78 31.0 ± 2.71 

Transition Duration (s) A, B 1.26 ± 0.354 1.50 ± 0.396 2.00 ± 0.354 2.24 ± 0.396 

Transition Muzzle Travel Distance (cm) A 29.7 ± 19.4 31.4 ± 19.0 65.5 ± 19.4 65.3 ± 19.0 
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Introduction 

Vibration training is a way of neuromuscular training. It 

requires the subject to have a different posture on the vibration 

platform. The frequency and amplitude of the machine itself are 

pre-set to generate vertical stimulation to make the muscles 

passively retract. To achieve the effect of stimulating the 

neuromuscular system, and to improve the balance ability. [1] 

The method of training through the unstable surface can also 

improve the balance ability. By different from the surface of the 

object, the planning of the touch, material, and motion, reducing 

the time for individuals to contact the stable ground, to simulate 

a variety of dynamic instability scenarios, and strengthen The 

difficulty of the action. [2] 

Researchers trends have begun to explore the effects of 

vibration training combined with unstable surface training [3], 

although the research indicates that the combination of the two 

trainings is better than the effect of a single training, and the 

six-week training can effectively improve the balance. 

However, as far as we know, no studies have confirmed the 

effects of vibration training with different amplitudes on the 

balance ability and the difference between long-term and short-

term training. Therefore, the purpose of this study is to 

investigate the effects of different amplitude vibration training 

combined with unstable surface training in short-term and long-

term periods on balance ability. 

Methods 

Sixteen college gymnasts were studied. A pre-test test was 

done after a warm-up exercise of 20 minutes with a one-legged 

standing balance, and the force plate was used to collect the 

center of pressure moving area data of the open-eye and the 

closed-eye standing. 

After the pre-test, the subjects were randomly paired into 

two groups, one for the High and the other one for the Low 

amplitude training.  The subjects stood on the hemispherical 

hard balance board in a half-squat position, and the balance 

board was placed on the platform of the whole body vibration 

training. Training time was the 60s, rest for 60s for ten sets for 

a total of 20 minutes. The vibration frequency is set to 9Hz, and 

the amplitude was 4mm for high group (High) group and 2mm 

for low (Low) group. The balance test was collected after four, 

six, and eight weeks of training.  

The data will be taken from the front and rear (X) and left 

and right (Y) direction data points when the single foot is 

standing for 0~10 seconds to convert the pressure center 

moving area. The moving area of the pressure center is obtained 

by finding the long axis and the short axis of the distribution 

map by using the elliptical area formula (π*x*y) to its extreme 

value, the area of 95% is defined as the pressure center moving 

area of the study. The unit is sq. - millimeter (mm2).The mixed 

design Two-way ANOVA was used to test the differences at p 

= .05. 

Results and Discussion 

No difference was found on the interaction and main 

effects, which indicate that no difference was found in short and 

long-term training, and high and low on the vibration combined 

with unstable surface training. (Table 1.) 

Previous studies have confirmed that the six-week 

vibration combined with unstable surface training can 

effectively improve the balance ability [4], which is 

inconsistent with the results of this study. The possible 

reasoning maybe that Sierra-Guzmán's research object is the 

athlete with chronic ankle instability and the subjects in this 

study were elite collegiate gymnasts. The different training time 

and vibration amplitude may have a different effect on different 

groups of subjects. 

Conclusions 

After four, six, and eight weeks of high and low amplitude 

of vibration training combined with unstable surface training, It 

is concluded that no significant improvement was found for 

elite college gymnasts on one leg balance ability. 
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Table 1: Result of single leg balance test 

 

 group pre 4 weeks 6 weeks 8 weeks 

Eyes open 
High 816.28 ± 242.23 701.19 ± 205.09 680.34 ± 371.61 671.79 ± 269.59 

Low 583.57 ± 109.97 597.93 ± 241.40 713.83 ± 351.57 532.83 ± 157.41 

Eyes closed 
High 2373.98 ± 1323.45 1931.88 ± 807.57 1886.24 ± 727.10 1751.52 ± 487.93 

Low 2133.76 ± 536.50 1404.33 ± 505.77 1665.87 ± 1037.95 1789.66 ± 615.65 

                                                                                                                                                          Unit: mm2 
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Summary 

Forward somersault movements (FSMs) are very often used in 

gymnastics beam competitions. FSMs include four different 

movements (A, B, C, D) with increasingly difficulties. 

Twenty-one movements (9 A, 8 B, 3 C, 1 D) performed by 

national or international level gymnasts were recorded using 

high speed video cameras, and kinematics of the movements 

were compared. The results indicated that a gymnast, 

successive performing high difficult FSM, has the following 

abilities: excellent acceleration ability to get large runup 

velocity, excellent transformation ability to transform 

horizontal velocity into large vertical velocity, precise control 

ability to make the horizontal take-off velocity within a proper 

range, and make the take-off angle almost in vertical direction. 

It is strongly suggested that the athletes develop strength 

power of lower extremities and the ability of controlling 

velocity and posture before learning FSMs with high difficulty. 

Introduction 

In a gymnastics beam competition, girls perform acrobatic 

elements and dance elements on a 5 m long and 10 cm wide 

beam for 90 seconds [1]. They always try to perform high 

difficult acrobatic movements to get more Difficulty Points. 

The forward somersault movements (FSMs) are one kind of 

acrobatic flights movement, which include four different 

movements: Salto Forward Tucked (A, for short), Salto 

Forward Piked (B), Salto Forward tucked with ½ twist (180°) 

(C), and Salto Forward Piked with ½ twist (180°) (D). These 

movements are increasingly difficult from A to D, with more 

and more Difficulty Points. Of cause, less and less gymnasts 

have the ability to perform the high difficult movements. For 

example, a Chinese girl, Sui Lu, developed D and got 

recognized by the Fédération Internationale de Gymnastique 

(FIG). To our knowledge, very few gymnasts have performed 

D in international competitions because of its high difficulty 

[2]. The purpose of this work was to investigate the kinematic 

relationships among these movements. 

Methods 

Twenty-one movements (9 A, 8 B, 3 C, 1 D) performed by 14 

gymnasts were captured using two high speed cameras (Casio 

EX-F1, 300 Hz) [2]. The movements were performed in two 

Chinese national competitions, except D was performed in the 

Chinese National Training Centre by Sui Lu. A Peak frame 

with 28 markers was used for calibration. Three-dimensional 

(3D) kinematic data were obtained from digitization of the 

videos using Simi Motion (version 9.2.1, Germany). 

Interesting variables were compared for statistic differences. 

Results and Discussion 

The runup velocities for A, B, and C were almost same, but 

the decrement of C was greater than that of A/B (P<0.05); the 

impact time within the take-off phase of C was much longer 

than that of A/B (P<0.01). Compared with A/B, almost all 

variables for D are significantly different (P<0.01), except the 

impact time and horizontal velocity (Table 1). It should 

remember that all the actions of a movement were completed 

in a 5 m long beam, and so the gymnast should accelerate 

herself rapidly in runup phase and precisely control the 

horizontal flight velocity in take-off phase. 

Table 1: Comparisons of variables (mean±SD) between D and A/B 

Variables  D 
(n=1) 

A 
(n=8) 

B 
(n=7) 

Vrx (m/s) 3.70 3.03±0.18*** 3.18±0.18*** 

△Vrx (m/s) 1.93 1.43±0.18*** 1.47±0.15*** 

Tto1 (ms) 45 42±4 44±5 

Tto2 (ms) 60 70±8 ** 68±5** 

At（°） 88.4 83.3±2.7** 81.7±2.8** 

Vfx (m/s)  1.52 1.48±0.21 1.58±0.10 

Vfz (m/s) 2.49 2.11±0.17*** 2.09±0.15*** 

Hlb 0.32 0.38±0.03*** 0.36±0.02** 

**P<0.01, ***P<0.001, compared with movement D. Note: (1) D 

was performed by Sui LU, and A/B by Sui Lu was excluded in this 

table. (2) Vrx, horizontal velocity of centre of mass (COM) at the end 

of runup; △Vrx, decrement of horizontal velocity of COM after take-

off; Tto1 and Tto2, impact and push-off duration within take-off phase; 

At, angle between the beam and the line connecting the COM and 

right big toe at the end of take-off; Vfx and Vfz, horizontal and vertical 

velocities of COM at the beginning of flight; Hlb, maximum lowered 

height of COM normalized by body height during landing. 

Conclusions 

To perform high difficult FSMs, gymnasts should get high 

runup velocity, transmit much of this velocity into vertical 

velocity in take-off phase, take-off almost vertically, and 

precisely control horizontal take-off velocity in a proper range. 
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Summary 
One of the factors for increasing the ball speed in soccer is the 
swing speed of the kicking foot. Although previous studies 
have reported that kinetics and kinematics are important 
factors for increasing swing speed, detailed knowledge 
regrading mechanical energy transfer between segments 
(energy flow) is still lacking. This study aimed to elucidate the 
energy flow between the lower limb segments during the 
instep kick. Our results indicate that the kicker mainly flowed 
the joint force power proximally to distally. 

Introduction 
One of the characteristics of the kick motion is the kinetic 
chain, wherein the leg serves as a whip and the foot is 
accelerated from the proximal segment. Kinetic chain is also 
seen in baseball pitching motion. The mechanism of kinetic 
chain in pitching has been reported with respect to mechanical 
energy and energy flow (energy transferred between 
segments) [1]. This study aimed to elucidate the proximal-to-
distal sequential segment motion patterns with respect to 
energy flow during the soccer instep kick. 

Methods 
Seven competitive male soccer and futsal players were 
enrolled in this study. Kick motion was recorded with a 
motion capture system, consisting of 15 infrared cameras 
(Optitrack S250e, Optitrack Prime 13; NaturalPoint, Inc.). The 
type of kick was instep kick and its approach consisted of two 
steps. Subjects kicked with the dominant leg with 100%(full), 
80%, 60%, 40%, and 20% effort and with the non-dominant 
leg with only full effort. Measurements were recorded from 
when the toes were at their highest to when the foot hit the ball. 
We defined the trial with the maximum ball speed as the 100% 
trial for each subject. Trials in which the ball speed was 
closest to 60% and 80% of the 100% trial speed were defined 
as 60% trial and 80% trial, respectively. Joint force power and 
segment torque power were calculated from the joint force, 
joint linear velocity, joint torque, and segment angular 
velocity obtained by inverse dynamics. 

Results and Discussion 
The peak of joint linear velocity of the proximal joint was 
lower and appeared earlier than that of the distal joint. The 
peak of mechanical energy in the proximal segment was 
higher and appeared earlier than that in the distal segment. In 
the thigh, the decrease in mechanical energy from the 
maximum to the impact point in the 100% trial was greater 
than that in the other trials (p<0.05). Figure 1 shows the flow 
of joint force power (JFP) and segment torque power (STP) at 
the proximal and distal ends of each segment. Positive values 
indicate the inflow of energy to the segment, and negative 
values indicate the outflow from the segment. JFP-P of each 

segment was positive, and JFP-D of each segment was 
negative over the most of the kicking motion. STP-P of the 
thigh was positive in the first half of the trial, and STP-P of 
the shank was negative in the second half of the trial. In the 
shank, knee flexor torque was responsible for the increasing 
negative value of STP-P. This prevented injuries from 
hyperextension of the knee. As the effort increased, the 
outflow from the proximal segment and inflow to the distal 
segment increased. The flow of energy from the proximal 
segment to the distal segment is attributed to the joint force 
power more than the joint torque power.  

Conclusions 
As the kicker kicked with more effort, the amount of energy 
transferred increased, especially by joint force power. This 
suggests that the transfer of energy by joint force power was 
particularly important for kicking the ball at a high speed.  

References 
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46: 55-68. 
 

 
Figure 1. Joint force power (JFP) and segment torque power (STP)  

flowed at the proximal and distal ends of each segment 
(solid line: 100% trials; broken line: 80% trials; 

dotted line: 60% trials; P: proximal, D: distal) 
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Table 1: Right knee and left knee angles of 3 axials. 
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Summary 

To investigate lower limb movement differences on Warrior I 

pose between professional and novice for the best performance 

motion in Yoga. Five professional female Yoga instructors 

and five novice female were selected as subjects. The force 

plates and motion capture system were used to acquire the 

kinetic and kinematic data. Knee angle of right and left and 

the step length were found significant differences between 

professional group and novice group. The following research 

can focus on other perspective, such as the data of upper limb, 

COM, or EMG. 

Introduction 

Since yoga had become more and more popular, more and 

more people choose yoga as their daily exercise. Yoga has 

over thousands of poses, from easy to hard. Some easy poses 

such as Warrior I, Warrior II, Chair pose and so on, which are 

often added in the schedule of practice. Warrior I is considered 

a good pose for training lower limb muscle strength and 

flexibility. The purpose of this study to investigate lower limb 

movement differences on Warrior I pose between professional 

and novice for the best performance motion in Yoga. 

Methods 

Five professional female Yoga instructors and five novice 

female were selected as subjects. The KISTER force plates 

(1000Hz) and the VICON Motion Capture System (200Hz) 

were used to acquire the kinetic and kinematic data for warrior 

I pose. Joint angle, step length and ground reaction force data 

were calculated by Visual3D. The selected variables were 

tested by T-test for identifying the differences between 

professional and novice groups (α=.05).  

Results and Discussion 

More flexion of right knee in professional group (73.74
。
) was 

found than in novice group (55.52
。

, p<.05) (Table 1). More 

flexion of left knee in novice (10.28
。

) was found than in 

professional group (7.72
。

, p<.05). The joint angle of other 

axials were similar between two groups. In step length (Figure 

1), professional group had longer step (81% of leg length) 

length than novice group (64% of leg length, p<.05). No 

significant differences of front foot and back foot exerted 

between two groups. The lower limb motion in Warrior I is on 

sagittal plane, and many muscles participated in this 

movement, such as quadriceps, psoas major, gastrocnemius 

and so on. While doing this movement, the front leg needs to 

be almost 90 degrees and the quadriceps of the front leg needs 

to hold the body weight and the balance and maintain the 90 

degrees. For novice, they might not have enough muscle 

strength to complete this movement [1], which caused that 

professional had more knee flexion than novice. The back leg 

was asked to be fully extend, according to Kaminoff. L. [2], 

the flexibility of gluteus maximus, rectus femoris and 

gastrocnemius are the reason causing the banding back leg. 

Both muscle strength and muscle flexibility are also the reason 

for the shorter step length in novice group, the lacking of these 

abilities restraint novice to step farther while doing this motion.  

Conclusions 

There is obvious differences by observing the limb motion, 

even if through the experiment, only right knee, left knee, and 

step length were significant different in two groups. For those 

parameters without significant differences might be caused by 

other factors. The following research can focus on other 

perspective, such as the data of upper limb, COM, or EMG. 

Novice should concern and observe the distribution of the 

force when performing, to get more effective practice and 

prevent from injury. 
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 Professional Novice 

Left Knee   

Flex(+)/Ext(-)* 7.72±6.35 10.28±4.15 

Varus(+)/Valgus(-) -6.73±2.50 -6.03±0.83 

Ex(+)/In(-) Rotation -5.10±5.07 -5.13±3.24 

Right Knee   

Flex(+)/Ext(-)* 73.74±8.23 55.52±15.88 

Varus(+)/Valgus(-) 4.36±5.02 6.85±3.92 

Ex(+)/In(-) Rotation -1.41±4.10 0.14±3.63 

Figure 1: Step length of professional and novice group 
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Summary 
The injury biomechanics of wheelchair lacrosse remains 
unknown. Thus, this study sought to characterize upper 
extremity kinematic differences in the overhead throw between 
able-bodied and wheelchair lacrosse players. Results suggest 
significant differences occur in glenohumeral joint flexion and 
external rotation during maximum elbow flexion of the crank 
back phase of the throw. These findings may assist clinicians 
and coaches in identifying unsafe overhead throwing mechanics 
and assisting Wheelchair Lacrosse USA in developing rules and 
guidelines for player safety. 

Introduction 
Lacrosse and wheelchair lacrosse are two rapidly growing 
sports in the United States [1,2]. As these sports continue to 
grow, the prevalence of sport-related injury is also growing at 
an alarming rate. The epidemiology of injury in able-bodied 
lacrosse players [3] and upper extremity injury in manual 
wheelchair users [4] is well documented. However, the 
mechanisms of injury for able-bodied and wheelchair lacrosse 
athletes remains unknown. In the United States, both able-
bodied individuals and individuals with spinal cord injury (SCI) 
play wheelchair lacrosse. The purpose of the current study is to 
characterize overhead throwing mechanics among able-bodied 
lacrosse players standing, the same able-bodied lacrosse players 
sitting in a wheelchair, and wheelchair users with SCI to 
quantify overhead throwing kinematics and identify mechanics 
that may predispose wheelchair lacrosse players to potential 
upper extremity injury. 

Methods 

Three able-bodied (23.7 ± 3.8 years, 70.7 ± 2.1 in., 203.0 ± 45.6 
lbs.) and three wheelchair (35.0 ± 3.6 years, 72.3 ± 3.1 in., 226.7 
± 79.7 lbs.) lacrosse players (5 males, 1 female). A 15-camera 
Vicon T-Series motion capture system (Vicon Motion Systems, 
Oxford, UK) was used to collect the data. Participants used a 
standardized lacrosse stick to perform three trials of throwing a 
ball into a goal. Able-bodied participants performed throwing 
trials while standing (AB Stand) and sitting in a standardized 
sport wheelchair (AB Sit), and wheelchair users performed 
throwing trials sitting in their personal sport wheelchair. Mean 
values for dominant wrist, elbow, and glenohumeral joint 
angles were calculated for each group across three throwing 
trials and within three events of the overhead throw: 1) 
dominant arm maximum elbow flexion (crank back), 2) ball 
release (stick acceleration), and 3) dominant arm maximum 
elbow extension (stick deceleration). 

Results and Discussion 
Significant mean differences in glenohumeral joint flexion-
extension at maximum elbow flexion were found between the 

wheelchair users and AB Sit participants (p = 0.02). Significant 
mean differences in glenohumeral internal-external rotation at 
maximum elbow flexion were observed between the wheelchair 
users and AB Stand participants (p = 0.04; Figure 1). No 
significant differences in joint angle were found at the elbow or 
wrist. 

 
 Figure 1. Glenohumeral (GH) joint angles during overhead 
throwing.  A) Wheelchair users (WU) were significantly different 
from AB Sit (Extension (-)/Flexion (+)); B) WU were significantly 
different from AB Stand (External rotation (-)/Internal rotation (+)). 
*significance (p < 0.05) 

 
Wheelchair users had greater glenohumeral external rotation 
compared to able-bodied standing participants. However, 
wheelchair users presented with less shoulder flexion compared 
to able-bodied sitting participants. Greater glenohumeral 
external rotation is likely important for the storage of elastic 
potential energy in the anterior chest musculature to generate a 
high velocity throw. However, the increased glenohumeral 
external rotation seen in the wheelchair users may be a 
compensation for the decrease in glenohumeral flexion, as well 
as a potential decrease in torso rotation typically seen in able-
bodied lacrosse. 

Conclusions 
Results from this study suggest significant upper extremity 
kinematic differences between able-bodied lacrosse players 
while standing and sitting and wheelchair users with SCI. 
Future research should examine these metrics in a larger 
population to investigate kinetics, muscle activity, and 
underlying mechanisms responsible for the kinematic 
differences. 
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Summary 

In ten-pin bowling, bowlers try to knock down ten pins, with 

the allotted two tries. The present study investigated full-body 

kinematics and kinetics in the lower extremities in elite ten-pin 

bowling. Our study showed novel findings regarding how elite 

bowlers changed kinematics over time during the ball delivery, 

probably as a consequence of reduced friction between lane 

and ball over time. The results are discussed in relation to an 

energy perspective, discussing the linear and rotational kinetic 

energy of the bowling ball. 

Introduction 

Bowling ball release velocity (BRvel) is significantly positively 

correlated with the average bowling score (Bave) [1]. 

Furthermore, the ability to perform a consistent front foot slide 

(FFS) has significant relation to the Bave [2]. Biomechanical 

knowledge in ten-pin bowling is limited. Therefore, the 

purpose of the present study was to explore full-body 

kinematics, and kinetics in the lower extremities and how these 

might change over time.  

Methods 

Six male elite ten-pin bowlers participated in the experimental 

session, all right-handed. Each participant performed six 

consecutive bouts, of twelve bowling trials. Bouts were 

separated by three minutes rest. The bowling lane was prepared 

with the oil profile “Winding Road” before each session. Full 

body kinematics were collected with Xsens MVN Link and the 

vertical ground reactions forces with Loadsol force sensors. 

Further, BRvel was measured at every trial. The bowlers aimed 

for a strike in each trail, resetting pins after every trial. They 

were restricted to one bowling ball, personally chosen, 

throughout the session. 

Results and Discussion 

The results showed a significant decrease in BRvel throughout 

bouts (p < .001) but no changes in vertical peak forces, centre 

of mass velocity (COMvel) and bowling score. BRvel was 

gradually decreasing from bout 1 (8.37 ± 0.28 m/s) to bout 6 

(8.07 ± 0.38 m/s). Joint angles were compared over bouts using 

1D statistical parametric mapping (SPM1D). An increased 

flexion of the dominant wrist (p < .001) and elbow (p = .004) 

were found prior to ball release (BR). An increased pronation 

of the dominant wrist was found during ball release (p = .034) 

(Figure 1). 

Elite bowlers decreased BRvel throughout bouts. Surprisingly, 

neither vertical ground reaction force, nor COMvel changed as a 

consequence of reduced BRvel. However, bowlers increased the 

flexion of both the dominant wrist and the elbow prior to BR, 

and pronation during BR throughout bouts. As the 

experimental session progressed the oil profile covering the 

lane, was dragged further down the lane, reducing the overall 

traction between ball and lane. This changing of the oil profile 

happens also during real bowling matches. To compensate for 

this loss of traction it is possible that the athletes transformed 

some of the linear kinetic energy, represented by the BRvel, into 

rotational energy, represented by the increase in pronation and 

flexion, in order to compensate for loss of traction. The 

aforementioned proposition is under the assumption that the 

bowler exerts the same total amount of energy during each 

trial. 

Right Wrist 

 

 

Figure 1: Shows mean pronation/supination of the right wrist angle 

for all participants throughout bouts. Black vertical lines are mean 

heel contact of right (R4) as the fourth step and FFS as the left and last 

step of the bowling trial. Green and pink lines represent top of 

backswing (TBS) and BR, respectively. SPM1D analysis is inserted 

onto the figure as a dashed blue line, critical threshold as a horizontal 

red dashed line, with a corresponding alpha and F-value. A cluster of 

significant difference is marked with grey and a p-value. Be aware 

that the statistics shows within subjects, whereas the bouts are an 

average of all subjects. 

Conclusions 

Elite bowlers need to either decrease the BRvel over time or 

increase the rotation significantly to maintain accuracy and 

precision during a bowling match. The most appealing 

approach for bowlers would be to increase rotation 

significantly since Bscore and BRvel are dependent [1]. 
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Summary 
A systematic review and meta-analysis were performed to 
investigate neuromuscular changes after Tai Chi Practice. 
Healthy old Tai Chi practitioners demonstrated lower 
muscle latencies and longer muscle activation times during 
reaching tasks. 
Introduction 
As healthcare development continues, a growing concern has 
emerged regarding the significant increase in older adults, ages 
65 years and above. As of 2015, 8.5 percent of the world 
population were recorded to be ages 65 and older. Furthermore, 
according to the CDC’s Morbidity and Mortality Weekly Report, 
28.7% of those aged 65 years and older reported falling and from 
those 29.0 million falls resulted roughly 7.0 million injuries. 
Gillespie et. al. found that Tai Chi is an effective method of 
reducing number of falls [1]. Tai Chi is extensively utilized as a 
rehabilitation program; it even encompasses other degenerative 
diseased populations, such as Parkinson’s disease [2]. Given the 
significant muscular and neurological components of Tai Chi 
exercise, it is no surprise that past literature shows a link 
between Tai Chi practice and electromyography (EMG) 
response. The results of multiple studies indicate that Tai Chi 
practice may cause a change in muscle activation time [3]. The 
purpose of this study is to systemically review and quantitatively 
synthesize existing evidence on the effect of Tai Chi on upper 
extremity neuromuscular function, as evaluated by 
electromyography outcome measures during reaching tasks. The 
primary hypothesis is that Tai Chi training would restrain the 
neuromuscular deterioration associated with aging. 
Method 
The systematic review protocol described in the Preferred 
Reporting Items for Systemic Reviews and Meta-Analysis 
statement (PRISRMA) were adopted to guide the review process. 
Keyword search was performed in PubMed, Web of science, 
Cumulative Index to Nursing and Allied Health Literature 
(CINAHL), Scopus, and Cochrane Library. All meta-analysis 
has been performed in R (Version 1.1.463 – © 2009-2018 
RStudio, Inc). A random-effect model was estimated given a P-
value less than 0.05 for the Cochran’s W test or I2 statistics at or 
above 50%; otherwise, a fixed effect model was estimated. 
Results 
Six studies met the inclusion criteria of study and five studies 
reported quantitative EMG parameters data to be included in 
meta-analysis. Tai Chi Training effect was separated based on 
the control group. We did meta-analysis separately based on 
tasks and muscle groups. Three studies reported deltoid muscle 
onset latency and onset time in a pointing task to a stationary 
target, one reported percentage root mean square, and one 
reported root mean square. Results of meta-analysis revealed 

that the Tai Chi group had significant shorter onset latency 
compared to the healthy old controls (ES: -22.06ms; p<0.01), 
however the Tai Chi group had significantly longer onset 
latencies compared to healthy young controls (ES: 39.26ms, 
p<0.01). Similarly, the Tai Chi group had significantly shorter 
onset times compared to healthy old controls (ES: -59.77ms, 
p<0.01) while having significantly longer onset times compared 
to healthy young controls (ES: 169.43ms, p<0.01) (Table 1).  
Discussions 
Previous studies have shown that Tai Chi practice leads to 
neuromuscular changes in healthy older adults in the lower 
extremities, however, there was a lack of evidence on (1) Tai 
Chi practice effect on upper extremity muscle function; and (2) 
the neuromuscular benefit of Tai Chi in aging. This meta-
analysis provided important information on how Tai Chi 
practice impact the deltoid muscle onset latency and muscle 
onset time compared to different age control groups in pointing 
tasks to stationary targets. Results of the meta-analysis showed 
that Tai Chi trained older adults have shorter muscle onset 
latency compared to untrained adults of similar age, which 
indicated a shorter reaction time after stimulation. Meanwhile, 
Tai Chi practice group had shorter muscle onset times compare 
to healthy old controls, which indicate better movement efficacy. 
However, when compared to healthy young untrained controls, 
the benefits of Tai Chi training are not sufficient to overcome 
age-related changes. The Tai Chi practice group has significant 
longer muscle latencies and muscle onset times compared to the 
younger group.  
Conclusion  
In conclusion, although Tai Chi practice could not help elders 
restore upper extremity neuromuscular function to a similar 
level as healthy young adults, there is strong evidence to suggest 
that Tai Chi practice does provide a neuromuscular benefit in 
upper extremity musculature in older adults. Due to the limited 
number of currently published work, we believe it necessary to 
conduct more studies to quantify the neuromuscular benefit of 
Tai Chi practice in older adults. 
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Table 1: Overall effect size, 95% confidence interval (CI), Cochran’s p-value and heterogeneity values (I2) associated with point to stationary 

target tasks. 
Measurement Control group Pooled effect 95% CI p-value I2(%) 
Onset latency (ms) Healthy young 39.26 28.28 50.24 0.08 42% 

Healthy old -22.06 -35.53 -8.59 0.97 0% 
Onset time (ms) Healthy young 169.43 132.53 206.33 <0.01 60% 

Healthy old -59.77 -90.25 -29.28 0.15 32% 

Friday, August 02 2019: Posters (1600-1800) 1249

Sport 2



 

  

Lower Extremity Mechanical Energy Expenditure in Sautés Following Dance Specific Exertion 
Amanda C. Yamaguchi1, Hai-Jung Steffi Shih1, Lindsey Trejo2, and Kornelia Kulig1 

1Division of Biokinesiology and Physical Therapy, University of Southern California, Los Angeles, CA, USA 
2Parker H. Petit Institute of Bioengineering and Biosciences, Georgia Institute of Technology, Atlanta, GA, USA 

Email: acyamagu@usc.edu 
 

Summary 

This study demonstrates an increased contribution of proximal 
joints to lower extremity dynamics following exertion. 

Introduction 

In dance, repetitive jumps are incorporated into choreography 
where physical exertion, aesthetics and rhythm are factors in 
lower extremity dynamics [1]. These dance specific conditions 
may affect the distribution of lower extremity demands which 
may alter performance and aesthetic qualities. The purpose of 
this study was to characterize lower extremity dynamics of 
bilateral jumps (sautés) following dance specific exertion. 

Methods 

9 female professional and pre-professional dancers (age = 21.4 
± 3.3 years, duration of dance training = 14.6 ± 4.3 years) 
performed a 1-minute piece of ballet choreography, 4 
consecutive times. At the start of each minute, dancers 
performed a jump series of 16 consecutive sautés at a rate of 
95 bpm. The middle 10 sautés for each of the 4 jump series 
were analysed to capture consistent repetitions of the jumps. 

Motion capture data were collected at 250 Hz and 
synchronized with ground reaction force data collected at 1500 
Hz. The data were low-pass filtered at 12 and 50 Hz, 
respectively. Jump rate was calculated as the amount of time 
spent in contact with the ground. The metatarsophalangeal 
(MTP), ankle, knee, and hip net joint powers were calculated 
as the product of the net joint moments and joint angular 
velocities normalized to body weight [2]. Mechanical energy 
expenditure (MEE) was calculated by integrating the absolute 
value of the net joint power curve over time. Individual joint 
contribution to total lower extremity MEE (%) was calculated 
by integrating the joint MEE over the sum of the MEE for all 
lower extremity joints. Sautés were analyzed during ground 
contact and the movement was divided into absorption and 
generation phases, delineated by the lowest sagittal position of 

the sacrum during ground contact. Only jump series #1 (first) 
and #4 (final) were analyzed for this study. As this task is 
bilateral and symmetrical, only the dancer’s stance limb was 
analyzed. Due to a small sample size, statistical analysis of 
MEE was performed using Cohen’s d effect size. 

Results and Discussion 

Jump rate was similar between series #1 and #4 as 
demonstrated by a small effect size (ES=0.24). Total lower 
extremity MEE was similar for absorption and generation 
phases as indicated by small effect sizes (Table 1). These 
findings suggest that dancers maintained the rate requirements 
of the task despite exertion. MTP and ankle joint contributions 
during both phases of the sauté decreased with large effect 
sizes (Table 1). The large effect sizes indicate that the 
contribution to lower extremity MEE by distal joints was 
diminished with physical exertion. During the absorption 
phase, the knee MEE contribution increased with a large effect 
size (Table 1) indicating that this joint had greater contribution 
to lower extremity MEE. During the generation phase, the hip 
MEE contribution increased with a large effect size (Table 1) 
suggesting that distribution of the lower extremity demands 
was driven by this proximal joint. 

Conclusions 

Dance specific exertion influences lower extremity joint 
contribution to total MEE in sautés. The larger proximal joints 
compensated for the decreased contribution from the smaller 
distal joints, specifically, the knee during absorption and the 
hip during generation. This concurs with the accepted 
principle that during locomotion the knee is an energy 
absorber and the hip is an energy generator [3].  
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Table 1: Data from the Absorption and Generation Phases of Sauté Jump Series #1 and #4. Bolded text indicates a large effect size. 

 Absorption Phase Generation Phase 
Jump Series 

#1 
Jump Series 

#4 Effect Size 
Jump Series 

#1 
Jump Series 

#4 Effect Size 

Total Lower Extremity MEE (J/kg) 6.87 ± 0.7  6.90 ± 1.0 0.05 7.53 ± 0.9 7.31 ± 1.0 0.24 

Individual 
Joint 
Contribution 
to Total 
Lower 
Extremity 
MEE (%) 

Metatarsophalangeal 3.8 ± 1.1 3.2 ± 1.0 0.61 3.3 ± 0.8 2.7 ± 0.7 0.87 

Ankle 41.3 ± 5.4 37.1 ± 6.9 0.68 42.6 ± 4.3 40.3 ± 3.3 0.62 

Knee 45.6 ± 4.9 49.4 ± 6.6 0.67 47.2 ± 3.0 47.5 ± 3.7 0.08 

Hip  9.3 ± 3.4 10.3 ± 2.5 0.34 6.9 ± 3.1 9.6 ± 3.9 0.78 
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Summary 

This study examined the effects of osteoarthritis of the trailing 
knee on golf performance and rotational kinematics during a 
golf swing. The study showed that osteoarthritis may cause 
reduced trunk and knee joint rotations in addition to slower 
knee rotation velocities, which consequently may cause 
reduced ball speed and reduced performance. 

Introduction 

Golf is an activity often recommended by medical 
professionals for the aging population and is for

 

Methods 

Five male golfers with OA of their right knee, and 10 age-
matched controls (OA: 1.83±0.03 m, 112.3±16.6 kg, 65±6 
years, 82.0±4.6 on a par-72, Controls: 1.75±0.08 m, 
95.2±11.2kg, 59±8 years, 79.3±6.5 on a par-72) volunteered 
for participation. The golfers performed eight shots each with 
their own driver and all participants were right handed (OA in 
the trailing knee). A 10-camera Vicon system (Vicon, Oxford, 
UK) recorded kinematics at 500Hz, which were processed in 
Visual 3D (C-motion, Germantown, USA), and a radar system 
(Trackman, Vedbæk, Denmark) provided the ball speed of 
each shot. Rotational joint angles and peak rotational 
velocities for the X-factor, hips, and knees were calculated. 
The data was analysed using independent samples T-tests 
(p<0.05),  determined the magnitude of effect 
sizes. 

Results and Discussion 

The OA group had 11% slower ball speed than the controls 
(p=0.103, D=1.22) and had a 28% slower swing time 
(p=0.021, D=1.46).   

The OA group also had less rotation about the X-factor and 
both knees (Figure 1), which was likely a strategy to protect 
the painful trailing knee. Interestingly, the OA group showed a 
trend toward increased rotations about the trailing hip, which 
perhaps was a compensation for the reduced knee motion. The 
OA group utilized slower peak velocities about both knees 
(Figure 2), which further suggests protective strategies during 
the swing. 

 
Figure 1: Joint rotations during the golf swing. *p

D>0.8. Symbols in axis indicates difference in ROM. 

 
Figure 2: Peak rotational velocities during the golf swing. *p<0.05, 

D>0.8 

The aberrant movement patterns observed in the OA cohort 
may be a result of the prolonged pain from the OA knee. 
Practitioners should recognize that these motions may have 
become well-established and may linger [3] even after the pain 
subsides following surgery. The small OA sample size limits 
the reliability of this study, however, the study is ongoing, and 
a larger sample size will be analyzed and reported. 

Conclusions 

The study showed aberrant rotational kinematics in golfers 
scheduled to undergo arthroplasty of their trailing knee, with 
altered joint motions and slower peak velocities. It is likely 
that the abnormal kinematics caused slower swings and ball 
speeds and thereby affected the golf performance of 
participants with knee OA. 
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Summary 

This study examined the effects of osteoarthritis of the trailing 
knee on frontal and transverse plane moments during a golf 
swing. It showed that osteoarthritis reduces the moments about 
the affected knee and increases the loading on other joints. 

Introduction 

Golf is popular with the aging population and is often 
practiced by individuals with osteoarthritis (OA) [1]. The 
nature of the golf swing has resulted in research focusing on 
rotational kinematics [2], although it is predominantly frontal 
plane loading that has been associated with the onset of OA 
[3,4]. The effects of OA on frontal and transverse plane joint 
moments during a golf swing is poorly documented. This 
study aimed to examine the effects of knee OA on frontal and 
transverse plane moments during a golf swing. 

Methods 

Five male golfers with OA of their right knee, and 10 age-
matched controls (OA: 1.83±0.03 m, 112.3±16.6 kg, 65±6 
years, 82.0±4.6 on a par-72, Controls: 1.75±0.08 m, 
95.2±11.2kg, 59±8 years, 79.3±6.5 on a par-72) volunteered 
for participation. The golfers performed eight shots each with 
their own driver and all participants were right handed (OA in 
the trailing knee). A 10-camera Vicon system (Vicon, Oxford, 
UK) recorded kinematics at 500Hz and AMTI force platforms 
(AMTI Inc., Watertown, USA) (1000Hz) provided kinetic 
data. All data were processed in Visual 3D (C-motion, 
Germantown, USA) and the frontal and transverse plane joint 
moments during the forward motion of the swing were 
extracted for analysis. The data was analysed using 
independent samples T-tests (p<0.05), and Cohen’s D 
determined the magnitude of effect sizes. 

Results and Discussion 

The OA group had higher joint moments about their trailing 
hip and lower moments about their trailing (OA) knee (Figure 
1). This suggests a reluctance to load the affected knee and a 
compensatory mechanism up the kinetic chain. The leading 
leg appeared unaffected in transverse plane loading. 

The frontal plane moments were reduced both at the hip and 
knee in the affected limb in the OA group (Figure 2). 
Interestingly, it appeared to be the leading knee that 
compensated in the frontal plane as the OA group showed 
greater abduction moments than the control group. 

 

 

 
Figure 1: Transverse plane joint moments during the golf swing. 

*p<0.05, †Cohen’s D>0.8 

 
Figure 2: Frontal plane joint moments during the golf swing. 

*p<0.05, †Cohen’s D>0.8 

This study shows that individuals with OA of the trailing knee 
experience aberrant loading patterns at the hips and knees that 
are likely associated with to pain-avoidance strategies [5]. 
Rehabilitation professionals working with this population 
should consider that these aberrant motions may linger after 
surgery and the pain has subsided [6] and may cause new 
injuries through compensation. The reliability of this study is 
limited by the small OA cohort, however, the study is 
ongoing, and a larger sample will be analyzed as collected. 

Conclusions 

The study showed that OA of the trailing knee causes aberrant 
joint loading in golfers and revealed compensatory 
mechanisms. It is possible that continued aberrant loading may 
cause injuries to other joints. 
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Summary 

Injuries in aquatic sports are often associated with prolonged 
fatigue due to repetitive motions. These injuries are often 
more common in females due to an increased endurance. We 
calculated rate of change in muscle activation in expert 
aquatic athletes and controls throughout a fatiguing task. 
Slope coefficients for 9 muscles were analysed to find 
predictors of endurance times for each group. Controls 
demonstrated a kinetic adaptation and an increase in main 
agonist activation in order to maintain performance. In 
contrast, swimmers maintained performance by 
compensating for a reduction in scapular stability. No 
predictors were found for the water polo group, likely due to 
the unpredictability of their sport.  

Introduction 

Fatigue is a major contributor to the risk of injury when 
performing repetitive movements [1], especially so in the 
athletic population for those who compete in repetitive 
overhead aquatic sports. Generally, in fatigue studies 
females show higher endurance, although this may make 
them more susceptible to injuries of their slow-fatiguing 
muscle fibers [2]. Previous studies have found that initially 
high motor variability, was as a predictor of endurance [3] in 
a female sub-group, but no studies have assessed this in a 
female athlete population. We investigated whether the rate 
of change in EMG amplitude (RMS) for all muscles, from 
the beginning to middle to end, predicted each group’s 
endurance during a fatiguing task.  

Methods 

Thirty-seven females were recruited in three groups: expert 
water polo players, expert competitive swimmers, and 
controls. Participants were fitted to a Con-TREX isokinetic 
dynamometer (Con-TREX MJ; CMV AG, Dubendorf, SW) 
in prone, with the shoulder abducted 90°. They performed a 
series of maximal 90° internal rotations of the shoulder 
(maximal voluntary reference contraction: MVRC). Next, 
they performed a repetitive, fatiguing, shoulder internal 
rotation task, where they maintained their torque output at 
50% of their MVRC. Ratings of perceived exertion (Borg 
CR-10 scale) were asked every minute, and the test 
concluded when the subject reached a rating of 8/10, 
signifying sufficient fatigue. EMG RMS was calculated by 
averaging the last 5 internal rotations of each minute of the 

task. The subjects then repeated the MVRCs after the 
completion of the fatiguing protocol.  

Bivariate regression analyses were performed to determine 
the slope coefficients for the rate of change in EMG RMS. 
The slope coefficients for each subject and muscle were then 
averaged for each of the three groups (Table 1). Stepwise 
multiple regression analyses were used to establish if the 
slope of any particular muscle predicted Time to Fatigue 
(TTF). 

Results and Discussion 

Stepwise multiple regression analyses determined the rate of 
change in the pectoralis (PEC), the posterior deltoid (PD), 
and the latissimus dorsi (LAT) to be predictors of TTF in 
controls, and in swimmers the anterior deltoid (AD), the 
middle trapezius (MT), and the infraspinatus (IS). No 
significant predictors were found for the water polo group.  

For controls the effect of PEC change on TTF can be 
interpreted as an increase in motor unit recruitment of the 
main agonist. The effect of the decrease in LAT and PD 
EMG RMS on TTF is hypothesized as a kinetic adaptation, 
in order to aid the agonist in the prolongation of the 
movement. This could be due to the lack of expertise from 
the control group in this particular movement. For the 
swimming group the effect of the increased AD RMS on 
TTF is interpreted as an adaptation strategy to alleviate 
workload from other main agonists, or from the decrease in 
activation of the stabilizing muscles (MT, IS). This has 
major implications for injury development, as lack of 
stability of the glenohumeral joint is a leading cause of 
injury in this population. The lack of predictors in the water 
polo group is most likely influenced by the unpredictability 
of their sporting environment, which could lead athletes to 
develop a wide range of strategies for fatigue resistance.  

Conclusions 

Controls and swimmers exhibited individual strategies to 
maintain performance of the task, whereas there were no 
predictors of TTF in water polo player group.  
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Table 1: Comparison of average slope coefficients (EMG RMS rate of change) between groups for all 9 muscles 

 Pectoralis Ant. Deltoid Post. Deltoid Up. Tapezius Md. Trapezius Lat. Dorsi. Supraspinatus Infraspinatus Subscapularis 

Control 0.2149687 0.127982688 -0.682918748 -0.060084090 -0.718394723 -0.13394642 -0.244480965 -0.449869216 -0.426506541 

Water Polo 0.2945367 -1.35599549 -0.442068847 -0.400456252 -0.011994668 0.16094159 -0.184533478 -2.516582664 1.005691955 

SW -0.0319415 0.40443074 -0.311540777 -0.424544994 -0.242234901 -0.39189091 0.140727145 -1.415237382 -0.456294861 
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Summary 

The purpose of this study was to investigate what the effect is 

of prioritizing kicking velocity or accuracy upon kinematics 

and kicking performance in soccer. 13 male soccer players 

performed penalty-kicks with prioritising velocity or accuracy. 

3D kinematics, together with maximal ball velocity and hitting 

accuracy, were measured on all kicks. The main findings were 

that when the main aim was accuracy, accuracy increased, 

while the velocity reduced, and vice versa,  which supports 

Fitts’s law. In addition, kicking accuracy was higher when 

kicking to the contralateral side. The slower ball velocity was 

caused by lower maximal knee extension and pelvis rotation 

and in run velocities during the accuracy priority kicks.  

Introduction 

There are different strategies to score goals from 11 m in 

soccer: kicking as hard as possible to a corner or focusing 

upon accuracy to surpass the goalkeeper. However, does 

prioritizing velocity or accuracy influence kinematics and 

kicking performance in an inverse matter as Fitts’ law 

suggests [1]. Therefore, the aim of this study was to 

investigate the effect of speed or accuracy on kinematics and 

kicking performance in soccer players.  

Methods 

Thirteen experienced male footballers (age 24.8 ± 5.8 yr, mass 

77.8 ± 6.6 kg, height 1.82 ± 0.06 m, soccer experience 17.1 ± 

3.5 yr) performed penalty-kicks with different instructions 

prioritising velocity or accuracy. 3D joint kinematics 

measured at 500 Hz with Qualisys, together with maximal ball 

velocity and hitting accuracy, were measured on all kicks. The 

players were instructed to kick as hard as possible and try to 

hit a target (1x1m) at the contra or ipsilateral side or only hit 

the target. Instructions were given in random order [2]. 

A repeated measures design 2 (target side: contra-, ipsilateral) 

x 2 (Velocity, accuracy prioiry) ANOVA on each of the 

variables (maximal ball velocity, hit percentage, in run 

velocity, maximal angles, and peak angular velocities of the 

different joint movements) was used. 

Results and Discussion 

The main findings were that when the main aim was accuracy, 

accuracy increased, while the velocity reduced for both 

kicking sides. In addition, kicking accuracy was higher when 

kicking to the contralateral side (Fig 1). 

A lower peak in run, knee extension and pelvis rotation 

velocity, combined with lower maximal pelvis tilt, hip flexion, 

abduction, mainly caused lower kicking velocity and internal 

rotation angles (Fig. 2). Only higher maximal pelvis rotation 

angles and peak hip flexion velocity were observed when 

kicking to contralateral side compared to ipsilateral side. 
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Figure 1: max ball velocity and hit % averaged per side and priority. 

* indicates a significant difference between these two sides (p<0.05) 
† indicates a significant difference between these two priorities 

Table 1: peak angle (°) and angular velocity (°/s) of selected joint 

movements average for each priority and kicking direction * 

indicates significant difference in priority. † indicates a significant 
difference in kicking direction (p<0.05) 

Variable Velocity priority Accuracy priority 

angle Contralateral Ipsilateral Contralateral Ipsilateral 

Pelvis rot 103±16*† 81±10† 96±23 71±22 

Pelvis tilt 21±5* 20±5* 16±7 16±7 

Knee ext 69±7 69±7 72±11 72±9 

Hip flex 30±4* 32±5* 37±8 38±7 

Int rot 9±3* 9±2* 12±4 13±3 

Hip abd 39±7*† 41±8* 49±12 50±12 

Velocity     

Pelvis rot 8±2.4* 8±3.0* 6.4±3.6 4.9±2.6 

Pelvis tilt 4.9±0.8 5.4±1.4* 5.4±1.3 4.7±1.0 

Knee ext 35.4±3.6* 35.6±3.1* 31.6±5.3 31.1±4.3 

Hip flex 11.6±1.8† 10.8±1.7 10.8±1.9 11.1±1.4 

Int rot 4.0±1.8† 5.3±2.2 4.4±1.4 5.2±2.5 

Hip abd 14.6±2.9 15.6±2.6 15.3±2.6 16.8±1.6 

In run 5.0±1.0* 4.8±0.7 4.7±0.9 4.7±1.1 

Conclusions 

It can be stated that soccer kicking followed Fitts’s law when 

the priority is on accuracy-velocity reduces and vice versa. 

Differences are mainly caused by lower in run velocity, peak 

knee extension and pelvis rotation velocities. Based on these 

findings and to have the largest chance of scoring a goal from 

11 m, it is suggested that soccer players should be instructed 

to kick as fast as possible and try to hit the contralateral side of 

goal as their strategy. 
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Summary 

This study compared stride, thorax, and pelvis kinematics 

between accurate and inaccurate forehand (FH) and backhand 

(BH) lawn bowl deliveries. Kinematics were assessed of 19 

elite lawn bowls athletes completing FH and BH deliveries. 

No relevant differences where shown between accurate and 

inaccurate deliveries in stride length, thorax, or pelvis 

kinematics. Therefore, future research should investigate 

whether the there are differences in upper and lower limb 

kinematics that impact lawn bowling accuracy. 

Introduction 

Success in the sport of lawn bowls is determined by an 

athlete’s ability to deliver the bowl accurately. As scoring 

systems are based on the distance between the bowl and the 

‘jack’ (the target), the accurate delivery of bowls that results 

as close as possible to the jack is key to successful 

performance. Previous research has noted that there are 

differences in lawn bowling accuracy and consistency between 

forehand and backhand deliveries [1], as well as differences in 

the stride length, thorax, or pelvis kinematics between these 

two types of deliveries [2] To date, there is no research that 

investigates how body movements aid in accurate lawn 

bowling. Therefore, the aim of this study was to compare 

differences in stride length and thorax and pelvis positioning 

between accurate and inaccurate forehand and backhand lawn 

bowl deliveries. 

Methods 

Nineteen male (n = 12) and female (n = 7) (age 28.5 ± 7.6 

years, height 175.4 ± 9.9 cm, mass 82.4 ± 21.0 kg) elite lawn 

bowlers were assessed during FH and BH deliveries. A 

forehand delivery was defined when the bowl’s trajectory apex 

was on the same side as the bowling arm. A total of ten 

accurate (defined as ≤60cm from the jack) and ten inaccurate 

(defined as ≥75cm from the jack) bowls on both the FH and 

BH were analysed for each participant. Thorax and pelvis 

kinematics were collected by a 20-camera Vicon motion 

capture system throughout the delivery (between 23 m and 27 

m bowling lengths) with kinematics being reported at the time 

of bowl release. The ipsilateral side of the body was defined as 

the side of the stride leg in the bowling movement. 

Differences between accurate and inaccurate thorax and pelvis 

kinematics at bowl release, as well as stride lengths, were 

compared via paired samples t-tests and significance was set at 

P≤0.05. 

Results and Discussion 

Inaccurate bowling trials during the BH had significantly 

greater thorax contralateral flexion compared with accurate 

trials (Table 1), however this difference was less than one 

degree. Therefore, the impact that these differences will have 

when being applied to coaching is minimal. There were no 

other statistical differences between accurate and inaccurate 

trials for any other kinematic variable. The results of the 

present study showed no relevant differences in stride length, 

or thorax or pelvis kinematics between accurate and inaccurate 

lawn bowl deliveries either on forehand or backhand, despite 

there being differences in accuracy and consistency in these 

two types of deliveries [1].  

Conclusion 

No statistical differences were shown in stride, pelvis, and 

thorax kinematics between accurate and inaccurate lawn bowls 

deliveries. Future research should investigate whether upper or 

lower limb joint kinematics are related to bowling accuracy. 
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Table 1: Group mean ± standard deviation of stride length, and thorax and pelvis kinematics during accurate and inaccurate bowl deliveries. 

Kinematics 

       Backhand     Forehand 

Accurate Inaccurate P-value  Accurate Inaccurate P-value 

Pelvis Anterior Tilt (°) 38.5 ± 10.9 38.4 ± 10.9 0.51  35.0 ± 11.9 34.7 ± 12.1 0.33 

Pelvis Contralateral Drop (°) 12.3 ± 5.5 12.5 ± 5.8 0.29  19.3 ± 6.0 19.6 ± 5.9 0.12 

Pelvis Ipsilateral Rotation (°) 10.8 ± 8.1 10.6 ± 8.0 0.19  1.2 ± 8.1 0.9 ± 8.1 0.14 

Thorax Flexion (°) 69.2 ± 7.3 69.2 ± 7.2 0.96  66.0 ± 7.9 66.2 ± 8.0 0.42 

Thorax Contralateral Flexion (°) 18.7 ± 9.7 19.1 ± 9.6 0.04*  29.6 ± 8.5 29.9 ± 8.8 0.08 

Thorax Ipsilateral Rotation (°) 27.0 ± 7.4 27.1 ± 7.5 0.44  22.2 ± 7.7 22.1 ± 7.6 0.57 

Stride Length (cm) 130.2 ± 23.0 130.5 ± 23.3 0.57  75.9 ± 17.2 74.6 ±14.6 0.26 

* Notes statistical significance (P≤0.05) 
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Summary 
This study was conducted to investigate interaction during 
turning movement in competitive ballroom dance. Thirteen 
national high-level competitive ballroom dance couples and 
the current world competitive ballroom champion couple were 
participated. Movements were recorded at 240 Hz using two 
Xsens systems. The ballroom sequence dance steps for the 
waltz were used. ①Preparation ②Natural Spin Turn ③
Second half of Reverse Turn First, the male danced alone. 
Then the female danced alone. Finally, they danced together 
using a closed hold position. The first half of natural spin turn 
was analysed. Some parameters of step length and the 
movement range of lower extremity joints were significantly 
different between alone and pair in the high-level dance 
couples. Comparing with the high-level dance couples, the 
step length of champion dance couple was tended to be longer. 
Pairing male dancer with female dancer, the movements of the 
competitive ballroom dance may become more dynamic. 

Introduction 
The waltz is a popular ballroom dance worldwide. 
Competitive dance consists of Latin American and ballroom 
dances. Ballroom dance includes waltz, tango, Viennese waltz, 
slow foxtrot, and quickstep. The salient characteristic of 
ballroom dances is the closed hold position with interaction 
between dancers. This study was conducted to investigate 
interaction during turning movement in competitive ballroom 
dance. 

Methods 
Thirteen national high-level competitive ballroom dance 
couples participated in this study. Mean and standard 
deviation of age, body height and mass of male dancers were 
24.31 ± 5.57 years , 173.40 ± 6.32 cm and 61.08 ± 4.86 kg and 
of female dancers were 22.62 ± 4.66 years, 161.15 ± 6.08 cm 
and 47.62 ± 5.03 kg, respectively. All couples are certified by 
national competitive dance organization as grade A or B at the 
time of testing. Seven couples were finalists or semi-finalist in 
The Imperial Highness Prince Mikasa Cup, All Japan 
DanceSport Championships hosted by Japan DanceSport 
Federation. In addition, one couple (CHA), who holds Open 
World Championship in Professional Ballroom Division 
hosted by World Dance Council for ten years running, was 
participated. Age, body height and mass of CHA male dancer 
were 40 years, 183 cm and 76 kg and of CHA female dancer 
were 40 years, 169 cm and 52 kg, respectively. All 

participants were free from injury. This study was approved 
by the Committee for Ergonomic Experiments, National 
Institute of Advanced Industrial Science and Technology． 

Dance movements were recorded at 240 Hz using two Xsens 
systems (MVN, Xsens Technologies, Netherlands) [1], which 
comprises 17 inertial measurement units attached to the feet, 
shanks, thighs, pelvis, sternum, head, upper arms, forearms, 
and hands 
The ballroom sequence dance steps for the waltz were used 
with the music as a trial.  

①Preparation (123123) ②Natural Spin Turn (123123) ③
Second Half of Reverse Turn (123) 
 First, the male danced alone. Then the female danced alone. 
Finally, they danced together using a closed hold position. 

Results and Discussion 
Our long-term objects is to build coaching system by using 
artificial intelligence technology combining sensor data and 
knowledge of human movements. The coaching system might 
be beneficial for people of many age and skill groups 
including elderly people and highly ranked competitive 
dancers for preventing injury, improving performance and 
promoting health. 
Some parameters of the step length and the movement range 
of lower extremity joints were significantly different between 
alone and pair conditions in the national high-level dance 
couples. Comparing with the high-level dance couples, the 
step length of the CHA couple was tended to be longer. 

Conclusions 
Pairing male dancer with female dancer, the movements of the 
competitive ballroom dance may become more dynamic 
during the first half of natural spin turn. 
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Summary 

Rowing involves continuous repetitive motion and high 

intensity loading on the glenohumeral (GH) joint. These factors 

significantly influence performance and injury propagation. 

This is the first study to specifically explore three-dimensional 

shoulder biomechanics with motion capture and musculoskeletal 

modelling to assess scapular and humeral movement during 

rowing. At key points during the stroke we found high GH joint 

reaction forces, stability ratios and decentralization of humeral 

head, which may have implications for shoulder pathologies 

such as impingement or instability.   

Introduction 

Detailed biomechanical measures of the upper body during 

rowing are limited, especially analyses that examine movement 

beyond the sagittal plane. The upper body provides stability and 

velocity, as large loads are passed up the kinetic chain across the 

shoulder during rowing. This experiment used motion capture 

with a scapular tracker [1] to record trunk and arm motion during 

rowing, to characterize trunk and shoulder influences in rowing 

dynamics, and to detail how these characteristics affect joint 

loading when modulated by speed. 

Methods 

Eleven volunteers (7 female/4 male; height: 175.2±8.8 cm; 

mass: 73.1±8.9 kg; age: 25.8±6.6 years) with 8 (±8) years of 

rowing experience participated in the study. Subjects were club 

or university athletes regularly rowing at the time of the study. 

A 10-camera optical motion capture system (Vicon, UK) tracked 

kinematics at 100Hz. Twenty-four 14mm reflective markers 

tracked the torso, scapula, arm, and hand. Athletes performed 

four, 3-minute rowing trials at increasing rate (18/24/28/32 

strokes per minute, spm) on an instrumented ergometer 

(Concept 2, VT, USA), with load cells at the handle and seat, 

strain gauges under the footplates, and a rotary encoder on the 

flywheel. 

Motion data and external forces, normalized to percent stroke 

completion, where 0% is the catch, provided inputs to the UK 

National Shoulder Model [2], to quantify contact patterns, joint 

forces, and moments, across the GH joint. 

Results and Discussion 

GH forces are shown in Figure 1. The stability ratio, a clinical 

metric of shear versus compressive force, is associated with risk 

of pathology. Higher ratios indicate more instability [3], which 

are seen in rowing from catch through mid-drive where loads are 

greatest, with a significant increase from 18spm to 24spm 

(p<0.01), but stabilize at higher rates. Mean peak GH joint 

Compression and S/I shear were highest at 28spm, but A/P shear 

force peaked at 24spm. All metrics declined at 32spm (Figure 

2).  

GH joint reaction forces on the glenoid are centred anterior/ 

inferior at the catch, loop clockwise through posterior/inferior at 

max handle force, into posterior/superior at the finish (Figure 2). 

This pattern is similar to activities of daily living involving an 

outstretched arm [4], a position exaggerated in sweep rowers.   

Conclusions 

Chronic shoulder pain in rowers likely worsens with age and 

generally results from compromised shoulder girdle positioning 

and stabilization under stress. This study has shown that GH 

instability is affected by stroke rate and position within the 

stroke. Musculoskeletal modelling can sensitively delineate the 

effects of rowing dynamics, providing feedback for coaches and 

trainers to help ensure proper scapular and glenohumeral 

mechanics by modifying technique, posture, and strengthening 

shoulder stabilizers. 
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Summary 

Swing tempo and rhythm are the most important golf 

performance indicators. In this study, we investigated the 

swing tempo and rhythm according to different golf clubs 

and distance using a wireless inertial measurement unit 

(IMU) sensor. 14 golfers performed repeated, consistent 

swing with three golf clubs (driver, 7-iron, and wedge) and 

three distance (30m, 50m, and 70 m using wedge). The 

swing tempo was showed very consistently with a different 

golf club. The swing rhythm tends to decrease according to 

the golf club type with less carrying distance. Our study 

demonstrated that potential application of wireless IMU 

sensor for analyzing the golf performance parameters. 

Introduction 

Swing tempo and rhythm are mainly described by the 

golfer’s swing skill, and shown to be important in 

maintaining the performance. The tempo means the time 

required for the swing from the address to the impact. 

Rhythm means the ratio of the downswing to the backswing. 

The wearable IMU sensors have been widely utilized in the 

motion analysis during sports [1], and also recently getting 

more popularized in the study of golf swing analysis [2,3]. In 

this study, we analyze the golf swing performance, swing 

tempo and rhythm using wireless IMU sensor. First, we 

validate the estimated clubhead trajectory from the IMU 

sensor with data from the optical motion capture system 

during the golf swing. Then, the swing performance 

parameters were represented to automatically detecting from 

the motion data. After that, different golf club swing 

including a driver, 7-iron, and wedge with 30 m, 50 m, 70 m, 

and full swing were applied to calculate the golf swing 

tempo and rhythms. 

Methods 

In order to estimate the clubhead trajectory using 3-axis 

acceleration data and the 3-axis gyroscope data from the 

IMU sensor (Wearnotch, Notch Interfaces Inc., New Jersey, 

USA), an in-house modified Madwick filtering algorithm 

was developed using Matlab®  R2015a (The Mathworks Inc., 

USA). The estimated clubhead trajectory was validated 

against data from the optical motion capture system with 10 

cameras (Hawk®  system, Motion Analysis, CA, USA). The 

IMU sensor was fixed to the near to the club-grip, and the 

three optical markers were attached to the middle of the golf 

club (Figure 1a). In the experiment, 14 college-level male 

golfers (age, 21.5 ± 2.1 years; handicap, 6.7 ± 4.8) were 

recruited from the Korean College Golf Federation. Each 

subject repeatedly performed the six different golf swings; 

driver full swing, 7-iron full swing, wedge full swing, wedge 

30m swing, wedge 50m swing, and wedge 70m swing, 

respectively. The swing tempo is calculated with the time 

from address to ball impact. The swing rhythm is calculated 

as the ratio of the downswing to backswing. Each parameter 

were calculated based on the estimated clubhead trajectories 

during the golf swing.  

Results and Discussion 

The estimated clubhead trajectory using the IMU sensor 

showed good agreement with the data from the optical 

motion camera system (Figure 1b, and 1c). The Pearson 

correlation coefficients and RMSE values were 0.89-0.95 

and 0.11-0.17. 

Figure 1: Average of clubhead trajectory and position data from the 
IMU sensor and optical motion camera. 

The swing tempo for different golf clubs and distances were 

presented very consistently with different golf club type and 

different wedge distance, except 30 m case (Figure 2a). The 

swing rhythm tends to decrease according to the golf club 

type with less carrying distance (Figure 2b).      

Figure 2: The swing tempo (a) and rhythm (b) for different golf 
club and distances. 

Conclusions 

From our golf swing experiment, we found that the wireless 

IMU sensor has distinct advantages such as no limitation of 

the experimental space, shorter data receiving and processing 

time, which the present technology can apply to practical 

field. Our study demonstrated that potential application of 

wireless IMU for analyzing the golf performance parameters. 

Acknowledgments 

This work was supported by the National Research 

Foundation of Korea (NRF) grant funded by the Korea 

government (MSIP) (No. 2017R1E1A1A03070418). 

References 

[1] Khuyagbaatar et al. (2017). Proc Inst Mech Eng H, 231: 

987-993. 

[2] King et al. (2008). Sens Actuators A Phys, 141: 619-630. 

[3] Kim et al. (2017). IEEE T Consum Electr, 63: 309-317. 

Friday, August 02 2019: Posters (1600-1800) 1258

Sport 2



 

 

Investigation of hip biomechanics during running in male football players with and without hip-related pain 
Mark J. Scholes1, Benjamin Mentiplay1, Anthony Schache1, Joanne Kemp1, Matthew King1, Josh Heerey1 & Kay Crossley1 

1 La Trobe Sport and Exercise Medicine Research Centre, La Trobe University, Victoria, Australia 
Email: M.Scholes@latrobe.edu.au 

Summary 
Hip-related pain can frequently affect young athletic 
individuals, including football players. To date, no studies 
have investigated hip biomechanics during running in football 
players with hip-related pain.  

Introduction 
Within the umbrella of hip and groin pain, hip-related pain 
(HRP) is a common diagnosis in male football players. 
Persistent hip and groin pain in football players can negatively 
impact sports participation and quality of life [1]. 
Biomechanics can influence the magnitude and distribution of 
hip joint loads, but previous studies of patients HRP have only 
considered low load tasks such as walking [2]. The primary 
aim of this study was to evaluate sagittal and frontal plane hip 
kinematics and kinetics during running in male football 
players with and without HRP. 

Methods 
Male football (Soccer or Australian Rules football) players 
were eligible to participate if they were currently engaged in 
structured competition and aged 18-50 years. The HRP group 
reported greater than six months of hip and/or groin pain and 
had a positive flexion/adduction/internal rotation (FADIR) 
test. Control participants had no history of lower limb or 
lumbar spine injury or surgery, and a negative FADIR test. 
Symptoms were quantified using the pain and symptom 
subscales of the Copenhagen Hip and Groin Outcome Score 
(HAGOS) [3]. Biomechanical data were recorded using Vicon 
Nexus v1.8.5 (Oxford Metrics, Oxford, UK). A 10-camera 
motion capture system (Oxford Metrics, Oxford, UK) was 
used to record marker trajectories and an embedded force plate 
(AMTI, Watertown, M.A.) recorded ground reaction force 
(GRF) data. Participants were asked to run over-ground at a 
comfortable pace, with the goal of achieving a steady speed of 
between 3 and 3.5 m/s. Verbal feedback and timing gates were 
used to ensure that correct speed and whole-foot force plate 
contact were attained for three trials. A seven-segment 
biomechanical model was created in Vicon BodyBuilder 
v3.6.2 (Oxford Metrics, Oxford, UK) to calculate peak sagittal 
and frontal plane hip joint angles and external moments during 
stance. All statistical analyses were completed in SPSSv24, 
with significance set at 0.05.     
 

Results and Discussion 
Ten male football players with HRP and 10 control 
participants of similar age, height and mass (p=0.13-0.88) 
participated. The football players with HRP had significantly 
worse pain and symptoms (p<0.001) when compared to 
control participants. During stance, the less symptomatic hips 
of football players with HRP demonstrate a significantly 
larger peak external hip flexion moment and impulse 
compared to healthy control participants (Figure 1). No 
significant between group differences in biomechanics were 
found between the most symptomatic hip and the healthy 
control participants (Table 1).  

 

Conclusions 
This is the first study to investigate running biomechanics in 
male football players with HRP. This finding may represent a 
movement strategy during running that increases hip loads in 
football players with HRP, however the cross-sectional nature 
of the study cannot determine a causal relationship. This pilot 
data warrants further analysis of running biomechanics in a 
larger sample of football players with HRP.  
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Variable 

HRP 
(n=10) 

Mean (SD) 

Contralateral 
hip (n=10) 
Mean (SD) 

Control 
(n=10) 

Mean (SD) 

Mean difference 
HRP & control 

(95% CI) 
P 

value 

Mean difference  
contralateral hip 

& control (95% CI) 
P 

value 
Peak hip flexion (°) 46.25 (3.67) 48.02 (4.13) 44.05 (6.57) 2.20 (-2.80, 7.20) 0.37 3.97 (-1.18, 9.13) 0.12 
Peak hip adduction (°) 12.17 (4.15) 11.73 (3.3) 10.91 (2.97) 1.26 (-2.13, 4.65) 0.44 0.82 (-2.13, 3.78) 0.57 
Peak hip flexion (N.m/kg) 1.43 (0.39) 1.56 (0.37) 1.16 (0.34) 0.27 (-0.079, 0.61) 0.12 0.40 (0.067, 0.73) 0.021* 
Peak hip adduction (N.m/kg) 1.87 (0.46) 1.89 (0.26) 2.04 (0.32) -0.17 (-0.55, 0.19)  0.32 -0.16 (-0.43, 0.11) 0.24 
Hip flexion impulse (N.m/kg) 0.16 (0.090) 0.17 (0.083) 0.10 (0.045) 0.06 (-0.01, 0.12) 0.093 0.067 (0.003, 0.13) 0.04* 
Hip adduction impulse (N.m/kg) 0.25 (0.057) 0.26 (0.037) .028 (0.038) -0.03 (-0.076,0.015) 0.17 -0.017 (-0.05, 0.018) 0.33 

Table 1: Comparison of HRP, contralateral hip & control participants for frontal & sagittal plane kinematics & kinetics. 
Kinematic data in degrees (°); moments expressed as peak external moment normalised to body weight (N.m/kg), * indicates P < 0.05) 

Figure 1: Time-normalised external hip sagittal plane moment.  
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Summary 

The purpose of this study was to examine the shock 

attenuation of the initial peak vertical force and the rate of 

loading between barefoot, traditional bowling shoes with 

minimalist midsole design and modified bowling shoes with 

E-TPU midsole design. The results indicated that the bowling 

footwear with the E-TPU material provided lower amount of 

the initial peak vertical force and the rate of loading, which 

may potentially be beneficial to bowlers to minimize lower 

extremity injury. Future studies are warranted to evaluate the 

internal joint forces and torques of bowling delivery 

mechanics with the E-TPU material footwear. 

Introduction 

Research in athletic footwear has been primary focused on the 

impact attenuation and response to loading rate related to 

injury during landing [1-3]. Recently, an expanded 

Thermoplastic Polyure-thane (E-TPU) material is developed 

to provide better shock absorption in athletic footwear; 

however, bowling footwear is a field that has yet been 

investigated extensively. Since bowling delivery is unique 

because the front foot acts as a slide and brake simultaneously 

to absorb the impact force from the ground during the last step 

of bowling delivery, the question of how much shock 

attenuation could be observed with E-TPU material remained 

to be answered. Therefore, the purpose of this study was to 

evaluate shock attenuation in bowling footwear in order to 

minimize lower extremity injury. 

Methods 

Twelve healthy college right-handed recreational male 

participants were asked to perform in three conditions: 

barefoot, traditional bowling shoes with minimalist midsole 

design, and modified bowling shoes with the E-TPU midsole 

design. Data collection took place at the Biomechanics 

Laboratory. AMTI Force plate data were recorded at 1000 Hz 

with Vicon Nexus software to evaluate the amount of shock 

and force absorption. Every participant was asked to bowl five 

balls in each type of footwear, so a total of 15 balls were 

collected for each participant. All data were analyzed with 

SPSS (v. 25) software. A one-way repeated measure ANOVA 

for the initial peak vertical force (Fz) and the rate of loading 

were compared between three different footwear conditions. 

Post hoc pairwise comparisons were conducted using t-test 

with Bonferroni adjustment. 

Results and Discussion 

In this study the initial peak vertical force in the barefoot 

condition was significantly greater than the traditional bowling 

shoes with minimalist midsole design and the modified 

bowling shoes with the E-TPU midsole design, Table 1. In 

addition, the rate of loading was also significantly greater in 

the barefoot than the traditional and the modified bowling 

footwear, Table 2. Since landing is a critical part of movement 

in many sports skills, athletic footwear is designed with 

materials to address this movement in order to minimize 

injury. A previous study was conducted to investigate the 

effects of athletic footwear on midsole thickness on the 

vertical force and the dynamic stability in single leg drop 

landing and found the initial peak vertical force on the non-

dominate leg was 2,884 ± 547 N for barefoot, 2,726 ± 480 N 

for minimalist midsole, 2,536 ± 453 N for moderate midsole, 

2,552 ± 548 N for thick midsole, and 2,437 ± 506 N for 

oversize midsole [3]. Moreover, the rate of loading on non-

dominate leg was significantly greater in the barefoot than the 

other four athletic footwear conditions with different 

thicknesses midsole design [3]. These findings from the 

previous study were similar to current study since both studies 

have demonstrated that footwear with greater and thicker 

cushion has the ability to attenuate greater amount of the 

initial peak vertical force and the rate of loading.   

Conclusions 

The findings of this study provided an important 

understanding on the effects of the E-TPU material on shock 

absorption in bowling footwear. Sports footwear developers 

may use this information to construct appropriate footwear, 

and practitioners may use this information to prescribe 

appropriate athletic training programs to minimize injury. 

Future studies are warranted to evaluate lower body internal 

joint forces and torques with the E-TPU material in bowling. 
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Table 1 & Table 2: Kinetic Comparisons of Initial Peak Vertical Force and Rate of Loading between Different Footwear Conditions   

Initial Peak Fz Means ± SD (N) p  Rate of Loading Means ± SD (N/S) p 

Bare vs Trad 1,045.7 ± 377.2 vs 811.7 ± 168.5 .008*  Bare vs Trad 100,265 ± 75,332 vs 25,830 ± 25,770 .007* 

Bare vs Mod 1,045.7 ± 377.2 vs 682.1 ± 116.8 .002*  Bare vs Mod 100,265 ± 75,332 vs 16,242 ± 7,582 .002* 

Trad vs Mod 811.7 ± 168.5 vs 682.1 ± 116.8 .004*  Trad vs Mod 25,830 ± 25,770 vs 16,242 ± 7,582 .128 

*Statistical significant at p < .016  *Statistical significant at p < .016 
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Summary 
The most commonly injured area for golfers is the lower back. 
The purpose of this study was to describe the sequencing 
patterns of the pelvis, lower trunk (LT), and upper trunk (UT) 
in golfers with lower back pain (LBP). Twelve amateur 
golfers with a history of LBP performed five driver swings 
recorded with a motion capture system. The timing of peak 
segment angular velocity in relation to maximum club 
velocity was recorded for each golfer. The pelvis and LT 
reached peak angular velocity significantly before the UT. 
Limiting separation between the pelvis and LT may be a 
mechanism that increases stabilization for golfers with LBP. 

Introduction 
Millions of people play golf each year and receive 
cardiovascular health and balance benefits [1]. The golf swing 
is a dynamic multi-joint movement that utilizes a proximal-
to-distal sequencing pattern. If the swing pattern is incorrect, 
then the forces generated through the swing may transfer into 
soft tissues resulting in injury, and between 26% to 55% 
golfers experience LBP while playing [2]. Teaching 
professionals commonly recommend dissociating the motion 
of the pelvis and trunk thereby using the stretch-shortening 
cycle [3]. Researchers have previously separated the trunk 
into LT and UT segments when investigating performance 
variables [4]; however, the motion of LT and UT segments 
has not been described for golfers with LBP. Therefore, this 
study aimed to describe the sequencing pattern of the pelvis, 
LT, and UT in golfers with LBP.  

Methods 
Twelve amateur male golfers with a history of golf-related 
LBP (age: 35±13.8; handicap: 8.0±6.8) were recruited. A 
modified Oswestry Low Back Pain Disability Questionnaire 
was used to characterize the golfer’s pain [5].  

Fifty retroreflective markers were positioned on anatomical 
landmarks, and an additional five markers were secured to the 
participant’s driver. Golfers performed an eight minute golf 
warm-up using four different golf clubs before five swing 
trials were recorded with a nine camera Vicon system 
capturing at 250Hz. Marker trajectories were labelled in 
Vicon Nexus, and Visual 3D was used to compute golf swing 
kinematics.  

An adaptation of a previously validated multi-segment trunk 
model was used to define LT and UT [6]. The time between 
peak clubhead velocity and peak angular velocity about the 
vertical axis for the pelvis, LT, and UT segments determined 
segment sequencing, and paired t-tests were used to assess 
differences between the timing of peak segment angular 
velocities (alpha level = .05).   

 

Results and Discussion 
The timing of pelvis and LT peak segment angular velocities 
was not significantly different (p = .909); however, both the 
pelvis (p = .023) and LT (p = .012) reach peak angular velocity 
significantly before the UT (Figure 1). The segmental motion 
pattern during the swing mimicked a proximal-to-distal 
pattern, but the uniform motion of the pelvis and LT may 
indicate insufficient lumbar spine stability.  

 
Figure 1: Pelvis, LT, and UT peak angular velocity from the top of 

the backswing (TBS) until peak clubhead velocity (CHVPeak). 
Vertical lines mark peak angular segment velocity. 

Additionally, the limited motion between the pelvis and LT 
when at peak angular velocities may act as a mechanism for 
the golfers to avoid developing further LBP.  

Conclusions 
This study investigated the sequencing patterns of golfers 
with LBP using a multi-segment trunk model. Golfers with 
LBP reached peak pelvis and LT angular velocity at a similar 
time although significantly earlier than UT peak angular 
velocity. Further research should include trunk sequencing 
comparisons with asymptomatic golfers.  
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Summary 

In soccer and team handball, anterior cruciate ligament 

injuries often occur during abrupt changes of direction. The 

present study shows that the sidecutting manoeuvre is 

performed differently and results in different sagittal plane 

joint loadings, but no difference in frontal and transverse plane 

biomechanics, when comparing elite female athletes from the 

two sports. This may be important when selecting participants 

for biomechanical studies, as the technical performance of a 

sidecutting manoeuvre may vary among sports and as such 

influence the outcome. 

Introduction 

Soccer and team handball are two large and worldwide sports, 

including both landings and cutting movements. Observational 

studies in both sports have reported the sidecutting 

manoeuvre, as a movement with high risk of anterior cruciate 

ligament (ACL) injury. However, the injury risk has been 

found to be larger in team handball compared to soccer. Due 

to the widespread popularity, and high risk of knee injury, 

these sports are often selected for biomechanical risk factor 

studies, yet no studies have investigated if biomechanical 

differences exist between the two sports in how they perform a 

sidecut. Potential differences the way a specific subject 

perform the task may influence risk factor estimation as well 

as biomechanical effects of intervention studies. Hence, the 

aim of the present study was to compare the hip and knee joint 

biomechanics in female elite soccer and team handball athletes 

during sidecutting performed in a subject specific manner. 

Methods 

A total of 93 young (age 15-19) female elite handball (n=55) 

and soccer (n=38) players, all selected for youth national 

teams or national level training sessions, volunteered to 

participate. The subjects performed 5 sidecutting manoeuvres 

having a 5 m run-up and sidecutting around a cone resembling 

a ‘defender’ and then continuing running past in the cone. The 

instruction was to ‘do as you would in a match situation’. The 

test was carried out in a 3D motion analysis laboratory, and 

hip and knee joint kinematic at initial contact (IC) and peak 

joint moments and powers were collected. In addition, 

approach velocity, degrees of change in direction laterally 

during the sidecutting and the take-off velocity in the lateral 

direction was calculated to objectively describe the quality and 

intensity of the sidecut. 

Results and Discussion 

The soccer players performed a higher approach velocity 

before initial contact for the sidecut manoeuvre, however the 

handball players displayed a more marked change of direction 

and had a higher lateral take off velocity. The joint positions at 

IC also show significant differences with the team handball 

players displaying less knee flexion (23° (±8) vs. 29° (±7), 

Cohen’s d=0.7) and less hip flexion (43° (±8) vs. 54° (±8), 

d=1.5). Accordingly, the team handball players also displayed 

significantly larger knee extensor moments (3.2 (± 0.53) 

Nm/kg body mass vs. 2.9 (±0.51) Nm/kg, d=0.5). No 

differences in hip extensor moments were observed, however 

a very large difference in eccentric hip flexor moment was 

evident right after IC (handball: 1.4 (±1.2) Nm/kg vs soccer: 

0.09 (±0.75) Nm/kg, d=1.3). No differences between sports 

were observed for frontal plane or transverse plane 

biomechanics.  

The more abrupt change of direction observed for the handball 

players may be a sports specific difference, as handball players 

need to avoid a hard tackle by the defender, and thus have to 

change direction more laterally and more explosively than 

soccer players would need. These sports specific differences 

may explain the larger knee extensor moments and eccentric 

hip flexor moments found in the handball players enabling 

them to have a larger change of direction and a more powerful 

take-off velocity to the side. The increased joint moments may 

also reflect a large and more horizontally oriented ground 

reaction force resulting from a more horizontal jump landing 

approach, which is often observed in handball. In contrast to 

the differences in sagittal plane, no differences were found in 

the frontal or transverse plane biomechanics, where especially 

large knee abduction moments previously have been identified 

as a risk factor for ACL injury. However, landing on more 

extended knees and with less hip flexion has also been 

suggested to increase risk of ACL injuries, and this may, in 

part, offer an explanation for the larger prevalence of ACL 

injuries in handball players compared to soccer players.   

Conclusions 

The present results show that soccer and handball players 

perform a sidecutting manoeuvre differently, as expressed by 

differences in the sagittal plane biomechanics when 

performing this task, although other biomechanical factors did 

not differ between sports. Depending on the study aim, these 

sports specific differences in the sidecutting performance may 

be important when selecting study population in future studies.
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Summary 

The purpose of the study was to verify the specificity of the 

proximal-distal sequence of the jump throw in handball. This 

phenomenon was observed from three different perspectives: 

(1) the sequence of the maximal linear velocities of the joints 

and ball, (2) the sequence of the initiation of the movements 

in the individual joints, and (3) the sequence of the maximal 

angular velocities in the individual joints. Our participants 

were three elite left backs of the Slovenian national team 

(body height: 199cm, 194cm, 204cm). They executed several 

9-meter jump throws. Linear velocities: sequence collapses 

at the shoulder-elbow level or the transition is not distinctive 

(S2). Joint movement initiation and maximal angular 

velocities: Elbow extension occurs before shoulder internal 

rotation. The proximal-distal sequence is specific in team 

handball jump throw, but we can still confirm that it exists. 

Introduction 

The purpose of the study was to verify the specificity of the 

proximal-distal sequence of the jump throw in handball. This 

phenomenon was observed from three different perspectives: 

(1) the sequence of the maximal linear velocities of the joints 

and ball, (2) the sequence of the beginning of the movements 

in the individual joints, and (3) the sequence of the maximal 

angular velocities in the individual joints. The latter method 

is also most often used in literature in the verification of the 

proximal-distal sequence. Recently, Serrien and Baeyens [1] 

carried out a systematic review of the literature on the 

proximal-distal sequence in the handball jump throw. They 

found that research is lacking and that it is performed on a 

small number of subjects. However, in all studies, a clear 

trend is emerging that deviates from the classical proximal-

distal sequence. The maximal angular velocity of the elbow 

extension occurs before the internal rotation of the shoulder. 

The entire chain starts with the rotation of the pelvis, 

followed by trunk rotation, trunk flexion, elbow extension, 

and shoulder internal rotation. 

Methods 

Our participants were three elite left backs of the Slovenian 

national team (199cm, 194cm, 204cm). After the warm-up, 

they performed several throws and we further analyzed one 

9-m jump throw from each player. The data was captured 

with two high-frequency cameras (100Hz), set at 18 

reference points and manually processed for each frame 

separately. At linear velocities, the right hip, shoulder, 

elbow, wrist, and ball were taken into account. For angles 

analysis, we took the rotation of the pelvis, rotation of the 

trunk, shoulder horizontal adduction, shoulder internal 

rotation and elbow extension. Calculations were carried out 

using the methods described in [2]. 

Results and discussion 

A proximal-distal sequence in terms of maximal linear 

velocities: the wider picture indicates the trend of other 

studies that the sequence collapses at the shoulder-elbow 

level or the transition is not distinctive (S2). Initiation of 

joint movements: it also does not follow the classic 

proximal-distal sequence, since elbow extension begins 

earlier or at the same time as shoulder internal rotation. 

When examining the sequence of the maximal angular 

velocities (Table 1), the sequence for two players collapses 

on several levels. In addition to the shoulder internal rotation 

vs. elbow extension also the trunk rotation vs. the shoulder 

horizontal adduction at S1 and the shoulder horizontal 

adduction vs. the shoulder internal rotation at S2.  

Table 1: The sequence of maximal angular velocities 

 

Those are the elite players who have reached velocities of 

26.7 to 29.7 m/s. The results are comparable to other studies. 

Conclusions 

The proximal-distal sequence is specific in team handball 

jump throw, but we can still confirm that it exists. Most 

often, the maximal linear velocity of the elbow appears 

before the shoulder, or the maximal angular velocity of the 

elbow appears before the shoulder internal rotation. Some 

authors suggest, that for high-ball release speed, the timing 

of the maximal angular velocity of the shoulder internal 

rotation is important, and this must occur exactly at the 

moment of ball release. All of our participants carried out a 

throw in this way. We need more metrics to find other 

important differences between elite and non-elite players, as 

far as team handball throwing kinematics is concerned. 
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Summary 
We investigated the influence of an American football helmet 
on axial loading at the cervical spine during low-velocity 
impacts at eight impact locations to a Hybrid III headform. 
Compared to bare head impacts, the football helmet condition 
frequently resulted in increased axial loads at the cervical spine. 
While helmet technologies concentrate on reducing head 
kinematics at impact, attention should be paid to the influence 
these helmets have on cervical spine kinetics. 
Introduction 
Axial loading is the primary mechanism of cervical spine injury 
(CSI) in American football. In 1976, rule changes prohibited 
head-first tackling, reducing the risk of catastrophic CSI [1]. 
Similarly, in the push toward reducing brain injuries, helmet 
technologies have focused on reducing head kinematics during 
impact. Little is known, however, about the influence modern 
football helmets have on loading and moments at the cervical 
spine. Therefore, the purpose of this study was to examine the 
influence of a modern American football helmet on cervical 
spine loading as a result of direct impacts to the head. 
Methods 
Six 2017 Schutt (Schutt Sports, Litchfield, IL) Air XP Pro VDT 
II helmets were used in this study. Helmets were fitted to a 
Hybrid III Male 50% head and neck anthropomorphic test 
device (ATD) mounted to a sliding table. Helmets were 
impacted three times at eight locations (4 to the shell, 4 to the 
facemask; Figure 1) at 5.5 m/s, according to National Football 
League football helmet testing protocol [2]. Additionally, the 
bare Hybrid III headform was impacted three times. Neck loads 
and moments were measured with an upper neck load cell 
(Humanetics, Huron, OH), filtered (CFC 1000) and recorded 
using DTS SLICEware (Diversified Technical Systems, Seal 
Beach, CA). Peak loads and moments were then calculated with 
a custom MATLAB script (Mathworks, Natick, MA). A 2 × 8 
(condition by location) repeated measures ANOVA (SPSS v. 
25, IBM Corp., NY) was conducted on peak neck loads and 
moments. Simple effects analyses were performed to explain 
interaction effects. An alpha level of 0.05 was set a priori. Data 
are reported as mean ± 1 standard deviation (SD).  

Results and Discussion 
The helmeted condition resulted in decreased anterior-posterior 
(p < 0.001) and medial-lateral (p < 0.001) forces, as well as 
flexion-extension (p < 0.001) and lateral bending (p = 0.050) 
moments at the neck compared to the bare head impacts. Axial 
loading (Figure 2) was the only variable that increased in the 
helmeted compared to bare head condition (p = 0.001). Further, 
at location F, compression loading (-) was greater in the 
helmeted compared to bare head impacts (p = 0.006). Tensile 
loading (+) was greater at locations D (p = 0.001), A (p = 
0.035), Aʹ (p = 0.004), B (p < 0.001), and UT (p ≤ 0.001).  

 
Figure 2: Neck axial loading at each impact location (mean ± 1 SD). 

* significant at p = 0.05 

Conclusions 
In low-velocity impacts, the helmet reduced the shear loading 
and bending moments of the cervical spine. Wearing the 
helmet, however, resulted in larger magnitude neck axial forces, 
with increases of up to 10 times the mass of the helmet.  This 
finding is consistent with recent research of cervical spine 
loading during chest impacts [3]. While helmets are getting 
better at reducing head impact kinematics, they may contribute 
to an increase in axial loading at the cervical spine during head 
impacts. Thus, the effects new helmet designs as well as test 
methods and ATDs have on cervical spine kinetics and the risk 
of CSI in football should be considered.  
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Summary 

Golfers can modify the mass and moment of inertia (MoI) of 
their driver. The influence of these changes on golfers’ unique 
centre of pressure and centre of gravity movement patterns 
were investigated.  The patterns between the control and High 
Mass condition showed small differences to the High MoI and 
combined high MoI/Mass condition which may be similar to 
results seen in running footwear literature with substantial 
changes to shoe characteristics.  

Introduction 

In golf, the mass and moment of inertia (MoI) of a driver can 
be modified by golfers using lead tape or interchangeable 
masses sold commercially with clubs. It is assumed that the 
modification to mass or MoI are made to suit their preferred 
swing. The influence of modifications to a club on the 
outcome of the shot and golfers’ movement patterns are likely 
to be individual [1] which is of interest to club manufacturers, 
club fitters, coaches and physicians for developing 
personalised equipment. Individual features in golfers centre 
of pressure (e.g. front and back foot COP style) and centre of 
gravity have been found and linked to determinants of driving 
distance such as clubhead velocity [2]. The aim of this study 
was to identify differences in golfers’ centre of pressure and 
centre of gravity when modifications were made to the MoI 
and mass of a driver. 

Methods 

Whole body kinematics were recorded for eight low handicap 
golfers (Mean ± SD, age: 32.9 ± 10.3 years; height: 179.4 ± 
6.4 cm; mass: 84.3 ± 12.9 kg; handicap: 3.4 ± 3.3 strokes) 
using a 13 camera Vicon Nexus motion analysis system (500 
Hz).  Two Kistler force plates synchronised with Vicon 
collected ground reaction force data (1000 Hz).  Whole body 
COG was the estimated weighted sum of individual body 
segment and golf club COG positions.  The resultant COP was 
calculated from combining both force plates.  The COP and 
COG were normalised as a percentage of the medial-lateral 
distance between front (0%) and back (100%) foot at set-up 
(%COP).  Each swing was temporally aligned between swing 
events, takeaway, top of the backswing, impact and mid-
follow through. Golfers hit ten drives for each condition in a 
randomised order towards a predefined target. Five trials were 
then analysed.  Four drivers (control, high mass, high MoI, 
combo) with the same shaft and clubhead were modified using 
metallic rods placed in the golf shaft. Shaft stiffness, total club 
mass and total club MOI were measured (Table 1). Club and 
ball impact parameters were measured using GOM. 

Results and Discussion 

Across all golfers, clubhead velocity results (Table 1) 
supported previous findings that impact velocity of a swung 

sporting implement is indirectly proportional to the MoI and 
remains approximately constant for an increase in mass [3].. 
For a front foot COP style golfer, driver modifications seemed 
to show small differences in golfers COG and COP movement 
patterns.  Notably COG patterns were similar for the High 
MoI and Combo condition and showed an approximate 2% 
shift in COG position to the front foot near impact compared 
to the Control and High Mass condition. 

Table 1: Shaft stiffness (cycles per minute (cpm)), mass and moment 
of inertia measurements for each club condition. Clubhead velocity 

are the mean ±  std across all golfers. 

Club 
Stiffness 
(cpm) 

Mass (g) 
MoI 
(kg.cm2) 

Clubhead 
Velocity 
(m.s-1) 

Control 222 389.9 2877.5 103.9 ± 8.2 

Hi Mass 221 484.7 2888.1 104.0 ±7.5 

Hi MoI 215 392.7 3267.2 101.0 ± 7.0 

Combo 221 483.8 3298.3 99.8 ± 7.9 

 

For this golfer, the greatest difference in COP position 
(approximately 5%) occurred between the high MoI and 
combination and the control and high mass club condition 
(Figure 1).  In running, the preferred movement path is less 
maintained when the changes to shoe characteristics are 
substantial which may also be suggested through the results 
for this golfer [4].  

 
Figure 1: Mean ± SD medial-lateral COP and COG movement 

patterns for an example front foot style golfer with four different 
drivers. Vertical lines represent top of the backswing and impact.. 

Conclusions 

As with running footwear literature, the preferred movement 
path may also try to be maintained by golfers when club mass 
or moment of inertia are modified.  Future analysis will 
explore results of other golfers and investigate the relationship 
between the biomechanics, subjective and impact parameters 
when using the different modified drivers. 
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Summary 

The purpose of this study was to test whether the lowering of 

swimmer’s body observed during 200-m maximal swimming 

is associated with inspiratory muscle fatigue. Ten well-trained 

swimmers performed maximal 200-m front crawl swimming 

in 25-m pool. A 3-D underwater motion capture system was 

used for data collection and the vertical position of the mid-

point between xiphoid process (XP) and greater trochanter 

(GT) was measured at 0–25 m and 150–175 m sections to 

determine the difference between the sections. Maximal 

inspiratory pressure (MIP) was measured before and 

immediately after 200-m swimming to evaluate the inspiratory 

muscle fatigue. Change in MIP between before and after 

swimming was positively correlated with the difference in 

body position (r = 0.70, P < 0.05). The result indicates that 

swimmer’s body was lowered during maximal 200-m front 

crawl swimming in association with inspiratory muscle fatigue. 

Introduction  

Water resistance is a major contributing factor to swimming 

performance and the decrease in water resistance plays a key 

role in improving swimming performance. A recent study 

showed that buoyancy force increased through maximal 200-

m front crawl swimming [1], indicating that body position was 

lowered as swimming distance increased. However, the 

biophysical reasons for this phenomenon have not been 

elucidated yet.  

When swimmers were asked to perform front crawl swimming 

with various lung volumes, their body positions were altered 

significantly: the body was lowered to a deeper level as the 

lung volume was decreased [2]. This study suggests that lung 

volume may be a factor to determine the body position.  Since 

swimmers can take a breath within a short duration of 

recovery phase, they need to breathe in at a high flow rate to 

intake sufficient amount of air, requiring large muscle 

activities. Additionally, the water pressure would act as 

inspiratory resistance, causing increase in inspiratory muscle 

activity [3]. Based on the fact that inspiratory muscle fatigue 

was induced after 200-m front crawl swimming [4], it can be 

speculated that lowering of the body position observed during 

200-m swimming is induced by decrease in inspiratory muscle 

contractile capacity, which mostly regulates the lung volume.  

The purpose of this study was to test whether the decrease of 

the vertical body position during maximal 200-m front crawl 

swimming is associated with inspiratory muscle fatigue.     

Methods 

Ten well-trained male swimmers (21.2 ± 1.8 yrs, 200-m front 

crawl best time: 114.7 ± 4.4 sec) performed a single maximal 

200-m front crawl swimming in an indoor 25-m pool. The 3D 

positions of the reflective markers attached to the XP and the 

left and right GT were recorded using the underwater motion-

capture system (Qualisys) at 100 Hz. The vertical position of 

the midpoint between XP and the center of the right and left 

GTs (XP-GT) were calculated as an index of body position [2] 

and averaged for one-stroke cycle period every 25-m (i.e., 8 

sections). MIP was measured from residual volume in upright 

position using a portable handheld mouth pressure meter 

(MicroRPM) before and immediately after swimming to 

evaluate the degree of inspiratory muscle fatigue [5].    

Results and Discussion 

MIP was significantly decreased after 200-m maximal 

swimming (from 127.7 ± 20.5 cmH2O to 115.3 ± 15.8 cmH2O, 

P < 0.05), indicating that inspiratory muscle fatigue was 

induced during 200-m swimming. A main effect of distance in 

body position revealed that body position was lowered with 

swimming distance (P < 0.05). There was a significant 

correlation between the relative change in MIP and the 

absolute difference in body position (r = 0.70, P < 0.05, Fig. 1), 

which adapted the data at 0–25 m and 150–175 m sections.   
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Figure 1: Relation between the change in MIP and the difference in 

body position, which data were adapted from 0–25 m and 150–175 m.   

Conclusions 

The results suggest that inspiratory muscle fatigue induces the 

body to descent to a deeper level during 200-m front crawl.   
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INTRODUCTION 

Kinesio-taping (KT) generally used by athletes may help to 

improve blood circulation, joint activity, muscle strength and 

proprioception and prevent injuries. [1] 

Knee injuries are common sports injuries on the field, and 

most of knee injuries were directly related to the anterior 

cruciate ligament (ACL). Compared with male athletes, 

female athletes have a higher risk of non-contact ACL injury. 

And possible reasons for women of high injury risk included: 

hormonal influence, joint laxity, the greater Q angle, a narrow 

intercondylar notch, the lack of muscle strength and 

coordination. [2] Therefore, in addition to increasing 

neuromuscular training, women need to have appropriate 

protection in the knee during intense exercise. 
In sports competition, fatigue is unavoidable, especially after 

repeated high-frequency jumping action, not only to muscle 

strength decreased but also reduced the proprioception and 

the balance and increased the error rate of action. [3] 

Therefore, how to delay fatigue or support body joints during 

fatigue are an important issue to reduce sports injuries. 

The stop-jump tasks are often use in athletic sports. This 

action requires an immediate deceleration and rapid 

stabilization of the body to facilitate subsequent vertical 

jumps, thus causing a proximal tibial forward shear force that 

places a significant strain on the ACL.  

In the past, most of the research mainly studied the immediate 

effect of KT, and few studies related to the effect of KT after 

fatigue can still maintain efficacy. The purpose of this study 

was to investigate the effect of KT on female college students 

by fatigue intervention, on stop-jump task.  

METHODS 

Eleven female college students were recruited as participants. 

The stop-jump tasks were described and demonstrated to the 

subjects: first, ran forward for 3 meters, then took off by one 

foot and both feet landed, and then took off by both feet.  

One certificate athletic trainer applies the KT to each subject 

by taping from the anterior inferior iliac spine to the tibial 

tuberosity with a total length of 120% tension with two I-

sharped stickers to cover the rectus femoris.  

The fatigue exercise consisted of unlimited repetitions of 

consecutive vertical jumps for 90 seconds and reached a state 

of volitional exhaustion.  

The stop-jump tasks were collected by a 10-camera Vicon 

motion capture system (250 Hz) and two Kistler force plates 

(1,500 Hz). The Visual3D software was applied to analyze the 

data. Statistics was performed with repeated-measure two-

way ANOVA using SPSS 23.0. 

RESULTS AND DISCUSSION 

The hip flexion angular velocity had significant correlation 

with peak anterior-posterior (A-P) and vertical (V) ground 

reaction forces during the landing of the stop-jump task. [4] 

The results showed that, kinematics mainly reduces the peak 

hip angular velocity when applies taping, and also directly 

reflects kinetics, the differences were found at the peak A-P 

and V forces on taping. (Table 1.) The peak A-P forces 

reduced from .835 BW to .769 BW before fatigue and from 

1.012 BW to .772 BW after fatigue when taping. The peak V 

forces reduced from 2.55 BW to 2.15 BW before fatigue and 

from 3.07 BW to 2.21 BW after fatigue when taping. The time 

to peak A-P forces also delayed from 0.34 s to 0.46 s before 

fatigue and from 0.32 s to 0.41 s. (Table 1.) 

The results indicated 50ms V impulse is significantly smaller 

at post-fatigue after taping. A smaller V loading rate was 

observed at post-fatigue after taping. (Table 1.) 

CONCLUSIONS 

The rectus femoris KT on female college students can 

effectively reduce the load on the knee during the stop-jump 

tasks, and the effect still exists after the intervention of rapid 

fatigue on lower limbs. Also, rapid fatigue intervention can 

reduce athletic performance and change the pattern of motion. 

We recommend that preventive KT can be applied on intense 

exercises with repeated jumping. 
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Table 1. Kinematic and kinetic variables during the stop-jump tasks 

Note: a Main effect of taping, b Main effect of fatigue, * Interaction.  

 Non-taping Taping 

 Pre-fatigue Post-fatigue Pre-fatigue Post-fatigue 

Peak hip angular velocity (deg/s)a 447± 97 456± 89 416± 76 413± 76 

Peak A-P force (BW)∗  .835±.273 1.012±.346 .769±.316 .772±.263 

Peak V force (BW)∗ 2.55±.41 3.07±.57 2.15±.34 2.21±.45 

Time to peak A-P force (s)a .034±.012 .032±.015 .046±.020 .041±.011 

50ms V impulse (BW/s)∗ .067±.012 .076±.012 .059±.012 .060±.013 

V loading rate (BW/s)a 151.67±49.17 179.67±69.48 119.93±29.76 123.67±46.84 
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Summary 

The purpose of this study was to investigate the dynamic 

stability of healthy older adults during turning under the dual 

task condition. A total of 16 healthy older adults were 

recruited and asked to perform a single walking task and a 

dual motor walking task. Kinematic data were collected by 

using an eight-camera motion capture system. The margin of 

stability was calculated based on these kinematic data. Pair 

t-test was performed to test the significant difference between 

two tasks. The minimum medial margin of stability (MoS) at 

the end of single support during the turning step significantly 

decreased, while the maximum posterior MoS significantly 

increased. This finding indicated that older adults adopted a 

cautious strategy at the posterior direction but faced a medial 

fall risk under the motor dual task condition. 

Introduction 

Around 35% to 45% of the gait is being turned when walking 

[1] as the human body must move in multiple axes at the same 

time. The number of hip fractures caused by turning-induced 

falls was 7.9 times larger than those caused by straight 

walking [2]. This case is particularly more dangerous in a dual 

task condition, under which the participant must focus on an 

additional task. Brain resources and body stability are reported 

to be affected by normal walking. The center of mass (COM) 

relative to the base of support (BoS) is commonly used in 

quantifying dynamic stability. 

The purpose of this study was to investigate the dynamic 

stability of healthy older adults during turning under a dual 

task condition. We hypothesize that compared with the single 

task condition, the MoS of older adults would change during 

the turning step under the dual motor task condition. 

Methods 

A total of 16 healthy older women aged above 65 years were 

recruited from the local community. These participants were 

asked to finish a 90°
 
turning task under single (turning) and 

dual (turning with a cup of water) conditions.  

A total of 41 reflective markers were placed on selected body 

landmarks of the participants. Vicon with eight cameras (100 

Hz) was used to collect data. Three successful trails were 

analyzed. MoS was calculated as follows [3]: 

MoS = BOS − (pCOM+ vCOM/√(𝑔/𝑙)). 

The BOS was defined by four borders [4].  

Pair t-test was performed to test the significance of the MoS in 

the single and dual task conditions. A type I error rate lower 

than or equal to 0.05 indicated a statistical significance. 

Results and Discussion 

Compared with the single task condition, the minimum medial 

MoS (Figure 1) at single support during the turning step 

decreased while the maximum posterior MoS at single support 

during the turning step increased (Figure 2) under the dual 

task condition. These results indicated that the dynamic 

stability of healthy older adults was affected by the motor dual 

task.  

The decrease in medial dynamic stability indicated that the 

medial fall risk increased under the motor dual task condition. 

This finding is consistent with that obtained in the previous 

cognitive dual task test. The increase in posterior dynamic 

stability indicated that the healthy older adults adopted a 

cautious strategy under the motor dual task condition to 

achieve a better body control. 

 

  a                         b 

Figure 1: a. Medial MoS of the participants at the single support of 

turning step. b. Posterior MoS of the participants at the single support 

of turning step. 

Conclusions 

The dynamic stability of healthy older adults was affected by 

the motor dual task. These adults adopted a cautious strategy 

to maintain their posterior stability, but this strategy only 

increased their medial fall risk. 
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Summary 

This study examined the effect of arch-support insole on knee 

joint biomechanics during stop-jumping. Thirty university 

basketball players performed stop-jump task in two insole 

conditions (arch-support and flat). The present results revealed 

that athletes wearing arch-support insole experienced larger 

peak proximal tibia anterior shear force and peak knee 

adduction and external rotation moments compared with flat 

control insoles. 

Introduction 

Anterior cruciate ligament (ACL) injuries are commonly 

occurred in basketball that involve jumps and cuts[1]. Sudden 

deceleration (28%), stop (26%) and cut (29%) with the 

extended knee are suggested as the major risk factors of non-

contact ACL injuries[2], resulting in poor performance and 

heavy financial costs and high chance of re-injury [3]. While 

commonly uses of arch-support insole in basketball, it is 

unclear if arch-support insole uses affect stop-jump 

biomechanics in athletes. This study aimed to compare the 

effects of arch-support orthosis on knee joint angles and 

moments in stop-jump. 

Methods 

Thirty male basketball players (age 20.8yr; height 1.8m; 

weight 71.1kg) performed approaching run at 4.5± 0.4m/s 

followed by an immediate stop-jump, in each of the arch-

support and flat insoles (Figure 1) with a random order. 22 

reflective markers were attached over participant’s pelvic 

thigh, shank, shoes. Synchronized AMTI force platform and 

14-camera motion capturing system were used to collect the 

knee kinetic and kinematic data. Paired t-tests were performed 

on all knee variables during a stop-jump. 

 

Figure 1. A) Standard shoe, B) Foot orthosis, C) Stop-jump task 

Results and Discussion 

During the braking phase of a stop-jump (Table 1), no 

significant differences were evident in peak knee flexion, 

abduction and internal rotation between arch-support and flat 

insoles, which might suggest a certain degree of motor control 

mechanism associated with the adaptation between insoles. 

However, significant differences were evident in knee joint 

loading variables. Significantly larger peak proximal tibia 

anterior shear force, peak knee adduction and external rotation 

moments were determined in arch-support insoles compared 

with flat insole (P<0.05).This suggests that the use of arch-

support insoles might be susceptible to higher potential of 

ACL injury [1, 2] as indicated by the significant higher knee 

loadings in braking phase of the running stop-jump. Since 

propulsion phase of stop-jump might provide insights into the 

efficiency of how loading transfer from braking to propulsion 

phases, further investigation of the propulsion phase should be 

carried out before a viable conclusion can be made. 

Table 1: Knee biomechanics of a stop-jump by insole conditions 

 

Conclusions 

Although lots of research supported arch-support insoles are 

beneficial to walking, running and landing tasks, athletes with 

arch-support insoles might be more susceptible to ACL 

injuries, particularly in the braking phase of a stop-jump. 
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SUMMARY 

This study used principal component analysis to identify key 

movements that contribute to ground reaction forces in sports. 

The relative importance of fundamental movement features for 

the ground reaction force profile was task-dependent, making 

generalised load quantification across different sport activities 

difficult. This approach might be used for a more objective 

assessment of biomechanical loads and injury mechanisms. 

INTRODUCTION  

Body-worn sensors are commonly used for field-based 

movement and load measurements to asses injury risks in 

sports. Although the ability of wearables to estimate 

biomechanical loads has been investigated [1,2], preselected 

sensor locations and assumed relevance of specific load 

variables may limit the objective evaluation of injury 

mechanisms. To quantify and analyse sports technique in an 

unbiased manner, principal component analysis (PCA) has 

been used [3-5]. PCA enables the identification of important 

movements required to perform specific tasks, but it is yet not 

known if these can be related to features of load. To further 

explore the feasibility of using body-worn sensors to assess 

biomechanical load, this study used PCA to identify important 

movements and their contribution to the ground reaction force 

(GRF) for tasks that are frequently performed during sports. 

METHODS 

Fifteen team-sport athletes performed accelerated, decelerated 

and constant low- (2-3 m/s), moderate- (4-5 m/s) and high-

speed (>6 m/s) running, and 90° cutting trials. Full-body 

kinematics were recorded using 76 retroreflective markers and 

ten infrared cameras sampling at 250 Hz, while GRF data 

were collected with a force platform at 1500 Hz. Marker 

trajectories of the right stance phase were expressed as 

movement matrices for each trial [3], which were normalized, 

scaled and combined per task. A PCA was performed on the 

movement matrices for each task to identify task-specific 

principal movements (PMs) [4,5]. Principal accelerations 

(PAs) were calculated as the second derivative of PMs and 

multiplied by the relative body mass represented by each 

marker to calculate resultant principal ground reaction forces 

(PGRFs). Movement variability described by each PMk was 

expressed as a percentage of the total movement (λk), while 

the related contribution to the GRF was assessed by the root 

mean square error (RMSE) of the summed PGRFs (∑PGRF).  

RESULTS AND DISCUSSION 

A total of 6 (accelerations), 8 (decelerations, cutting), 5 (low-

speed) and 4 (moderate- and high-speed) PMs were required 

to describe 98% of the original movement variability (Figure 

1A). For all tasks, PM1 primarily described anteroposterior 

body movements, but the error of PGRF1 profiles was very 

high (>4 N/kg). Vertical body compression was the dominant 

contributor to the overall GRF (i.e. substantially reduced the 

∑PGRF error) and was described by PM3 (cutting), PM2 (low-

speed) or PM5 (moderate- and high-speed) (Figure 1B). 

However, vertical movements and related PGRF features were 

less important for accelerated and decelerated running and 

were described by PM10 and PM7 respectively. 

Figure 1: (A) Amount of movement variability λk described by 

principal movements (PMs) and (B) average root mean square 

error (RMSE) of summed principal ground reaction forces (∑PGRF), 

for the first five principal components.  

These results demonstrate that fundamental movement 

features that contribute to the GRF profile are task-specific. 

Generalised evaluations of GRF features across different 

activities using predefined movements (e.g. segment 

accelerations) is thus difficult. Future research should 

investigate if PMs and PGRFs can also be related to structure-

specific measures of biomechanical load (e.g. joint moments). 

CONCLUSIONS 

This study shows that PCA can highlight task-specific 

movements that contribute to GRF. If these features can be 

associated with internal loads, this could form a powerful tool 

to more objectively quantify biomechanical loading (e.g. from 

wearable sensors) and analyse complex injury mechanisms. 
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Summary 

Vector coding was applied to examine changes in pelvis-knee 

coordination during a lateral step-down (LSD) performed at 

three speeds. Slower task performance led to increased pelvis-

knee coupling and may indicate that a slower LSD is more 

challenging to perform than a faster LSD. 

Introduction 

The lateral step-down task has been applied to examine trunk 

and lower body motion [1,2].  Task speed has been shown to 

influence performance of a variety of tasks [e.g., 3]. Unstable 

coordination at slower speeds was attributed to increased need 

for neuromuscular control in contrast to a faster speed that 

allowed for spontaneous motion, less need for neuromuscular 

control, and a more stable coordination. Therefore, speed may 

influence LSD task performance through similar mechanisms. 

LSD performance is scored from a visual examination of the 

task [2]. Ideal performance involves knee motion in the sagittal 

plane while maintaining a horizontal position of the pelvis in 

the frontal plane. Although LSD scoring is reliable between 

examiners [1,2], it is based on simultaneous evaluation of 

multiple joints and therefore, has a greater potential for 

disagreement between raters [1]. By analyzing the LSD with 3D 

motion capture technology, techniques such as vector coding 

[4-6], may provide additional opportunities to classify LSD 

performance. Vector coding measures the interaction between 

segments by quantifying the coupling angle between segments 

[4,5] and classifying the angle into one of four coordination 

patterns [6]. Therefore, the purpose of this study was to apply 

vector coding techniques to classify the coordination between 

the frontal plane pelvis motion and the sagittal plane knee 

motion during a LSD performed at three speeds. We 

hypothesized that slower task speeds would result in more 

unstable coordination between the joints and result in more in-

phase pelvis-knee motion, indicating poorer task performance. 

Methods 

Seven healthy individuals participated (3 female, Age: 23.2 ± 

0.76 yrs, BMI: 26.2 ± 4.1 kg/m2). Subjects provided informed 

consent as approved by the University’s Institutional Review 

Board. Pelvis and dominant limb kinematics were captured with 

an 8-camera system (Vicon, Oxford Metrics, UK) at 150 Hz. 

Subjects stood on a 6 inch box with the dominant limb fully 

extended and hands on hips. Then, the dominant knee was 

flexed and extended to lower the contralateral limb to the floor 

until heel contact and return to the starting position. Subjects 

performed six consecutive repetitions of the LSD at three 

randomized speed conditions of 45, 60, and 75 bpm. 

Frontal plane pelvis motion and sagittal plane knee motion were 

calculated in Visual 3D (C-motion Inc., USA) for the middle 

four repetitions of each condition. Pelvis-knee angle-angle 

diagrams were created. Vector coding methods [4] were applied 

to calculate the coupling angles from the pelvis-knee diagrams. 

Motion was classified into four coordination patterns [6]. 

Comparisons were made between speed conditions. 

Results and Discussion 

Across all speeds, the subjects performed the LSD with a knee 

flexion and extension coordination pattern over 80% of the 

motion (Figure 1). Generally, the coordination patterns showed 

that the LSD task was performed with high quality with subjects 

moving the knee with higher frequency than any other 

coordination patterns. The in-phase coordination pattern had 

the second highest frequency, which indicates that subjects 

were exhibiting some coupled pelvis-knee motion.  

 
Figure 1: Coordination pattern frequency (mean ± s.d.) for LSD 

performed at three speeds. 

Slower LSD performance resulted in increased coupling 

between the pelvis and knee consistent with previous results 

[e.g., 3]. These results support our hypothesis and may indicate 

that slower task performance is more challenging and therefore, 

subjects increased pelvis motion along with the knee flexion 

and extension. At faster speeds, subjects were able to perform 

the LSD with less coupled pelvis-knee motion, which may 

suggest that the faster speed is less challenging to perform. 

These results are limited by the small sample size analyzed and 

therefore, additional subjects should be added in the future. 

Conclusions 

Subjects performed the LSD task with primarily knee motion 

and little coupled pelvis-knee motion. LSD performance 

deteriorated with slower speeds and may indicate that a slower 

speed is more challenging to perform than a faster speed. 
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INTRODUCTION  

Synthetic turf has been widely utilized in sports since 1964. 

Discrepancies, however, in injury incidence on synthetic turf 

and natural grass have been reported [1]. Adding a shock 

pad under synthetic turf is claimed to aid in energy 

absorption and decrease impact loading. However, very few 

studies have examined biomechanics of impact related 

human movements on an infilled synthetic turf with 

different underlying shock pads. 

The purpose of this study was to investigate effects of an 

infilled synthetic turf with shock pad on vertical ground 

reaction force (vGRF) and joint kinetics during drop 

landing. We hypothesized that turf and turf systems would 

results in lower peak vGRFs and their loading rates, and the 

joint extension moments compared to the regular surface. 

METHODS 

Wearing running shoes, twelve active and healthy 

recreational male athletes performed five trials of drop 

landing from 60 cm with a controlled landing style 

(maximum knee flexion within 100±9º) on five surface 

conditions: a regular surface (force platform), an infilled 

synthetic turf, turf plus foam shock pad (SP1), turf plus a 

lower-density shock pad (SP2), and turf plus a high-density 

shock pad (SP3). 3D kinematic data was collected by a 12-

camera motion capture system (240 Hz, Vicon Motion 

Analysis Inc.), and GRF data was collected by two force 

platforms (1200 Hz, AMTI). All data were processed in 

Visual 3D (5.0, C-Motion, Inc.) and GRF and joint moment 

data were normalized to body weight (BW) and body mass 

(Nm/kg), respectively. The dependent variables including 1st 

and 2nd vGRF peaks and their loading rates, and the peak 

extension moments of ankle, knee, and hip. 

A one-way ANOVA and post hoc paired-sample t-test with 

Bonferroni adjustments were performed to determine effects 

of surface conditions on selected variables (23, IBM SPSS 

Statistics). An alpha level was set at 0.05 a prior. 

RESULTS AND DISCUSSION 

The 1st peak vGRF was higher on regular surface compared 

with the conditions of SP1 (p=0.003), SP2 (p=0.002), and 

SP3 (p=0.022, Table 1). The loading rate of 1st peak vGRF 

was higher in regular surface compared to the conditions of 

turf only (p=0.004), SP1 (p=0.001), SP2 (p=0.001), and SP3 

(p=0.002). Lower loading rate could decrease the risks of 

injury [2,3]. Due to the time to 1st peak vGRF occurred only 

about 11 ms after the initial ground contact, human body 

was not quick enough to be actively involved in impact 

dissipation. These results indicate that adding shock pad to a 

synthetic turf system had improved effects on attenuating 

impact forces. 

No differences were found in 2nd vGRF and its loading rate 

across the surface conditions (Table 1). Since we have 

controlled the landing styles by limiting the maximum knee 

flexion to be similar, the landing height may play an 

important role in affecting the peak vGRFs’ results. The 

results suggest that the turf systems may be “bottomed out” 

and insufficient to attenuate the heel contact impact force 

during 60 cm landing. 

No difference in peak extension moments of lower limb 

joints were found across the surfaces. Lacking difference in 

the 2nd peak vGRF might be the main reason for these 

results, as the peak joint extension moments occurred 

shortly after the 2nd peak vGRF. 

CONCLUSIONS 

Overall, the turf plus shock pad systems seem to provide 

improved impact attenuation by reducing the 1st GRF and its 

loading rate for landing activities from heights of 60 cm or 

lower. 
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Table 1: Peak vertical ground reaction forces (GRF) and related loading rates, and peak joint moments: mean ± SD. 

 Regular surface Infilled turf Turf + SP1 Turf +SP2 Turf + SP3 

1st peak vGRF (BW) 1.58 ± 0.30 1.44 ± 0.24 1.37±0.25* 1.37 ± 0.27* 1.38 ± 0.27* 

1st peak vGRF loading rate (BW/s) 146.4 ± 34.9 116.4 ± 28.1* 116.5 ± 26.9* 109.2 ± 22.4* 115.5 ± 23.5* 

2nd peak vGRF (BW) 3.05±0.96 2.89±0.77 2.88±0.72 2.89±0.89 2.91±0.71 

2nd peak vGRF loading rate (BW/s) 67.2±31.5 61.0±27.5 62.7±25.2 61.6±28.6 63.0±22.0 

Ankle plantarflexion moment (Nm/kg) -1.23±0.19 -1.25±0.21 -1.25±0.24 -1.25±0.22 -1.26±0.21 

Knee extension moment (Nm/kg) 2.59±0.34 2.59±0.35 2.58±0.34 2.61±0.41 2.65±0.39 

Hip extension moment (Nm/kg) 0.89±0.29 0.96±0.23 0.90±0.26 1.04±0.24 0.99±0.26 

   *: significantly different from the regular surface. 
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Summary 

High impact forces are a risk factor for injuries in jump-

landing tasks. Strategies to reduce impact during training may 

help to protect against these risks. Here we describe the impact 

forces experienced during landing tasks using a model of 

rebound shoe commercially available. We found that the shoe 

design account for a reduction of 20% in impact during jump 

landing. 

Introduction 

Previous studies considered impact forces to investigate risk 

factors for knee anterior cruciate ligament injury [1, 2], knee 

articular injuries [3], as well to determine the influence of 

jump-landing technique [4], shoes, and contact surfaces [5] on 

jump performance. This means that high impact forces with a 

short time to peak can probably increase the mechanical 

demand. Training routine of different sports, injury preventive 

programs, and rehabilitation programs can include the jump-

landing tasks. 

Different types of shoes are designed thinking about these 

demands. The Kangoo Jump is an example of rebound shoe 

designed to dissipate impact forces by using a spring system. 

This shoe has gain popularity among runners and participants 

of gym fitness classes in different countries. Considering that 

impact forces while using this rebound shoe during jump-

landing tasks have not been determined, here we set out to 

determine the impact forces during jump-landing tasks 

performed by women using or not a commercial model of 

rebound shoe that is proposed to absorb impact forces. 

Methods 

Fifteen physically active women were evaluated while 

performing jump-landing tasks, such as vertical jump, butt 

kicks and skipping running while using the rebound shoe (KJ) 

and their habitual running shoe. Data analysis considered three 

valid trials recorded. Impact forces and time to impact peak 

were determined and compared between the shoes conditions 

and between right and left leg. The 3D components of the 

ground reaction forces (GRF) were recorded using two force 

plates (OR6-2000 AMTI Inc., Watertown, MA). GRF was 

sampled at 1200 Hz and post-processed using Nexus Software 

(version 1.8.5, Vicon Motion Systems, Oxford, UK). 

Normality of data distribution was verified using Shapiro-

Wilk test. Paired t-tests compared the two conditions and 

between legs. All analyses considered a significance level of 

0.05 using a commercial statistical package. 

Results and Discussion 

Rebound shoe elicited lower impact peak force in vertical 

jump than control shoes in the right [t (14) =6.250; p<0.001] 

and left leg [t(14)=5.701; p<0.001]. Impact peak reduction was 

of 20% on average. Time to peak in the right leg occurred later 

in the rebound shoe condition [t (14) =3.146; p<.001], but left 

leg did not differ between conditions. Regarding asymmetries, 

we found that impact peak was asymmetric in the rebound 

shoe condition [t (14) =4.97; p<.001], but not in the control shoe 

[t (14)=0.78; p=0.446]. Time to peak was symmetric in both 

conditions of rebound shoes [t (14)=0.188; p=0.188] and control 

shoes [t(14)=0.823; p=0.424]. 

In general the results elicited that the rebound shoe reduces the 

impact forces and increase the time to peak force during the 

jump-landing tasks. Asymmetry observed happen in a 

condition of lower impact force. 

Conclusions 

The lower impact and longer time to peak of impact forces 

observed in the different jump-landing tasks suggest that the 

rebound shoe tested is a potential tool to minimize impact 

forces. Furthermore, these outcomes may suggest the use of 

this rebound shoe to help the return to sport while higher 

impact loads needs to be minimized, and also an important 

ergonomics application since the lower impact contributes to 

higher comfort during the execution of the tasks. 
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INTRODUCTION 

Landing is a common manoeuvre in sports activities, which 

reflects the control ability of the neuromuscular system [1]. 

Regression analysis showed that the peak knee valgus 

moment in landing could predict ACL injury with 73% 

specificity and 78% sensitivity [2]. Previous studies have 

suggested that the excitability of the central nervous system 

gradually decreases with the development of fatigue, 

resulting in changes in biomechanical characteristics, and 

negative effects on landing strategy. However, little efforts 

have been made to understand the fatigue protocol effects. 

Therefore, the purpose of this study was to investigate the 

changes in the knee joint mechanics in the frontal plane 

induced by two typical exercise-induced fatigue protocols 

(R-FP and SJ-FP). 

METHODS 

Fifteen trained male athletes with an average of 4.2 years of 

experience in jumping events (age: 20.9±0.8 yrs; height: 

175.5±4.2 cm, mass: 68.9±5.5 kg) were recruited. The 

participants were asked to complete bipedal drop landing 

(DL) tasks from a height of 60 cm before and after two 

fatigue protocols respectively. One protocol was SJ-FP, 

which required the participant to complete five consecutive 

vertical jumps, followed by a series set of 6×10-m shuttle 

sprints until they could not reach 70% of their maximal 

vertical jump height. The other protocol was R-FP, which 

required the participant to run on a treadmill at 4m/s until 

they could not continue running [3]. 

Kinematics were collected using a 16-camera infrared 3D 

motion capture system at a sampling rate of 240 Hz. GRFs 

were measured with two 3D force plates at a sampling rate 

of 1200 Hz. Kinematics data were filtered through a 

Butterworth fourth-order, low-pass filter at a cut-off 

frequency of 7 Hz via V3D software. 

The main variables included: the maximum angle of knee 

valgus (θmax); the initial contact angle of knee valgus (θt); 

the maximum knee joint angular velocity (ωmax); the initial 

contact knee joint angular velocity (ωt); peak knee joint 

valgus moment (PKM1); 1st and 2nd peak knee joint varus 

moment (PKM2 and PKM3) (Figure 1). Two-way repeated 

measures ANOVA was used to determine the pre- and post-

fatigue differences and fatigue protocol effects.  

 

 

 

 

Figure 1: The knee joint valgus/varus moment - time curve during 

a drop landing task from a 60 cm height. 

RESULTS AND DISCUSSION 

For the knee joint kinematics and kinetics, no significant 

differences were observed in the PKM1, PKM2, PKM3 and θmax 

between the pre- and post- fatigue tests (p > 0.05) in both R-

FP and SJ-FP conditions. Overall, no significant differences 

were observed in frontal knee joint mechanics between two 

protocols after fatigue. Only the initial knee joint angular 

velocity significantly increased after fatigue in R-FP but not 

SJ-FP (Table 1).  

CONCLUSION 

Current preliminary findings indicated that no differences 

were observed for knee joint mechanics during landings in 

the frontal plane after fatigue, regardless of fatigue protocols. 

Further studies are necessary to establish the relationship 

between motor control strategies of knee joint and the risk 

for ACL injuries with more exercise-induced fatigue 

protocols and target manoeuvres, e.g., cutting. 
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Table 1: Comparison of the θmax, θt, ωmax, ωt, PKM1, PKM2 and PKM3 in the frontal plane during landings between pre- and post-fatigue 

conditions and two fatigue protocols (*p < 0.05). 

Protocols Fatigue θmax (∘ ) θt (∘ ) ωmax(∘ /s) ωt (∘ /s) PKM1 (N·m/kg) PKM2 (N·m/kg) PKM3 (N·m/kg) 

R-FP 
PRE- 1.4±4.0 0.1±3.6 149.6±72.5 59.4±75.4 -0.372±0.285 0.313±0.187 0.460±0.284 

POST- 3.4±5.5 0.5±3.8 169.5±79.5  73.6±89.7* -0.426±0.311 0.402±0.243 0.559±0.333 

SJ-FP 
PRE- 1.7±4.1 0.03±2.8 156.9±66.7 84.0±64.5 -0.258±0.155 0.606±0.506 0.664±0.591 

POST- 3.4±5.5 0.0±3.3 173.9±86.1 62.5±60.3 -0.318±0.264 0.672±0.350 0.678±0.357 
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INTRODUCTION 

A majority of physical activities which experience impacts 

during ground contact generate soft tissue vibrations. Those 

vibrations could potentially cause injury and energy lost due 

to high muscle tone associated with the vibration [1]. Study 

has been reported the energy used by the muscles when 

exposed to externally induced vibrations in highly controlled 

situations [2]. Nevertheless, little is known about the muscle 

activity required to damp vibrations during a less controlled 

and more strenuous task. 

The purpose of the study was to investigate how the activation 

of musculoskeletal system (soft tissue vibrations, and muscle 

activities) changed with response to the compression during 

drop jump (DJ). 

METHODS 

Twelve healthy trained male volunteers (age: 23.7±2.7 yrs, 

height: 178.3±2.5 cm, mass: 70.1±4.6 kg) were recruited. DJs 

from heights of 30 cm (DJ30), 45 cm (DJ45), and 60 cm 

(DJ60) were chosen to induce different amount of soft tissue 

vibrations from the thigh muscle. During the DJ tasks, 

participants wore compression shorts (CS, adidas Inc., 

Germany) or regular loose running shorts (CON). The order 

of the garment conditions as well as the landing heights was 

randomized. Three successful trials at each landing height 

were selected for analysis. A rest period of two minutes was 

provided between trials. 

Lower extremity kinematics (200 Hz), acceleration data 

(1200 Hz) of quadriceps femoris (QF) and hamstrings (Hams), 

and EMG data (1200 Hz) of rectus femoris (RF) and biceps 

femoris (BF) of the dominant leg were collected 

simultaneously. The main variables characterizing the 

vibration signal included peak soft tissue acceleration (apeak), 

dominant frequency (fv), and the damping coefficient (c). The 

latter two parameters were determined using a least-squares 

minimization method (Levenberg–Marquardt). Additionally, 

the EMG amplitudes (root mean square, EMGRMS) were 

analysed during the pre-activation, post-activation, eccentric, 

and concentric phases of DJ. A 2 × 3 (compression × height) 

repeated measures ANOVA was used via SPSS. 

RESULTS AND DISCUSSION 

Soft tissue vibration: the compressive shorts significantly 

decreased the apeak of the QF at DJ45 and DJ60, and the apeak 

of the Hams at DJ30 and DJ60. Correspondingly, the c of the 

QF and the Hams significantly increased at DJ60 in CS 

compared to CON (Figure 1).  

Muscle activation: The EMGRMS of RF was significantly 

lower in CS compared to CON, except for the concentric 

phase at DJ30 and DJ60. Meanwhile, the EMGRMS of BF also 

showed a significant decrease in the post-activation phase of 

DJ30, and in the eccentric phase of DJ60 when wearing 

compression shorts (Figure 2). 

 

 
Figure 1: Compression effects on the apeak and the c of the QF and 
the Hams during DJ from different drop heights. 

 

 
Figure 2: Compression effects on the EMGRMS of the RF and the BF 
during DJ from different drop heights. 

CONCLUSION 

The intervention of compression shorts significantly reduced 

soft tissue vibrations of quadriceps and hamstrings, 

accompanied with significant EMGRMS decrease for these 

muscles. The results indicated that compressive shorts can be 

used as a neuromuscular intervention to reduce injury risk and 

potentially increase performance in endurance sports due to 

energy savings. 

ACKNOWLEDGEMENTS 

This study was supported by NNSFC (11772201), NKRDPC 

(2018yff0300500), TDFSM (2018107). 

REFERENCES 

[1] Rittweger J et al. (2001). Euro J Appl Physio, Vol 82, 

169-173. 

[2] Zange J et al. (2009). Euro J Appl Physio, Vol 105, 265.

 

Friday, August 02 2019: Posters (1600-1800) 1277

Sport: Landing/Drop Jumps 2



 

 

Military Personnel Demonstrated Asymmetrical Loading Patterns during Landing  

 

Joshua D. Winters1, Alexa K. Johnson1, Kathleen M. Poploski1, Scott D. Royer1, Nicolas R. Heebner1, John P. Abt,1 
1Sports Medicine Research Institute, University of Kentucky, Lexington, KY, USA 

Email: joshua.winters@uky.edu  

 

Summary 

Military personnel demonstrated asymmetrical knee strength 

and loading during landing from different dynamic tasks.  

Though increased knee flexion significantly improved shock 

attenuation, only peak knee flexion on the non-dominant limb 

during a single leg drop landing correlated to knee extension 

strength.  These results indicate that in addition to strength, 

other factors play a role in controlling the mechanics about the 

knee that are necessary for improved shock attenuation.   

Introduction 

Because lower extremity musculoskeletal injuries are very 

common in the military [1,2] it is important to understand the 

strategies used to attenuate shock during dynamic tasks. 
Therefore, the purpose of this analysis was to determine the 

landing strategies used by military personnel during different 

landing tasks and examine how strength influences these 

specific landing strategies.   

Methods 

Knee strength and lower extremity mechanics were collected 

from 224 military personnel (age: 27.40 + 3.97 years, height: 

178.80 ± 6.52 cm, mass: 85.41 + 9.22 kg). Average peak 

torque (Nm/kg) for knee extension (KES) was collected using 

an isokinetic dynamometer (Biodex Medical Systems Inc., 

Shirley, NY). Lower extremity mechanics were collected 

during a double leg drop landing (DLDL) from 76.2 cm and a 

single leg drop landing (SLDL) from 45.7 cm.  Data were 

collected using a 3D motion capture (Vicon Motion Systems 

Ltd, Centennial, CO) and dual force plate system (Kistler 

Instrument Corp., Amherst, NY).  Peak vertical ground 

reaction forces (pkVGRF) as percent bodyweight (%BW) and 

sagittal plane knee angles at initial contact (@IC) and peak 

knee flexion (pkFlex) were analyzed for both the dominant 

(DOM) and non-dominant (NOND) limbs.  

Paired samples t-tests were used to evaluate asymmetries in 

strength and landing mechanics. Pearson correlation 

coefficients were used to examine the relationships between 

KES and mechanics during landing. Significance level was set 

at alpha = 0.05. 

Results and Discussion 

Paired samples t-test results indicate significant asymmetries 

in KES and pkVGRF during landing (Table 1).   

Table 1:  DOM and NOND limb comparisons 

Variable DOM NOND p-value 

Strength (n=224) 

KES (Nm/kg) 2.67 + 0.43 2.61 + 0.21 0.001* 

DLDL (n=171) 

pkVGRF (%BW) 380.17 + 117.63 360.35 + 109.38 <0.001

* knee @IC (deg) 20.31 + 6.57 20.54 + 6.88 0.573 

knee pkFlex (deg) 98.73 + 20.94 98.72 + 21.38 0.981 

SLDL (n=81) 

pkVGRF (%BW) 561.68 + 105.21 544.20 + 97.34 0.030* 

knee @IC (deg) 12.67 + 5.18 13.37 + 4.83 0.188 

knee pkFlex (deg) 63.98 + 9.89 62.97 + 10.80 0.240 

Sagittal plane knee mechanics significantly correlated to 

pkVGRF during both landing tasks but only NOND KES 

correlated to knee pkFlex during the SLDL (Table 2). 

Conclusions 

Military personnel demonstrated asymmetrical KES and 

pkVGRF during both drop landing tasks. Though increased 

knee flexion was associated with reduced impact (pkVGRF) 

and therefore improved shock attenuation during both landing 

tasks, the mechanics about the knee were not correlated to 

KES during DLDL. During the SLDL, only NOND knee 

pkFlex correlated to KES, indicating factors other than KES 

likely play a role in controlling the mechanics about the knee 

which are necessary for improved shock attenuation. Strength 

training combined with dynamic movement training may be 

needed to improve shock attenuation, thereby reducing the 

cumulative effects of asymmetrical loading.   
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Table 2: Knee mechanics correlations with loading and knee strength. 

 DOM pkVGRF NOND pkVGRF DOM KES NOND KES 

DLDL knee @IC r= -0.179, p=0.019* r=-0.199, p=0.009* r=0.016, p=0.831 r=-0.003, p=0.969 

DLDL knee pkFlex r=-0.342, p<0.001* r=-0.405, p<0.001* r=-0.137, p=0.074 r=-0.080, p=0.301 

SLDL knee @IC r=-0.234, p=0.035* r=-0.345, p=0.002* r=0.087, p=0.436 r=0.025, p=0.826 

SLDL knee pkFlex r=-0.119, p=0.288 r=-0.404, p<0.001* r=0.042, p=0.707 r=0.262, p=0.017* 
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Summary 
Muscle and knee forces were estimated for a female athlete 
performing a drop vertical jump (DVJ) to quantify tibial 
anterior shear force (ASF) during landing. The contribution 
of the gastrocnemius muscle to peak ASF was assessed. The 
gastrocnemius wrapping around the posterior aspect of the 
tibia contributes to ASF during landing, which might 
increase the risk of anterior cruciate ligament (ACL) injury. 

Introduction 
The ACL is the primary structural restraint to anterior tibial 
translation. The DVJ is a motor task used to evaluate ACL 
injury risk [1]. The gastrocnemius is an ACL antagonist, as it 
wraps around the posterior aspect of the tibia and pushes it 
anteriorly when it contracts [2]. However, its contribution to 
tibial ASF during landing is still unclear, since muscle and 
joint forces cannot be directly measured in vivo. Previous 
musculoskeletal simulations analyzed the role of the 
gastrocnemius during landing [3], but the muscle 
redundancy problem was solved by minimizing muscle 
effort, which might not be realistic for high-demand 
activities that involve impact force. The goal of this study 
was (a) to quantify the contribution of the gastrocnemius to 
ASF during DVJ using an EMG-informed method to 
estimate muscle forces, and (b) to assess the sensitivity of 
the results to gastrocnemius anatomy and quadriceps-
gastrocnemius (Q-G) co-contraction level. 

Methods 
Motion capture, ground force and EMG data were 
simultaneously collected for one female high school athlete 
performing a DVJ. A musculoskeletal model scaled to 
subjects’ body proportions was used to calculate inverse 
kinematics and dynamics [4]. Muscle forces were estimated 
with an EMG-informed method, that tracked subject-specific 
EMG waveforms from 8 lower limb muscles [5]. The joint 
reaction analysis in OpenSim was used to calculate tibial 
ASF. The contribution of each muscle force to ASF was 
calculated by increasing each muscle force by 10 N and 
quantifying the corresponding change in peak ASF. In 
addition, the sensitivity of peak ASF to two parameters was 
assessed: (1) the wrapping cylinder representing in the 
model the wrapping of the gastrocnemius on the posterior 
aspect of the tibia was displaced anteriorly by 10, 20, and 30 
mm (Fig. 1a); (2) the Q-G co-contraction level was modified 
by increasing the gastrocnemius activation by 0.1, 0.2, and 
0.3 and compensating the extra flexion torque at the knee by 
increasing the quadriceps activation as required.   

Results and Discussion 

Baseline peak ASF was 204 N and occurred 35 ms after 
initial contact. The gastrocnemius contributed to peak ASF 
with 460 N pushing the tibia anteriorly. This anterior force 
decreased to 348, 228, and 107 N when the wrapping object 
was translated by 10, 20, 30 mm (Fig. 1b). However, the 
correlation between the model-estimated gastrocnemius 
moment arm and average in vitro measurements [6] 
progressively decreased from 0.87 to 0.39 (Fig. 1c), 
suggesting that the baseline wrapping better represents the 
muscle anatomy. Activation increases of 10%, 20%, and 
30% in the gastrocnemius and corresponding compensatory 
activation in the quadriceps increased peak ASF by 372, 613, 
and 797 N (Fig. 1d-e-f), indicating that a Q-G co-contraction 
during landing might increase ACL tension during landing.  

 
Figure 1: Gastrocnemius wrapping surface displacement (a), 
contribution to peak ASF (b), and moment arm (c). Activation 

changes to gastrocnemius (d) and vastus lateralis (e), and 
corresponding change in tibial shear force (f).    

Conclusions 
The wrapping of the gastrocnemius on the posterior tibia 
substantially contributes to ASF during landing. Q-G co-
activation, which might be required to protect the ankle, 
increases peak ASF and, potentially, ACL injury risk.  
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Summary 

Performance on movement screens can change with 

knowledge of scoring criteria. The Landing Error 

Scoring System (LESS) is often used to identify high 

injury-risk biomechanics and athletes. We compared 

LESS scores and risk categorisation before and after the 

provision of scoring criteria and information on 

performance. Thirty volunteers performed 3 x 30-cm 

drop-jumps for LESS scoring at Baseline and one week 

later under two conditions: Pre and Post information. 

Baseline scores (6.2 ± 2.5 errors) were similar to Pre 

(6.6 ± 2.0 errors, p = 0.1858), as was the percentage of 

individuals at high risk (90 vs 83%, p = 0.6875). Post 

scores (4.7 ± 1.2 errors, p = 0.0002) and percentage at 

high risk (33%, p = 0.0007) were significantly lower 

than Pre. The clinical utility of LESS to identify high 

injury-risk biomechanics and athletes is compromised 

with prior knowledge of scoring criteria and 

performance. 

Introduction 

The subjective assessment of movement is common practice 

in health and sport. Several movement screens have been 

developed in recent years and are used daily to help clinicians 

identify individuals at high-risk of non-contact injuries in 

injury prevention efforts. Performance of individuals on such 

movement screens can change with knowledge of the scoring 

criteria [1]. The alteration in movement during injury-risk 

screens due to an individual’s awareness of the scoring criteria 

can mask innate performance and injury risk, nullifying the 

clinical utility of the screen and injury prevention efforts.  

The Landing Error Scoring System (LESS) is a reliable and 

valid clinical tool used to screen for risk of non-contact lower-

body and Anterior Cruciate Ligament injuries [2,3]. The 

number of “movement errors” seen during drop-jump landings 

is used to score LESS, where a higher number of errors (≥ 5) 

has been associated with a 10.7 greater relative risk of 

sustaining a non-contact ACL injury [2]. Our aims were to 

compare LESS scores and risk categorisation before and after 

the provision of the screen’s scoring criteria and information 

on performance. 

Methods 

Thirty volunteers (15 males, 15 females) performed 3 x 30-cm 

drop-jumps for LESS scoring at Baseline and one week later 

under two conditions: Pre and Post information. The original 

LESS protocol and scoring per Padua et al. [4] were used. 

Participants jumped from a 30-cm box to a line placed at 50% 

of body height, and immediately jumped upward for maximal 

vertical height. Jumps were videoed at 120 Hz in the frontal 

and sagittal planes. One expert rater scored all jumps using the 

17-item LESS scoring criteria (lower scores indicate less 

movement errors, range: 0 – 17 errors). For the Post condition, 

all 17 items used for scoring were explained to participants, as 

were their Baseline scores. The mean LESS score from the 3 

drop-jumps and percentage of individuals categorised at high 

(LESS ≥ 5 errors) and low (LESS < 5 errors) risk were 

compared between sessions using paired t-tests and 

McNemar’s tests, respectively. 

Results and Discussion 

Baseline scores were similar to Pre (p = 0.1858, Fig 1), as was 

the percentage at high risk (p = 0.6875, Fig 2). Post scores (p 

= 0.0002, Fig 1) and percentage “at risk” (p = 0.0007, Fig 2) 

were significantly lower than Pre. 
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Fig 1: LESS scores (mean ± SD) Fig 2: Percentage at high risk 

Conclusions 

When using the LESS to assess injury risk or track changes in 

movement patterns, it is important that tested individuals have 

no prior knowledge of the scoring criteria or previous errors 

for a valid assessment of innate movement. The clinical utility 

of the LESS to identify high injury-risk biomechanical 

patterns and predict injury incidence is compromised with 

prior knowledge of scoring criteria and performance.  
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Summary 
A systematic review investigating the association between 
jump-landing mechanics and patellar tendinopathy (PT) was 
conducted across five electronic databases. Statistically 
significant variables were identified in 12 studies across five 
participant cohorts and nine different jump-landing tasks. 
Clinicians and researchers assessing jump-landing technique 
and PT risk should utilise a sports specific horizontal landing 
task (e.g. spike jump/stop-jump) and should focus on 
characterizing knee and hip mechanics. 

Introduction 
Patellar tendinopathy is a clinical diagnosis of pain and 
dysfunction within the patellar tendon that is prevalent in 
jump-landing athletes [1]. This injury has substantial morbidity 
with players often playing through pain with no time-loss [2]. 
Altered landing mechanics have previously been associated as 
a risk factor in individuals with PT [3] and those who are 
asymptomatic with a patellar tendon abnormality (PTA) [4]. 
This study aimed to provide an update of a systematic review 
on jump-landing mechanics and PT conducted in 2012 [5]. 

Methods 
Five electronic databases were searched (Medline, 
SportDiscus, PubMed, Web of Science and EMBASE) using 
the following combination of key words; ‘biomechanic’, 
‘patella’, ‘jumper’s knee’, ‘jumpers knee’, ‘tendon’, ‘tendin’, 
‘jump’, ‘land’. Inclusion criteria were (1) 3D biomechanics 
assessment of a jump-landing task in relation to PT (2) cross-
sectional/longitudinal study design, (3) symptomatic PT, 
asymptomatic with a history of PT, asymptomatic with PTA 
and/or asymptomatic with an unknown pathology/history. Two 
reviewers independently screened all search results by title, 
abstract, and full text.  

Results and Discussion 
Quantitative synthesis was unable to be undertaken due to 
heterogeneity of study design across the 12 included studies. 

Nine different jump-landing tasks were utilised and five 
different population cohorts (PT, history of PT, asymptomatic 
with PTA, asymptomatic normal patellar tendons and tendon 
pathology unknown). Not all studies accounted for the 
presence/absence of a PTA within their control group – which 
could indicate a potential source of misclassification bias. 
Qualitative analysis: 35 statistically significant biomechanical 
jump-landing variables were associated with PT and/or PTA. 
Only increased knee flexion at initial contact and utilisation of 
a hip extension strategy during a horizontal landing phase in a 
stop-jump task (asymptomatic PTA vs. controls) could be 
replicated [4, 6]. A lack of between-group differences found in 
the vertical component of the stop-jump task [4, 6] and higher 
peak patellar tendon forces in horizontal landing [7] suggests 
that jump-landing tasks with horizontal landings should be 
used when investigating PT. Standardization of jump-landing 
tasks, that feature sport-specific horizontal landings, will better 
enable future between-study comparisons.  

Conclusions 
To avoid erroneous conclusions, caution should be undertaken 
when comparing studies investigating PT, due to heterogeneity 
within study design. Study design should account for PTA’s to 
reduce the risk of potential misclassification bias. When 
assessing an athlete’s jump-landing technique clinicians and 
researchers should employ a sports specific horizontal landing 
task (e.g. spike-jump/stop-jump) for specificity to game 
situations with a focus on knee and hip mechanics.  
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Table 1: Sagittal plane knee kinematics associated with PT during jump-landing tasks. 
Joint Angle Movement Symptomatic 

PT 
Asymptomatic  
PTA Unknown 

Asymptomatic  
PT History 

Asymptomatic 
PTA 

Asymptomatic  
no-PTA 

Findings References 

Flexion at IC (°) 

Sauts De Chat 14.1 ± 3.5 14.8 ± 6.3           Fietzer et al. (2012) 
Stop-jump horiz land          34.3 ± 8.4* 26.5 ± 5.6 Predicted PTA presence and severity 

 
Mann et al. (2013) 

Stop-jump horiz land          46.7 ± 13.3* 32.7 ± 3.5 PTA ↑ knee flexion IC than no-PTA 
 

Edwards et al. (2010) 
Stop-jump vert land          22.7 ± 4.1 22.0 ± 5.6  Edwards et al. (2010) 
Spike jump land 22.2 ± 12          20.3 ± 17.9  Kulig et al. (2015) 
Spike jump land    19.1 ± 7.7 17.7 ± 7.2        Bisseling et al. (2008) 
Drop land 30 cm 19.2 ± 6.9 18.3  ± 6.7 15.7 ± 6.2        Bisseling et al. (2007) 
Drop jump 40 cm 19.5 ± 10 17.7 ± 8.6           Rosen et al. (2015) 
Drop land 50 cm 26.6 ± 2.3       28.3 ± 8.3 31.2 ± 2.4  Scattone Silva et al. (2017) 
Drop land 50 cm 18.9 ± 7.5 19.4 ± 5.9 16.8 ± 4.2        Bisseling et al. (2007) 
Drop land 70 cm 21.6 ± 6.5 23.8 ± 4.9 21.4 ± 6.3        Bisseling et al. (2007) 
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Summary 
Previous research has suggested that several critical features 
are associated with the ability of surfers to successfully land 
two aerial variations, the Frontside Air (FA) and Frontside 
Air Reverse (FAR). We aimed to investigate whether surf-
like simulated aerial landings replicated the key critical 
features of these two aerial variations. Based on the findings, 
surf-like simulated aerial landings appear to provide a safe 
and controlled alternative to learn and practice some key 
critical features associated with FA and FAR manoeuvres. 

Introduction 
One manoeuvre that can provide surfers with an advantage 
during surfing competitions, is the aerial. Although aerials 
can increase a surfer’s single-wave score by up to 2.4 points 
out of 10 [1,2], this only occurs if surfers successfully 
complete this complex task, thereby necessitating extensive 
practice. Previous research has identified key critical features 
that are associated with surfers successfully performing two 
aerial variations in competition, the Frontside Air (FA) and 
Frontside Air Reverse (FAR) [3]. Of these key critical 
features, specific kinematic outcomes, such as landing with 
the lead ankle in dorsiflexion and moving through a large 
range of trunk flexion, can influence how surfers absorb the 
high forces generated when landing an aerial in the surf. 
Providing a simulated aerial training task has the potential 
for surfers to learn and practice the skill under low load and 
controlled conditions before they transfer these skills to the 
surf. However, it is imperative to know whether surf-like 
simulated aerial landings replicate the key critical features of 
aerial variations performed in the surf. Therefore, we aimed 
to investigate whether surf-like simulated aerial landings 
could replicate the key critical features of two aerial 
variations, the Frontside Air and Frontside Air Reverse. 

Methods 
Thirteen highly-skilled surfers (age: 20.4±6.1 years, height 
177.9±9.9 cm, mass 69.8±10.8 kg) performed two variations 
of a surf-like simulated aerial task, the FA and FAR. This 
involved each participant approaching a mini trampoline 
while holding a finless soft-top surfboard, jumping off the 
trampoline and rotating in the air, while placing the 
surfboard underneath their feet before landing on a soft crash 
mat. For the FA participants displayed minimal rotation, 
whereas for the FAR, participants were required to perform 
at least 180° of rotation before landing. The forces generated 
at landing were recorded using flexible force mats attached 
to the surfboard (NovelGmbH, GER; 200 Hz). Wireless 
goniometers (Biometrics, UK; 1000 Hz) applied to the 
participants’ ankles, knees, hips and back recorded joint 

motion during each task. Joint motion data were then filtered 
(20 Hz 4th-order low-pass Butterworth filter) before relevant 
outcome variables were extracted and compared to the 
critical features described by Forsyth et al. [3]. 

Results and Discussion 
Two of the four key critical features for aerials performed in 
the surf [3] aligned with what the participants displayed 
when performing the two surf-like simulated aerial landings 
(Table 1). However, some differences existed between 
critical features (ii) and (iv). Most notably, the range of trunk 
flexion through landing was less than expected, although we 
speculate this may be due to the low forces generated at 
landing during the simulated aerial tasks. The peak landing 
forces for the FA and FAR were only 2.8±0.3 times body 
weight (BW) and 2.7±0.4 BW, respectively.  
 Table 1: Key critical features matched with the kinematic 
outcomes for the Frontside Air (FA) and Frontside Air Reverse 
(FAR). CoM: centre of mass. 

 

Conclusion 
Using a surf-like simulated aerial landing task appears a 
valid and safe method for surfers to practice the relevant 
postures required at impact during aerial landings. However, 
other critical features, such as landing with the chest over the 
lead knee and utilising a large range of trunk flexion, require 
practice of the skill in an ocean environment because they 
are more associated with the total forces a surfer may need to 
absorb when landing on a wave in the ocean. 
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Critical Features FA FAR 

(i) Lead ankle dorsiflexion at 
impact (°) 2.9±3.9 6.1±3.6 

(ii) Chest over lead knee (CoM 
horizontal displacement; %Lead) 

- 44.6±13.6 

(iii)  CoM over centre of board  
(relative to length; %) 50.1±1.8 48.0±2.7 

(iv) Large trunk flexion through 
landing (range; °) - 3.5±6.8 
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SUMMARY 

Assessing landings is of importance in many sports, due to the 
relevance of being able to attenuate force efficiently. This 
project investigated whether a simple spring and damper 
element model can be used to model a drop and stick landing 
task. Landing data collected from 13 surfing athletes were 
fitted to a mass-spring-damper model. Some athletes, who 
landed controlled and with low peak force could be modelled 
with low residual. Furthermore, there was a strong correlation 
between the model spring constant and peak acceleration 
(R2=0.71). The model parameters and residuals may provide 
useful information about an athlete’s landing strategy. Further 
research on this topic may provide value to landing practice. 

INTRODUCTION  
Landing tasks are often used to assess athletes, because of its 
relevance to many sporting movements. Considering a 
controlled landing task, one may assume that the most 
efficient landing is one where the whole body is decelerating 
through the movement as a single mass, using a synchronized 
movement pattern of the lower limb joints, although little has 
been written with regards to this subject in the literature. 
Landing tasks put high demands on the motor control system, 
making landing related to sport performance and injury risk 
[1,2]. Landing performance is often assessed in practice using 
single time point variables, such as relative peak force (rPF) 
and time to stabilization (TTS) [2,3] or using qualitative video 
assessments [1]. Although these measurements fulfil parts of 
the need in landing assessments, there may be other measures 
that can provide additional information about an athlete’s 
landing strategy. This study propose a novel method to assess 
landing performance using force data and a spring and damper 
element model. The purpose was to investigate how the model 
performs in drop and stick landings, and if the parameters 
correlate with metrics such as peak acceleration and TTS.  

METHODS 
Thirteen surfing athletes performed five drop and stick landing 
trials via a forward drop off a 0.5 m box onto a force plate 
(400 Series Performance, Fitness Technology, Adelaide, 
Australia) recording at 600 Hz. The athletes were barefoot and 
instructed to ‘land soft’ into a squat position [2].  
The data was processed using Mathematica 11.3 (Wolfram, 
Champaign, USA), and the force was normalized to free 
acceleration. A lowpass filter with a cutoff frequency of 50 Hz 
was used on the raw data. The data was fitted to a nonlinear 
model based on the function of a one degree of freedom model 
(Fig.1). The stiffness parameter (k) of the spring, and damping 
parameter (c) was derived from the equations of motion of the 
system. The average residual between data and model were 
calculated for each landing. 

 
Figure 1: The spring and damper model used to model the landing. 
Parameters were derived from fitting the model to the landing data. 

Linear regression was used to test the model parameters k, c 
and average residual against previously used measures of 
landing performance, i.e. peak acceleration and TTS. 

RESULTS AND DISCUSSION 
The model was able to fit all of the landing tasks, however, 
those with high peak acceleration had a higher residual during 
the time interval of the peak acceleration (Fig.2). The average 
residual was 0.85 (±0.29) m/s2. 

 
Figure 2: Example of landing trials of a high-level athlete (left) 

and an amateur athlete (right). The left has a low average 
residual (<0.5 m/s2), low k (8,700 N/m) and high c (480 kg/s), 
the right has a high average residual (>1 m/s2), high k (18,800 
N/m) and low c (350 kg/s). The red line is the model and the 

blue line is landing data.  
One significant correlation was found between the stiffness (k) 
and peak acceleration (R2=0.71).  

CONCLUSIONS 

The landing strategy of some athletes could be modelled using 
this approach, however, some athletes use a different strategy. 
Future studies may look into if more precise results can be 
achieved using more complex models. Furthermore, studies 
need to investigate how this approach can provide value in 
landing practice and assessment. 
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Summary 

Individuals with lower limb malalignments may utilize 

differing movement strategies that are protective of their 

knees. To test this idea, total support moment distributions 

were compared between healthy individuals with and without 

genu valgum malalignment during single-limb forward and 

lateral drop landings. During the lateral drop landings, those 

with genu valgum landed with a greater hip joint contribution 

than those with normal alignment. Healthy individuals with 

genu valgum may use altered within-limb neuromuscular 

strategies that shift antigravity demands proximally to the hip. 

Introduction 

Genu valgum can influence lower extremity kinematics during 

a variety of tasks. During gait, those with genu valgum have 

demonstrated altered mechanics compared to controls [1,2]. 

During crossover cutting, healthy females with genu valgum 

demonstrate decreased knee extension moment and increased 

ankle plantar flexion [3]. During single limb landing, less hip 

flexion and more knee abduction have been observed [1].  

While genu valgum influences joint-specific parameters, the 

effects on whole-limb biomechanics are less clear. To this end, 

total support moment (TSM) sums antigravity joint moment 

contributions from the ankle, knee, and hip in support of the 

center of mass [4]. In individuals with a history of anterior 

cruciate ligament reconstruction, TSM analysis has identified 

reduced knee extensor and increased hip extensor 

contributions during single-limb landings [5]. A similar TSM 

approach may identify potential alterations in neuromuscular 

strategy employed by individuals with genu valgum. 

Therefore, the purpose of this study was to examine TSM 

during a single-leg forward and lateral drop landings in 

individuals with and without genu valgum. We hypothesized 

that joint-level contributions would differ between groups. 

Methods 

Two groups of 18 healthy females were recruited from a 

university setting. Subjects gave informed consent. A valid 

and reliable inclinometer alignment screen was performed in 

the tibia’s frontal plane [7]. Qualifiers were prepared for 

motion capture using an established marker set [6]. 

For the landing tasks, individuals stood on the test limb atop a 

30 cm box with their hands on their hips, dropped either 

forward or laterally off the box onto a force plate (1500 Hz, 

Bertec, Worthington, OH, USA), and had to maintain position 

for 3 seconds. Video data were collected (150 Hz) using an 8-

camera motion analysis system (Vicon, Centennial, CO, 

USA). Landing data were extracted from initial contact to the 

instance of lowest vertical pelvic position. Ankle, knee and hip 

sagittal moments were extracted at the instance of mean peak 

M for each group. TSM magnitudes and the relative joint 

contributions were compared between groups separately for 

both tasks using independent samples t-tests (alpha = 0.05). 

Results and Discussion 

Tibial axis differed by ~4° (p<0.001) between groups. Age, 

height and weight did not differ. Peak TSM did not differ 

during the forward (p=0.953) or lateral landings (p=0.662). 

For the forward drop landing, no differences were seen for the 

ankle (p=0.072), knee (p=0.251) or hip moment (p=0.274) 

contributions. For the lateral drop landing, while the ankle 

(p=0.427) and knee (p=0.380) contributions did not differ, the 

hip joint magnitude was greater in the valgus group (p=0.023).   

The results partially supported our hypotheses. While the 

forward drop landing did not reveal differences in antigravity 

landing strategy, the novel lateral drop landing was able to 

elicit proximal differences. The greater hip joint moment in 

those with genu valgum may suggest a compensatory strategy 

that is intended to be protective of the knee. 

 

Figure 1: Hip (left) and total support (right) moment group mean 

comparison curves for single-leg lateral drop landing.  

Conclusions 

During lateral drop landings, persons with genu valgum 

exhibited an increased antigravity joint moment contribution 

from the hip. This increased contribution may reflect a 

compensatory strategy that is protective of the knee. Females 

with genu valgum may utilize potentially compensatory 

landing strategies, particularly during tasks that incorporate 

non-sagittal demands. These data also support further research 

using the lateral drop landing, as the forward drop landing did 

not elicit differences.  
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Summary 
Robotic elbow flexion training using a newly developed upper 
limb single-joint Hybrid Assistive Limb (upper limb HAL-SJ) 
was implemented for patients with elbow flexor reconstruction 
after brachial plexus injury (BPI). No serious adverse events 
were observed during upper limb HAL-SJ training in all 
patients. Improvement in elbow flexion power on manual 
muscle testing Grade 3 was observed in all patients after upper 
limb HAL-SJ training. Higher biceps muscle activity during 
HAL-SJ elbow flexion was observed compare to that with 
conventional biofeedback therapy. The upper limb HAL-SJ 
has the potential to be an effective rehabilitation tool in elbow 
flexor reconstruction after BPI. 

Introduction 
This study aimed to evaluate the safety and effectiveness of a 
newly developed upper limb single-joint Hybrid Assistive 
Limb (upper limb HAL-SJ) device during elbow flexion 
training following flexor reconstruction for brachial plexus 
injury (BPI). The upper limb HAL-SJ is a wearable robot that 
can support elbow flexion even during manual muscle testing 
(MMT) Grade 1 of elbow flexion power (Figure 1). We 
present 4 patients in whom upper limb HAL-SJ elbow training 
was implemented 5, 7, 6, and 6 months, respectively, 
following elbow flexor reconstruction for BPI.  

Methods 
Four patients (mean age 33.5 ± 16.0 years) underwent elbow 
flexor reconstruction with intercostal nerve-to-
musculocutaneous nerve transfer (ICN-MCN transfer) after 
BPI. Three patients had complete BPI, and 1 patient had upper 
BPI. Postoperative training using the upper limb HAL-SJ was 
implemented every 1 or 2 weeks in patients with MMT Grade 
1 elbow flexion power. Clinical evaluation included MMT and 
active flexion range of motion (ROM) of the elbow joint at the 
start of every session. Muscle activity of the biceps during 
HAL-SJ elbow flexion and conventional visual-audio 
electromyographic (EMG) biofeedback therapy was evaluated 
using a Trigo™ Lab Wireless Surface EMG system. All 
patients also received conventional rehabilitation, including 
ROM exercises, muscle training, and conventional visual-
audio EMG biofeedback therapy during upper limb HAL-SJ 
training. 

Results and Discussion 
No serious adverse events were observed during upper limb 
HAL-SJ training in 4 patients. All patients could perform  

elbow training using the upper limb HAL-SJ, including those 
with MMT Grade 1 elbow flexion power. Improvement in 
elbow flexion power on MMT Grade 3 in all patients was 
observed after upper limb HAL-SJ training. The upper limb 
HAL-SJ was for a mean of 20.3 ± 11.8 sessions. Improvement 
in elbow flexion power on MMT Grade 3 was observed for a 
mean of 11.8 ± 2.9 postoperative months (POM). Higher 
biceps muscle activity was observed during HAL-SJ elbow 
flexion compared to that using conventional visual-audio 
EMG biofeedback therapy. 
 
 

 
 

 
 
 

 
 

 
 

Figure 1: The upper limb HAL-SJ training. 
Elbow flexion training using upper limb HAL-SJ (Case 4). 
Although elbow flexion power was assessed using MMT 
Grade 1, training with the upper limb HAL-SJ could 
completely flex the elbow against gravity.  

 

Conclusions 
Training with the upper limb HAL-SJ device was safe and 
effective in 4 patients with elbow flexor reconstruction with 
ICN-MCN transfer after BPI.  
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Summary 

Coordinated muscle contractions are vital for daily functional 

movements. This study investigated the differences in the 

muscular activation of the elbow flexors and extensors of two 

different age groups, during extension movements of the 

elbow. Fifteen healthy adults and eight healthy children were 

tested while performing elbow extension movements at 

different velocities and with two external loads. The results 

showed that differences in the muscular activation between the 

two groups are not due to the control strategies employed but 

rather to the effect of an added external load to the movement. 

Introduction 

Eccentric contractions are an important aspect of muscular 

activity during the activities of daily living (ADL). In the case 

of the upper limbs, they make the well-directed, smoothly 

controlled movements associated with reaching and object 

placement possible. Some authors have suggested different 

control strategies for the flexor muscles during eccentric 

contractions [1] and between two different age groups during 

the flexion movement [2].  

This study sought to identify the differences in the activity of 

the flexor and extensor muscles between two different age 

groups, during extension movements of the elbow, with two 

different added external loads. 

Methods 

Kinematic data for the elbow and surface electromyogram 

(sEMG) of the biceps, brachioradialis and triceps, were 

recorded from fifteen healthy adults (7 male, 8 females, avg. 

age 26.2 ± 3.2 years) and eight healthy children (3 male, 5 

females, avg. age 11.8 ± 1.55 years), while performing elbow 

flexion/extension movements at different velocities. Using a 

customized pulley machine, two external loads (children: 1kg, 

2kg, adults: 1kg, 5kg) were added to the movement tasks over 

the full range of active motion. Joint angles and velocity were 

determined using the kinematic data. The sEMG signals were 

processed according to SENIAM recommendations.  

For each muscle considered, the sEMG signals during the 

extension movement were firstly divided into concentric and 

eccentric phases and then categorized into five angular 

velocity intervals (range: 20 – 120°/s, 20°/s intervals) and five 

joint angle intervals (range: 25° - 125°, 20°/s intervals where 

0° represents full extension). Finally, the slope of each angle 

category was calculated for all muscles and subject groups. 

Results and Discussion 

For both subject groups (extension movement, both loads) all 

muscles showed increased muscular activity with increasing 

angular velocity while performing an eccentric contraction in 

the joint angle range: 85°-25°. These results were consistent 

with previous reports [1, 2]. This pattern was not observed for 

any muscle of the children’s group in the joint angle range: 

125°-85° with the 1 kg load. The average arm weight of an 8-

year-old child is 1.4kg [3], thus the 1 kg load’s resistance may 

not have been enough to elicit an activation pattern during the 

task’s first phase (125°-85°). A noticeable muscle activation 

pattern was observed during the 85°-25° joint angle range 

where a larger muscle force was required to overcome the 

external load’s resistance. For the adult group’s external loads, 

the slope values increased in all joint angle intervals.  

Conclusions 

These findings are consistent with the research from von 

Werder [1] which showed an increase in the muscular 

activation with increasing angular velocity at the heaviest 

load. Finally, since the muscular activation pattern in children 

was only noticeable when the resistance generated from the 

external load was large enough (from mid-to-final extension), 

the results suggest that the differences seen in the muscular 

activation of the flexor and extensor muscles of the elbow 

between the two groups are not due to the control strategies as 

previously indicated [2], but rather to the effect of an added 

load to the movement.  
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Summary 
Male and female ulnae differed primarily in bone volume. We 
did not observe substantial differences in the curvature of the 
ulna or in the shape of its anatomical features. 

Introduction 
Malunion of ulnar fractures, particularly at the proximal ulna, 
can cause ongoing instability in the forearm and arthritis at the 
elbow joint [1]. The goal of corrective surgery is to restore 
normal ulnar anatomy, thereby restoring normal forearm 
function. Several studies have quantified normal ulnar 
geometry, with one study reporting significant sex differences 
in all measurements [2]. However, it is not clear whether this 
observation relates to shape differences between male and 
female ulnae, or whether it is a consequence of the known sex 
differences in bone size [3]. Therefore, the aim of this study was 
to investigate differences in ulnar shape between males and 
females, independent of their differences in size. We used a 
statistical shape modelling approach to quantify the geometry 
of the ulna bone in three-dimensions. 

Methods 
Right and left ulnae were segmented from the CT 
scans (1x1x1 mm voxels) of 20 males (42 ± 14 years) and 
20 females (35 ± 14 years). All ulnae were aligned using 
Procrustes superimposition and left ulnae were mirrored in the 
mediolateral plane. To allow shape differences to be evaluated 
independent of size, the bones were isometrically scaled to a 
uniform length. A triangular surface mesh was non-rigidly 
registered using radial basis functions to provide meshes with 
nodal correspondence. Ulnar shape variation was then 
characterized using principal component analysis. To allow for 
comparison and interpretation, principal component weights 
were normalized (𝑤𝑤�) to the standard deviation in each mode: 

                                𝑤𝑤�𝑚𝑚𝑖𝑖 =
𝑤𝑤𝑚𝑚𝑖𝑖

𝜎𝜎𝑚𝑚
                                          (1) 

where 𝑤𝑤 is the mode weight, 𝑖𝑖 is the participant, 𝑚𝑚 is the shape 
mode and 𝜎𝜎 is the standard deviation of weights in that mode. 

Results and Discussion 
After normalizing for bone length, the statistical shape model 
captured 81% of the total ulnar shape variation in the first seven 
principal components. The first component represented almost 
half of that variation (37%). On average, the weight associated 
with this shape mode was 0.73 SD larger in males than in 
females (p < 0.001). A larger weight was primarily associated 
with a greater ulnar volume, larger trochlear notch and more 
prominent supinator crest (Figure 1). A significant difference 

was also identified in the fourth mode, which captured 7% of 
the overall shape variation. On average, males had a mode 
weight that was 0.88 SD larger than females (p < 0.0001). A 
larger weight in this mode was associated with a greater ulnar 
girth and a straighter distal bow. There were no significant 
differences observed in the remaining modes, which captured 
variation in the curvature of the ulnar shaft and in the shape of 
the proximal and distal ulna. 

Conclusions 
Male and female ulnae differed primarily in bone volume. 
Despite normalizing for length, male ulnae remained broader 
than female ulnae. This is consistent with previous research and 
may be a consequence of the ulna’s load bearing role in the 
forearm. This study did not identify substantial differences in 
ulnar curvature or in the geometry of its anatomical features. 
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Figure 1:  First mode of ulnar shape variation. A mode weight of 
zero represents the average ulnar shape across all subjects. In this 

mode, males had a significantly more positive weight than females. 
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Summary 

The aim of this study is to determine the forearm muscle 
activity and fatigue depending on the type of mouse during a 
long-term computer mouse task. Musculoskeletal disorders 
can be caused by persistent muscle load when working with 
computer mouse in a non-neutral posture of forearm. Although 
a vertical mouse(VM) was developed to prevent 
musculoskeletal disorders, no subjective studies have been 
conducted to date. The experiment in this study measured the 
performance and comfort during computer mouse task with 
different types of mouse. The subjects were selected as 20s 
males with using computer for more than 10 hours per week. 
During the task, sEMG was used to measure muscle activity 
and fatigue. The results showed that muscle activity has 
decreased when VM mouse was used than the conventional 
mouse(CM), and muscle fatigue showed no difference. The 
use of VM is expected to help prevent musculoskeletal 
disorders. 

Introduction 

As the penetration rate of computers and the Internet has 
increased, the number of people using computers for a long 
period of time has also increased sharply. Especially, in the 
case of Koreans in their 20s, the average computer use time 
per day was reported to reach 119.6 minutes. However, there 
is a lack of research on Korean musculoskeletal disorders 
caused by the increase of computer use time.  

 It is known that when using a computer mouse, the load is 
constantly applied to the muscles due to the non-neutral 
posture of the user's forearm and it finally results in 
musculoskeletal diseases when the load is accumulated [1,2,3]. 
However, research on such diseases have mainly conducted by 
surveys.  

The purpose of this study was to determine the possibility of 
preventing musculoskeletal diseases by measuring the muscle 
activity and fatigue during the long-term use of the computer 
according to the different types of mouse through using sEMG. 

Methods 

The subjects were male in Korea at the age between 20 and 
25 years old who satisfied the average length of hand 186.6 ± 
8.7mm and 4 people using computer for more than 10 hours 
per week were selected.  

Conventional mouse(Dell, USA) and Vertical mouse 
(Evoluent, USA) were used in this study. The mouse pointer 
speed was unified regardless of the product to eliminate the 
influence of the point speed. 

The setting of sEMG(MP150, BIOPAC, USA) was set to 
500Hz LPF in hardware. The four selected muscles for sEMG 
were Extensor Digitorum of Hand, Flexor Carpi Radialis, 
Flexor Carpi Ulnaris, and Extensor Carpi Radialis Longus.  

Experiments were performed twice in total according to the 
types of mouse. The experiment consisted of 4 experiments. 
Each experiment was consisted of clicking, moving, selecting 
objects according to time, and games. To assess muscle 
fatigue, maximum isometric contraction(MVIC) was 
measured three times in 5 seconds before and after the 
experiment. After the experiment, the questionnaire was 
conducted. 

The data obtained through surface electromyography were 
used to remove noise through Matlab(R2018a, Mathworks, 
USA). and to quantify muscle activity and fatigue based on 
noise-free data(60hz Notch,. 10-300hz band-pass) 

Results and Discussion 

The mean total muscle activity of CM and VM was 22.36% 
and 19.14%, respectively. This results confirmed that CM 
could lower the activity of muscles compared to VM.  

 
Figure 1: Muscle activity of forearm during computer mouse task. 

The flexor carpi radialis muscle activity in the muscles 
closely related to the Carpal tunnel syndrome was found to 
increase when the VM was used. This seems to be caused by 
twisting the wrists unreasonably because the subjects were not 
skilled in using the VM, and this experiment, the effect on VM 
proficiency was not excluded. 

Conclusions 

This study suggested that use of VM could help prevent 
musculoskeletal disorders.  
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Summary 

Studies of localized muscle fatigue (LMF) under varying 
physical workload conditions often necessitate experimental 
testing on multiple days. This study evaluated objective and 
subjective LMF responses during an identical elbow flexion 
fatigue protocol on three repeat visits to the laboratory. We 
found remarkable consistency in baseline strength, endurance 
time, relative change in strength, muscle mean power 
frequency and subjective ratings, between days.  

Introduction 

Experimental evaluations of localized muscle fatigue (LMF) 
are important to establish the neuromuscular response to 
different occupational workloads [1,2]. To provide adequate 
recovery, differing workload conditions are assessed over 
multiple days, with the assumption that any differences in 
response variables are the result of the experimental 
manipulation and not day-to-day variation. The purpose of this 
study was to evaluate the consistency of several subjective and 
objective LMF responses upon repeat visits to the laboratory. 

Methods 

Twenty (10M, 10F) participants completed nearly identical 
fatigue protocols on three separate days (separated by 3-5 
days). The fatigue protocol consisted of intermittent isometric 
elbow flexion efforts completed in 5-minute cycles at a force 
level of 50% of maximum voluntary contraction (MVC) and a 
duty cycle of 40%. Cycles repeated for a maximum of 60 
minutes (12 cycles), or until exhaustion. Half the participants 
received feedback on their ratings of perceived fatigue (RPF), 
relative to reduction in MVC during following cycles, on Day 
2. The other group (control) received no feedback.  

Participants produced an elbow flexion moment against a 
padded cuff, affixed distal to the elbow, and attached to a 6-
DOF force transducer. Surface EMG was recorded for biceps 
brachii and mean power frequency (MnPF) calculated over a 
3-second window during the last plateau of each cycle. RPF 
ratings were provided using a visual analog scale. Baseline 
MVC was measured to normalize the force exertion levels, 
followed by baseline RPF and MnPF assessment. Following 
each cycle, MVCs and RPFs were repeated.  

MnPF was calculated during the last sub-max plateau within 
each cycle. MVC, RPF and MnPF were expressed relative to 
baseline values. The rate of change for all variables, relative to 
baseline (i.e. slope), was calculated via linear regression. The 
MVC, RPF and MnPF slope, as well as endurance time (total 
completed cycles) and baseline MVC (N) were all included as 
dependent variables in a repeated measures mixed MANOVA, 
with RPF group (2) as the between-variable and day (3) as the 

within-variable. If significant (p<0.05), DVs were tested using 
univariate ANOVAs and Tukey’s HSD post hoc tests. 

Results and Discussion 

The MANOVA showed a significant day x group interaction 
(p<0.01, Wilks Lambda). Upon subsequent univariate testing 
of each DV, only RPF was significant (day x group, p<0.003) 
(Figure 1). The slope for the RPF-feedback group was reduced 
on days 2 & 3 compared to day 1. There were no significant 
differences in endurance time (6.4±2.6, 7.6±2.9, 6.6±2.9) nor 
baseline MVC (366.1±91.0, 362.2±88.1, 360.9±92.3) for days 
1, 2 and 3, respectively. 

 
Figure 1: Slope (%change/cycle) of MVC, MnPF and RPF over 

fatigue protocol, per day. RPF is presented as day x group interaction. 
Different letters indicate sig differences between day (p<0.01). 

The data showed consistent participant performance across all 
three testing days for all objective baseline, performance and 
LMF responses during the fatigue protocol. Differences in the 
RPF feedback group were due to an RPF training intervention 
provided on Day 2 (as part of another research question), but 
the effect of this training was retained on Day 3 for that group, 
suggesting an important role for RPF familiarization.    

Conclusions 

This study shows that consistent LMF responses can be 
expected upon repeated experimental fatigue protocols and 
serves as important validation for future LMF studies using a 
repeated-day research design. 
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Summary 

MR images of the distal upper limb of four participants were 

obtained. Participants were braced in 3 different wrist 

postures (radial deviation, neutral, ulnar deviation), in 

combination with 3 forearm postures (pronation, mid, 

supination). The flexor digitorum superficialis (FDS) and 

profundus (FDP) tendons to the index finger from each image 

were segmented proximal and distal to the level of the radial 

styloid and displacement calculated in frontal plane. A 

significant shift of the FDS2 occurred with both wrist 

deviation and forearm rotation. Both supination and ulnar 

deviation displace the tendon ulnarly. This displacement of 

tendon can cause frictional work to occur on the tendons, 

which can lead to tissue damage and injury.   

Introduction 

Awkward postures have been well documented as a predictor 

for work-related musculoskeletal disorders of the upper limb 

[1]. Magnetic resonance imaging (MRI) has been used to 

study the role of posture on tendon location and movement 

during wrist flexion/extension [2], and forearm 

pronation/supination[3]. Radial and ulnar deviation of the 

wrist remains under-researched as has the interaction between 

wrist deviation and forearm rotation, both movements that 

cause deviation of the tendons primarily in the frontal plane. 

The purpose of this study is to quantify the displacement of 

the finger flexor tendons at the level of the radial styloid due 

to changes in wrist deviation and forearm rotation. This paper 

will concentrate on the finger flexor tendons to the second 

digit. 

We hypothesize there will be a main effect of radial-ulnar 

deviation of the wrist, and pronation and supination of the 

forearm on linear displacement of the flexor digitorum 

superficialis (FDS2) and flexor digitorum profundus (FDP2) 

tendons of the index finger at the level of the radial styloid.  

Methods 

MR images of 4 participants’ distal upper limb were obtained. 

The participants were scanned under 3 wrist postures (radial 

deviation, neutral, and ulnar deviation) as well as 3 forearm 

postures (pronation, mid-pronation, and supination).  

The MR images were segmented and registered in Mimics and 

3-matics respectively. Bony landmarks were digitized and 

imported into a custom MATLAB script to calculate a radial 

anatomical reference frame with the origin located at the 

radial styloid.  

The FDP2 and FDS2 were fitted with centrelines in Mimics. 

The coordinates of these centrelines were imported into 

another custom MATLAB script that rotated and displaced the 

tendons into the radial reference frame and calculate the 

displacement of the tendons in the frontal plane from a 

neutral-mid-pronated posture at the level of the radial styloid.  

Results and Discussion 

Two-way repeated measures ANOVA revealed main effects 

of wrist posture for both FDS2 (F(2/27=10.54, p>0.0004) and 

FDP2 (F(2,27)=5.14), P>0.0128). For both tendons, ulnar 

deviation resulted in the tendon being displaced further in the 

ulnar direction. A significant difference was found between 

forearm postures for FDS2 (F(2,27)=5.94, p>0.0074). 

Supinated postures resulted in the tendon being displaced 

further in the ulnar direction. There were no observed 

interaction effects suggesting these are additive effects. 

 

Figure 1: Trajectory of the FDS2 tendon of one subject in the 

anterior view.  

Conclusions 

The findings of this study suggest that FDS/P2 tendons are 

displaced in the ulnar direction with ulnar deviation of the 

wrist, and that the FDS2 tendon is displaced in the ulnar 

direction during forearm supination. As tendons are displaced 

due to changes in posture, they may bend around or rub 

against other anatomical structures. This can cause frictional 

work to occur that can lead to tissue damage and injury.  
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Summary 

Recently, we developed a hand-function rehabilitation virtual 

reality system for assessing the recovery of UL fine motor 

function for post-stroke patients. For the assessment, patients 

were asked to move virtual blocks into target holes, assisting 

by a virtual reality (VR) helmet (Oculus Rift, Facebook Inc., 

US) and a force feedback device (Omega.7, Force Dimension 

Inc., Switzerland). The experiment, involving variations of the 

block weight, were conducted on 20 subjects. The completion 

time and motion trajectory were recorded to evaluate the 

subjects’ performance. 

Introduction 

Stroke is an acute cerebrovascular disease that might cause 

severe motor function impairment of upper limbs (UL) [1]. 

Although UL motor function can be improved through 

effective rehabilitation, deficiencies in fine motor (FM) skills 

often remain even after patients are discharged from 

rehabilitation units. FM skills, referring to small and fine 

movements of the distal UL under muscle-eye coordination, 

are usually regained by patient self-training at home. 

Methods 

Recently, we developed a hand-function rehabilitation virtual 

reality system for assessing the recovery of UL fine motor 

function for post-stroke patients. The virtual environment is 

exhibited in figure 1 (a). For the assessment, patients were 

asked to move virtual blocks into target holes, assisting by a 

virtual reality (VR) helmet (Oculus Rift, Facebook Inc., US) 

and a force feedback device (Omega.7, Force Dimension Inc., 

Switzerland). The experiment, involving variations of the 

block weight, were conducted on 20 subjects. The completion 

time and motion trajectory were recorded to evaluate the 

subjects’ performance. 

Results and Discussion 

We calculated the effect of block weight change on hesitation 

time, hesitation path, and number of strategy changes, and t-

tested each parameter when the block weight was 0 and the 

weight of the block was equal to other values. As is shown in 

figure 2, the subjects were significantly difficult to finely 

position the blocks as the block weight is set to zero. While, 

the subjects exhibited good performance as the block weight 

in the range of 2 N to 5 N.  

Conclusions 

It was concluded that the block weight could make differences 

in the positioning accuracy. More accurate positioning only 

when the weight of the block is right.  
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Figure 1 (a) Virtual environment; Trace tracking reveals a hesitation interval when aiming at the target hole, (b) the trajectory of the block on the 

X-Y projection plane, (c) the distance from the block to the end point and the speed of the block change with time. 

 

Figure 2 (a) The effect of block weight change on average hesitation time, (b) the effect of block weight change on average 

hesitation distance, (c) The effect of block weight change on average number of strategy changes.(*(p<0.05)) 
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Summary 

In this study, a novel method for in vivo finger motion 

measurement was proposed. A six degree of freedom 

electromagnetic tracking system was used to prevent line of 

sight constraints. A novel landmark digitization method was 

used that provided accessible landmarks for in vivo use. The 

study involved an in vivo participant trial (n=1).  

It was found that it is reasonable to measure both anatomically 

relevant flexion/extension and varus/valgus motion of the 

fingers involved in pinch and precision tasks (thumb, index, 

and middle finger). Internal/external rotation could not be 

measured with the current setup.  

Introduction 

Quantifying finger kinematics is important in assessing the 

function of a person’s hand. Challenges with measurement 

include the large number of joints within a small volume, 

complex motion pathways, and sensor occlusion. Six degree 

of freedom (6 DOF) Electromagnetic (EM) tracking provides 

a potential solution to these challenges. To track anatomically 

relevant motion, frames must be used. Previous work has 

shown the ISB recommendations are not practical for in vivo 

applications, due to accessibility of landmarks [1].  

This study proposed a novel in vivo landmark digitization 

protocol and frame definition using 6 DOF EM tracking.  

Methods 

One participant (27, F) was equipped with the EM tracking 

sensors. Sensors were attached on the dorsal side of each 

finger segment. The digitization protocol was then performed. 

The participant performed three full flexion/extension cycles 

of the long fingers and thumb. These were simultaneously 

measured by the EM tracking system and a manual 

goniometer (flexion extension only). Data was processed 

using excel and MATLAB scripts. 

Results and Discussion 

The flexion/extension (63.6-102.9°), varus/valgus (19.3-

29.7°), and internal/external rotation (7.6-88.1°) values were 

compared to those found previously (64-114°, 9-27°, and 8-

20° respectively)[2]. The internal/external rotation values do 

not provide agreement with previous studies in the literature, 

which may be due to error, noise, or sensor motion. 

 

Table 1: Anatomically relevant joint motions for flexion/extension of 

the fingers compared with direct goniometer measurement. 

 

Across all joints measured, the average difference between the 

EM reported and goniometer reported flexion/extension values 

was 5±4° (Table 1).  

Conclusions 

EM tracking with 6 DOF and a novel landmark frame 

definition shows promising results for in vivo finger kinematic 

tracking of flexion/extension and varus/valgus directions. 

Applications to functional tasks and hand osteoarthritis are 

current areas of interest. 
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Summary  
Carpal tunnel syndrome (CTS) is a prevalent peripheral 
neuropathy due to median nerve compression.  Non-neutral 
wrist posture and repetitive finger movement are proposed 
workplace risk factors for CTS.  This study investigated median 
nerve blood flow, size, and tendon mechanics with ultrasound 
in 35 CTS patients.  The effects of wrist posture and repetitive 
finger movement were also investigated.  Results suggest that 
mild CTS patients are most sensitive to the negative effects of 
non-neutral wrist postures.  Median nerve CSA generally 
distinguished between CTS severities.  Tendon mechanics do 
not appear to differ between CTS patients of differing 
severities.  Results from this investigation may benefit in the 
development of targeted CTS interventions and inform best 
practices for return to work policies.  

Introduction 
CTS is a highly prevalent peripheral neuropathy resulting from 
median nerve compression.  It is commonly found in jobs 
requiring repetitive, forceful, and awkward hand postures.  
Chronic compression has been reported to result in increased 
nerve CSA [1,2] irregular nerve shape [2], nerve 
hypervascularization [3] and altered local blood flow.  Non-
neutral wrist postures may change intraneural blood flow 
velocity [4] potentially leading to intraneural edema [5] further 
compromising nerve function.  Differential finger movement 
creates shear strain between the finger tendons and connective 
tissue [6], leading to fibrosis and thickening of the tissues.  The 
purpose of this study was to investigate intraneural blood flow, 
nerve size, and tendon mechanics in a clinical population with 
differing severities of CTS.   

Methods 
Thirty-five patients (58.3 ± 13 years) were recruited following 
electrodiagnostic testing to determine CTS severity.  The lead 
investigator was blinded to the diagnosed severity.  Ultrasound 
(Vivid Q BT10, GE Healthcare, Milwaukee, WI) and a high 
frequency linear array transducer (12 MHz) was used to collect 
B-mode images for nerve CSA measurement.  Pulse-wave and 
colour Doppler images were collected under two experimental 
conditions assessing: (1) mean peak (systolic) intraneural blood 
flow velocity (median nerve; over 5 s) in three wrist postures 
(neutral, 15˚ flexion, 30˚ extension); (2) motion of and between 
the flexor digitorum superficialis (FDS) tendon and the sub-
synovial connective tissue (SSCT) during repetitive finger 
motion.  Patient CTS severity (mild, moderate, severe) was 
revealed following data analysis and used to separate groups for 
subsequent statistical analysis.  

Results and Discussion 
A random intercept mixed effect model trended towards 
significance (p = 0.054) but revealed a significant interaction 
between posture (15˚ flexion, 30˚ extension) and severity (p < 
0.05) in predicting mean peak blood flow velocity, specifically 

for patients with shorter motor latencies (mild CTS) (p < 0.05).  
Median nerve CSA was significantly greater in Severe than 
Mild (p < 0.001) and Moderate (p < 0.001) groups but not 
between Mild and Moderate groups.  Displacement of FDS (p 
= 0.12), SSCT (p = 0.10) and Relative FDS-SSCT 
Displacement (p = 0.94) were not significantly different 
between severities.  

Figure 1: Box and whisker plots for mean peak blood flow velocity 
(cm/s).  Mean (diamonds), median (line inside box) and range (lines 
extending above and below). Mean peak blood flow velocity in 
extension and flexion were significantly different from neutral posture 
for patients with Mild CTS. Intraneural blood flow velocity was 
variable across postures and participants (individual grey lines). 

Conclusions 
Effects of wrist posture on median nerve peak blood flow 
velocity in a CTS population were dependent on patient nerve 
function (severity).  Those with mild CTS were more sensitive 
to the negative effects of non-neutral wrist postures.  Median 
nerve CSA may be used to distinguish patients with Severe 
CTS, but is less sensitive at distinguishing Mild from Moderate 
CTS.  Tendon-connective tissue mechanics did not appear to 
differ in CTS patients with differing severities in this sample.  
These findings further our understanding of the condition, and 
will assist in guiding targeted treatment approaches and 
interventions for management and prevention of CTS.  These 
results can also inform best practices for return to work 
strategies.  
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Summary 
There is little known about the mechanical effects of blood flow 
on finger flexor tendon (FDS) and subsynovial connective 
tissue (SSCT) motion. Ultrasonography recorded tissue motion 
during middle finger flexion-extension cycles with subdiastolic 
venous occlusion at two speeds. Occlusion altered FDS tendon 
and SSCT displacements, suggesting that edema may be 
responsible for altered tissue mechanics in the carpal tunnel. 

Introduction 
Carpal tunnel syndrome (CTS) is associated with symptoms 
including pain and numbness in the hand and fingers from 
mechanical compression of the median nerve. The SSCT is an 
intricate network of fibres surrounding the finger flexor tendons 
in the carpal tunnel that aids tendon gliding and maintains 
vascular continuity between tissues in the carpal tunnel via a 
series of blood vessels. Damage to the SSCT has been 
suggested to play a role in the pathogenesis of CTS. Excessive 
relative motion between the flexor digitorum superficialis 
(FDS) tendon and SSCT is believed to cause shear strain injury 
[1], resulting in SSCT fibrosis, ischemia, and compression of 
the median nerve. Recently, the mechanical effects of altered 
local blood flow (BF) restriction via blood pressure (BP) cuff 
revealed changes to SSCT displacement [2]. However, 
ischemia was created with a brachial BP cuff inflated to a 
supradiastolic BP. This pressure would most likely also cause 
venous occlusion, making it difficult to attribute altered SSCT 
mechanics to ischemia alone but also occluded venous BF 
return and resulting edema in the carpal tunnel. Subsequent 
analysis revealed sex differences may exist in FDS tendon and 
SSCT motion [3]. As CTS is more prevalent in women [4], it is 
possible that differences in tendon and SSCT motion are 
influenced by, or possibly responsible for, the increased risk of 
developing CTS in pregnant and menopausal women due to 
hormonal changes that result in local edema. 

Methods 
Twenty healthy right-handed participants (10 men, 10 women) 
were recruited for this study. Participants underwent a repetitive 
differential finger motion protocol using the 3rd digit. At 
baseline, three sets of 12 cycles were completed at slow (0.75 
Hz) and fast (1.25 Hz) movement speeds. A brachial cuff was 
inflated to 80% diastolic BP to elicit subdiastolic venous 
occlusion. Following 20 minutes of occlusion, finger flexion-
extension cycles were repeated. The order in which speeds were 
performed was block randomized between sexes. A linear 
ultrasound probe (12L-RS) was used to collect colour Doppler 
ultrasound videos of FDS tendon and SSCT motion at the 
proximal wrist crease (Vivid Q BT10, GE Healthcare, 
Milwaukee, WI). Tissue velocities were obtained by manually 
digitizing the videos, and averaging three regions of interest 
along each tissue. Accurate positioning of the regions of interest 
was confirmed on a frame-by-frame basis to account for 
palmar-dorsal motion of the tissues. Velocities were then 
filtered and integrated to obtain displacements. Measures of 

shear strain (shear strain index and maximum velocity ratio) 
and relative displacement were calculated. Condition (baseline 
vs occlusion), speed (fast vs slow) and sex (men vs women) 
were analysed as factors in a mixed design ANOVA for 
velocities, displacements, and shear strain outcomes.   

Results and Discussion 

A significant condition ´ speed interaction was found (p = 
0.039), where FDS displacement decreased with venous 
occlusion, but only for the slow movement speed (Figure 1).  
This suggests that venous occlusion, a vascular phenomenon, 
alters tendon mechanics differentially with speed of finger 
motion. This interaction was not seen previously when 
supradiastolic pressure was used [2]. Main effects of speed (p < 
0.001) and condition (p = 0.035) were also detected. 

 
Figure 1: Reduction in FDS displacement with subdiastolic venous 

occlusion and slow movement speeds. 

Main effects of speed (p < 0.001) and condition (p = 0.030) on 
SSCT displacement were also found, where slow speed and 
occlusion decreased SSCT displacement relative to baseline.  
The effect of condition is consistent with previous results [2], 
demonstrating subdiastolic brachial occlusion to be sufficient in 
altering SSCT displacement. Furthermore, this may indicate 
that changes to SSCT displacement due to altered blood flow 
[2] may in fact be the result of venous occlusion and resulting 
local edema, rather than a mechanism involving ischemia.   

Conclusions 
Subdiastolic venous occlusion decreased FDS and SSCT 
displacements. A condition ´ speed interaction for FDS 
displacement and changes to SSCT displacement possibly 
indicate edema may be responsible for altered tissue mechanics 
in the carpal tunnel. 
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Summary 

The helical axes of motion for the proximal carpal bones were 
calculated using three-dimensional carpal position data from 10 
subjects with varying degrees of wrist laxity. During mid-range 
wrist ulnar deviation, the triquetrum ulnar-deviated as the 
scaphoid and lunate extended. We found that with decreasing 
laxity, the triquetrum undergoes more radial-ulnar deviation 
during wrist radial-ulnar deviation (RUD).  

Introduction 

The term intercalated segment is used to describe how the 
lunate and triquetrum move synchronously and distinctly 
compared to the scaphoid. Our previous work suggests that 
wrist laxity alters the motion of the scaphoid and lunate relative 
to the radius. Here we examine how laxity affects the 
intercalated segment. We expected that during wrist RUD, the 
motion of the triquetrum and lunate would be coupled and that 
the amount of movement would increase with wrist laxity. 

Methods 

The right wrists of 10 consenting volunteers with various 
degrees of wrist laxity, measured as passive flexion-extension 
range of motion, were CT scanned in 20˚ of radial deviation and 
20˚ of ulnar deviation. Three-dimensional surface files and 
corresponding kinematic transforms were acquired from CT 
using previously established methods [1]. The helical axes of 
motion between these two positions were calculated and 
reported in the radius-based anatomical coordinate system. We 
computed the orientations of the triquetrum-radius (TR), 
lunate-radius (LR) and scaphoid-radius (SR) helical axes with 
reference to the flexion-extension and radial-ulnar deviation 
axes of the wrist. Rotation axes with orientations below 45° 
primarily flexed and extended while rotation axis orientations 
above 45° primarily radial-ulnar deviated.  

Results and Discussion 

During wrist RUD, the triquetrum ulnar deviated more in stiffer 
wrists compared to laxer wrists; however, all but one 
triquetrums primarily ulnar deviated (Figure 1). When 
comparing the LR, SR, and TR rotation axes, we found the LR 
and SR axes generally had a similar location and flexed and 
extended; however, the TR rotation axis was consistently 
located further from the LR and SR axes, and radial-ulnar 
deviated (Figure 2). There was no correlation with laxity and 
the amount of total wrist rotation, confirming that the subjects 
reached the desired target positions and that changes in the 
range of wrist motion due to laxity were not the cause of 
differences in carpal bone positioning. 

 
Figure 1: A negative trend (P = 0.066) can be seen between the 

orientation of the triquetrum-radius (TR) helical axis and the passive 
flexion-extension range of the subjects. An outlier was excluded from 

the analysis due to extreme laxity and low carpal bone rotations. 

 
Figure 2: The radius, scaphoid, lunate, and triquetrum during wrist 
RUD. A lax wrist is shown in blue, and a subject with a stiffer wrist 
is shown in red. The lightest shade corresponds to the SR axis, the 
medium shade to the LR axis, and the darkest shade to the TR axis. 

Linsheid proposed that the lunate and triquetrum move 
synchronously [2], which some researchers have interpreted as 
moving in “lock-step”, or as a rigid body. However, a 
comparison of the LR and TR helical axes shows relative 
motion between the lunate and triquetrum during wrist RUD, 
which increases with increased wrist laxity. Moreover, the 
motion of the scaphoid and lunate were more closely aligned 
during wrist RUD.  

Conclusions 

Wrist laxity alters the articulation of the intercalated segment 
and this may influence the ability of the scaphoid and 
triquetrum to drive the lunate into flexion and extension.  
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Summary 
 

The purpose of this work was to evaluate changes in forearm 
muscle co-contraction caused by sudden wrist perturbations 
during a dynamic wrist tracking task using a haptic wrist 
robot. Surface electromyography was recorded from eight 
muscles of the upper-limb. Co-contraction ratios for all muscle 
pairs illustrated significantly greater wrist extensor activity 
across all experimental conditions which may leave the wrist 
extensor muscles susceptible to early-onset fatigue and chronic 
overuse injuries in the workplace. 
 

Introduction 
 

Sudden disturbances (perturbations) to a system are routine in 
daily activities and workplaces, often experienced when 
interacting with objects or tools in an open environment. 
During static gripping tasks, wrist perturbations with unknown 
timing result in greater anticipatory activity prior to a 
perturbation while perturbations with known timing cause 
greater reflex responses [1]. However, a better representation 
of workplace conditions requires an evaluation of 
perturbations under dynamimc states. To date, little work has 
evaluated muscular responses to sudden wrist perturbations 
during dynamic tasks. The purpose of this work was to 
evaluate the effects of sudden wrist perturbations on forearm 
muscle co-contraction and task performance during a dynamic 
wrist tracking task using a haptic wrist robot. 
 

Methods 
 

Twelve healthy, right-handed males participated (Age: 24 ± 2 
years). Muscle activity was measured from eight upper 
extremity muscles using surface electromyography (EMG) 
sampled at 2KHz (Bortec Biomedical Ltd, Calgary, Canada): 
flexor carpi radialis (FCR), flexor carpi ulnaris (FCU), flexor 
digitorum superficialis (FDS), extensor carpi radialis (ECR), 
extensor carpi ulnaris (ECU), extensor digitorum communis 
(EDC), brachioradialis (BR), and biceps brachii (BB). 
Participants were seated with their forearm placed on a robotic 
device (WristBot, Genoa, Italy) that allows for wrist 
movement in 3 degrees of freedom. Interfaced with target 
tracking software, participants performed 15 repetitions of a 
wrist flexion/extension task, while tracking a cursor on a 
computer screen (±40° of wrist flexion/extension at 0.25 Hz). 
During these trials, a 1.58 Nm perturbation caused either radial 
or ulnar deviation of the wrist, during wrist flexion or 
extension, and with known or unknown timing during 3 (of the 
15) repetitions. EMG was root mean squared and normalized 
to muscle specific maximum voluntary exertions (%MVE). 
Co-contraction was calculated for antagonistic muscle pairs 
using an antagonist/agonist ratio. Kinematic tracking data was 

evaluated to measure perturbation characteristics (magnitude, 
timing) and wrist kinematics.  
 

Results and Discussion 
 

A phase x direction interaction was found for the FCR-ECR 
and FDS-EDC muscle pairs (p < 0.05). During flexion, ulnar 
perturbations had greater co-contraction. During extension, 
radial perturbations resulted in greater co-contraction (Figure 
1). All muscle pairs exhibited significantly greater co-
contraction during flexion trials compared to extension trials 
(p < 0.05). Kinematic data revealed that radial perturbations 
resulted in significantly greater angular displacement than 
ulnar perturbations (p < 0.05). 
 

Figure 1: Co-contraction ratios during flexion and extension trials 
in response to radial and ulnar perturbations 

 

Conclusions 
 

These results suggest that the forearm musculature responds 
similarly to perturbations during dynamic and static loading 
tasks [1]. Co-contraction ratios indicate that the wrist 
extensors produced greater activity than the flexors regardless 
of movement direction. This suggests that the stabilizing 
nature of the wrist extensors and task dependency of the wrist 
flexors seen in previous static work [2] remains consistent 
during dynamic movement. This may leave the wrist extensors 
susceptible to early-onset fatigue and chronic overuse injuries. 
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Summary 
Damage to the scapholunate interosseus ligament (SLIL) is 
one of the most disabling upper extremity injuries. Current 
diagnostic approaches for SLIL are invasive or lack the 
specificity to assess injury location. A better understanding of 
carpal bone kinematics following the SLIL injury may help to 
identify a quantitative method for assessing the grade and 
location of injury. This study established an approach for 
comparing 3D carpal bone kinematics bilaterally in patients 
with unilateral SLIL injuries using a high spatial and temporal 
resolution 4D (3D + time) 4DCT technique [1]. An 
interpolation method was used to correct the temporal 
misalignment between the left and right wrist scans. The 
percentage of rotation of the scaphoid and lunate relative to 
the capitate were compared during flexion/extension (FE) and 
radial/ulnar deviation (RU), which were not significantly 
different between the injured and uninjured sides.  

Introduction 
Given the difficulty of diagnosing SLIL injury, the uninjured 
contralateral wrist is often used as a “control” for comparison 
during 4DCT imaging. However, the temporal misalignment 
between the left and right wrist scans introduces undesired 
variations in the kinematics. The aim of this study was to 
develop a technique to correct this temporal misalignment, and 
then compare carpal bone kinematics of the temporally 
aligned wrists in a group of patients with unilateral SLIL 
injuries.  

Methods 

Following IRB approval, 6 patients (males, avg. age: 47) who 
were scheduled to receive a ligament repair were enrolled. 
Subjects’ wrists were imaged statically, and then bilaterally 
(each wrist independently) during FE and RU using 4DCT 
scan techniques [1]. Seventeen image volumes, evenly 
distributed (temporally) across the 2 second motion cycle, 
were reconstructed using a dual-source cardiac reconstruction 
algorithm. The radius, capitate, scaphoid and lunate bone 
models were reconstructed from the static CT scans. The 
coordinate system of the bone models was determined using 
the technique proposed by [2]. The static images were aligned 
to the dynamic volumes, using a 3D-3D intensity-based 
registration technique, to measure the 3D orientation of the 
carpal bones at each time step. Then, the carpal bone posture 
was described relative to the distal radial coordinate system. 

In this study, the range and phase of the wrist motion were 
defined by the orientation between the capitate and the radius. 
The interpolation was performed between the acquired wrist 
poses to obtain a continuous description of the movement of 
the wrist bones. In order to align the right and left wrist 
kinematics, first the left wrist bone models were mirrored into 
right bone models. Then, the mirrored radius model was 

registered to the uninjured contralateral radius model. To find 
a similar pose, the sum of surface-to-surface distance between 
the injured and uninjured capitate models were minimized, 
using the k-nearest neighbours algorithm for each time frame. 
During this minimization, all carpal bones were temporally 
constrained to move simultaneously along their interpolated 
trajectories (Figure 1). 

For our 6 patients, the FE and RU of the injured wrist were 
compared to the contralateral wrist, by measuring the 
percentage of rotation of the scaphoid and lunate relative to 
the capitate, using the helical axis of motion. Paired Student’s 
t-tests were performed to determine if SLIL injury 
significantly altered carpal bone posture. 

Results and Discussion 
For the FE, on average, the injured and uninjured scaphoid 
rotated 88% and 85% as much as the capitate (p > 0.2).  The 
injured and uninjured lunates rotated 44% and 43% (p > 0.4). 
For the RU the injured and uninjured scaphoid rotated 65% 
and 69% (p > 0.2).  The injured and uninjured lunates rotated 
62% and 57% (p > 0.4). No significant differences were found 
between the injured and uninjured sides. Our results support 
previous experimental findings in this area [3].  

Our interpolation method facilitated correspondence between 
wrist postures in patients with unilateral injuries. This 
correspondence allows a consistent, translation invariant 
comparison of key metrics during wrist motion such as 
comparison of interosseus distances between carpal bones 
bilaterally. Ongoing research is aimed at analyzing additional 
patients’ data with unilateral SLIL injury and also 
characterizing scapholunate and radioscaphoid interosseous 
distances to predict injury location.   

 
Figure 1: Temporal alignment between the right and left wrists. 
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Summary 
Movement planning and execution are heavily influenced by 
visual and proprioceptive sensory information. The present 
study tests the effect of visual manipulations in a 3D virtual 
reality environment on movement outcomes in a joint position 
sense task. It was observed that removing visual information 
about limb location did not affect movement outcomes, but 
imperceptibly offsetting limb location increased movement 
error. Subjects prioritized the visual sensory target over the 
proprioceptive even when it was inaccurate, indicating that this 
sensory information is weighted more heavily in this paradigm.  

Introduction 
Weighted integration of visual and proprioceptive information 
is important to movement planning and execution [1]. It has 
been shown that the manipulation of either of these senses leads 
to changes in movement outcomes. Previous studies have used 
noticeable manipulations of vision to examine changes in end 
point reaching task outcomes [2].  
This study aims to investigate the effect of three visual 
conditions; accurate vision (AV), no vision (NV), and offset 
vision (OV), on movement outcomes in a joint position sense 
(JPS) task paradigm [3]. Uniquely, the OV condition in this 
study is designed to test the effect of an imperceivable visual 
offset. It was hypothesized that JPS error would be smallest 
when accurate visual information is provided, increased in the 
absence of visual information, and greatest when inaccurate 
visual information is provided.  

Methods 
Twenty (10 F, 10 M) participants were recruited from the 
general University population. Throughout the protocol 
participants wore an HTC VIVE (HTC, Taiwan) headset with 
attached headphones and a VIVE tracker affixed to their right 
wrist.  
Participants performed JPS testing [3] at three target shoulder 
flexion angles (50°, 70°, and 90°) under three visual conditions 
(accurate vision, no vision, and offset vision). They were guided 
through the JPS protocol via automated auditory cues. During 
the presentation phase of each JPS trial, the tracker was visible 
as a black sphere in VR space centred at the origin of the 
tracker. During the replication phase, representation varied by 
visual condition. In the AV trials, representation remained the 
same, in NV trials the sphere was not visible, and in OV trials 
the sphere was visible but offset + 8° of flexion.  

Data were sampled at 50 Hz and collected using a customized 
Unity program. Average presentation and replication shoulder 
angles were used to calculate absolute error (AE), constant error 
(CE), and variable error (VE). The effect of visual condition 
and angle on AE, CE, and VE were determined using three 
within subjects two-way, repeated measures ANOVAs, a = 

0.05. Statistical analyses were performed using SPSS, version 
25 (SPSS, Chicago, IL, USA).  

Results and Discussion 
Interactions were seen between angle and visual condition for 
both AE and CE (p ≤ 0.001). No interactions (p = 0.61) or main 
effects (p = 0.16) were seen for VE. Follow-up one-way 
repeated measures ANOVAs were run for AE and CE at each 
angle using a Bonferroni corrected alpha level of 0.017. Both 
CE and AE were higher in the OV condition than the AV or NV 
conditions at both 70° and 90°, CE was higher in the OV 
condition than the AV or NV conditions at 50°, no difference 
was seen in the AV condition at 50° (Figure 1). 

 
Figure 1: AE and CE of shoulder JPS task between visual conditions 

(AV, NV, OV) at 50°, 70°, and 90° (***p ≤ 0.001).  

Conclusions 
Both absolute and constant JPS errors were consistently 
increased when an 8° visual offset in the vertical direction was 
introduced. This indicates that participants relied more heavily 
on the erroneous visual information than on the accurate 
proprioceptive information. Visual impairment or 
misinformation could have dramatic effects on movement 
outcomes for which other sensory information is unable to 
compensate.  
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Summary 
Recently produced vehicles are equipped with functions for 
driver safety. The Lane Keeping Assistance (LKA) system 
prevents the vehicle from leaving the lane. However, the 
operation of the LKA system affects the driving comfort of 
the driver. In this study, we investigated the relationship 
between riding comfort and biomechanical parameters. 

Introduction 
The Lane Keeping Assistance (LKA) system is one of the 
technologies of Advanced Driver Assistance Systems 
(ADAS), a function for the safety of vehicle occupants. 
When the vehicle leaves the lane, the steering wheel is 
operated to return to the lane in which the vehicle is 
currently driving. However, vehicle control due to excessive 
intervention of the LKA can affect the riding comfort of the 
passengers. In addition, due to the torque applied by the 
system during the operation of the LKA and the movement 
of the vehicle, repeated stresses and moments are applied to 
the driver, there is a possibility of injury such as wrist tunnel 
syndrome. The purpose of this study is to investigate the 
relationship between driver’s upper body and ride comfort in 
LKA intervention.  

Methods 
Vehicle tests and questionnaire survey on LKA intervention 
were conducted in this study. In the vehicle test, Cruze (2017, 
Chevrolet) was used and droved according to the LKAS test 
protocol. Total 16 young people (13 males, 3 females) 
participated in the test. The vehicle test was conducted on 
straight roads and two types of curved roads (800R, 400R) at 
the proving ground of the Korea Automobile Testing & 
Research Institute, and the test were performed 60 and 80 
km/h each type of road. Inertia Measurement Unit (IMU) 
Sensor was used to obtain the acceleration and angular 
velocity data of the vehicle and the driver’s upper body 
during the LKA intervention. Also, EMG data of the driver’s 
upper body muscles were obtained using EMG measurement 
devices. The IMU sensors were attached to the driver’s hand, 
forearm, upper arm, C7 bone and the steering wheel, dash 
board of the vehicle. The EMG electrodes were attached to 
the driver’s right arm muscles (triceps, biceps, 
brachioradialis and extensor carpi radialis). 
The questionnaire survey on LKA intervention was 
composed of 6 questions (Table 1) and it was performed 
after vehicle test for the test subjects. 

Table 1: Questionnaire survey form of the LKA intervention 

Q1 I think the lane maintenance assistant at the current driving 

speed was helpful for safety (lane departure prevention). 

Q2 
At the current driving speed, the automatic steering 
intervention (start) timing of the lane keeping assist device is 
considered appropriate. 

Q3 I think the automatic steering time of the lane keeping assist 
device is appropriate at the current driving speed. 

Q4 I think that the intervention of the lane keeping assist device 
at the current driving speed has helped the driving. 

Q5 
It is considered that the lane departure does not occur at the 
time of the automatic steering intervention of the lane 
keeping auxiliary device at the current traveling speed. 

Q6 Driving satisfaction at the current running speed (1: very 
uncomfortable 10: very satisfied) 

1: Not very. 2: It is not. 3: Usually. 4. Yes. 5: Very well. 

 

Results and Discussion 
As a result of the survey, it was confirmed that the 
satisfaction according to the road was the highest in the 
straight road and the satisfaction according to the vehicle 
velocity was higher than 60km/h in 80km/h. EMG signals of 
extensor carpi radialis increased by 13.48% at 60km/h and 
increased by 29.42% at 80km/h when driving at 400R road 
compared to 800R road. Satisfaction with the 800R curved 
road at 60km/h increased by 3.04% compared to 80km/h, 
and the EMG signal of triceps and brachioradialis decreased 
by 2.5% and 0.12%. 
  

Conclusions 
Through this study, it confirmed that the driving comfort of 
the LKA intervention was high in the straight road and 
relatively low velocity. In addition, it was confirmed that the 
EMG signal of the upper body muscle of the driver increases 
as the driving comfort is low. This means that the operation 
of the steering wheel due to the LKA intervention causes the 
driver to relax and also affects driving comfort. Also, These 
The instantaneous automatic steering wheel operation due to 
LKA intervention can cause injury to the driver's upper 
extremity. A small force and low-frequency loads can cause 
injury if repeated for a prolonged period of time [1]. 
Therefore, LKA system to assist the driver safety in case of 
lane departure needs to improve driving comfort and prevent 
injury to the driver’s upper extremity. 
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Summary 

The RETRAINER arm system is a rehabilitation device used 
to facilitate the recovery of arm functionality post stoke. 
During a randomized controlled trial with 68 subjects, 
usability and reliability of the system were recorded.  This 
contribution formally evaluates data collected during the trials 
and proposes an approach to improve the systems usability. 

Introduction 

The RETRAINER arm system [1] was designed to improve  
recovery of arm functionality in stroke survivors. The system 
uses a hybrid approach combining functional electro 
stimulation (FES) triggered by electromyography signals 
(EMG)  with a light–weight, passive arm exoskeleton 
providing gravity compensation on the shoulder and elbow 
joints. The RETRAINER arm system was tested in a 
randomized controlled trial [2] performing task-oriented 
repetitive training resembling activities of daily life (ADL)  

 
Figure 1: Overview of the RETRAINER arm system 

The intense and successful use of the prototype systems in the 
clinical trial has shown strengths and shortcomings of the 
systems. This paper presents the usability related data 
collected during the clinical trials and proposes an approach 
for future work to tackle the identified shortcomings. 

Methods 

During the conduction of the randomized control trials 
usability related data was collected: 

The notes therapist took during the trials were scanned for 
usability related issues and malfunctions. Training time was 
automatically logged during the trials. From this data, the 
distribution with respect to all performed exercises was 
calculated. Donning and configuration times were collected by 
the clinicians of one clinic. Moreover, the data also includes 

the scores of the System Usability Scale (SUS) [3] given by 
clinicians and patients. 

All collected data was analyzed and system shortcomings 
concerning usability and reliability were identified.  

Results and Discussion 

A system is considered to have good usability, when the SUS 
score is above 68. The RETRAINER arm system exhibits 
mean scores below this value with a score of 38.6 and 61.5 
from clinicians and patients, respectively. The mean value of 
the collected donning times was roughly 13 minutes. The 
distribution of the training time shows that simple exercises, 
that aim at training of simple movements with only one degree 
of freedom took up the majority of the training time. The notes 
of the clinicians indicate that specific modules of the system 
are prone to errors and that the system was perceived as very 
complex. 

Table 1: Distribution of the overall training time 

Type of exercise Training time 
Training one degree of freedom 57.8% 

Reaching exercises 31.3% 
Grasping exercises using objects 10.9% 

Conclusions and Future Work 

The collected data indicates that the current prototype system 
is not yet feasible for everyday use in a clinical environment.  

The system was redesigned with focus on optimal execution of 
the exercises that were used most frequently. Thereby, the 
system’s complexity could be reduced and the error prone 
modules were made redundant.  

This would arguably lead to an improvement of usability. In a 
proof-of-concept study the improvements were achieved by 
means of a new control strategy based on a kinematic model 
of the exoskeleton.  
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Summary 

Range of motion (ROM) impairments occur in up to 77% of 

breast cancer survivors (BCS) [1]. This study defined the 

influence of time from treatment on ROM, specifically during 

activities of daily living (ADLs). Kinematic data of the torso 

and upper limbs were collected during maximal ROM and 

ADL (forwards reach and reaching upwards to a shelf). 

Humerothoracic elevation angle increased with longer time 

post-treatment. No group differences existed during maximal 

ROM trials. Although ROM may recover, difficulty in ADLs 

appear to increase with time post-treatment for some ADLs. 

Introduction 

1 in 8 Canadian females will develop breast cancer within 

their lifetime, with a 5-year survivorship of 88% [2]. 

Treatments (a combination of surgery, chemotherapy and/or 

radiation), often damage tissue that leads to impaired upper 

limb function [1]. Recovery may be influenced by dominance, 

activity levels and secondary symptoms [3]. Range of motion 

(ROM) impairments have been reported for 33-77% of breast 

cancer survivors (BCS) depending on treatment type, with 

radiation and mastectomies resulting in increased reduction of 

ROM [1,5]. However, limited research discusses how 

impairments are influenced by recovery duration. Thus, this 

study specifically determined the effect of time from treatment 

on ROM for various ADLs.  

Methods 

18 adult female BCS (Stage 1 – IIIa) participated, divided into 

two groups (within 1 year of treatment (59.8 ± 7.7 years of age, 

80.2 ± 15.5 kg, 164.5 ± 6.2 cm tall, 6.0 ± 2.3 months since treatment) 

between 1-2 years since treatment (50.7 ± 10.1 years of age, 79.6 

± 33.9 kg, 164.9 ± 6.7 cm tall, 15.3 ± 4.5 months since treatment). 

They all had a surgical procedure and received radiation 

and/or chemotherapy. 3-D kinematic data from reflective 

markers placed over anatomical landmarks were collected 

(VICON, Oxford, UK) at 50Hz, and dual pass filtered with a 

second order, 4Hz low pass butterworth filter. Maximal ROM 

trials for both limbs and several ADLs were completed (reach 

to shoulder, pour water, open a jar, put on a seatbelt, reach 

forward with 1kg weight, reach to a shelf with a 1kg weight, 

fasten a bra, put on a necklace, reach to back pocket, lift a 5kg 

grocery bag, and move a tray. For the purpose of this abstract 

forward reach and reach to a shelf with a 1kg weight are 

reported. Humerothoracic joint descriptions were calculated 

via an YXY’ rotation sequence [5]. ROM used was 

determined by subtracting the minimum angle from the 

maximum angle within each trial (Mathworks Inc., USA). 2-

way mixed ANOVAs tested influences of group and limb by 

ADL (p<0.05).  
 

Results and Discussion 

Mean humeral elevation angle was higher for the shorter 

recovery group (113.2 ± 4.4 and 102.2 ± 3.3) than the longer 

recovery group (98.9 ± 4.3 and 89.7 ± 3.1) in the shelf reach 

and forward reach ADLs, respectively (Figure 1). Both plane 

of elevation and axial rotation were not significantly different 

between the two groups in either of the two ADLs. No 

bilateral differences existed for either ROM or ADL trials in 

plane of elevation, elevation angle or axial rotation.  

 

Figure 1: Elevation angle during reach upwards to a shelf (left) and 

forward reach (right). Significance indicated with an (*) (p<0.05). 

A reduction in elevation angle during both tasks occurred with 

a longer recovery time. Survivors report difficulty in ADLs 

due to pain, even with minimal reduction in ROM [3]. All 

participants were able to perform these two ADLs, but the 

reduced range of elevation may indicate underlying limits, and 

corresponding reductions in quality of life [1,3]. 

Conclusions 

Function in the affected limb may change over time, leading to 

similar ROM between limbs. Current data indicates that BCS 

used less elevation to complete tasks as time increased since 

treatment, suggesting compensations. Further research will 

explore additional ADLs, and the influence of exercise on 

BCS kinematics. 
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Summary 

Principal component analysis (PCA) was used to 

compare differences in maximum reach on three 

different groups and 3 different loading conditions. 

The methodology clearly demonstrated the ability to 

detect differences in angle due to groups and weight 

moved. The aim is to develop new clinically relevant 

metrics of shoulder function.  

Introduction 

Making meaningful interpretations and simplifying 

results from large data sets, such as the MRE, can be 

challenging. PCA is a statistical method for data 

reduction that has been successfully used to predict 

patterns in gait, (Deluzio and Astephen 2007) and is 

hoped to also be useful for reach data. The PCA 

methods allows for the detection of differences 

between experimental treatments or groups.  The 

purpose of this study was to apply the PCA methods 

to MRE data to test the utility of the method in 

determining group and loading differences. 

Methods 

MRE data was collected using the methods described 

in Johnston et al [2] on 3 distinct groups; young 

asymptomatic (<35yrs), age-matched asymptomatic 

(40-80yrs), and symptomatic with rotator cuff 

injuries (40-80yrs) and 3 different loading conditions. 

The reach volume was converted to spherical 

coordinates (R,,φ) and segmented into 54 bins 

bounded by ,φ with median R (length) values (mm). 

The 3 maximum φ values in each of 8 ,segments 

were used as inputs to the principal component 

analysis. 

Results and Discussion 

Shown in Figure 1 are the mean curves for the 0.0 Kg 

load condition which shows the symptomatic group 

having lower reach angles than both asymptomatic 

groups.  
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Figure 1: Mean Maximum Phi angles by Group 

Post hoc testing of the PC scores with all 3 loads 

condition found differences among the load 

conditions which was that a 0.0 kg load was different 

from a 1.0kg load, but no differences occur between 

the 0kg and 0.5kg conditions or the 0.5kg and 1.0kg 

load.  

Conclusions 

Differences in maximum reach envelope are found 

between persons with rotator cuff injuries and those 

asymptomatic of RCT symptoms. These differences 

are magnified when a handheld load is added. PCA is 

a useful tool for decomposing MRE to find 

differences.  
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Summary 
The Upper Quarter Y-Balance Test (YBT-UQ) is a closed-
chain upper extremity test for assessment of unilateral upper 
extremity function to identify limitations and asymmetries in 
the reaching and the stabilizing limb. Whereas several aspects 
of the test have been examined (reliability, validity, 
correlations to other functional tests), activity of the muscles 
utilized has not. Electromyographic activity recorded for 
scapular and humeral muscles during the performance of the 
test on healthy participants will be described. 

Introduction 
The Upper Quarter Y Balance Test (YBT-UQ) is a closed-
chain upper extremity (UE) test for assessment of unilateral 
upper extremity function to identify limitations and 
asymmetries in the reaching and the stabilizing limb [1]. 
Previous research supports that the YBT-UQ is reliable and 
valid [1.2]. Studies have examined correlation with other 
functional measures, reach scores in healthy athletic 
populations, and muscle strength of the support arm [3-4]. 
However, muscle activity during the test have not been 
examined. Therefore, the purpose of this study was to examine 
the electromyographic (EMG) activity of select shoulder 
girdle muscles focusing on the stationary/stabilizing limb. 

Methods 
Fifteen participants (8 females, 7 males, aged 24.35±2.03 yrs, 
HT 1.75 ±0.12m, WT 75.46±18.09 kg, all R-hand dominant) 
with no history of UE injury have been recruited thus far.   
EMG signals were collected from 8 muscles (mm) of shoulder 
girdle and elbow of both UEs using TrignoTM wireless surface 
electrodes (Natick, MA, USA). Usual skin preparation 
methods were utilized and electrode placements over the 
anterior deltoid, pectoralis major, infraspinatus, serratus 
anterior (SA), upper and lower trapezius, biceps, triceps, were 
standardized [5-7]. Maximal isometric voluntary contractions 
(MVIC) were recorded via manual muscle testing [8] for 
normalization of the signals.  
Each subject performed 3 trials of the YBT-UQ on each side 
consisting of a one-armed plank position (supporting arm) 
while the other arm reached in 3 directions which were 
measured for distance, normalized to total arm length, and 
then calculated into a single, composite score.  
EMG was processed using a bandpass filter (20-500 Hz) and 
linear envelope (125 ms). Data across trials were averaged and 
the overall peak mean percent MVIC data for the supporting 
arms reported. 

Results and Discussion 
Figure 1 presents the mean peak percent MVIC for each 
muscle group for the supporting arm. The SA had the highest 
mean peaks (R=242.34±187.11; L=276.76±145.71) in relation 
to other mm of the shoulder girdles and elbows when 

performing the YBT-UQ. The biceps had the lowest activity 
(R=20.78±20.29; L=29.52±32.78). The lower trapezius 
demonstrated the lowest activity of the scapular stabilizers 
(R=41.63±26.74; L=51.46±24.03). In general, after the SA, 
the mm of the glenohumeral (GH) joint were greater than the 
other scapular stabilizers and the elbow. The peak values for 
all mm occurred during the first 2 phases of the YB-UQT. 

 
Figure 1: Mean peak % MVIC for left and right stationary UEs 

The left UE demonstrated slightly higher values in scapular 
stabilizers and elbow than the right UE. However, the right 
GH muscles were slightly higher than the left. Whether the 
differences are due to dominance, muscle recruitment patterns 
or differences in the kinematics of the UEs are unknown.  

Conclusions 
The YBT-UQ requires moderate-to-high activation of the 
upper scapular and GH muscles. The tested muscles of the GH 
joint demonstrated higher activity than the scapular mm.  
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Summary 

We analyzed the motion characteristics of a hemiplegic patient 

reaching on a desk by comparing them with a healthy subject 

using three-dimensional (3D) motion analysis and 

electromyogram (EMG). In the hemiplegic subject, joint 

movement range, motion speed, and motion trajectory were 

remarkably inferior to the control. These results were 

supported by the EMG activity observed. 

Introduction 

We have developed a Portable Active Reach Training System 

(PARTS) which can be used with a PC and a desk for the 

purpose of increasing training opportunities for patients with 

hemiplegic upper limbs. In PARTS, by putting a paretic hand 

on a moving body (device) with a wireless mouse and four 

rollers, and performing a game while watching a computer 

screen, movement training on a desk is performed. In this 

study, we aimed to analyze the kinematic characteristics of 

reaching on a desk with a device in a hemiplegic patient 

compared with a healthy subject. 

Methods 

The participants were a moderate right hemiplegic patient 

(female, right-handed) in her late 50's who developed a 

cerebral infarction 10 years earlier and a healthy woman of the 

same age participated as the control. There were no problems 

with range of motion, sensation and cognitive function in 

either subject.  

For motion analysis, a 3D motion analysis system, IC-pro 2 

(Heutec), was used with a Kinect 2 camera. Joint angles of the 

right shoulder, elbow, wrist, and trunk, and motion speed, 

were analyzed. At the same time, EMG was measured using a 

wireless electrometer M-watch (Wada Works). Electrodes 

were affixed to the pectoralis, the posterior part of the deltoid, 

the biceps, the triceps, and extensor and flexor carpi radialis. 

The optimal chair and desk height were determined with the 

subject’s shoulder at 0 degrees flexion and elbow at 90 

degrees flexion. Subjects were then asked to reach as far 

forward as possible from the start position with the device to 

determine the maximum middle target position. The left and 

right target positions were set at the same distance 45 degrees 

to the left and right of the middle position. All the target points 

were marked with a red sticker. Subjects were then instructed 

to move the device from the start position to the red target and 

then back to the start position, going from left to right across 

the desk. 

Results and Discussion 

Table 1 shows the results of the motion analysis. The 

hemiplegic subject’s angle of motion in all three directions 

was clearly smaller than the control. In the motion locus, the 

movement range of the hemiplegic subject was narrow, 

showing a unique pattern. The movement distance of the hand 

was longer in the hemiplegic subject than in the healthy 

subject, deviating from the straight line, and the smoothness of 

the exercise was also lower in the hemiplegic subject. The 

smaller range of joint motion was compensated by more trunk 

motion in the hemiplegic subject. The EMG revealed that 

there was strong contraction in all muscles in the hemiplegic 

subject, even at rest in the initial position, and abnormal 

simultaneous contractions were also observed during reaching 

in all directions compared to the control. Similar to previous 

studies, these results suggest that even in a reaching motion on 

a desk, the characteristics of movement disorder in hemiplegic 

patients are slow, uncoordinated, temporal and spatial 

discontinuity, abnormal movement patterns and compensation. 

 

Figure 1: Scene of exercise using PARTS. 

Conclusions 

There is a specific pattern of movement associated with 

hemiplegic patients when performing a reaching motion on a 

desk. Therefore, these factors should be taken into 

consideration when using PARTS for hemiplegic patients.

 

Table 1: Motion analysis results. 

 

  
Speed (mean)           

Distance Range of Motion 

inside  middle outside shoulder hori flex elbow flex trunk rotation 

Hemiplegia 187.0 mm/s 2.48 times 2.50 times 1.06 times 57- 89° 29-101° 0- 34° 

Healthy 496.8 mm/s 1.16 times 1.12 times 1.24 times 50-100° 5-116° 0- 40° 
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Summary 

Exercise when young has been shown to induce an adaptive 
response that may be beneficial for lifelong bone health [1]. 
Using gait experiments coupled with finite element models, 
we sought to understand how bone accommodates the 
mechanical demands associated with increasing mass. Both 
murine tibiae and equine phalanx bones tend to scale for 
bending strength. There was an inverse relationship between 
structural properties and apparent mineral density in murine 
bone suggesting a trade-off between quantity and composition.  
Equine bone was optimized via increases in trabecular 
mineralization and cortical area. These data suggest temporal 
and spatially specific changes in bone mineralization and 
accrual rates to maintain bone strength during growth. 

Introduction 
The material and structural properties of bone are organized 
during growth – when mass and size increase significantly – in 
order to sustain the loading cycles from everyday movement 
[2]. However, less attention has been given to this process 
within a single lifetime. 

Methods 
Murine bone: Longitudinal in vivo micro-computed 
tomography (micro-CT) and gait data (Figure 1) were 
collected from female Sprague-Dawley rats (n=5, age 8-20 
weeks). Kinematics were measured using two high-speed 
cameras and markers placed at the hip, knee, ankle and toe.  
An in-ground load cell measured ground reaction forces.   

 
Figure 1: Longitudinal gait and micro-computed tomography 

measurements in murine (A) and equine (B) bone 

Equine bone: Clinical-CT and gait data were collected from 
three Standardbred foals over 7-57 weeks of age (Figure 1B).  

Analyses: Total area, cortical area, bone area fraction 
(BA/TA), moment of inertia, and apparent density were 
measured from the micro-CT data at the diaphysis, distal, and 
proximal regions of the murine tibia and proximal phalanx of 
the foals. Subject- and time-specific finite element analyses 
were used to assess mechanical response to loading.  

Results and Discussion 

Strain energy within the murine diaphysis under transverse 
loading was lower than axial loading throughout growth 
(Figure 2). While both axial and transverse loading resulted 
in bending, tensile strains were mitigated by a change in the 
neutral axis and resulted in overall lower longitudinal 
tensile strains. The tissue density in all regions initially 
increased and converged by 11 weeks of age and this was 
correlated with changes in joint angle. 

 
Figure 2: Comparison of strain energy and strain within murine bone 

 

In equine bone, strain energy density was low and unchanging 
in the proximal region, and highest in the diaphysis. Increased 
cortical bone and 
trabecular mineralization 
are likely contributors to 
the maintenance of strain 
energy despite a three-
fold increase in mass. 

Figure 3: Comparison of 
mineralization and bone 

accrual rates in cortical and 
trabecular compartments 

within equine bone. 

Conclusions 
Temporal and spatially specific changes in bone 
mineralization and accrual rates occur to maintain bone 
strength during growth.  
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Summary 
Tendon exhibits a hierarchical fibrillar structure, and force 
transfer across tendon subunits and at different length scales 
is an integral part of the tissue’s mechanical function. 
Understanding multiscale mechanisms across distinct 
tendons may improve therapies to restore degenerate tendon 
to its healthy structure and function. 
Introduction 
The well-defined hierarchical organization of collagen 
dictates the transfer of forces across length scales in tendon 
[1]. Preservation of this tendon structure is necessary to 
maintain healthy mechanical properties and cellular matrix 
environments. Conversely, loss of the hierarchical fibrillar 
structure with degeneration or injury disrupts the standard 
force transfer mechanisms between length scales and 
adversely affects whole tendon mechanics [2]. Therefore, 
properly understanding biomechanical properties and strain 
transmission across the hierarchical length scales of tendon 
may improve detection of early-stage degeneration and 
improve treatment options. 
Comparative biomechanics across length scales 
At the molecular scale, enzymatic cross-linking between 
collagen triple helices stabilizes collagen fibrils by 
preventing excessive intermolecular sliding [3]. Individual 
collagen fibrils group together to form fibers, which 
experience structural reorganization with loading to decrease 
strain experienced by individual fibers and minimize 
damage. In addition to fiber uncrimping, interfiber sliding 
and rotation are also prevalent mechanisms of 
microstructural reorganization (Figure 1) [4,5]. All these 
phenomena can occur within a single sample to varying 
degrees on a location-dependent basis. Collagen fascicles, 
the largest subunit within tendon, may also slide and rotate 
with loading to decrease strain transmission down length 
scales. Movement of these structures may be regulated by 
the interfascicular matrix (IFM) that bridges the gaps 
between tendon fascicles and contains various constituents 
including a mesh-like network of elastic fibers [6]. 

 
Figure 1: Microscopy images show multiple mechanisms of 
structural reorganization with loading within a single tendon [5]. 

Comparative biomechanics across distinct tendons 
A widespread variety of tendons, both across species and 
anatomic location, are used in biomedical research. 
Differences between these tendons can make comparisons 
between studies difficult. Within a single species, tendons 
become specialized and their mechanical properties, 
structure, and composition vary depending on the in vivo 
loading environment of the specific tendon. Generally, 
tendons that are heavily strained during the gait cycle have a 
lower elastic modulus and contain more elastin than tendons 
that are not [6,7]. Significant structural differences can also 
be found in analogous tendons across species of different 
sizes. For example, while mice are commonly used in tendon 
research, their tendons lack the fascicular divisions present 
in tendons from larger species such as pig and human 
(Figure 2). Due to blood vessels within the IFM, this 
difference may be related to nutrient supply to cells residing 
deeper within larger tendons. Still, any structure-related 
mechanical phenomena at the fascicular length scale may be 
lost in smaller animal models. This and similar 
considerations are important when comparing tendons across 
varying species, size, and functional use.  

 
Figure 2: Fascicular divisions are absent in mouse tendon yet 
clearly present in pig tendon. 
Conclusions 
The biomechanical properties of tendon are dependent on the 
tissue’s hierarchical fibrillar organization. Mechanisms such 
as uncrimping, interfiber and interfascicle sliding, and fiber 
rotation govern strain transmission across length scales as 
well as the related multiscale mechanical properties of 
tendon. However, the specific structure and mechanics of 
tendon vary across distinct tendons based on function and 
species of origin. Continued research in the field will help 
identify which constituents are involved in force transfer 
across tendon substructures and may lead to improvement in 
diagnostics and treatment for tendon injury and 
degeneration. 
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Summary 

The process of aging has been shown to induce significant 

changes to the connective tissue structures associated with 

skeletal muscle. A commonly observed consequence of these 

changes is a reduction in muscle quality such that a relatively 

larger proportion of a muscle’s cross-sectional area is 

composed of intramuscular connective tissues resulting in a 

reduction in maximum isometric stress1. However, the 

mechanical interaction between contractile tissues and 

connective tissue structures within skeletal muscle are likely 

to have far reaching effects beyond a simple reduction in 

relative force. Here we use an animal model to examine how 

age-related remodeling of connective tissue structures are 

likely to impact musculoskeletal performance at varying levels 

of organizations.  

Introduction 

The process of aging is associated with changes to the 

neuromuscular system that are slow, highly varied, and result 

in subtle changes to locomotor ability. Although some of these 

changes can be mitigate through regular exercise2, age-related 

decreases in muscle force and economy can serve as a barrier 

to physical activity. The primary goal of this study is to 

examine how connective tissue remodelling can impact the 

capacity to generate force and work at the level of the muscle-

tendon unit, muscle architecture and muscle fiber bundles. 

Methods 

We use an animal model of aging (F344XBN Rats) to probe 

the relationship between connective structures and muscle 

performance. We combine modelling with in situ and in vitro 

muscle experiments to elucidate the effects of tissue level 

changes in muscle force and work production. We focus our 

efforts on the medial gastrocnemius muscle and the Achilles 

tendon. We use the mechanical properties of the Achilles 

tendon and the contractile properties of the medial 

gastrocnemius to inform a Hill-type muscle model with an in-

series spring to examine whether the ability cycle work 

through elastic elements is compromised in old muscle-tendon 

units3. We use an in situ preparation of the medial 

gastrocnemius to examine whether age-related structural 

changes will compromise the ability of the muscle to operate 

with variable gear ratio across a range of loads4. Finally, we 

use a fiber bundle preparation where isotonic contractions at 

50% of Po to examine how increased stiffness of intramuscular 

connective tissues may restrict radial expansion of muscles 

and thereby restrict the ability to shorten and produce work.  

 

Results and Discussion 

Simulated work-loops suggest that older muscle can produce 

sufficient forces to load energy into tendons during cyclical 

contractions operating over the same length ranges. However, 

our data suggest that older muscles may be restricted to 

operate at short lengths where elastic energy storage may be 

compromised. Our in situ experiments show that older 

muscles are unable to deform during forceful contractions and 

are therefore limited to operating at a high architectural gear 

ratio, reducing maximum force production. Fiber bundle 

experiments show older muscle may be restricted from radial 

expansion due to the fibrosis of intramuscular connective 

tissues and are therefore limited in their ability to shorten and 

generate mechanical work (Figure 1).  

 

Figure 1: Sample contractions using muscle fiber bundles from old 

and young muscles showing a reduction in shortening and 

mechanical work in old muscles.  

Conclusions 

Tissue level remodelling has a significant impact on the ability 

of older muscles to produce force and generate mechanical 

work.   
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Summary 

The force-length relationship in skeletal muscle is attributed to 

the requirement for overlap between the contractile proteins 

actin and myosin. However, this relationship shifts with 

changes in muscle activation. Here we present data suggesting 

that this activation-dependent shift occurs not only because of 

a length dependence of calcium sensitivity, but also because of 

series compliance within muscles. We attribute this effect to 

strain-dependent inhibition of crossbridge binding and thus 

suggest a common mechanism for the activation-dependent 

shift in optimum length and shortening depression. This has 

major implications for both our understanding of the 

mechanisms of muscle contraction, and our interpretation of in 

vivo muscle performance. 

Introduction 

The sliding filament and cross-bridge theories of muscle 

contraction attribute force generation to the cyclical 

interactions between the overlapping contractile proteins actin 

and myosin. Early support for this theory was provided by the 

presence of an isometric force-length relationship in which 

maximum force is generated at an intermediate length, 

corresponding to optimal contractile protein overlap. 

However, this relationship is not as consistent as predicted by 

these theories. Optimum length appears to change with muscle 

activation level [1] independent of changes in intracellular 

calcium concentrations [2]. The mechanisms responsible for 

this are unclear. However, it appears as though series 

compliance, in elements such as tendons, may be a factor. 

Compliance results in muscle fibers shortening prior to 

isometry being achieved during fixed-end contractions. This 

raises the possibility that a common mechanism underlies the 

activation-dependent shift in optimum length and the 

phenomenon of shortening induced force depression. 

Methods 

Two methods were used to investigate the effect of series 

compliance on the activation-dependent shift in optimum 

length. Firstly, this shift was determined in both intact bullfrog 

plantaris muscle, which contains a large compliant 

aponeurosis, and in isolated fiber bundles taken from this 

muscle. Tetanic (high activation) and twitch (low activation) 

contractions were performed at a range of lengths in both the 

intact muscle (high compliance) and isolated fiber bundles 

(low compliance). Optimum length and the activation-

dependent shift were determined. Secondly maximally 

activated optimum length was determined in bullfrog sartorius 

muscles in the presence and absence of artificially introduced 

series compliance. Muscle sarcomere length at optimum 

length was determined using TEM following the experiments 

in these muscles. 

Results and Discussion 

There was a significant, interactive, effect of activation and 

compliance on optimum length (p=0.025; lme). Twitch 

optimum length was 35% times longer than tetanic optimum 

length in the intact muscle (high compliance), but only 8% 

times longer in the fiber bundle (low compliance) (Fig. 1). 

This suggests that the series compliance affects optimum 

length and the activation- dependent shift in optimum length. 

However, from these data it is not clear in which direction 

optimum length is shifted; is optimum length longer in low 

activation conditions, or shorter in high activation conditions? 

Preliminary results from the inclusion of artificial compliance 

and TEM measurements of sarcomere length will provide 

insight into this, and a model presented in which this effect 

could be explained by strain-dependent inhibition of 

crossbridge binding. 

 

 

Figure 1: The effect of activation and compliance on optimum 

length. Optimum length is longer in twitch (open circles) than tetanic 

(filled circle) contractions, but this effect is greater in the intact 

muscle (red) than the fiber bundle (blue). Adapted from [3]. 

Conclusions 

Muscle optimum length, and the activation-dependent shift in 

optimum length appear to be affected by series compliance 

and muscle contractile history. Hence “optimum” length, once 

thought to be a defining feature of muscle performance may 

be a rich and situation-dependent landscape under 

physiologically relevant conditions. 
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Summary 
All animals must effectively sense and respond to their 
environment in order to survive. Successfully recovering 
from a stumble, escaping a predator, or catching prey 
requires quickly detecting changes in the environment and 
performing appropriate compensatory movements. The 
speed of an animal’s nerves and muscles constrains its 
ability to do this. Our work investigates how size-dependent 
changes in neuromuscular delays affect the reflex times of 

mammals ranging from shrews to elephants, and how this 
influences which methods they can use to effectively control 
their movement. We find that small and large animals are 
likely challenged by different aspects of their neuromuscular 
systems, and that total reflex time increases with animal size. 
Slower movement times in larger animals substantially, but 
not entirely, offset their longer delays. Neuromuscular delays 
are likely a challenge for mammals of all sizes, especially 
when moving quickly. 
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Summary 
Gait parameters (locomotion bout, speed, cadence, variability) 
obtained during long-term recording through wearable sensors 
are presented for a large cohort to highlight the importance of 
real-world (RW) gait analysis. A new framework for optimizing 
gait algorithms in RW situations for each individual is proposed 
through a recursive learning model.  

Introduction 
Gait analysis is mainly performed in laboratory and may not 
reflect the gait parameters obtained in unconstrained RW 
conditions [1]. Nowadays, the progress on wearable technology 
offers the possibility to perform gait analysis in both lab and in 
RW conditions. To highlight this aspect, we present here the 
main gait parameters obtained in RW conditions through a large 
cohort of population. RW gait analysis has, however, many 
constraints (e.g. location/number, sensor configuration, 
validation) that may affect the gait outcomes and requests 
therefore dedicated algorithms. We will consider these issues 
for designing algorithms for locomotion bouts detection and 
gait speed estimation in RW conditions by a new framework 
where the algorithm is personalized to improve the accuracy for 
each subject.  

Methods 
RW monitoring of gait parameters- Long-term monitoring of 
gait parameters requests an unobtrusive system. Here we used 
a single 3D accelerometer on the wrist like a watch. We 
detected locomotion bouts based on biomechanical features 
extracted from the wrist acceleration signals using machine 
learning rule (Naïve Bayes). Gait cadence was estimated during 
detected locomotion bouts [2]. A least square model was 
designed to estimate step length and speed based on 
acceleration features during gait. The algorithm was validated 
in RW condition using a reference system [3] and GNSS 
(Global Navigation Satellite System) for speed validation and 
applied on a large cohort of 2970 persons monitored in RW 
conditions during 14 consecutive days.  

Personalized speed estimation- The results of single sensor 
based algorithm may have low performance. Personalization 
provides additional data from the individual to improve the 
accuracy. One framework to test this concept is to use an 
additional accurate sensor when available. Here the wrist 
accelerometer was complemented with few data from a GNSS 
receiver placed on the subject. The accuracy of the least square 
model was personalized by updating recursively the step length 
estimation using distance/speed obtained from GNSS. In order 
to minimize the usage of GNSS and reduce power consumption, 
a smart strategy was devised to trigger GNSS receiver. 

Instantaneous gait speed was estimated from step length and 
cadence and validated against GNSS as ground truth. 

Results and Discussion 

Results of cohort dataset showed that walking bout duration, 
real-world gait speed and its variability allowed to separate 
young and elderly subjects, and were significantly different in 
overweight, normal and underweight subjects (Figure 1). 
Interestingly, while the speed was higher in male, female had 
higher cadence. 

The walking bout detection was validated in 67 persons (860 
hours) with high sensitivity (92%) and high specificity (98%). 
The RMS error for personalized gait speed estimation reached 
5cm/sec for walking and 14cm/sec for running which was twice 
better that the performance of the non-personalized algorithm. 

Figure 1: (a) Cumulative distribution of speed (Young vs. Elderly) and 
(b) Preferred speed changes with body weight in the cohort (N=2970). 

Conclusions 
The study showed the possibility to perform simple gait 
analysis in RW situation, during two weeks in large population. 
The personalization of algorithm improved significantly the 
performance by using additional data that could come from 
other sensors like GNSS which may be present in watch or 
smartphone. 
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Summary 
This presentation will address the feasibility, advantages and 
challenges of measuring gait outcomes with wearable 
technology, during free-living activity, for discriminating 
pathology and detecting early risk. 

Introduction 

Gait is emerging as a powerful tool to detect early disease and 
monitor progression across a number of conditions. Typically, 
quantitative gait assessment has been limited to specialised 
laboratory facilities. However, measuring gait in home and 
free-living/community settings may provide a more accurate 
reflection of gait performance as it allows walking activity to 
be captured over time in habitual contexts. 

Modern accelerometer-based wearable technology allows 
objective measurement of digital gait biomarkers, comprising 
metrics of free-living walking activity/behaviour (macro level) 
as well as discrete gait characteristics (micro level) [1, 2, 3].  

Methods 

This presentation will address the feasibility, advantages and 
challenges of measuring digital gait outcomes during free-
living activity for discriminating pathology and detecting risk 
[4]. The use of digital gait outcomes as a measurement tool for 
characterising patient populations and discriminating disease 
(e.g. Parkinson’s disease) will also be discussed [1, 2]. 

 

Results and Discussion 

Quantification of digital gait outcomes in free-
living/unsupervised environments presents considerable 
challenges due to: sensor limitations; lack of standardised 
protocols, definitions and outcomes; engineering challenges; 
and contextual recognition [4]. 

Conclusions 
Despite discussed limitations, our preliminary results are 
encouraging regarding the use of digital gait biomarkers for 
application in large multi-centre clinical trials, for supporting 
diagnosis and guiding clinical decision making.  
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Summary 
The aim of this paper is to discuss the challenges and possible 
technological solutions for gait event detections and gait speed 
quantification in real world scenarios, including controlled, 
semi-structured and unsupervised conditions. 

Introduction 

Wearable sensors technology based on inertial measurement 
units (IMUs) is leading the transition from laboratory-based 
gait analysis, to daily life gait monitoring. However, the 
validity of IMU-based methods for the characterisation of real 
world gait is still limited, especially in pathological 
populations. This is because measuring real-world gait is far 
from simple or straightforward. In addition, confounding 
factors arise from multiple sources, including pathological 
characteristics, patient specific, environment/context and 
purpose of walk, or sensor electronics. Ignoring all the above 
factors, the validity of IMU based methods for gait detection 
and gait feature extractions is typically tested in laboratory 
settings, during straight walking, and against references such 
as instrumented mats, force platforms, or motion capture 
systems, and often relying on a limited number of consecutive 
strides. To date, there is no gold-standard validation of 
algorithms in real-world conditions in patient cohorts with 
slow walking speed that adequately accounts for the issues 
raised. This paper discusses potential tools for the validation 
of the gait events and gait speed quantification in real world 
scenarios, in both in supervised and unsupervised conditions.  

Methods 
An ideal validation protocol should include: a) a lab-based 
quantification in combination with clinical tests 
(laboratory/clinical setting), b) lab-based simulated daily 
activities, and c) unsupervised recording of free-living daily 
life activities in uncontrolled environments both indoor and 
outdoor (including specific pre-defined activities during the 
recording) and during different times of the day [1]. Due to the 
complexity of these observations, a multi-sensor approach 
exploiting data redundancy via cross checks of data from 
integrated technologies (Table 1) is the best candidate to 
increase estimate accuracy and reduce the number of false 
events. In this context, the range of possible tools includes:  
Wearable cameras [1]: previous literature has demonstrated 
the feasibility of using technologies like the GoPro pointed 
towards the feet to provide a view of both the subject’s lower 
extremities and the local environment simultaneously, thus 
allowing for convenient identification of the type of activity 
and body orientation. 

Table 1: Tools and context of observation. 

 
Wearable insoles: wearable pressure insoles, allow to detect 
heel strike and toe off with a high level of accuracy [2]. When 
integrated with IMUs, they also allow to identify and classify 
different types of tasks [3].  
RFID: Radio Frequency sensors (RFID) are tag-based 
Systems that can be used in home/office environments to 
determine the location of the subject using 3D trilateration [4]. 
RFID tags are located on target items within the monitoring 
environment and worn by a subject (usually in a glove).  
IMUs on the foot [4]: Attaching sensors to both feet is the 
most reliable solution to characterize gait since foot velocity 
during stance must be necessarily zero at least in a determined 
instant of time.  
Time of flight proximity sensors [5]: This technology allows to 
direct estimation of the distance between feet every time they 
face each other (stance and swing phase). Steps are identified 
by directly counting the number of times each foot face each 
other.  
GPS/Mobile phone: geo-location can facilitate data labelling 
(along which type of road is a subject walking, are they in a 
crowded environment, in a car, etc.). High resolution GPS, 
like the Galileo, the global navigation satellite system created 
by the European Union (EU),  are intended to provide 
horizontal and vertical position measurements within 1-metre 
precision.  
Critical aspects in the integration of the above sensors for the 
purpose or real life validation include: the definition of the 
ideal number of sensors, their integration and synchronization, 
the possibility to record data for a prolonged period, the 
possibility to process these data in an automated manner. 

Conclusions 
The proposed approach is currently being tested in different 
populations, including older individuals and patients with 
various neurological conditions.  
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Summary 

This paper deals with the design of a wearable multi-sensor 
system (INDIP) that exploits a synergistic integration of different 
sensor types to provide a “best available” solution for digital gait 
assessment in real world scenarios. 

Introduction 

Recently, there has been a growing interest among movement 
experts in methods for monitoring individual motor 
performance during daily-life activities. To this end, 
miniaturized inertial unit (IMU) turned out to be the most 
relevant technological solution. From direct measures of 
angular velocity and proper acceleration of selected body 
segments, a broad set of spatio-temporal gait variables can be 
derived through signals morphology analysis, the use of 
biomechanical models and machine learning techniques. 
However, validity of IMU-based methods greatly depends on 
several factors (motor impairment severity, environmental 
context, IMU location). Furthermore, due to drift integration, 
accurate displacement estimations can be particularly critical. 
Full acceptance of IMU-based methods for “real world” 
mobility assessment in clinical programmes needs a rigorous 
validation and this, in turn, advocates for the development of 
gold standards. This paper deals with the design of a wearable 
multi-sensor system (INDIP) that, by means of a synergistic 
integration of different sensor types, aims to provide a “best 
available” reference for digital gait assessment in real world 
scenarios. 

Methods 

The system includes in its full bilateral configuration: 2 
Magneto-IMU (fs=2kHz), 4 distance sensors (DSs) 
(range=0.6m, fs=50Hz) and 2 plantar pressure insoles (16 
sensing elements, fs=100Hz) positioned as depicted in Fig.1a. 

 
Figure 1: Overview of hardware/algorithm architecture. 

Data are acquired by an ultra-low-power microcontroller and 
synchronized through BLE protocol. The system includes a 
flash storage for data logging (up to 4h) and it can receive 
analog triggers for synchronization with third-party devices. A 
workflow of the data processing is illustrated in Fig.1b and 
includes: (i) bilateral description of temporal events at foot 
level. This operation primarily relies on pressure data and 

secondarily on inertial and distance data; (ii) description of the 
foot position and orientation. This operation primarily relies 
on inertial data. Gait periodicity is exploited to implement 
zero velocity update techniques and self-tuning sensor fusion 
algorithms for the reduction of the integration drift errors [1]; 
(iii) walking bouts identification based on information 
provided in (i, ii) and according to standardized operational 
definitions; (iv, v) estimation of spatio-temporal gait variables 
for different walking bouts lengths. 

Results and Discussion 

Multi-sensor selection was operated to take full advantage of 
complementary characteristics of each sensing technology to 
obtain a richer set of information to enhance gait assessment. 
For instance, by exploiting the 16-element pressure readings, 
it is possible to differentiate initial and final contacts for the 
different foot subareas (ICRF, ICFF, FCRF, FCRF) (Fig.1a, Fig.2). 
This allows to achieve a finer gait cycle segmentation 
compared to IMU-based methods only. Thanks to the use of 
DSs, foot displacements estimated from the inertial data can 
be supplemented with information on foot clearance and inter-
shank distance (Fig.2). These data can prove useful when 
analysing highly abnormal gait patterns (e.g. foot-dragging 
walks, freezing). 

 
Figure 2: An example of DS1 and plantar pressure data during gait. 

As supervised single-sensor machine learning methods require 
good labelled data, the INDIP system can also be used for 
generating reliable training data set. Finally, geolocation 
techniques can be easily integrated via BLE to correlate gait 
variables with contextual factors (Fig.1a). 

Conclusions 

Through the integration and synergistic use of different type of 
sensors, INDIP has the potentiality to achieve more robust, 
accurate and complete gait assessment. 
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Summary 

The hand and wrist represent one of the most challenging 

structures in the study of biomechanics, as well as in the 

evaluation of many biomechanical principles. Hand and wrist 

biomechanics has been somewhat underdeveloped in 

comparison to mainstream biomechanics research over the 

past century. While surgeons and engineers have initiated 

numerous biomechanical studies, collaborative efforts among 

scientists and clinicians are required in order for continuing 

progression in research and further improvement of treatment 

modalities and outcomes. Therefore, HWBI encompasses a 

broad spectrum of research including, among others, 

orthopedic / neurological disorders, ergonomic applications, 

performance enhancement (e.g. sports), rehabilitation, and 

motor control. This HWBI symposium will present the most 

recent research in hand and wrist Biomechanics related to 

clinical problems in order to highlight the fundamental role of 

biomechanics research for the diagnosis and treatment of 

patients with hand and wrist pathologies. 
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Summary 

Hand and wrist anatomy and biomechanics are among the 

most complex in the musculoskeletal system.  Optimal 

function requires exacting interplay between several uniquely 

shaped and interdependent bones, articular surfaces, intrinsic 

and extrinsic ligaments and myotendinous units. Conditions 

that affect the neural input and cause articular degeneration 

challenge the surgeon and scientist to design alternatives to 

solve pain and provide optimal function. Reconstructive 

challenges will be presented. 
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Summary 

Release of deep anatomical structures is one of the most 

performed procedures in hand surgery. Structures to 

release are usually tendons or nerves trap in ligamentous 

structure that must be open to treat the problem. Trigger 

finger and carpal tunnel syndrome are some of these 

pathologies that are treated following this principle. 

Up to now these procedures are most of the time performed 

in open manner, after skin incision, subcutaneous tissue 

and fascia  release, and then ligament opening. These 

procedure are also currently performed in a less invasive 

manner by using endoscopy through small incisions.  

However, recently with the improvement of the 

sonography machines, the high definition of the image 

obtained by using high frequency probes allow clinician to 

accurately assess and interact with the anatomical 

structures of the hand. This push the hand surgeon to the 

new era of percutaneous sonographically hand surgery. 

Using this technique, carpal tunnel release and trigger 

finger release are nowadays performed allowing patient to 

be treated without skin incision and without visible skin 

scar after few weeks. These new less invasive  procedures 

seems very promising but clinical comparative studies are 

still very scarce. Some questions may be raised about the 

amount of the release by using this kind of procedure as 

well as the biomechanical effect of these release in 

comparison to the classical open release.  

The purpose of this topic is to  describe how biomechanical 

studies performed to assess the effects on digital flexors 

tendons excursion of these minimally invasive procedures 

in comparison to the classical open approach finally leads 

to the development of original procedures that are 

nowadays routinely performed in clinic. 
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	Figure 1: The heatmaps depict the force at the index fingertip 
of the robotic testbed for different values of rotation angle 
and donor muscle force - panel (A) for the suture-based 
procedure, and panel (B) for the implant-based procedure. 
The colorbar transitions from dark blue (dentoing loss of 
contact) to yellow as the fingertip force increases. The middle 
finger showed similar distributions of force at the fingertip. 
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Abstract:  We use robotic and cadaveric hand 
preparations to evaluate the efficacy of a novel passive 
implant mechanism in the ECRL-to-FDP transfer tendon-
transfer surgery. Compared with directly suturing the 
donor to recipient tendons, the implant enables passive 
differential grasp adaptation between the index and 
middle fingers.  
 
Keywords: Tendon transfer, grasp restoration, implant		
	
Introduction 
A tendon-transfer surgery for restoring grasp function 
following high median-ulnar nerve palsy involves re-
routing and directly suturing all the FDP tendons to the 
ECRL muscle [1]. However, this surgery has the 
drawback that the flexion of all fingers is coupled, 
preventing adaptations when grasping irregular objects. 
We present an implantable strut inserted between the FDP 
tendons to create a “differential mechanism” which 
enables each finger to passively adapt to the grasped 
object’s shape [2]. We use robotic and cadaveric hands to 
quantify the differential grasp adaptation and force 
redistribution the implant enables when compared with 
standard suturing. For simplicity, we focus on the 
differential action between only two fingers, namely the 
index and middle fingers. 
 
Methods 
The index and middle fingers of a right hand are fully 
abducted and splinted to restrict movement in all but the 
metacarpophalangeal (MCP) joint. The other fingers are 
fully flexed to mimic a “victory V” gesture. The tips of 
the index and middle fingers rest on the arms of a custom 
T-paddle instrumented with force sensors. The paddle’s 
trunk is attached to an AdeptSix 300 robotic arm, which 
allows its axis to be aligned between the two fingers. By 
rotating the paddle, we can simulate instances where the 
two unconstrained fingers must adapt using differential 
action to make contact with objects. By sweeping rotation 
angles of ±3° to ±30° in step of ±3°, for donor tendon 
forces of 3N to 30N, in steps of 3N, to simulate various 
grasp strengths, we quantify the differential action and 
force redistribution in both suture-based and implant-
based surgical procedures.  
 

Results & Discussion 

The suture-based procedure shows significant loss of 
contact (see Fig. 1, Panel A) at rotation angles as small as 
3° degrees, even with large tendon forces. In contrast, the 
implant-based procedure (see Fig. 1, Panel B) showed 
consistent contact for ±30° rotations at low and high 
tendon forces. The fingertip forces are also evenly 
distributed for the implant-based procedure. But the 
implant has some losses requiring higher donor (ECRL) 
tendon tension (≈6N) to actuate in comparison to the 
suture-based procedure (≈3N). 
 
Future work will quantify grasp quality for a 4-finger 
grasp (where all FDP tendons are driven by a single donor 
muscle) along with force- and form-closure. 
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Summary 

Carpal tunnel syndrome is caused by compression 

of the median nerve in the carpal tunnel. Division of 

the transverse carpal ligament is a routine surgical 

procedure to treat the hand problem. We have 

developed alternative biomechanical approaches to 

carpal arch space augmentation by radioulnar wrist 

compression and interaction between the thenar 

muscles and transverse carpal ligament. Our studies 

have demonstrated the effectiveness of these 

biomechanical methods in increasing carpal arch 

area, reduction of nerve flattening, improvement of 

nerve function and hand symptoms in patients with 

carpal tunnel syndrome. We illustrate that 

biomechanical properties of the carpal tunnel can be 

harnessed as non-invasive treatment options for 

carpal tunnel syndrome. 

 

Abstract 

Carpal tunnel syndrome is a highly prevalent hand 

disorder caused by chronic compression of the 

median nerve in the carpal tunnel with debilitating 

symptoms of pain, numbness, tingling and hand 

dysfunction. Carpal tunnel release is routinely 

performed to surgically treat carpal tunnel 

syndrome, but the clinical outcomes remain 

unsatisfactory. We asked: Can we non-invasively 

decompress the median nerve without surgical 

division of the transverse carpal ligament? Driven 

by this question, we have taken a systematic 

approach to biomechanical treatment of carpal 

tunnel syndrome via non-surgical carpal arch space 

augmentation (CASA).  

We achieve CASA through two biomechanical 

methods, namely radioulnar wrist compression 

(RWC) and muscle-ligament interaction (MLI). We 

have carried out a series of in vitro, in silico, and in 

vivo studies [1-4] showing that RWC leads to 

narrowing of carpal arch, increase in arch height, 

increase in carpal arch area, decrease in median 

nerve flattening, shortening of median nerve 

conduction latency, and improvement of nerve 

mobility. Pilot clinical intervention studies also 

demonstrate the effectiveness of RWC in alleviating 

of symptoms associated with carpal tunnel 

syndrome. We further improve CASA by taking 

advantage of the unique anatomical and 

biomechanical relationship between the thenar 

muscles and transverse carpal ligament. The origin 

of the thenar muscles on the volar side of the 

transverse carpal ligament provides an opportunity 

to augment the ligament-formed carpal arch through 

MLI. When the thenar muscles contract, forces are 

generated on the ligament in the volar direction, 

thus increasing the area under the transverse carpal 

ligament and decompressing the median nerve in 

the tunnel.  

We have comprehensively investigated the 

biomechanical properties of the carpal tunnel, and 

use the knowledge to develop alternative, non-

invasive solutions to reduction of median nerve 

compression in the carpal tunnel. Our studies have 

established exciting potentials of the RWC and MLI 

biomechanical approach to CASA and median 

nerve decompression as a treatment for patients 

with carpal tunnel syndrome.  
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Summary 

In vitro experiments allow to determine the biomechanical 
properties directly from the real complex structures. Such 
studies are important for the basic understanding of the 
healthy, degenerated or injured spine. These data are also 
necessary for the validation or even better a calibration of 
finite element models. But in vitro experiments should also be 
warranted for preclinical evaluation of new spinal surgeries 
without or with spinal implants to prove the safety and 
efficacy. Quasi-static in vitro flexibility measurements allow 
the comparison of the initial postoperative stability with the 
intact specimen and even allow the comparison of several 
surgical strategies or implants on the same specimens. 
Sometimes loads or deformations can be measured directly at 
the structures. Due to the complexity the loads that are 
simulated and other conditions may differ between research 
groups which makes comparison of similar experiments 
difficult. This presentation aims to summarize the possibilities 
and limitations of different testing devices and load 
applications.   

Introduction 

The spine is a complex structure which behaves differently in 
the cervical, thoracic, and lumbar region. In order to perform 
useful in vitro experiments specific loading apparatus are 
required which allow motion in all six degrees of freedom. 
The loads acting at the spine result from body weight, external 
loads when lifting or carrying weights, and muscle activities, 
which are responsible to stabilize the spine and keep the body 
in equilibrium. Therefore these loads are complex, they differ 
in the different spinal regions and are even not known in 
detail. Therefore loading set-ups may vary a lot and lead to 
results which cannot easily be compared. In order to 
standardize loading conditions and to make results from 
different research groups comparable, the application of pure 
moments have been suggested because a pure moment is 
transferred through the whole spine and the same known load 
acts at each segment [1a]. Instead of this load-control other 
scientists prefer rather a motion control. This method, 
however bears the risk to harm the specimens after the 
implantation of a stiff device. Therefore the hybrid method has 
been suggested as compromise between both methods [1b]. 

Methods 

Our spine research group has a long and consolidated 
experience with in vitro tests on animal and human spine 
specimens to address many research questions concerning the 
behaviour of the healthy spine, degeneration, deformities, 
trauma and implantable devices.  

We developed a custom spine tester capable of applying quasi-
static loading of short or long spinal specimens under near-
physiological loading conditions, taking into account spinal 

muscle forces [2a]. Based on suggestions from other scientists 
and own ideas we performed various experiments to compare 
different loading strategies. We also studied the influence of 
preservation methods, the influence of specimen length and 
how to best treat the specimens during test which take many 
hours. We also introduced the “Follower-Load” method which 
allows the application of axial loads and muscle forces without 
buckling the specimens [3]. We could prove that this method 
is a fair compromise and that it is not so far from physiologic 
loading conditions. 

All these methods have been optimized and compared with 
our own in vivo data from disc pressure measurements, in vivo 
loads in implants [4] or sophisticated in vivo motions 
measurements [5,6] to calibrate loading set-ups to be as close 
as possible to the in vivo situation or to learn about their 
limitations. 

Recently we developed a dynamic disc-loading simulator that 
is able to apply complex motion combinations and allows to 
create detrimental changes to motions segments like small 
lesions starting either in the inner annulus or from the outside 
close to the endplate.  

Results and Discussion 

All of these methods have advantages and disadvantages 
which have to be known if specific clinical questions like the 
effect on adjacent segments shall be investigated.  

Cyclic tests, whether dynamic or quasi-static, are valid to 
address the failure modes occurring over time due to repetitive 
loading. The effect of accumulating fatigue micro-fractures 
may lead to a decreasing stability of the construct, resulting in 
loosening, pullout, migration, and loss of correction of rigid 
pedicle screw systems if the connection between screw and 
bone is the weak point, or even screw breakage when the 
strength of the screws itself is compromised. 

The quintessence is summarized in a paper where we give 
recommendations as guideline how to perform, evaluate and 
report in vitro experiments [7]. 
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Summary 

For understanding intervertebral disc (IVD) degeneration 
associated back pain and for the development of suitable 
treatment strategies, it is important to know how mechanical 
influences regulate cellular responses and their impact on disc 
physiology and pathology. Understanding of IVD mechano-
biology at normal and degenerated conditions is essential for 
the development of suitable treatment strategies – both 
regarding surgical and regenerative applications. This 
presentation aims to summarize the benefits and limitations of 
different models for studying disc mechanobiology from the 
macroscopic to the cellular level – with consideration of 
normal physiological, degenerative and injured conditions. 

Introduction 

Intervertebral discs (IVDs) act as the joints of the spine, 
providing it with mobility and flexibility, and equal load 
transmission to the endplates of the adjacent bony vertebrae. 
The structure and biochemical composition of intact discs are 
perfectly adapted to fulfil these multiple functions. However, 
the disc structure changes over the whole human lifetime. 
During ageing, discs degenerate progressively and IVD matrix 
undergoes a variety of structural, biochemical and cellular 
changes that impair its biomechanical function. Many of these 
degenerative changes appear to be triggered by inflammation 
factors and are often associated with back pain. For 
understanding IVD degeneration associated back pain and for 
the development of suitable treatment strategies, it is 
important to know how mechanical influences regulate 
cellular responses and influence disc physiology and 
pathology. 

IVD Mechanobiology Models 

Since over 20 years, investigations from in vivo models, organ 
culture approaches or isolated disc cells exposed to the 
relevant mechanical stresses provide insights into our 
understanding of IVD mechanobiology. A variety of different 
experimental models have been used to understand the 
influences of load exposures on disc matrix turnover and the 
impact of mechanical stress on disc matrix formation and 
degradation. In vivo models have the advantage that IVDs are 
maintained in their normal physiological environment, 
however, this can be very different to human discs depending 
on which animal model is used. Differences in the biology of 
IVD development, size, and cellular composition are the 
reason for limitations of these models regarding the translation 
to human disc physiology and pathology [1]. In vitro models 
for studying disc mechanobiology have the advantage that 
loading conditions and the biochemical environment can be 
well-controlled thereby allowing to simulate combined 

stresses which also occur in a degenerated disc environment. 
In these approaches, complete motion segments, organ 
cultures or even isolated cells from the different disc areas can 
be exposed to their respective relevant physiological or hyper-
physiological loading ranges. These models are very suitable 
for mechanistic studies to improve our understanding of 
cellular responses to mechanical stresses under normal and 
degenerative conditions, and the investigation of the molecular 
pathways underlying disc mechanobiology. 

Results and Discussion 

Disc physiology and pathology is strongly affected by 
mechanical loading and there is increasing support from 
literature data that all factors influence each other. Structural 
failure and damage of the extracellular matrix is a crucial step 
in disc degeneration. There is increasing evidence that 
mechanical loading together with other degenerative 
alterations of the disc matrix are strong contributors to 
pathological alterations of IVD matrix, which supports the 
hypothesis of a vicious circle of degeneration proposed in the 
literature [2,3]. Mechanical stresses in combination with a pro-
inflammatory environment appear to contribute to a further 
weakening of the disc matrix thereby increasing the risk for 
further tissue damage. To overcome this vicious circle and 
"frustrated healing", it is important to better understand the 
cellular and molecular mechanisms underlying disc 
mechanobiology and to elucidate the mechanotransduction 
pathways that regulate IVD cell responses to mechanical 
stimuli at normal physiological and pathological conditions in 
a degenerated disc environment, as reviewed previously [4].  

Disc degeneration is a multi-factorial problem in which 
mechanical influences are only one of the factors involved; 
many other intrinsic and extrinsic influences, such as matrix 
composition, ageing, genetic inheritance, and nutrient supply 
interact with altered loading conditions. To understand the 
cellular mechanisms underlying these complex interactions, it 
is important to go beyond current molecular biology studies 
and elucidate the cellular signalling pathways involved in the 
sensing of mechanical loads by the cells and in conversion of 
these external signals into cellular responses. Such studies will 
aid in uncovering molecular pathways of degeneration and in 
understanding the complex interactions between loads and 
biochemical stresses. 
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Summary 

Spinal cord injury (SCI) begins with mechanical insult to the 
cord (i.e. primary injury), followed by a myriad of biological 
events such as ischemia, inflammation, etc. that further 
damage the cord (i.e. secondary injury).  The wide 
variability, or heterogeneity, in human SCI is due partially to 
biomechanical factors such as injury mechanism, impact 
velocity, and residual compression on the spinal cord. This 
review presentation will summarize our current knowledge 
surrounding the biomechancial factors that affect SCI as 
gleaned from rodent models.   

The biology of SCI is typically studied with animal models 
and the effects of the most relevant biomechanical factors - 
injury mechanism, injury velocity, and residual compression, 
are described. Spinal cord damage after dislocation or 
distraction SCI mechanisms differs from the more 
commonly used contusion SCI mechanism.  The velocity of 
injury affects spinal cord damage, principally in the white 
matter.  Ongoing, or residual, compression after the initial 
impact does affect spinal cord damage, but few models exist 
that replicate the clinical scenario.  

The biomechanical aspects of the spinal column injury (i.e. 
vertebrae, disc, ligaments) and the subsequent insult to the 
spinal cord may inform the development of novel 
preventative and treatment strategies. 
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Summary 

In vivo large animal experiments are essential where the 
biological response is imperative to the research question. 
Such studies may be used to answer fundamental questions 
about the spine and spinal cord in healthy, diseased and 
injured states, or for the pre-clinical evaluation of procedures 
and devices. Large animal models offer the opportunity for in 
vivo and ex vivo biomechanical and other outcome measures 
beyond that possible in human studies. This presentation aims 
to summarise some of the models and methods which may be 
considered for such large animal studies, and the implications, 
advantages and disadvantages of these approaches.   

Introduction 

Our spine research group, and others, have developed an array 
of methods for application to large animals for answering 
research questions related to the in vivo function of the 
healthy, diseased and injured spine and spinal cord. Such 
procedures are essential when the biological response is 
integral to the research question and ex vivo testing will not 
suffice, and when the use of human participants is unethical or 
logistically challenging. While some techniques are largely 
equivalent to the clinical scenario and this is of benefit to 
translation of results, other techniques are specific to the 
animal subject and allow for greater interrogation of the 
complex biological and biomechanical response. 

Methods 

When considering using an in vivo animal model for spinal 
biomechanics research, one must consider the impact of the 
selection of species, sex and age. These all affect size, skeletal 
maturity and anatomical geometry equivalence to humans 
[1,2], spinal loading characteristics [3], bone and connective 
tissue qualities and healing response, and functional outcomes. 
The appropriate length of follow up may be dissimilar to that 
of humans. Animals typically used for in vivo spinal 
biomechanics studies include sheep, pigs and goats, and more 
rarely dogs, non-human primates and cows [4]. 

In vivo animal studies usually involve one or more surgical 
procedures that are often adapted from human procedures and 
use clinical instruments and hardware. Prostheses or other 
implants may need to be modified to suit the animal anatomy 
and size. Intraoperative fluoroscopy, or similar, can be helpful 
to ensure repeatability of procedures such as intervertebral 
disc incision or implant placement.  Anaesthetic, analgesic, 
antibiotic and other study-specific post-surgical animal care 
procedures must be considered and designed so as to uphold 
animal welfare without confounding research outcomes. 

Where such facilities are available, techniques that can be 
applied in the live animal during follow-up include a variety 
of clinically relevant imaging including plain radiography, 
computed tomography, magnetic resonance imaging and dual-
energy x-ray analysis. These take place in the anaesthetised 
state, and may require respiratory or cardiac gating to 
eliminate motion artefact. For imaging modalities involving 
radiation, the dose can be higher than would be acceptable in 
human subjects. Calibrated bi-planar radiography can be used 
to perform radiostereometric analysis (RSA) of spinal postures 
[5]. The use of large animals also offers the opportunity to 
develop novel methods, such as the introduction of intrathecal 
catheters and pressure transducers, at a clinically-relevant 
scale [6]. 

One distinct advantage of in vivo animal models is the ability 
to combine in vivo outcomes with interrogation of the ex vivo 
tissue after humane killing. Musculoskeletal tissue may be 
harvested for biomechanical testing, high-resolution microCT 
and hard tissue histological preparation and analysis. Soft 
tissues (e.g. spinal cord) may be fixed and prepared for stained 
sections. 

Results and Discussion 

Animal models and their associated surgical and experimental 
methods have advantages and disadvantages which dictate 
their biomechanical fidelity and clinical relevance. The same 
model-specific attributes that make the model suitable to 
answer one research question may render it unsuitable for 
another. This presentation will focus on large animal models 
used for the study of spinal orthopaedics and neurotrauma. 
Multidisciplinary teams, including engineers, scientists, 
surgeons and veterinarians, can be essential for executing 
these sometimes complex studies and to ensure that the 
optimum dataset, not limited to biomechanical data, is 
obtained. 
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Summary 

Insertional Achilles tendinopathy (IAT) is a common 

condition in recreational athletes that causes heel pain. The 

recurring pain may trigger load compensation mechanisms and 

concomitantly lead to strength and gait asymmetries. 15 

patients with unilateral IAT performed maximal isometric 

ankle plantar and dorsiflexion strength tests at two ankle 

positions (-10° and 20° plantar flexion). Kinematic and kinetic 

parameters were assessed using gait analysis. Interestingly, the 

involved limb showed lower plantar flexion strength (-15%) at 

the 20° position only, suggesting that patients with IAT 

experience functional limitations at more plantar flexed 

positions. This finding was supported by the lower unloading 

rate (-11%) of the involved limb during gait, which occurs in 

the final stance phase and thus also in a plantar flexed 

position. Patients with unilateral IAT should be aware that 

their condition may induce angle-dependent plantar flexor 

weakness and asymmetric unloading during the final stance 

phase. 

Introduction 

Insertional Achilles tendinopathy (IAT) is a common 

condition in recreational athletes and causes heel pain after 

exercise, early morning stiffness and may transition to a 

chronic condition. The aetiology leading to IAT is unclear but 

the condition may involve ossification of enthesial 

fibrocartilage and small tendon tears at the tendon-bone 

junction [1]. As symptoms are typically alleviated during 

prolonged phases of reduced physical activity, individuals 

may endure the condition for months before seeking medical 

treatment. The recurring pain upon activity increase may 

trigger load compensation mechanisms and concomitantly 

lead to strength and gait asymmetries. The aim of this study 

was to evaluate bilateral ankle strength and gait properties in 

individuals with unilateral IAT. 

Methods 

In total, 15 patients (51±10 yrs, 176±7 cm, 79±11 kg, 6 

females) with unilateral IAT, that were scheduled for surgery 

due to this condition, participated in this study. Maximal 

isometric ankle plantar and dorsiflexion strength was assessed 

bilaterally at two ankle positions (-10° and 20° plantar flexion) 

using an isokinetic dynamometer. Kinematic and kinetic 

parameters (Oxford foot model) were assessed during gait 

using a 3D motion capture system and force plates. Ankle 

strength (normalized to body weight), pain, kinematic and 

kinetic data were compared between limbs using paired t-tests. 

Results and Discussion 

Plantar flexion strength was significantly lower in the 

involved than the uninvolved limb at the 20° position (-15%; p 

< 0.01; Figure 1) but not at the -10° position (-11%; p = 0.23). 

Pain was higher in the involved limb in both positions (p < 

0.01). Dorsiflexion strength and pain was comparable between 

limbs and no bilateral kinematic gait asymmetries were found. 

The involved limb showed lower unloading rates of the 

vertical ground reaction force (-11%; p < 0.05) than the 

uninvolved limb. Interestingly, lower plantar flexion strength 

was found at the 20° position only. It is not clear why strength 

is limited at this position, but it appears that patients with IAT 

experience functional limitations at more plantar flexed 

positions. This was also supported by the lower unloading rate 

of the involved limb during gait, which occurs in the final 

stance phase and thus also in a plantar flexed position. The 

lower unloading rate may be related to pronounced heel pain 

during this phase. This corresponds to the common complaint 

of IAT patients regarding a burning sensation around the 

Achilles insertion upon unloading from activities related to 

high tensile stress on the Achilles tendon. 

 

Figure 1: Heel with insertional Achilles tendinopathy (left) and ankle 

plantar flexion strength differences between the involved (IAT) and 

uninvolved (Con) limb at the 20° plantar flexed position (right). *p < 

0.01. 

Conclusions 

Patients with unilateral IAT should be aware that their 

condition may induce angle-dependent plantar flexor 

weakness and asymmetric unloading in the final stance phase.  
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Summary 

Chronic ankle instability (CAI) has been associated with 
kinematic and kinetic deficits during walking. However, few 
studies simultaneously investigated these two modalities 
during walking, which is necessary to better understand the 
deficits associated with CAI. The objective of this study was 
to quantify the kinematic and kinetic differences between 
participants with and without CAI during walking. To answer 
this objective, 21 participants with and 21 without CAI were 
recruited. They walked at comfortable speed, during which 
ankle and knee angles and moments were compared between 
groups with a one-dimensional statistical parametric mapping 
analysis. The CAI group demonstrated no significant 
difference for ankle angles and moments but showed less 
external knee rotation from 56-100% and increased knee 
abduction moment from 1-6% and 7-9% of the stance phase. 
These results could represent proximal knee compensation and 
will help better understand the underlying deficits associated 
with CAI.  

Introduction 

Chronic ankle instability (CAI) is a common condition that 
often occurs after sustaining an ankle sprain. This pathology is 
characterized by a higher risk of sustaining recurrent ankle 
sprains, decreased muscle strength, decreased proprioception 
and altered kinematics and kinetics during locomotion [1]. 
During walking, individuals with CAI present increased ankle 
and rearfoot inversion, ankle plantarflexion, and lateral foot 
vertical forces [2]. However, even though it is clear that CAI 
individuals exhibit biomechanical deficits during walking, 
there is a great heterogeneity among the previous studies, 
decreasing the external validity of their results [2]. There is a 
need to quantify the kinematic and kinetic differences between 
CAI and healthy individuals in order to better understand the 
underlying deficits associated with CAI during walking. The 
objective of this study was to quantify the kinematic and 
kinetic differences between participants with and without CAI 
during walking. 

Methods 

Two groups of 21 participants (with and without CAI) were 
recruited. Inclusion criteria for the CAI group were based on 
the recommendations of the International Ankle Consortium 
[3]. All participants performed five shod overground walking 
trials at a comfortable self-selected speed. Kinematic, and 
kinetic parameters were compared between groups with a one-
dimensional statistical parametric mapping analysis. The 
dependent variables were ankle and knee angles and moments. 

 

Results and Discussion 

The CAI group demonstrated no significant difference for 
ankle angles and moments compared to the control group. 
However, CAI participants showed less external knee rotation 
from 56-100% of the stance phase (see Fig.1) and increased 
knee abduction moment from 1-6% and 7-9% of the stance 
phase (see Fig.2). 

p<0.01 

 
Fig.1: Knee transverse angle (Internal rotation+/External rotation-) 

									

p<0.01 p=0.02  

									

 
Fig.2: Knee frontal moment (Adduction+/Abduction-). 

Conclusions 

These results could represent a proximal compensation at the 
knee and will help to better understand the underlying deficits 
associated with CAI. Finally, the results of this study will help 
researchers and clinicians to better target the deficits 
associated with CAI during rehabilitation. 
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Summary 

This study aims to compare the regional load transfer forces 

of consecutive steps between typically developed children 

and children with congenital talipes equinovarus (CTEV or 

clubfoot).  

Introduction 

A recent technological advancement in the study of plantar 

pressure has been the integration of 3D motion analysis [1], 

which allows the demarcation of anatomically correct 

regions of interest (ROI’s) of the foot – a noted limitation of 

traditional approaches. Utilizing this new approach on an 

EMED-XL pressure platform, we are able to accurately 

analyse individual regions of interest not only in individual 

footsteps, but also during load transfer from one step to the 

next. The aim of this study is to provide a comparison 

between the load transfer forces seen in a typically 

developed population and a clinical population. 

Methods 

Six typically developed children between 4 and 16 years of 

age, without a history of lower limb injury were recruited for 

the typically developed cohort. Three participants between 

the ages of 4 and 7 diagnosed with bilateral CTEV were 

recruited for the clinical cohort. All participants provided 

informed consent, with all procedures approved by the 

Griffith University human ethics committee. An EMED-XL 

pressure platform (NovelGmbH; 88x188 capacitive sensors 

(4sensors/cm2); 100Hz) was positioned in the centre of a 10-

camera, motion capture laboratory (10x Vicon V16 Vantage 

cameras; 2000Hz). Reflective markers were attached in 

accordance with the Oxford Foot Model (OFM), following 

which participants performed 12-14 walking trials at a self-

selected speed while synchronous marker trajectory and 

pressure data were collected. A dedicated Matlab code was 

developed to automatically re-align the reference systems [1, 

3], superimpose markers onto the acquired footprints, 

identify five ROIs as reported by Stebbins et al [1], and 

process all the extracted parameters associated with both the 

single steps and the whole gait cycle. The procedure to 

optimize the matching between marker configuration at 

midstance and maximum pressure footprint was further 

developed from previous studies [1, 2], by taking into 

account the lowest marker motion along the three axes.  

Results and Discussion 

Only the load transfer phase of the gait cycle was analysed 

(i.e. both feet in contact with the ground). A minimum of six 

load transfer phases were included for each participant and 

were normalised to body mass. For the rear foot, normalised 

forces were evenly balanced between both the medial and 

lateral regions at heel strike (50% and 49.6% respectively).  

Compared to the typical population, there is a large shift of 

force to the lateral region of the forefoot. In the front foot, 

hindfoot forces were similar at heel strike, though tended to 

be more lateral across the transfer phase (31.5% medial and 

33.7% lateral at 50% of load transfer). In the typical 

population, medial and lateral forces were similar at heel 

strike with the medial hindfoot forces being generally higher 

during the initial loading phase (36.1% medial and 30.1% 

lateral at 50% of load transfer) - although this varied across 

participants. In the CTEV population, lateral forces were 

higher across all participants. 

 

Figure 1. Regional loading of plantar forces across the load transfer 

phase of gait for A. a typically developed population and B. a 
CTEV population. 

The present findings provide preliminary data of load 

transfer forces for children with bilateral clubfoot, showing 

an increase in lateral forces in both the forefoot during push-

off, as well as in the hindfoot at heel strike. In the typical 

population, hindfoot forces at heel strike varied between 

trials and participants, potentially as a balancing response, 

however in the clubfoot cohort, lateral forces were 

consistently higher across all participants. The next step will 

be to compare the load transfer forces of children with 

bilateral and unilateral clubfoot, to analyse the interaction 

between an affected and unaffected limb, and whether or not 

this is consistent between participants. 

Conclusions 

Children with clubfoot exhibited increased lateral forces of 

both the forefoot and hindfoot during load transfer phase 

compared to a typically developed population. 
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Summary 

The aim of this study was to identify homogeneous subgroups 
of running gait patterns in asymptomatic subjects using 3-D 
kinematic data from the foot-ankle complex. Seventy-three 
healthy long-distance recreational runners were assessed for 3-
D running kinematics. A Hierarchical Cluster Analysis was 
applied to foot-ankle kinematic variables, which lead to the 
identification of 2 clusters. Healthy runners present sub-
groups with distinct and homogeneous patterns with 
differences in dynamic plantar arch behaviour, rearfoot 
horizontal plane and midfoot frontal plane movements. 

Introduction 

There is a new paradigm preconizing a “ground-up” approach 
in training and preventive interventions in runners [1], with 
the aim of improving the function of the foot-ankle complex, 
which is directly associated with the absorption and 
transmission of body forces to the ground and vice-versa 
during running. Therefore, the investigation of the foot-ankle 
complex movement in runners can improve the understanding 
of running biomechanics.  

Since homogeneous subgroups with distinct running gait 
patterns were previously described among healthy individuals 
for ankle, knee and hip kinematics [2], it is also expected that 
subsets of foot-ankle complex movement patterns are also 
present in healthy runners. The purpose of this study was to 
identify homogeneous subgroups of running gait patterns in 
asymptomatic subjects using 3-D kinematic data from the 
foot-ankle complex. 

Methods 

Seventy-three long-distance recreational runners (40.6±7.2yrs) 
were recruited for this study. The participants ran on an 
instrumented treadmill at a constant velocity (9.5-10.5 km/h) 
for the biomechanical assessment. 3D kinematics of the foot 
and ankle were acquired using eight infrared cameras at 
200 Hz (Vicon® VERO, UK). The kinematic marker set 
followed the IOR Foot Model [3]. Kinematic data was 
processed using a zero-lag, 2nd order, low-pass filter (12 Hz). 
We extracted kinematic variables from the ankle sagittal 
plane; rearfoot frontal and horizontal planes; medial 
longitudinal arch; 2nd (S2G) and 5th (V2G) metatarsal angles in 
relation to the ground; 1st metatarsal joint angle (MH); 
transverse plane angle between 1st and 2nd metatarsal bones 
and between 2nd and 5th metatarsal bones; and the angle 
between the calcaneus and metatarsal bones (Calc-Met) in the 
frontal plane. 

The kinematic variables underwent a Principal Component 
Analysis (PCA) after a z-score standardization, in order to 
avoid highly correlated input data. A Hierarchical Cluster 

Analysis (HCA) was applied to the principal component 
scores to identify homogeneous foot-ankle running kinematic 
patterns, using an agglomerative strategy with Euclidean 
distance as a dissimilarity measure, Ward´s minimum variance 
linkage method and a variance ratio criterion for the cluster 
determination [4]. Foot-ankle kinematics were compared 
between the defined clusters (independent t-tests) and Cohen´s 
d effect sizes were calculated. 

Results and Discussion 

The HCA defined 2 clusters (Table 1) of kinematic running 
patterns. Cluster 1 (C1) presented greater ankle abduction 
angles (maximal angle during stance, and angle at foot 
contact); larger S2G minimum angles (during the acceleration 
phase), which occurred later in the stance phase, as did for the 
V2G minimum angle; greater extension of the MH angle at the 
push off phase; and a greater rotation range for the Calc-Met 
angle, when compared to cluster 2 (C2). 
Table 1: Biomechanical variables with differences between clusters. 

  
C1  

(n = 27) 
C2  

(n=46) p Cohen´s d 

Rearfoot     
Horizontal Max [o] 1.3 (2.9) -2.5 (3.9) < 0.001 1.06 
Horizontal FC [o] -6.6 (3.5) -10.2 (3.9) < 0.001 0.94 
S2G     
Min [o] 22.0 (3.7) 12.6 (4.2) < 0.001 2.30 
instant Min [% stance] 39.6 (5.6) 20.8 (5.4) < 0.001 3.41 
V2G     
instant Min [% stance] 39.7 (8.6) 20.7 (4.7) < 0.001 2.99 
MH     
ROM [o] 63.3 (13.5) 30.2 (12.4) < 0.001 2.56 
Max [o] 36.4 (5.3) 16.7 (5.4) < 0.001 3.60 
Calc-Met     
Frontal ROM [o] 6.2 (2.1) 5.0 (2.2) 0.016 0.56 

Conclusions 

Healthy runners present sub-groups with distinct and 
homogeneous running patterns with differences in dynamic 
plantar arch responses, rearfoot horizontal plane and midfoot 
frontal plane movements. These findings could be related to 
differences in response to therapeutic and preventive 
interventions. 
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Summary 

Peripheral artery disease (PAD) is an atherosclerotic disease 

affecting the arteries of the legs [1]. The current study evaluated 

if a single walking session is sufficient for patients with PAD 

to adapt to a passive ankle foot orthosis (AFO). Twelve subjects 

performed a standardized progressive load treadmill test 

protocol with and without the AFO. The AFO did not alter 

subjects’ spatiotemporal gait parameters but did significantly 

affect joint angle patterns during walking.  

Introduction 

Peripheral artery disease (PAD) is an atherosclerotic occlusive 

disease affecting the arteries of the legs [1]. The primary 

symptom of PAD is intermittent claudication, classified as 

walking-induced ischemic leg pain.  An ankle foot orthosis 

(AFO) is a carbon fiber device that is able to absorb and store 

mechanical energy during the single stance phase of gait and 

return it to the body during push-off. This absorbed and 

returned energy decreases the load on the plantarflexor muscles 

during walking through the substitution paradigm. Wearing an 

AFO has shown promise in improving maximal walking 

distance in patients with PAD [2]. The purpose of the current 

study was to determine if a single walking session is sufficient 

for patients with PAD to adapt to a passive AFO. 

Methods 

Kinematic and spatiotemporal walking data were collected 

using retro-reflective markers placed on the subject and AFOs 

[3]. Twelve patients with PAD performed a standardized 

progressive load treadmill test during which subjects walked on 

a treadmill at 2.0 mph starting at 0% grade [4]. Every two 

minutes the treadmill grade increased by 2% up to a maximum 

of a 15% grade.  Subjects performed the test until claudication 

pain forced them to stop. Subjects performed the test twice in 

each data collection, once with the AFO and once without the 

AFO (NAF). The order of these conditions was randomized. 

Walking data were analyzed at three levels of claudication pain: 

pain free (PF), initial claudication (IC), and absolute 

claudication causing the end of the trial (AC).  Stance times 

during the AFO trials were subtracted from stance times during 

the NAF trials at each respective level of claudication pain. 

These differences were compared across levels of claudication 

pain to determine spatiotemporal adaptation. The same method 

was also performed using swing time data. Coefficient of 

determination (CoD) values were determined by correlating 

normalized joint angle patterns at each level of claudication 

pain between the NAF and AFO conditions. Comparisons of 

CoD values across levels of claudication and with a value of 1 

(NAF walking alone) were performed to test for adaptation. 

Three, one-way analysis of variance (ANOVA) tests were used 

to determine adaptations with p = 0.05. 

Results and Discussion 

There was no main effect of level of claudication pain in the 

stance and swing time differences between AFO and NAF 

walking. This may be because of no significant differences in 

stance times or swing times between AFO and NAF walking at 

any level of claudication pain.  There was no significant effect 

of level of claudication pain on CoD when walking with the 

AFO, but there were significant effects for joint angle patterns 

between AFO and NAF walking for all joints at all levels of 

claudication pain except at the knee when walking in AC pain. 

 

Figure 1. Coefficient of determination (CoD) values during three 

levels of claudication pain and walking without the AFO (NAF). Data 

were calculated by correlating lower limb joint angles of AFO and 

NAF walking trials. An asterisk (*) indicates significant differences. 

Conclusions 

Significant effects for CoD values between AFO and NAF 

walking indicate subjects produced significantly different joint 

angle patterns when walking with the AFO compared to NAF 

walking. This did not translate into changes in CoD values with 

prolonged claudication pain, indicating subjects did not adapt 

joint angle patterns throughout the single walking session. 

Future studies should investigate how individuals with PAD 

adapt to an AFO over multiple walking trials. 
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Table 1:  Spatiotemporal gait parameters, mean (std. dev.) of three subjects pre-surgery (S1), short-term post-surgery (S2), and long-term post-
surgery (S3). Percent (%) changes between S1-S2, S2-S3, and S1-S3 are also shown. Changes that were deemed positive (negative) are

highlighted in green (red).

PARAMETERS S1 %12 S2 %23 S3 %13

SUB. 1
HEMI
8 Y.O.

Walking speed (m/s) 0.61 (0.068) 65.57 1.01 (0.11) -5.94 0.95 (0.03) 55.74
Stride Length(m) 0.66 (0.05) 31.82 0.87 (0.037) 3.45 0.9 (0.03) 36.36

SUB. 2
DIPLEGIC

6 Y.O.

Walking speed (m/s) 0.22 (0.45) 81.82 0.4 (0.054) -32.50 0.27 (0.045) 22.73
Stride Length(m) 0.48 (0.11) 16.67 0.56 (0.043) -1.79 0.55 (0.039) 14.58

SUB. 3
DIPLEGIC

6 Y.O.

Walking speed (m/s) 0.88 (0.05) -26.14 0.65 (0.12) 47.69 0.96 (0.11) 9.09
Stride Length(m) 0.69 (0.077) -21.74 0.54 (0.1) 51.85 0.82 (0.077) 18.84

Prospective Study Evaluating Selective Percutaneous Myofascial Lengthening on Gait of Children with Cerebral Palsy

Jamie Kunnappally1, Susan Simpkins2,3, Didem Inanoglu2,3, Rami Hallac3 and Nicholas P. Fey1,2

2UT Southwestern, Dallas, TX, USA
3Children’s Health, Dallas, TX, USA

1University of Texas at Dallas, Richardson, TX, USA
email: jamie.kunnappally@utdallas.edu

Summary
For individuals with cerebral palsy (CP) who experience
spasticity, selective percutaneous myofascial lengthening
(SPML) represents a minimally-invasive surgery targeting
connective tissue surrounding muscle that may improve joint
range-of-motion and walking ability. These techniques
contrast with surgical approaches which alter bone or muscle
geometry. However, SPML has not been comprehensively
assessed in individuals with CP, nor has its efficacy been
compared over short and long-term timescales. Three children
underwent SPML. We compared clinical and biomechanical
markers pre operation to 2 and 6 months post procedure.

Introduction
Children with spasticity due to conditions such as CP
frequently experience impairments in functional mobility.
About  40%  of  all  children  with  cerebral  palsy  are  limited  in
their ability to crawl, walk, run and/or play (Boulet, et al.
2009). Over time, these individuals develop musculoskeletal
impairments, which are often treated surgically. Some
orthopedic surgical procedures for spasticity include muscle or
tendon lengthening, tendon transfer, tenotomy, osteotomy, and
arthrodesis—often requiring long immobilization of affected
extremities. SPML represents a minimally-invasive form of
soft tissue lengthening, which may offer a shorter length of
immobilization. We evaluated three individuals who received
SPML, over short- and long-term timescales.

Methods
Three children were scheduled for an SPML procedure and
participated in biomechanical experiments. The first testing
session (S1) occurred within two months prior to surgery, the
second session (S2) took place two months after surgery, and
the third session (S3) took place approximately 6 months after
surgery. Participants were 4.10-7.8 years old, and each had a
diagnosis of CP with spasticity. Subject 1 had right hemiplegic
CP and was classified as Level 1 on the GMFCS (Gross Motor
Function Classification System). This subject underwent right
semitendinosus SPML and gastrocnemius recession. Subjects

2  and  3  were  both  diagnosed  with  spastic  diplegic  CP  and
classified as Levels 3 and 4 respectively on the GMFCS. Both
resumed therapy post procedure. Subject 2 underwent a
bilateral gastrocnemius recession, hip adductor tenotomy,
hamstrings SPML, and obturator nerve alcohol block. Subject
3 underwent a bilateral hamstrings SPML, right hip adductor
tenotomy, and alcohol block. We compared joint kinematics
and spatiotemporal stride characteristics as they walked
overground. Paired t-tests compared S1-S2, S2-S3, and S1-S3
(α=0.05).

Results and Discussion
Following SPML, significant improvement in stride length for
all subjects and improved GMFCS classifications for two
subjects were observed (Table. 1). For subject 1, stride time
decreased as stride length increased, enabling him to improve
his long-term walking speed. These changes were associated
with increased dorsiflexion in the hemiplegic leg. Subject 2
experienced increased hip flexion and knee range-of-motion
on both legs, encouraging faster post-operative walking speed
(Table 1) and curbing “toe drag”. Subject 2 also achieved heel
contact with the ground post-surgery. Subject 3 significantly
improved walking speed with increased stride length (long
term, Table 1), with little to no changes in joint kinematics

Conclusions

In a foundational sample of children with both hemi- and
diplegic CP, SPML positively influenced walking
biomechanics. Long-term improvements in spatiotemporal
stride characteristics in all subjects were observed. Improved
joint kinematics were observed in two subjects. Many of these
changes would not have been observed if these individuals had
been examined short term, highlighting the need to examine
patient outcomes over longer timescales, post intervention.
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Summary 

This study is seminal in providing long-term functional 
outcome evaluations of single-event multilevel surgery 
(SEMLS) in children with cerebral palsy (CwCP, specifically 
bilaterally spastic CP). It presents a novel multidimensional 
representation demonstrating that all sagittal joint angles, on 
both sides, except ankle dorsiflexion, were significantly 
influenced [improvement and decline] by the SEMLS. It also 
showed that swing time variability (SWT CV), a surrogate 
measure of gait impairment, improves after SEMLS, while 
gait asymmetry (GA) and asymmetry ratio (AR) do not. All 
differences were durable over a 10-year period. 

Introduction 

SEMLS is increasingly used to treat (and prevent further) 
deteriorations in CwCP [1]. While previous studies have 
looked at the influence of SEMLS on the clinical gait scores 
[2], the influence on gait pattern and asymmetry remains 
unknown. The main purpose of this study was therefore to 
evaluate the effect of SEMLS on sagittal joint angles and gait 
asymmetry [indicator of fall-risk]. The secondary aim was to 
test whether these effects are durable 10 years-post treatment.  

Methods 

Retrospective patient history and three-dimensional 
kinematics from 12 subjects (5 females), were used to analyze 
the following primary outcomes: sagittal joint angles, GA, and 
AR during walking.  

(1) GA = 100 × | ln ( SSWT / LSWT ) |  

(2) SWT_CV = 100 × standard deviation / mean 

GA was evaluated as the ratio between the shortest and 
longest swing time (SSWT and LSWT, respectively) [3]. AR 
was evaluated as the AUC on the joint angles in the sagittal 
plane between the left and the right sides (Figure 1A). 
Kinematics were collected at four pre-defined time intervals: 
one preoperative (E0), and three post-operative measurements, 
namely short-(E1: up to 2 years), mid-(E2: up to 6 years) and 
long-term (E3: >8 years) follow up. Joint angles were 
analyzed using statistical parameter mapping (SPM{F}, post-
hoc SPM{t}). To determine differences in GA, SWT_CV, and 
AR between the time intervals, one-way repeated measures 
ANOVA with post hoc Bonferroni was performed. For 
comparison between patients and controls, student t-tests were 
conducted. Significance was set at α=0.05 for all procedures.  

Results and Discussion 

SPM revealed that all sagittal joint angles, except ankle 
dorsiflexion, were significantly influenced by the SEMLS. All 
differences were durable over a 10-year period. While GA and 
AR differed significantly between the patients and the controls 
at all time intervals, no significant difference between the time 
intervals was observed. SWT_CV did show a significant 
improvement [towards typically developing children] between 
E0 and E3 (figure and table 1).  

Figure 1: (A) AR was determined as the area between the two sides 
in grey. Boxplots of ARs for (B) Knee, & (C) Hip Flexion-Extension.  

Table 1: Subject characteristics. *significant difference with controls 
p<0.05;** p<0.01; †significant difference with pre-operation p<0.05 

Conclusions 

While hip, knee, and pelvic sagittal joint angles as well as 
SWT_CV were on both sides significantly influenced by the 
SEMLS, the symmetry of gait did not improve post-surgery. 
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Summary 

Inter-limb leg stiffness changes during weight transfer of 

gait were used to evaluate the efficacy of surgical treatments 

on body support strategies in children with diplegic cerebral 

palsy (DCP).  Compared to Controls, children with DCP 

were found to have similar linter-limb leg stiffness sharing 

during weight transfer after tendon release surgery.  This 

suggests that the surgery was effective in improving the 

ability of the lower limbs to provide necessary stiffness for 

body support in DCP.   

Introduction  

Individual joint deviations and the effects of surgical 

treatment on these deviations are often identified in the 

analysis of diplegic cerebral palsy (DCP) gait, which 

required extensive knowledge and effort.  Evaluation of 

bilateral leg stiffness changes during weight transfer of gait 

using the spring-mass model could incorporate information 

of the kinematics and kinetics of both the lower limbs [1], 

which would be particularly useful in the assessment of the 

efficacy of the treatment in a clinical setting.  The current 

study aimed to investigate the effects of tendon release 

surgery on the inter-limb leg stiffness changes during weight 

transfer of gait in children with spastic DCP. 

Methods 

Ten children with spastic DCP and 10 age-matched controls 

(Control) received gait analysis before (Pre-OP) and after 

(Post-OP) tendon release surgery.  The leg stiffness (Ls) was 

calculated as the ratio of the change of the effective ground 

reaction force and the change in the effective leg length 

during a given period of time [1]. Stiffness values were 

averaged over weight acceptance (i.e., loading response 

phase, LR) and weight release (i.e., pre-swing phase, PS).  

The sum of the stiffness values of both sides (total stiffness), 

and the proportional share of the total stiffness by each 

lower limb (IS) were calculated.  One-way ANOVA was 

performed to compare the variables between Control and the 

Pre-OP and Post-OP of DCP.  Paired t-tests were used for 

comparisons of IS of a limb between LR and PS (α=0.05). 

Results and Discussion 

No significant differences of Ls during LR and PS, and total 

stiffness were found between DCP and Control (Table 1).  

The Pre-OP of DCP group showed decreased IS during LR 

and increased IS during PS when compared to Control and 

Post-OP (Table 1).  For within-group difference of IS, the 

Control showed greater IS during LR than during PS.  The 

Post-OP showed greater IS during LR than PS.  No 

significant difference was found between ISs in Pre-OP 

(Table 1) (Figure 1).   

The DCP group was found to have similar IS between limbs 

before the surgery.  The less-than-normal IS during weight 

acceptance indicates a greater downward movement of the 

body’s center of mass with reduced ground reaction force, 

leading to a jerky body progression in DCP.  The tendon 

release surgery appears to bring the inter-limb stiffness 

sharing of DCP back to a normal level. 

 

Figure 1: Inter-limb sharing of total leg stiffness (IS) during 

double limb support phase of gait in DCP and Control.  p-values of 

differences in IS between LR and PS of a limb are also shown. 

Conclusions 

The DCP group was found to have a reduced leg stiffness of 

their weight acceptance limb, which was significantly 

improved and brought back to a normal level by the tendon 

release surgery.  It is suggested that evaluation of inter-limb 

sharing of Ls is useful for uncovering the effects of medical 

treatment on the inter-limb stiffness control strategy during 

weight transfer of gait in children with DCP. 
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Table 1: Means (standard deviations) of the leg stiffness (N/m) and inter-limb stiffness-sharing (%total stiffness, IS) during double limb 

support of gait.  Pp: p-values of differences in IS of a limb between LR and PS.  Pg: p-values of between-group differences. 

Group LR PS total stiffness IS of LR limb IS of PS limb Pp 

Control 12.93 (4.55) 4.50 (2.62) 17.42 (6.37) 74.9% (9.8) 25.1% (9.8) <0.01! 

Pre-OP 11.02 (7.31) 7.99 (8.23) 19.01 (13.02) 59.7 % (18.5) 40.3% (18.5) 0.13 

Post-OP 11.58 (7.05) 4.32 (3.30) 15.91 (9.47) 72.4% (13.4) 27.6% (13.4) <0.01! 

Pg 0.79 0.23 0.79 0.05*# 0.05*#  
#: significant difference between Pre-OP of DCP and Control. * : significant difference between Pre-OP and Post-OP of DCP.  
! : significant difference in IS of a limb between LR and PS. 
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Summary 

This study implemented a muscle synergy extrapolation 

method to estimate the fewest number of lower limb muscle 

activation patterns required to characterize walking in children 

with cerebral palsy (CP). Muscle activation data from a child 

with CP and a typically developing (TD) child were used. 

Findings show the applied muscle synergy extrapolation 

method can estimate unmeasured lower limb muscle activation 

patterns during walking for a child with CP. 

Introduction 

Muscle activation patterns can be analyzed to assess abnormal 

motor function in individuals with CP [1]. However, time and 

equipment constraints often prevent complete sets of lower 

limb electromyograms (EMG) from being collected in clinical 

settings. This may be addressed using muscle synergies 

extracted from EMGs to characterize groups of synergistically 

activated muscles.  

Muscle synergy extrapolation is where synergies extracted 

from a subset of muscles are combined with previously 

collected data to estimate muscle activation patterns not in the 

original subset [2]. As such, a muscle synergy-based approach 

could combine subsets of recorded CP muscle activation 

patterns with data from healthy controls. Accordingly, this 

study implemented and evaluated a muscle synergy 

extrapolation method to estimate lower limb muscle activation 

patterns in a child with CP by combining a subset of their 

measured EMG with those from a TD participant.  

Methods 

Two identical twin brothers (age: 13 yrs), one with unilateral 

CP (59.5kg, 1.69m) and one TD (59kg, 1.72m), participated in 

the study. EMG were recorded (1000Hz) from 12 lower limb 

muscles from the most affected leg for the CP participant and 

right leg for TD participant, during 90s of over-ground 

walking at a self-selected speed. Data from 10 gait cycles were 

band-pass filtered (30-400Hz), full wave rectified, and low-

pass filtered (6Hz) using a zero lag 4th order Butterworth filter, 

then normalized to the peak amplitude from each cycle. First, 

two muscle groups were created for CP and TD, MCP and MTD, 

respectively (Figure 1). The muscles included in MCP were 

excluded in the MTD. Second, to estimate the remaining CP 

muscles, the synergies from TD muscles were extrapolated, 

whereby n number of CP muscles were estimated from n TD 

muscles and (12-n) CP muscles. Three randomly selected 

muscle combinations for 3 different muscle groups were 

considered: (1) MCP=6, MTD=6; (2) MCP=5, MTD=7; and (3) 

MCP=4, MTD=8. Variance accounted for (VAF) was calculated 

by comparing estimated (MCP_EST) to experimental data. 

 
 

Figure 1: Workflow of synergy extrapolation method. 

Results and Discussion 

All combinations in group 1 exceeded 90% VAF. VAFs for all 

combinations in groups 2 and 3 ranged from 84.5-93% (Table 

1). Results suggest that experimentally acquired EMG from as 

few as 4 muscles may be enough to estimate 12 lower limb 

muscle activation patterns during walking in children with CP. 

Conclusions 

Muscle synergy extrapolation may be a useful approach for 

estimation of unmeasured muscle activation patterns in patient 

groups with pathological gait. Reducing the amount of 

experimental EMG data required for the assessment of gait 

patterns in children with CP may greatly simplify clinical data 

collection procedures. This work is being expanded to 

evaluate the best combined set of muscle activation patterns 

required to adequately estimate unmeasured data in a larger 

cohort.  
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Table 1: Variance accounted for (VAF) (%) values for three muscle combinations used in group 3 (MCP=4, MTD=8). 

Combinations of CP-included muscles Combinations of CP-excluded muscles/TD-included muscles VAF (%) 

SM, VL, TA, SOL MG, LG, VI, BF, RF, TFL, GR, SR 92.3 

MG, TFL, TA, SOL LG, SM, VL, VI, BF, RF, GR, SR 89.6 

MG, BF, RF, VI LG, SM, VL, TFL, TA, SOL, GR, SR 84.5 

CP: cerebral palsy; TD: typically developing; BF: Biceps femosris long; GR: gracilis; LG: lateral gastrocnemius; MG: medial gastrocnemius; RF: 

rectus femories; SR: sartorius; SM: semi membranous; SOL: soleus; TFL: tensor fasciae latae; TA: tibialis anterior; VL: vastus lateralis; VI: vastus 

intermedius. 
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Summary 
The average energy consumption of children with cerebral 
palsy (CP) during walking is over two times that of typically-
developing (TD) children. Spasticity is often theorized to 
contribute to this increased energy. We retrospectively 
analyzed energy consumption of individuals who underwent 
surgical intervention to reduce spasticity. While spasticity was 
significantly reduced after surgery, energy consumption did 
not change more than in children who did not receive surgery, 
suggesting a weak causal link between spasticity and energy 
consumption during gait. 

Introduction 
CP is a neuromuscular disorder caused by a brain injury at or 
near the time of birth, which primarily affects movement and 
coordination. Energy consumption is high for children with 
CP, and fatigue is one of the top complaints of children and 
their families [1]. Spasticity is often theorized to contribute to 
increased energy in CP, but its actual role remains unclear. To 
test this assumption, we evaluated whether reductions in 
spasticity led to reductions in energy consumption. Selective 
dorsal rhizotomy (SDR) is a treatment that has been shown to 
reduce spasticity by selectively cutting dorsal rootlets of the 
spinal cord [2]. We theorized that if spasticity significantly 
contributes to energy in CP, energy consumption would be 
reduced after SDR compared to matched controls. 

Methods 
We retrospectively analyzed individuals who previously 
received gait analysis at Gillette Children’s Specialty 
Healthcare. The SDR treatment group included individuals 
with diplegic CP, who had oxygen consumption data collected 
during multiple clinical gait analyses, and who underwent an 
SDR before the age of 12 years (n=242, 136 male, 106 female, 
5.9±1.6 years). Net nondimensionalized (NN) oxygen 
consumption was evaluated during a 6-minute walking trial 
[3]:  
 
Since oxygen consumption changes with age, we also 
identified a control group of subjects with diplegic CP who 
did not receive an SDR, and who were matched to the 
treatment group in terms of age, NN oxygen consumption, and 
spasticity at their initial analysis (n=242, 148 male, 94 female, 
6.0±1.7 years). A single spasticity score was calculated using 
principal component analysis for each subject’s right limb, 
using Ashworth scores from six muscles. A paired t-test 
(p≤0.05) was used to compare changes in NN oxygen 
consumption and spasticity between groups. 

Results and Discussion 
As expected, the SDR group had a significant decrease in 
spasticity after surgery compared to the control group (-2.1 ± 
1.2, p<0.001, Figure 1). Both groups had a decrease in NN 
oxygen consumption between visits, -0.03 ± 0.07 for the SDR 
group and -0.03 ± 0.07 for the control group, but there was no 
significant difference between groups (p=0.6) This aligns with 
prior research suggesting that oxygen consumption decreases 
with age. Both groups still had significantly greater NN 
oxygen consumption than TD peers. At the second gait 
analysis, average NN oxygen consumption was 0.18 ± 0.05 for 
the SDR group and 0.18 ± 0.06 for the control group, as 
compared to 0.08 ± 0.03 for TD peers. 

 
Figure 1: Change in net nondimensional oxygen consumption and 

spasticity for both groups. A positive value represents an increase in 
spasticity or oxygen consumption. 

Conclusions 
While SDR lowered spasticity, undergoing SDR did not 
improve the high energy consumption of children with CP 
compared to matched peers. These results suggest that 
spasticity is not the primary factor contributing to the high 
energy observed in CP. Comparison to matched control groups 
is critical in research involving children with CP to account 
for changes in function due to age and development. Future 
research needs to identify the mechanisms contributing to high 
energy in CP to reduce fatigue, increase participation, and 
improve quality of life. 

Acknowledgments 
Research supported by NIH NINDS R01 NS091056 and NSF 
DGE-1762114. 

References 
[1] Steele KM et al. (2017). J Biomech, 60: 170-174. 
[2] Wang KK et al. (2018). J Child Orthop, 12: 413-427. 
[3] Schwartz MH et al. (2005). Gait Posture, 24: 14-22.

Saturday, August 03 2019: Morning 1 (0900-1000) 1345

Locomotion in Patients with Cerebral Palsy



Saturday, August 03 2019: Morning 1 (0900-1000) 1346

11.7 Running Injuries - Patellofemoral Pain
1. Michael Baggaley: Maximizing Caloric Expenditure And Minimizing Patellofemoral Joint Loading During Running

2. Baofeng Wang: Effect Of A 12-Week Gait Retraining Intervention On Knee Loadings In Runners

3. Thomas Kernozek: Effects Of Added Load On Patellofemoral Joint Stress In Running

4. Tyler Wu: The Effect Of Different And Modified Foot Progression Angle On Patellofemoral Pain Related Factors

5. Naghmeh Gheidi: Effect Of Running Velocity On Patellofemoral Joint Stress

Running Injuries - Patellofemoral Pain



 

 

Maximizing Caloric Expenditure and Minimizing Patellofemoral Joint Loading During Running 

 

 Michael Baggaley1, Gianluca Vernillo1, Nicolas Horvais2, Guillaume Y Millet1, W. Brent Edwards1 
1 Faculty of Kinesiology, University of Calgary, Calgary, AB 2 Salomon SAS, Innovation and Sport Science Lab, Annecy, France 

Email: michael.baggaley1@ucalgary.ca  

 

Summary 

Findings from the present study suggest that moderately 

graded running can increase caloric expenditure without 

increasing cumulative patellofemoral joint loading compared 

to slow level ground running. Given that burning calories is 

the primary goal for many recreational runners, this suggests 

that a combination of uphill and downhill running may be an 

effective training approach to increase caloric expenditure 

without increasing injury risk.   

Introduction 

Patellofemoral pain (PFP) is one of the most common running 

injuries and is thought to be related to high magnitude joint 

loading [1]. Burning calories is the primary goal for many 

recreational runners, and caloric expenditure can be increased 

by running faster or running uphill. These two strategies will 

also alter patellofemoral joint (PFJ) loading, and it is of 

interest to know which strategy maximizes caloric expenditure 

while minimizing joint loading. Thus, the purpose of this 

study was to quantify differences in cumulative PFJ loading 

and caloric expenditure during slow level, slow graded, and 

fast level running.  

Methods 

17 participants ran on an instrumented treadmill while motion-

capture and force platform data were collected concurrently. 

Participants ran at 2.5 (S0), 3.3 (M0), 4.17 m/s (F0) at 0° and 

at 2.5 m/s at ±10° (S10) and ±5° (S5). PFJ contact force was 

estimated using an inverse dynamics-based static optimization 

routine [2] with muscle moment arms, orientations, and upper-

force bounds obtained from a scaled musculoskeletal model 

[3]. PFJ impulse per step was calculated as the time integral of 

the PFJ force curve and a weighted impulse measure was 

quantified where PFJ force was raised to the power of 8. This 

value was derived from ex vivo cartilage testing and describes 

the slope of the stress-life curve [4]. Cumulative impulse per 

km was calculated as the weighted impulse per step multiplied 

by the number of steps necessary to run 1km. The ±10° and 

±5° conditions included 500m of uphill followed by 500m of 

downhill at the corresponding grade. This was done as it is 

difficult to find 1 km of pure uphill running in many locations 

around the world, so these conditions represent hill repeats. 

Metabolic cost data was gathered from Margaria [4] for the 

speeds and grades that closely matched the experimental 

conditions. Caloric expenditure for 1 km of running was 

calculated for each grade and speed condition for each 

participant. A Friedman test examined the main effect of 

condition followed by Bonferroni adjusted pair-wise 

comparisons (adjusted α≤0.0125) to test each condition 

against S0 only. Cohen’s d effect sizes were also calculated. 

Results and Discussion 

A main effect of condition was observed for cumulative 

impulse per km (p<0.001) and caloric expenditure (p<0.001). 

Cumulative impulse per km was greater during S10 (p=0.011; 

d=0.63) and F0 (p=0.003; d=0.062) running conditions, 

compared to S0 (Figure 1). In contrast, caloric expenditure 

was greater during S10 (p<0.001; d=1.72) and less during F0 

(p<0.001; d=-1.28), compared to S0. No difference in 

cumulative impulse per km was observed between S5 

(p=0.055; d=0.31) or M0 (p=0.028; d=0.52) and S0, but 

caloric expenditure was greater during S5 (p<0.001; d=0.41) 

and less during M0 (p<0.001; d=-1.27), when compared to S0. 

 

Figure 1: Caloric expenditure and cumulative PFJ contact force 

(PFJCF) impulse for 1 km of running. 

Moderately graded (±5°) running appears to provide an 

optimal scenario where caloric expenditure is increased 

without an increase in patellofemoral joint loading. While 

running up and down steep inclines burns a significant number 

of calories, it was also associated with an increase in 

cumulative joint loading. Running faster did not increase total 

caloric expenditure as the increased energy cost of running at 

faster speeds was offset by the reduction in time necessary to 

run 1 km.   

Conclusions 

These findings suggest that moderately graded running can be 

used to maximize caloric expenditure without increasing 

cumulative patellofemoral joint loading.  
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INTRODUCTION  

Up to 79% of runners reported a musculoskeletal injury 

annually [3] and nearly 50% of knee injuries was 

patellofemoral pain (PFP) being the most common knee 

injury [1, 3]. Despite the great effort was made to develop 

better running shoes during the past decades, the injury rate 

did not change obviously [4]. Studies examining forefoot 

strike (FFS) has lower eccentric quadriceps work during the 

braking phase of the running compared with rearfoot strike 

(RFS) [2]. Lower eccentric quadriceps work may result in 

lower knee loading. Therefore, the purpose of this study was 

to examine whether the patellofemoral joint contact stress 

will decrease after a 12-week gait training intervention. 

METHODS 

Nine recreational male heel-toe runners who running a 

minimum of 20 km/week for 3 months (age: 32.4 ± 6.1 yrs; 

height: 174.7±5.3 cm; mass: 70.2±6.0 kg) were recruited. 

The subject performed 3 trials of over ground running with 

cushioned shoes (CS, NIKE AIR ZOOM PEGASUS 34) and 

minimalist shoes (MS, INOV-8 BARE-XF 210 v2) at 3.33 ± 

5% m/s before and after training. The Vicon motion capture 

system (100 Hz) and Kistler force platform (1000 Hz) were 

used to record markers’ trajectories and GRF data 

simultaneously. The training intervention required subjects 

to run at self-selected speed in MS condition with FFS. 

Meanwhile, the subject was required to wear a Podoon 

pressure sensitive insole to discriminate foot strike pattern. 

Each training lasted 5-48 minutes with a gradual increase for 

a total of 12 weeks, 3 times a week. 

Knee flexion/extension angle and moment, quadriceps force 

(FQ), and patellofemoral contact area (SPFCF) were analysed. 

Patellofemoral stress (PFS) was calculated as the 

patellofemoral joint contact force (PFCF) divided by the 

SPFCF. Two-way repeated measures ANOVA was used to 

determine the training and shoe effects. 

RESULTS AND DISCUSSION 

After a 12-week gait training, 7 of the 9 subjects were 

converted from RFS to FFS. Under the MS condition, FFS 

exhibited 15% lower peak knee extensor moment (p = 0.029) 

and 14% lower peak PFS (p = 0.029) compared with RFS 

(Figure1A and D). Under the CS condition, there were no 

significant differences in knee sagittal peak moment, 

maximum knee flexion angle, peak patellofemoral contact 

force, and peak patellofemoral stress after training (Table 1). 

      

Figure 1. Comparison of knee flexion/extension angle and 

moment, PFCF, PFS between pre- and post-training. 

CONCLUSION 

The current findings suggested that runners who converted 

from RFS to FFS demonstrated lower knee sagittal moment 

and patellofemoral stress compared with RFS. This might 

decrease the risk of running-related knee injuries. However, 

it was noted that this phenomenon only occurred in 

minimalist shoe condition not in cushioned shoes. 
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Table 1: Comparison of knee kinematics and kinetics between pre- and post-training (N = 7). 
  

Variables Knee Sagittal Moment (N·M·Kg-1) Knee Sagittal Angle (°) Peak PFCF (BW） PFS (MPa) 

BS PRE   2.10±0.42* 35.33±1.81 4.59±1.21 11.43±2.90* 

POST 1.78±0.31 35.60±5.28 3.94±0.88 9.73±2.30 

CS PRE 2.36±0.40 37.09±2.49 5.32±1.11 12.83±2.84 

POST 2.09±0.46 37.88±4.56 4.77±1.09 11.19±3.37 
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Summary 
Patellofemoral (PF) pain is a common running injury where PF 
joint stress has been implicated.  Using a musculoskeletal 
model, we examined how PF joint stress is influenced in 
running with and without 9 kg of added load at a set running 
speed. PF joint stress increased 10% which was attributed to a 
16% increase in PF joint reaction force due to the 14% increase 
in quadriceps force.  No changes in cadence or foot strike 
patterns were observed. Added load during running appears to 
promote greater PF joint loading during running.  This may 
have an impact on the aetiology of PF pain. 

Introduction 
PF pain syndrome is one of the most commonly reported forms 
of pain in runners, especially in females [1].  Despite the 
aetiology of PF pain syndrome being unclear, PF joint stress has 
been cited as a contributing factor [2].  PF joint stress has not 
been quantified during running with added load. Our purpose 
was to analyse PF joint loading variables and temporal spatial 
variables during running with and without a 9 kg load 
simulating a rapid transient increase in bodyweight. 

Methods 
Twenty-two females (age: 20.9 +/- 2.2 years; weight: 64.9 +/- 
9.6 kg) with a rear-foot strike pattern, who ran a minimum of 
10 miles a week, and had no history of a knee injury in the 
previous year were tested. Participants ran 5 trials across a force 
platform (Model 4080, Bertec Corporation, Columbus, OH, 
USA) at 3.37-3.55 m/s with no added load (control) and 9.0 kg 
added load using a weight vest.  Kinematic data were collected 
at 180 Hz using 3D motion capture (Motion Analysis 
Corporation, Santa Rosa, CA, USA) from 47 reflective 
markers. Kinetic data were simultaneously collected at 1800 Hz 
from the in-ground force plate   Muscle forces were estimated 
using the Human Body Model (Motek ForceLink, Amsterdam, 
Netherlands) where they were solved from static optimization 
by minimizing the sum of the squared muscle forces to each 
muscle’s maximum strength. Peak PF joint loading variables 
were calculated during stance [3] as well as cadence, step length 
and foot strike index.  A multivariate analysis with repeated 
measures were run on PF joint loading variables and then on 

cadence, step length and foot strike index.  Alpha was set to 
0.05. SPSS was used for all statistical tests (Version 25, IBM 
Corporation, Armonk, NY, USA).  

Results and Discussion 
Differences were shown in PF Joint Stress, PF Joint Reaction 
Force, and Quadriceps Force (Table 1).  These kinetic variables 
increased between 10-16% with added load. The time pattern of 
these kinetic variables were similar to PF Joint Stress during 
stance (Figure 1). No differences were found in knee range of 
motion nor cadence, step length or foot strike index (all p-
values > 0.05).  

 
Figure 1: Ensemble average PF Joint Stress between Control (No 

Load) and 9.0 kg of Added Load in Running. 

Conclusions 
PF joint loading variables increased with 9 kg of added load 
without changes in knee range of motion, cadence, step length 
or foot strike index compared to the control (no load).  Added 
load appears to increase the PF joint loading variables 
associated with PF pain in running.  
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Table 1: Patellofemoral Loading Variables between Control (No Added Load) and 9.0 kg of Added Load during Running 

 Control (No added load) 9.0 kg Added Load P-value 

Peak PF Joint Stress (MPa) 18.5 ± 2.5 20.3 ±3.3 <0.001 

Peak PF Joint Reaction Force (BW) 7.0 ± 1.7 8.1 ± 2.2 <0.001 

Quadriceps Force (BW) 7.8 ± 1.7 8.9 ± 2.1 <0.001 

Knee Range of Motion (deg) 38.3 ± 6.3 38.8 ± 6.6 0.779 
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Summary 

Patellofemoral pain is a common lower extremity disorders 

among people who engage in running activities. Twenty 

healthy male participants were selected with various foot 

progression angles during running. Their kinetics and 

kinematics associated with patellofemoral pain during 

habitual and modified foot progression angles of running 

gait were compared. Different habitual foot progression 

angle did not affect these patellofemoral pain factors. 

Modifying foot progression angle may change kinetics and 

kinematics associated with patellofemoral pain. 

Introduction 

Patellofemoral pain is a common lower extremity disorders 

among people who engage in running activities. Large knee 

valgus moment impulse [1] and large hip adduction angle [2] 

are risk factors of Patellofemoral pain. Differences in toe-out 

angle or foot progression angle (FPA) often affect lower 

extremity biomechanics [3]. The purpose of this study was to 

investigate possible effects of foot progression angle on 

motor control related biomechanical risk factors for PFP. We 

hypothesize that small FPA gait and decreased FPA gait may 

reduce hip adduction angle, knee abduction angle, and knee 

adduction impulse. 

Methods 

Healthy male participants from Beijing Sports University 

were screened using Footscan pressure plates to obtain 

participants with various FPA during running gait. Ten 

participants with FPA greater than 15° were classified as the 

wide FPA group (WF). Ten participants with FPA less than 

15° were classified as the narrow FPA group (NF). Both 

groups were initially asked to run at a speed of 4.7 ± 0.3 m/s 

with the gait their most comfortable with. At the same speed, 

WF were then asked to run with decreased FPA (toe-in) 

while NF were asked to run with increased FPA (toe-out). 

Reflective marker motion detection and force plates were 

used obtain their kinematics and kinetics data during 

running. The average hip adduction angle, knee abduction 

angle, and knee abduction moment impulse during stance 

phase were computed. t-test and Cohen’s d were used to 

observe differences (1) between the two groups, (2) within 

the same group, and (3) amongst similar FPA between the 

two groups. 

Results and Discussion 

Comparing the PFP related factors within groups, WF and 

NF group did not display significant differences for hip 

adduction angle (P = 0.388, d = 0.176), knee abduction angle 

(P = 0.114, d = 0.327), or knee abduction moment impulse 

(P = 0.140, d = 0.306) during their habitual running gait. NF 

showed smaller hip adduction angle (P < 0.001, d = 3.444) 

and knee abduction angle (P < 0.001, d = 1.551) when they 

used toe-out modification while WF shows larger knee 

abduction angle (P < 0.001, d = 1.151) when they used toe-

in modification. At the smaller FPA gait for both WF and 

NF group, NF with habitual gait showed larger knee 

abduction moment impulse (P = 0.025, d = 0.477) compared 

to WF with toe-in modification (table 1). 

Conclusions 

Wide and narrow foot progression angle gait is not more 

likely to develop patellofemoral pain than the other. Toe-out 

gait modification may increase hip adduction angle and may 

decrease risk of patellofemoral pain. Since wide foot 
progression angle group does not show similar kinetics 
characteristics to narrow foot progression angle group 
when trying to achieve similar foot progression angle, 
further studies should be done to justify the use of such 
modification.  
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Table 1: Between and within group comparison of foot progression angle and Patellofemoral pain related factors 

  NF (N = 12)   WF (N = 14) 

  habitual Toe-out   habitual Toe-in 

foot progression angle (°)  9.4 ± 5.0 31.8 ± 7.2   15.0 ± 5.7  7.7 ± 6.1 

Hip Adduction Angle (°) 5.9 ± 4.4 -0.2 ± 5.0   4.6 ± 3.0 4.5 ± 3.5 

Knee Abduction Angle (°) 3.4 ± 3.6 1.3 ± 4.1   1.2 ± 3.4  2.3 ± 3.7 

Knee abduction moment impulse (s) .025 ± .024 .023 ± .025   .013 ± .014  .008 ± .012 

NF, narrow foot progression angle group; WF, wide foot progression angle group 
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Summary 
Patellofemoral pain syndrome (PFPS) is a common 
complication in female runners related to patellofemoral joint 
stress (PFJS). Increases in stride length alone may intensify 
PFJS, while increasing cadence alone may lower it. Running 
velocity is the product of stride length and cadence. Our 
purpose was to examine the effect of running velocity on PFJS. 
29 females were ran during 3 velocity conditions: fast, medium, 
and slow. Kinematic and kinetic data were utilized to calculate 
the quadriceps force, knee range of motion (KneeROM), stride 
length, cadence, and PFJS. Velocity increased quadriceps force, 
cadence, step length, and PFJS, while KneeROM diminished.  

Introduction 
Patellofemoral pain syndrome (PFPS) occurs with an incidence 
of 25% among runners with females reported to have a 2-3 
times greater prevalence and incidence of PFPS than males [1]. 
The origin of PFPS has been explained by excessive 
patellofemoral joint stress (PFJS). Most studies have assessed 
the effect of stride length and cadence separately on PFJS, 
without manipulating running velocity [2]. Examining PFJS 
during a variety of velocities could help us understand factors 
that may influence PFPS during running. Therefore, our main 
purpose was to examine the effect of running velocity on PFJS. 

Methods 
3D lower extremity kinematics (180 Hz) and ground reaction 
forces (1800 Hz) were recorded from 29 recreational athletes 
(21.21±1.6 years) performing 5 running trials at 3 velocity 
conditions. Fast speed was set to 3.80 m/s, medium at 3.30 m/s, 
and slow at 2.80 m/s (± 2.5%).  Using a musculoskeletal model, 
muscles forces were measured through inverse dynamic-based 
static optimization. Total quadriceps force and knee position 
were input to a two-dimensional knee computer model [3] to 
determine the patellofemoral joint stress during the stance phase 
of running. Multivariate analysis of variance (MANOVA) was 
used with repeated measures (three velocity conditions) to 
distinguish running velocity influenced several dependent 
variables (α=0.05). 

Results and Discussion 
Running velocity increased quadriceps force, cadence, step 
length, and patellofemoral joint stress, while KneeROM 
decreased (p<0.001).  

PFJS increased corresponding to the increase in running 
velocity (Figure 1).  Quadriceps force between slow versus 
medium velocity and slow versus fast velocity were different. 
Quadriceps force peaked with the fast velocity condition. 
KneeROM peaked in slow velocities. There was no change in 
KneeROM between slow to medium velocity conditions (Table 
1). Cadence and step length both also increased.  

 
Figure 1: Ensemble average of patellofemoral joint stress (PFJS) 
during running for the three velocity conditions (2.8, 3.3 and 3.8 m/s). 

Conclusions 
Increasing the running velocity between 2.8-3.8 m/s increased 
PFJS in rearfoot striker runners. Greater quadriceps force, and 
a higher stride length were main contributors to the increase in 
PFJS. Further research appears warranted at higher running 
velocities. 
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Table 1. Mean values ± standard deviation for KneeROM, Quadriceps muscle force, Cadence, Step Length and Patellofemoral Joint Stress 
(PFJS) for the running velocity conditions (3.8, 3.3 and 2.8 m/s). 

Measure Slow (2.8 m/s) Medium (3.3 m/s) Fast (3.8 m/s) p-value 

Average ± sd Slow-Medium  Slow-Fast Medium-Fast 

Quadriceps  Force (BW) 7.21 ± 1.11 7.83 ± 1.04 8.14 ± 1.11 .001* <.001* .080 

KneeROM (deg) 40.14 ± 4.66 39.68 ± 5.02 38.14 ± 4.80 .980 .005* .015* 

Cadence (step per min) 154.42±8.66 162.22±10.95 167.22±10.39 <.001* <.001* .011* 

Step length (m) 1.10±.09 1.19±.18 1.33±.08 .041* <.001* <.001* 

PFJS (MPa) 17.63 ± 2.9 19.13 ± 2.5 20 ± 2.6 .001* <.001* .023* 
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Summary 

We investigated changes in joint mechanics and metabolic rate 

due to walking with the trunk inclined at different angles. 

Participants walked with trunk angles from -15 to +60 deg. 

Metabolic rate increased with both forward and backward trunk 

angle, confirming that people habitually walk near the 

metabolic optimum. Hip and ankle power varied with trunk 

angle, but trends were unexpected and will be studied further. 

Introduction 

Models of dynamic walking suggest that powering gait with the 

ankle is much more efficient than with the hip [1]. Leaning the 

trunk forward should increase hip moment and power, which 

theory suggests could induce a reduction in ankle power and 

increase the energetic cost of gait. We tested these model 

predictions by measuring joint mechanics and metabolic rate in 

human subjects walking with different trunk lean angles. 

Methods 

Eleven healthy college age individuals walked with trunk 

angles of -15⁰, 0⁰, 15⁰, 30⁰, 45⁰, and 60⁰ on an instrumented 

treadmill while optical motion capture and indirect calorimetry 

were recorded. Subjects self-regulated their trunk angle using 

real-time visual feedback from a chest-mounted wireless 

orientation sensor, which was zeroed at each individual’s 

habitual trunk angle. Trials lasted five minutes at a speed of 

1.29 m/s and were randomized, with breaks between conditions. 

We computed standard lower-body inverse dynamics and 

metabolic rate using data from the last two minutes of each trial. 

We nondimensionalized metabolic rate using units of body 

mass, leg length and gravitational acceleration. We performed 

a quadratic fit to metabolic rate to estimate the optimal trunk 

angle, using common coefficients across subjects but individual 

vertical offsets for each subject.   

Results and Discussion 

Metabolic rate increased with both forward and backward trunk 

lean angles. The location of the curve fit minimum 

 

Figure 1: Metabolic rate vs trunk angle, with quadratic curve fit. 

occurred at an angle of 1.47⁰. Gross metabolic rate roughly 

doubled from the zero-lean condition (equivalent to normal 

walking) to the +60⁰ condition (dimensionless 0.11 to 0.22). 

These findings show that people naturally walk near their 

metabolic optimum. The increased metabolic cost in both 

directions is consistent with model predictions [1]. However, 

the increased cost in backward leaning is probably due to 

different factors than in forward leaning, as the hip moment and 

work should have opposite sign. A few participants commented 

that the biggest challenge of leaning backward was the 

coordination and stabilization involved. 

Preliminary motion analysis suggested hip extension moment 

and power output increased as forward lean angle increased. 

Ankle power output also increased with forward lean angle, 

contrary to predictions that hip and ankle power should trade-

off to maintain an energy balance [1]. Further investigation of 

joint and center-of-mass mechanics may elucidate the 

mechanisms behind this unexpected trend. 

Preliminary findings also show a correlation between an 

increase in trunk angle and stride frequency. This higher stride 

frequency is known to increase metabolic cost [2]. Increased 

frequency might be attributable to limits of the comfortable 

joint range-of-motion.  

 

Figure 1: Ankle Power curves at different trunk lean angles. 

Conclusions 

This study shows that humans habitually walk near the most 

energy-efficient trunk lean angle. Forward trunk lean induces 

increased hip moment and power, and appears to change ankle 

power in an unexpected way. Trunk lean could be used to 

influence the power output of both hip and ankle joints.  
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Summary 

We show that the metabolic cost of asymmetrical walking is 

greater for step time asymmetry than step length asymmetry 

and that the costs are not additive; rather, the metabolic cost of 

walking with concurrent step time and step length asymmetry 

is best explained by the cost of step time asymmetry alone.  

Introduction 

Walking with step length asymmetry (asymL) has been 

hypothesized to incur an added metabolic cost [1]. 

Ellis et al. [2] showed that walking with step time asymmetry 

(asymT) was associated with increased metabolic cost, but 

since asymL was free to vary, it is unclear if the reported cost 

was explained by asymL, asymT or their summed cost. Here, 

we measured the separate costs of asymL and asymT, and we 

tested if the cost of walking with concurrent asymL and asymT 

is explained by the cost of asymL, asymT or their summed cost. 

Methods 

We recruited 10 healthy, young subjects that walked at 

1.25 m s-1 (v) on a treadmill in four conditions: only asymL 

(with equal step times), only asymT (with equal step lengths), 

concurrent asymmetry in same directions and in opposite 

directions. In the same dir. condition, the left-to-right’s step 

length and step time were both long, while the right-to-left’s 

step length was short and it’s step time was brief; in the opp. 

dir. condition, the left-to-right’s step length was short and it’s 

step time was long, while the right-to-left’s step length was 

long and it’s step time was brief. We defined asymmetry as 

percentage of the difference between left-to-right and right-to-

left divided by their sum. Asymmetry was set at 5%, 10%, 

15% and 20% in all conditions. Subjects also walked in a 

symmetrical condition. In all trials, a metronome enforced 

subjects’ preferred stride time (tstride) while two visual 

feedback systems enforced asymT and the difference in foot 

placements at heel-strike (α). We indirectly enforced the 

desired asymL by setting α according to 

α = ½ ∙ tstride ∙ v ∙ (asymL - asymT). Net metabolic power was 

calculated from expired air and asymmetry’s effect on 

metabolic cost was expressed as the percentage relative to the 

cost of symmetrical walking. We used linear regressions to fit 

the ensemble metabolic data for asymL and asymT to find the 

separate costs of asymL and asymT, respectively. To test how 

the costs of asymL and asymT interact, we first fitted individual 

subject’s metabolic data for asymL and asymT with linear 

regressions. From each subject’s two regressions we build 

three cost models: 1) the cost of asymL, 2) the cost of asymT 

and 3) the added cost of asymL and asymT. We compared each 

model’s predicted cost with the actual metabolic cost of 

concurrent asymmetry (same dir. and opp. dir.) and evaluated 

the models by calculating their summed residuals between 

predicted and actual costs as ∑ |predicted - actual|. 

Results and Discussion 

 

Figure 1: (A) asymL and asymT, (B) asym and metabolic cost, (C-E) 

residuals between predicted and actual cost for the three cost models. 

Metabolic data are percentage of the cost of symmetrical walking. 

All subjects successfully walked according to the four 

asymmetry conditions (Fig. 1A). Walking with only asymL or 

asymT (asymL and asymT) incurred an added metabolic cost 

(Fig. 1B); the cost of asymT (y = 3.65x + 92.5, r2 = 0.71) was 

similar to previously reported values [2] and was more than 

twice the cost of asymL (y = 1.41x + 98.2, r2 = 0.42). The 

asymT model best explained the metabolic cost of concurrent 

asymL and asymT (Fig. 1D; ∑ |res.| = 817). The asymL model 

(Fig. 1C; ∑ |res.| = 2073) underestimated the cost of 

concurrent asymmetry (mean res. = -25; P < 0.001), while the 

summed cost model (Fig. 1E; ∑ |res.| = 1121) overestimated 

the cost (mean res. = 11; P < 0.001); furthermore, the models’ 

under- and overestimation increased with asymmetry. The 

asymT model’s residuals for same dir. and opp. dir. were not 

significantly different (P = 0.36) suggesting that the cost of 

asymT can explain the cost of concurrent asymmetry regardless 

of directions. The cost of asymT did, however, underestimate 

the cost of concurrent asymmetry (mean res. = -6; P < 0.001), 

but this underestimation did not change with asymmetry. 

Conclusions 

We have showed that the separate cost of walking with asymT 

is greater than asymL and that the cost of concurrent asymL and 

asymT is best explained by the cost of asymT alone.  
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Summary 

Studies showed that a constant forward traction force applied 

at the waist can reduce metabolic cost. However, there is 

limited information about the effects of non-constant forces. 

Our aim was to investigate the effects of timing and 

magnitude of different forward force profiles on metabolic 

cost. We found that conditions with timings that overlap with 

the acceleration phase of the center-of-mass, long durations 

and high (but not maximal) force magnitudes produced the 

highest reductions in metabolic cost. 

Introduction 

During walking, the need to generate propulsion creates a 

metabolic demand. Gottschall and Kram found that a constant 

forward traction force at the waist reduced metabolic cost by 

47% when pulling with 10% of a subject’s body weight [1]. 

They also found that higher forces produced less reduction in 

metabolic cost because this led to an increase in braking 

ground reaction forces [1]. However, there is limited 

information about the effects of timing and magnitude of non-

constant forces. The purpose of our study was to investigate 

the effects of timing and magnitude of sinusoidal force 

profiles on metabolic cost. We hypothesized that force profiles 

that coincide with the propulsion phase would reduce 

metabolic cost whereas profiles that coincide with the braking 

phase would increase metabolic cost. 

Methods 

We developed an attachment structure that allows applying 

forward force profiles from a cable-pulling robot (HuMoTech, 

Fig. 1) tied to a waist belt with a load cell (Futek) [2]. Three 

healthy participants walked on a treadmill at 1.25 m·s-1 that is 

inclined by 5% which allowed applying a net zero apparent 

force on the participants while still keeping the cable taut. 

 
Figure 1: Experimental setup. 

We developed a controller that applied 33 force profiles as a 

function of step time [2]. Each condition lasted two minutes. 

We measured O2 consumption and CO2 production (Cosmed, 

K5). We estimated steady-state metabolic cost for each 

condition using a method for estimating instantaneous 

metabolic cost [3]. We adjusted the reductions in metabolic 

cost to correct for metabolic drift and habituation trends. 

Results and Discussion 

Preliminary results show the highest reductions in metabolic 

cost (avg. -32%) in conditions with an average peak force 

around 13% of body weight (BW) at 100% of the step cycle 

(Fig. 2). This timing roughly coincides with the timing of 

horizontal center-of-mass acceleration [4] which confirms our 

hypothesis that forward forces that coincide with the 

propulsion phase reduce metabolic cost. We also found small 

increases in metabolic cost (+2%) in the conditions with short 

force duration and low peak forces around 3% of BW (Fig. 2).  

 
Figure 2: Net forward force profiles plotted versus step time. Colors 

indicate reductions and increases in the metabolic cost of a 

representative participant. Conditions with the highest reduction and 

highest increase are indicated with a thick line (blue and brown). 

Conclusions 

We found that conditions with peak force timings that overlap 

with the acceleration phase of the center-of-mass, and high but 

not maximal force magnitudes produced the highest reductions 

in metabolic cost. Determining the optimal assistance profiles 

from this study could guide the development of powered 

walkers and assistive rehabilitation devices [5].  
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Summary 

The metabolic cost of walking is amenable to empirical curve 

fits, such as the increasing speed-related cost. A typical fit is 

derived from walking with preferred step parameters (self-

selected step length and step frequency), but cannot generalize 

to other step parameter combinations. Mechanistic models may 

have more general, predictive ability. We therefore tested a 

simple dynamic walking model against empirical curve fitting. 

The model suggests mechanistic trends associated mainly with 

increasing step length, and with increasing step frequency. We 

used metabolic cost data for humans (N=10) walking at non-

preferred step combinations to fit model parameters, which 

were then used to predict preferred walking. The model 

predicted the walking cost (R^2 = 0.59) and preferred step 

parameters (R^2 = 0.68) reasonably well. Mechanistic models 

may provide greater predictive value than pure curve fits. 

Introduction 

Typical curve fits describe metabolic rate as increasing, say, 

with the square of walking speed 𝑣 (e.g., Pandolf [1]). They use 

empirical data to characterize average behaviour, but cannot 

generalize to non-preferred combinations of step length 𝑠 and 

step frequency 𝑓. In fact, the preferred behaviour is implicit, 

although separate empirical fits summarize preferred step 

parameters (e.g., 𝑓 ∝ 𝑣0.58 and 𝑠 ∝ 𝑣0.42; Elftman [2]). None 

of these relationships are intended to generalize beyond the data 

used to fit them, nor do they suggest an underlying mechanism. 

We previously proposed a simple but mechanistic model for 

walking. The “simplest walking model” hypothesizes two main 

contributions to metabolic cost. One is proportional to the 

mechanical work to redirect the centre of mass between steps 

[3], and is dominated by step length. The other is proportional 

to “force rate,” the rate of force production during cyclic motion, 

and is dominated by step frequency. Each has been tested in 

isolated experiments, such as walking with increasing step 

lengths [3], or moving the legs cyclically without walking [4]. 

But the two have not been tested together, particularly for 

independent predictions. We therefore tested the model’s 

ability to predict the cost of preferred walking, based on 

independent, non-preferred data.   

Methods 

We obtained metabolic rate from adult subjects (N=10) walking 

at various step frequency and length conditions. The non-

preferred conditions were walking with increasing step length 

but fixed step frequency, and walking with increasing step 

frequency but fixed step length. These yielded proportionality 

coefficients for the step-length-dominated term (𝑠4𝑓3 [3]) and 

the step-frequency-dominated term (𝑠𝑓4). The terms were then 

summed to independently predict the cost of preferred walking, 

as well as the optimal step parameters for given speed. Data 

were non-dimensionalized with body mass, leg length, and 

gravity 𝑔,  as base parameters, but were re-dimensionalized for 

plotting using average normalizing factors. 

Results and Discussion 

Metabolic rate of walking increased approximately with the 

model’s step length- and frequency-dominated trends (R^2 = 

0.88; Fig. 1A). Using those fitted coefficients yielded a total 

cost surface, which was then minimized to predict the optimal 

step parameters and cost. The predicted cost agreed reasonably 

well with preferred walking data (R^2 = 0.59; Fig. 1B), which 

were independent of the fit. The optimal step frequency also 

agreed well (R^2 = 0.68; Fig. 1B), albeit increasing faster with 

speed than preferred walking data.  

 

Figure 1: Metabolic rate with step frequency and length 

Results suggest that simple, mechanistic predictions may be 

possible for human walking. Predictive fits will not usually 

perform as well as pure regression fits (R^2 = 0.67 using 

Pandolf eqn, [1]), but allow for generalization and insight.  

Conclusions 

The metabolic cost of walking may be roughly characterized by 

only two additive terms, one dominated by step length, and the 

other by step frequency. These contributions are independently 

testable, and may reveal mechanisms underlying metabolic cost. 
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Summary 

Through an experimental decoupling of whole-body metabolic 
and muscle activation-related costs, we provide empirical 
evidence of humans embracing non-metabolic optimality in 
favor of a clearly defined neuromuscular objective.  

Introduction 

While metabolic cost is regarded as a dominant optimality 
criterion in walking (e.g. [1]) it remains unclear whether the 
sensory mechanisms underpinning this reside at a local or 
global level; i.e., are individual muscle energetics or whole-
body energetics driving energy prioritization? The highly 
coupled relationship between local (muscle) and global 
(whole-body) energy cost makes it hard to tease apart the 
locus of energetic locomotor optimization. Here, we utilize a 
unique experimental design in which a global metabolic 
advantage could be gained only by accepting a poor 
distribution of muscle effort, whereby certain muscle groups 
were burdened with a disproportionately high cost as assessed 
by muscle activation. We aimed to determine whether 
global metabolic cost or local neuromuscular effort are 
prioritized in walking humans. 

Methods 

Ten adults (31.1±7.2years) participated. Five levels of incline 
(0%, 6%, 12%, 18%, 24%; penalizing primarily metabolic 
cost) were randomly pitted against non-inclined crouched 
walking at the same speed (penalizing primarily local muscle 
effort). Each trial commenced with a three-minute exploration 
period where participants transitioned freely between states, 
followed by their self-selected preferred state for the following 
five minutes. Once crouched walking had been compared to 
all inclines, any unchosen incline levels were completed 
(additional trials were unknown to the participant when 
making initial decisions). 

Muscle activity was recorded via surface electromyography 
(EMG; Bortec, Canada) for gluteus medias, gluteus maximus, 
biceps femoris, rectus femoris, vastus medialis, medial 
gastrocnemius, soleus and tibialis anterior. Each muscle’s 
linear envelope was integrated (iEMG). Distribution of effort 
was computed as the standard deviation of the unweighted 
iEMG per stride, normalized to normal walking. This provided 
insight into how well the neuromuscular burden was shared 
among muscles. Total neuromuscular effort was also 
determined as the sum of the muscle volume-weighted iEMG 
per stride [2], normalized to normal walking maxima. A 
portable metabolic device (Cosmed, Italy) measured steady-
state oxygen consumption. 

 

Results and Discussion 

Crouch data was compared to the steepest incline preferred 
over crouch (‘Pre-Transition’), and the incline condition first 
rejected in favor of crouching (‘Post-Transition’). Crouching 
produced a lower gross metabolic cost of transport compared 
to incline in both Pre- and Post-Transition (p<0.003; Fig. 1A). 
Our measure of local muscle penalty, namely neuromuscular 
effort distribution, was significantly greater than incline for 
Pre-Transition (p=0.013) but not Post-Transition (p=0.122; 
Fig. 1B). The same was true for total neuromuscular effort 
(p=0.048 and p>0.999, respectively; Fig 1C). 

Figure 1: A) Gross metabolic cost of transport, B) distribution of 
neuromuscular effort (as measured by the standard deviation of eight 
integrated EMG signals), and C) total neuromuscular effort (as 
measured by weighted integrated electromyography per meter). 

Conclusions 

Local muscular effort appears to predict gait behavior better 
than global energetics alone.  Our findings suggest minimizing 
poorly distributed muscle effort is prioritized over global 
metabolic cost of transport during walking. While both the 
distribution and total neuromuscular effort exhibited behavior 
concomitant with optimization, further research is required to 
determine which is of greater importance.  
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INTRODUCTION  
Knee osteoarthritis (OA) is one of the highest causes of 
disability due to pain and loss of function [1]. Functionally, 
OA sufferers avoid or have trouble performing deep-flexion 
activates such as squatting or kneeling. Furthermore, 
patients with total knee replacement list achievement of 
deep flexion as an important outcome [2]. It is therefore 
important to understand the tibiofemoral kinematics of deep 
knee flexion and determine whether patients with OA have 
altered kinematics. Previous methods to compare joint 
kinematics have used pre-defined features for analysis and 
therefore do not consider the entire movement cycle. 
Bivariate functional Principal Component Analysis (bfPCA) 
describes variability across the entire movement cycle and 
can identify patterns which might help our understanding of 
the differences in kinematic profiles [3]. The aim of this 
study was to use bfPCA to compare the tibiofemoral joint 
kinematics between knee OA and healthy knees during deep 
flexion. 

METHODS 
61 participants, free of any lower limb pathology and 58 
patients with end-stage knee OA received a 3D CT of their 
knee. The groups were similar in age and sex-distribution, 
however, the knee OA group had a greater BMI. Participants 
completed full flexion kneeling while being imaged using 
single-plane fluoroscopy. Six-degree-of-freedom (DoF) 
kinematics were measured by registering a 3D static CT 
onto 2D dynamic fluoroscopic images. To describe the 
variability within each movement, dimension reduction was 
performed on each DoF using bfPCA. One PCA model was 
created for each DoF and included both OA and healthy 
kinematics. Data used in the bfPCA was represented as a 
function of flexion by first normalizing each variable to 
100% of the movement cycle and then reconstructing the 
DoF using angle-angle or position-angle plots. Principal 
Components (PCs) and subsequent weights accounting for 
90% of the variation in the model were retained. A one-way 
MANCOVA with a Bonferroni correction was performed on 
the PCA weights to understand the differences in kinematic 
patterns between knee OA and healthy knees.  

 
RESULTS AND DISCUSSION 
Between two and four PCs captured 90% of the kinematic 
variation depending on the degree of freedom. Differences 
in PCs scores were detected between knee OA and healthy 
kinematics in all degrees of freedom. Specifically, mode 1 
of superior-inferior (SI) position showed OA knees had 
reduced knee flexion, a reduced gap between the femur and 

tibia when moving into deep flexion and translated in a 
more superior direction compared to healthy (Fig 1- top left 
and right). With respect to internal/external (IE) rotations, 
mode 1 again captured reduced maximal flexion, while also 
showing that the while OA femur maintained a more 
externally rotated position throughout flexion it underwent 
less change in rotation overall (Fig 1 - bottom left and right).  

 
Figure 1: First principal component for top) superior-inferior 
position (left), flexion (middle), and SI position as function of 
flexion and bottom) internal-external rotation (left), flexion and IE 
rotation as a function of flexion (right). Blue lines indicate 2SD in 
positive direction (healthy) and red indicates 2SD in the negative 
direction (OA). 

CONCLUSIONS 
This study compared the influence of knee OA on 
tibiofemoral kinematics of deep flexion using bfPCA. The 
results have demonstrated that knee OA and healthy knees 
have unique kinematics patterns which have not yet been 
described. Differences in SI position could be a result of 
reduced joint space typically seen in OA knees. 
Additionally, IE rotational differences might be driven, in 
part, by osteoarthritic changes in the boney knee 
morphology. Elucidating what might be driving the specific 
changes seen in this study may help in the design of 
conservative osteoarthritis management programs and 
provide a kinematic target for implant designs. 
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Summary 

Visual biofeedback was provided to patient who had sustained 

multi-ligamentous knee injury with tibiofemoral dislocation 

over the course of 20 sessions across the final 12 weeks of 15 

months of rehabilitation. Changes in vertical loading 

symmetry during jumping and landing tasks were noted with 

improved symmetry over the course of this program. 

Introduction 

A 26-year-old male servicemember sustained a multi-

ligamentous knee injury with tibiofemoral dislocation in a 

parachuting accident. Long-term outcomes from this type of 

injury can vary widely [1]. This patient underwent three-stage 

surgical repair to his ligamentous structures and engaged in 

rehabilitation including structured physical therapy for the 15 

months following his initial surgery in effort to return to all 

previous vocational activities. 

During the final 12 weeks of this course of rehabilitation, 

persistent, visually apparent asymmetry was noted in jumping 

and landing tasks and the patient was referred for instrumented 

evaluation and training for this asymmetry in a clinical 

biomechanics laboratory. The purpose of this case study was 

to evaluate changes in vertical loading symmetry  during jump 

squats and drop landings over 12 weeks of training. 

Methods 

During each visit the patient performed approximately 30 

minutes of jumping and landing tasks that mimicked the 

vocational tasks he would be expected to perform upon return 

to full duty. The patient performed all tasks on in-ground force 

plates (AMTI; Watertown, MA, USA) During each task, the 

patient had both immediate visual feedback and delayed, slow 

motion replay of this feedback available on a screen to 

examine symmetry of vertical ground reaction force (vGRF).  

The patient was encouraged to use this feedback to attempt to 

improve symmetry during the jumping and landing tasks. At 

the first session (0wk) and final session (12wk) vGRF data 

were collected to compute left-right symmetry in two tasks. 

Peak vGRF during both push-off and landing during three 

trials of jump squats (JS) were collected, and peak vGRF 

during three trials of drop landings from a 12-inch tall box 

were collected. The data from these three trials were averaged 

and left-right symmetry index (vGRF difference/vGRF 

average x 100) [2] was computed for each of the following: JS 

push-off, JS landing, and drop landing. These symmetry 

indices (SI) were compared from 0wk to 12wk. 

Results and Discussion 

Trial-to-trial SI for each movement from 0wk and 12wk are 

presented in Table 1 and average SI are graphed in Figure 1. 

 

Figure 1: Average symmetry index across trials from 0wk to 12wk. 

SI improved in all three movement components across the 20 

training sessions. Additionally, drop landing and JS push-off 

SI approaches or exceeds popular symmetry criteria for 

determining readiness to return to sport [3]. 

Conclusions 

Biofeedback-informed training was successful in rapidly 

improving loading symmetry during jumping and landing 

tasks even after 12 months of intensive rehabilitation and 

assisted in returning a patient to full duty status. 
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Table 1: Trial-by-trial SI for the push-off and landing phases of jump squats (JS) and for drop landings from 0wk and 12wk. 

 JS push-off trials JS landing trials Drop landing trials 

0wk 25.8 22.3 19.8 31.1 32.7 40.3 35.3 23.7 -9.1 

12wk 7.1 13.7 13.4 9.5 -17.2 3.1 28.5 -3.7 6.2 
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Summary 

Knee valgus angles and moments during unanticipated 

motions have been previously identified as factors of anterior 

cruciate ligament injury (ACL). Prophylactic knee braces are 

knee braces that are designed to mitigate this and reduce the 

risk of injury. To determine the effectiveness of these braces, 

subjects were unanticipatedly perturbed during walking with 

and without the braces. Peak knee valgus angles were 

decreased in braced conditions.    

Introduction 

Knee valgus (abduction) angles and moments have been 

previously identified as the primary predictors of ACL injury 

risk as valgus loading can increase ACL forces[1]. 

Additionally, ACL load has been shown to increase during 

unanticipated motions in studies that attempted to recreate a 

more “real-life scenario” when compared to planned 

laboratory movements [2].  

Prophylactic knee braces are ‘off-the-shelf’ knee braces 

designed to prevent and reduce the severity of knee injuries. 

Current literature shows analyses of these braces on 

anticipated and planned motions, which may not provide us 

with a full understanding of their effectiveness.  

This aim of this study is to compare the effects of braced and 

unbraced on knee valgus angles and moments during an 

unanticipated left leg acceleration perturbation. We 

hypothesize that the brace will decrease valgus angles and 

moments during the perturbations. 

Methods 

Three healthy males with a mean ± SD of (age: 23 ± 4.5 y; 

height: 1.8 ± 0.06m; mass: 83.6 ± 6.9 kg) with no previous 

lower-limb injury history volunteered to participate in this 

study. All testing procedures were approved by the relevant 

Human Research Ethics Committees (Melbourne University 

Ethics ID: 1034932.9). Two trials were completed, one with 

no brace and one with a prophylactic brace (POD K8, 

Australia). The trials were completed using a Computer 

Assisted Rehabilitation Environment (CAREN, Motekforce 

Link B.V., Netherlands). The participants wore tight fitted 

shorts and had 45 markers placed on their lower limbs, pelvis, 

and torso.  The subject walked at a speed of 1.1 m/s for 5 

minutes before the perturbations were administered. The 

perturbation comprised of a sudden increase in the left leg 

speed about 85 ms following initial contact (IC). The belt 

accelerated from 1.1 m/s to 2.31m/s with a maximum 

acceleration of 3.9 m/s2 Three successful perturbations were 

recorded with a 15s wash-out period between them.  

A generic musculoskeletal model with 3 degrees of freedom 

(DOF) of the knee (flexion-extension, rotations, and valgus-

varus) implemented in OpenSim was used [3] and scaled to 

the subject’s anatomy. The ‘inverse kinematics’ and ‘inverse 

dynamics’ tools were used in OpenSim to obtain the angles 

and moments, respectively. Kinematics and ground reaction 

force (GRF) data were low pass Butterworth filtered with a 6 

Hz cut-off. Each walking cycle was normalized to 100% 

starting from IC to subsequent IC.   

Results and Discussion 

The brace has decreased the average maximum valgus angle 

and moment from 9.2⁰ to 4.8° and 0.26 nm/kg to 0.19 nm/kg, 

respectively (Figure 1). A paired t-test showed significant 

differences in abduction angles (p<0.05) between 73% and 

81% of the gait cycle, which is where the peaks lie. However, 

no significant differences were found during this range for 

abduction moment.  Given the small sample size (n=3), more 

subjects need to be analysed to properly determine the effect 

of these braces on valgus angles and moments. 

 

Figure 1: Left knee abduction angles (top) and abduction moment 

(bottom) during left leg acceleration perturbation in one gait cycle 

(n=3). Values represent mean ± 1 standard deviation (shaded) 

Conclusions 

Preliminary results show that prophylactic braces decrease 

peak valgus angles and moments during unanticipated 

perturbations of the lower limb. This may reduce the load on 

the ACL and possibly reduce the risk of injury.   
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Figure 1: Shape measures. Lateral shaft length (lsl): distance from 
superior trochlear cartilage to superior location where the lateral 
anterior femoral shaft becomes flat. Note high lateral shaft edge (ax1, 
arrow). l: lateral patellar width; w: patellar width; Wiberg index = 
l/w; LTI: lateral trochlear inclination; SD: sulcus depth; Patellar 
height ratio = h/t. 

Exploring the Form-Function Relationship in Adolescents with Patellofemoral Pain Syndrome 
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Summary 

Patellofemoral pain (PFP) reduces quality of life for thousands 
of adolescents each year. Having previously demonstrated that 
patellar maltracking is associated with PFP in adolescents, our 
study aimed to determine if PF shape is altered in adolescents 
with PFP and if shape influences patellar maltracking. We 
found few morphological differences between the adolescent 
control and PFP cohorts. However, the correlations between 
shape and patellar maltracking indicate that the spectrum of 
medial-lateral shift maltracking (from slightly medial of norm 
to extreme lateral) is partially due to shape. Specifically, 
adolescents with PFP and a more neutral shift profile likely 
maintain this pattern by a strong interaction between the 
lateral patella and the lateral femoral shaft. This cartilage to 
bone contact is a probable source of pain.   

Introduction 

There is a crucial need to ascertain the etiology of PFP in 
adolescents, an understudied, but considerably affected 
population. Developing bone is highly adaptable, and thus, 
susceptible to pathological shape changes. Therefore, it is 
imperative to understand if morphology and kinematics are 
related in adolescents with PFP to improve clinical decision-
making. The purpose of this study is to better understand the 
etiology of PFP in adolescents by comparing patellar 
morphology in patients with PFP to healthy controls. 
Secondarily, the relationship between patellar shape and 
kinematics is explored.  

Methods 

This study used an identical cohort, 3D static images and 3D 
kinematics as our previous study that investigated the 
relationship between patellar volume and kinematics [1]. We 
measured LTI, sulcus depth, lateral patellar width, Wiberg 
index, patellar height ratio, and lateral femoral shaft length 
(Figure 1). The last is a new parameter developed for this 
study to explore the potential interaction of the patella and 
femoral shaft in PFP. Differences in shape were determined 
using Student’s t-tests. Shape was correlated (Pearson’s) with 
kinematic (medial-lateral shift and tilt) for the PFP cohort and 
all participants. Significance was set at p<0.05. 

Results and Discussion 

PFP and control cohorts did not differ demographically or in 
activity level. Only sulcus depth and lateral patellar width 
differed between the groups; both were larger in the PFP 
group. This minimal variation in morphology, specifically 
LTI, between the cohorts distinguishes patients with pure PFP 
from PF dislocators, who demonstrate large morphological 
changes.  Shape was correlated with kinematics (Table 1). The 
strongest relationships were in the PFP cohort. Adolescents 
with PFP and a more neutral shift profile, likely maintain this 

pattern via a strong interaction between the patella and the 
lateral femoral shaft. Thus, maltracking may not be the source 
of the pain; rather the cartilage-to-bone contact fostering this 
profile could be. As these are not perfect correlations, clearly 
other factors play a role in pathological kinematics (e.g. 
muscle and soft tissue forces).  

Conclusions 

While shape parameters were not significantly different in the 
adolescents with PFP, the correlations between shape and 
kinematics indicate that shape likely fosters PFP through its 
influence on kinematics. Thus, subtle changes in shape can 
lead to changes in kinematics, and as a result, cause pain. 
Lastly, lateral shaft length, a novel PF parameter, appears to 
play a key role in PF kinematics. Further investigation is 
warranted to determine if this parameter plays a role in other 
PF pain populations (e.g. dislocators, adults), and what 
specific treatments are affective at reducing contact force 
between the lateral femoral shaft and lateral patella.  
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Table 1: PF Morphology Correlations with Kinematics by Cohort 
 All Participants PFP Cohort 
 Shift Tilt Shift Tilt 
Lateral shaft length 0.34* 0.42** 0.52* 0.27 
LTI  -0.06 0.50** -0.22 0.31 
Patellar-height ratio -0.28 -0.47** -0.58** -0.53* 

Sulcus depth -0.17 0.39* 0.07 0.33 
Wiberg index 0.13 -0.30 0.48* -0.10 
Only significant correlations reported. * p<0.05. **p<0.01.  
Shift and tilt = medial/lateral shift and tilt.   
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Summary 
We report frontal plane knee and ankle angulations from a study 
of incremental lateral wedging on joint biomechanics during 
walking. Trends of increasing ankle eversion were apparent in 
higher speed walking, whereas knee joint angular changes were 
of smaller magnitude with only a slight trend toward valgus 
angulation at higher walking speeds. Results were more 
variable at the highest wedge angle, suggesting differing 
adaptive responses to high degrees of lateral wedging. 

Introduction 
Knee osteoarthritis (OA) is a leading cause of lost mobility. In-
shoe lateral sole wedging has been proposed as a low cost 
measure to address medial knee OA; however, clinical evidence 
for effectiveness is mixed. Biomechanical effects of lateral 
wedging have been explored; however, previous studies have 
most often investigated only one level of wedging. As part of a 
more comprehensive investigation, this study explored the 
effects of incremental increases of lateral wedging on frontal 
plane knee and ankle angulation. 

Methods 
We report results from 6 participants (4M, 2F, 60±7.6 years)1. 
Research procedures were approved by the Kessler Foundation 
Institutional Review Board. All participants presented 
symptomatic, predominantly medial knee osteoarthritis 
confirmed by physical examination and a standing frontal 
radiograph. Exclusions included advanced knee OA, more than 
minimal radiographic signs of lateral OA, and lower extremity 
joint replacement or osteotomy. One knee was assigned as the 
index knee based on the clinical and radiological severity.  

Experimental methods have been reported in more detail 
previously [1]. All participants were tested in standardized 
walking shoes with internal lateral wedging of 3°, 6°, and 9°, 
and a neutral insole. Standard motion analysis (Motion Analysis 
Corp., CA) and ground reaction force (Bertec Corp., OH) data 
collection and reduction methods were used. Two speeds, 
“stroll” and “brisk” were self-selected based on verbal cues 
indicating respectively ‘leisurely walking’ and a faster walk, as 
if to catch a bus. Testing order within walking speeds was 
randomized (N/3°/6°/9°). Walking trials were analyzed if (1) 
speed was within ±5% of the initially established speed; (2) 
kinetic data was recorded for the complete stance phase. Index 
limb knee ab/adduction and ankle in/eversion angles temporal 
mid-stance were analyzed. Individual analyses of variance were 
conducted with lateral wedge level as a repeated factor, and two 
                                                           
1 Data from a 7th participant is not reported due to absence of higher walking speed data 

tailed pairwise comparisons were used to test for outcome 
differences in wedged conditions from neutral. Significance 
level (α) was set at 0.05. 

Results and Discussion 
No main effects of wedging were observed; however a trend 
(p<0.1) of ankle eversion (reduced inversion) for the ‘brisk’ 
speed was observed. Pairwise trends of increased ankle 
eversion for ‘brisk’ with 6° and 9° wedges were also observed 
(Fig. 1). High variability with the 9° wedge suggest varying 
adaptive responses to high wedging levels, potentially related 
to severity. Knee joint angular changes were of smaller 
magnitude with some indication of increasing valgus angulation 
with lateral wedging for the ‘brisk’ speed. The contrast between 
the magnitude of changes at the ankle and the knee are 
consistent with overall higher joint mobility in the ankle. 

Conclusions 
These data partially support hypotheses that lateral wedging 
everts the ankle and causes valgus angulation at the knee. 
Further study will seek to elucidate individual variations in 
response, particularly at higher wedge angles. 
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Figure 1: Ankle inversion and knee abduction angles at Stroll and Brisk 
Speeds for neutral and three angles of lateral wedge (LW). † : trend of 
difference for wedged condition relative to neutral wedge (p<0.1). 
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Summary 
The adjustments in motor unit recruitment and rate coding and 
the modulation of a spinal reflex pathway appear to differ when 
a lengthening contraction is performed on an isokinetic dyna-
mometer compared with the lowering of an inertial load.  

Introduction 
Many actions we perform on a daily basis include a strategy in 
which an activated muscle is lengthened by an external load. 
Such actions require that the neural drive (summed motor unit 
activity) to the involved muscles generates a torque that does 
not exceed the load torque [1,2].  
The neural control of lengthening actions can be studied by re-
cording motor activity either during isokinetic contractions or 
when lowering an inertial load. Although both tasks can require 
the subject to match a prescribed trajectory, the subject resists 
the imposed torque during an isokinetic contraction but gradu-
ally lowers the inertial load to a specified target. These two 
tasks seem to involve slightly different adjustments in motor 
unit activity during the lengthening contraction.  
The purpose is to compare the adjustments in motor unit activ-
ity during lengthening contractions performed on an isokinetic 
dynamometer with those that control the lowering of an inertial 
load.  

 
Figure 1: Mean ± SE discharge rate for motor units (n = 63) in 
tibialis anterior during slow (10º/s) shortening (filled circles) 
and lengthening (open circles) isokinetic contractions. The 
shortening contraction began from a long muscle length (10º) 
and the lengthening one from a short length (-10º). The reduc-
tion in discharge at the start of the shortening contraction was 
attributed to the unloading reflex and that at the beginning of 
the lengthening contraction was caused by the stretch reflex [3]. 

Rate Coding 
Due to the greater force capacity of muscle during lengthening 
contractions, the same rate of change in absolute muscle force 

can be achieved with the recruitment of fewer motor units and 
less rate coding during lengthening contractions than during 
shortening contractions. When the lengthening contraction was 
performed on an isokinetic dynamometer, Pasquet et al. [3] 
found that the discharge rate of motor units in tibialis anterior 
remained relatively constant during the lengthening contraction 
(12.6 ± 2.0 pps), whereas it increased progressively from the 
start (12.6 ± 2.0 pps) to the end (14.5 ± 2.5 pps) of the shorten-
ing contraction (Figure 1). Although there is less data on rate 
coding during the lowering of an inertial load, it seems that dis-
charge rate declines during the lengthening contraction. For ex-
ample, Semmler et al. [4] reported changes in discharge rate of 
0.49 ± 031 pps/s when lifting an inertial load and -0.40 ± 0.24 
pps/s when lowering a light load with a hand muscle. 

Spinal Reflex Pathway 
The differential modulation of discharge rate during shortening 
and lengthening contractions involves neural pathways at both 
the spinal and supraspinal levels [1]. At the spinal level, the am-
plitude of the maximal Hoffmann (H) reflex evoked in the so-
leus muscle during lengthening contractions performed on an 
isokinetic dynamometer (20º/s over 30º) is depressed in soleus 
and medial gastrocnemius by ~30% relative to the value ob-
served during shortening contractions [5].  
In contrast, H-reflex amplitude (relative to resting values) in-
creased gradually by 40% in lateral gastrocnemius and by 80% 
in soleus [6] when slowly lifting (25º/s over 25º) an inertial load 
(100 N) with the calf muscles. Conversely, H-reflex amplitude 
decreased abruptly by 80% in both muscles when the load was 
lowered with a lengthening contraction.  

Conclusion 
The neural drive (motor unit recruitment and rate coding) that 
controls lengthening contractions appears to differ slightly 
when the task is performed on an isokinetic dynamometer com-
pared with when it involves the lowering of an inertial load. 
However, the data are sparse and these studies need to be re-
peated with high-density surface EMG recordings to measure 
the adjustments in recruitment and rate coding of many concur-
rently active motor units and even the same motor unit during 
both contractions. 
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Summary 

The aim of this study was to investigate force loss in isometric 

contractions and during active stretch, following muscle 

damage, and thus gain insight into the role of the active and 

passive force components on muscle damage and active stretch 

contractions. Skinned muscle fibres were repeatedly (4 times) 

activated at an average sarcomere length of 2.4 µm, actively 

stretched to an average SL of 4.0 µm, and then deactivated. 

Force during isometric contraction at 2.4 µm was reduced in 

stretches 2-4 compared to stretch 1, while peak and steady state 

forces after active stretch were not affected. Force after 

deactivation at a SL of 4.0 µm was greater in stretches 2-4 

compared to stretch 1. These results suggest an increased 

involvement of titin in force production after active stretch and 

that titin remains undamaged after eccentric contractions, and 

possibly even compensating for the loss in cross bridge force. 

Introduction 

When a skeletal muscle undergoes repetitive eccentric (active 

stretch) contractions, it shows significant morphological 

damage and reduction in maximal isometric force. This stretch-

induced loss in isometric force has been studied extensively [1, 

2]. However, the effect of eccentric contractions on peak and 

steady state force after active stretch, and the mechanisms 

responsible for isometric force loss remain unknown. Force has 

an active component, associated with actin-myosin cross 

bridges and a passive component associated primarily with the 

spring-like protein, titin. In isometric contractions, at short 

sarcomere lengths, force is primarily associated with cross 

bridge cycling, while in eccentric contractions, it is thought that 

cross bridges and titin are involved [3]. 

The aim of this study was to investigate force loss in isometric 

contractions and during active stretch contractions following 

muscle damage, and thus gain insight into the role of the active 

and passive force components on muscle damage and active 

stretch contractions. 

Our hypothesis was that force after active stretch contractions 

is less affected by muscle damage than isometric force, and that 

titin compensates for active force loss after active stretch. 

Methods 

Skinned muscle fibres were isolated from rabbit psoas muscle 

and divided into two groups. Group 1 fibres (n=16) were 

activated at an average sarcomere length (SL) of 2.4 µm and 

then exposed to a damaging active stretch from an average SL 

of 2.4 µm to an average SL of 4.0 µm. After reaching a steady 

state force, fibres were deactivated and shortened to an average 

SL of 2.4 µm. This protocol was repeated three times, with a 

rest period of 3 min between tests. Force at an average SL of 

2.4 µm before stretch, at peak and at steady state after active 

stretch (SL=4.0 µm), and after deactivation at an average SL of 

4.0 µm, were compared between the four repeat tests. 

In Group 2, fibres (n=8) were passively stretched from an 

average SL of 2.4 µm to an average SL of 4.0 µm. The steady 

state force reached after passive stretch to an average SL of 4.0 

µm in Group 2 was compared to the force after deactivation at 

an average SL of 4.0 µm of Group 1 fibres. 

Results and Discussion 

Isometric active force at an average SL of 2.4 µm was reduced 

in stretches 2-4 compared to stretch 1 (Figure 1), indicating a 

clear stretch-induced loss in isometric cross bridge force before 

stretch. However, force at steady state after active stretch to an 

average SL of 4.0 µm was not different between stretches 

(Figure 1). The absence of force loss after active stretch to an 

average SL of 4.0 µm, where cross bridge force is substantially 

decreased, indicates that the passive component plays a major 

role in force production after active stretch. Furthermore, it 

appears that titin is not affected by the damaging active stretch 

protocol. The force after deactivation at an average SL of 4.0 

µm in tests 2-4 was greater than forces measured following 

stretch 1 (Figure 1), and the passive stretch in Group 2 fibres. 

This indicates that titin force is greater in actively compared to 

passively stretched muscle fibres, and that titin seems to 

compensate for the decrease in active force due to eccentric 

contractions. 

Figure 1: Mean (±1SEM). Stresses before and after active stretch from 

an average SL of 2.4 to 4.0 µm, and after deactivation at an average 

SL of 4.0 µm. * indicates a significant difference from stretch 1. 

Conclusions 

Steady state force after active stretch was not reduced in 

damaged skinned muscle fibres, and this is likely due to the 

increased involvement of titin after active stretch. Furthermore, 

titin seems unaffected by our damaging protocol, and may even 

compensate for the loss in cross bridge force. 
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Summary 
Natural adult aging is associated with a reduction in muscle 
force production capacity during isometric and shortening 
contractions. However, during active lengthening of muscle, 
force is well-maintained into old age. In this symposium I will 
discuss the age-related maintenance of eccentric strength, its 
velocity- and temperature-dependence, and possible 
mechanisms at the whole muscle and cellular level.   

Introduction 

Natural adult aging is associated with a reduction in muscle 
force production capacity during isometric and shortening 
(i.e., concentric) contractions. However, during active 
lengthening of muscle (i.e., eccentric) force is well-maintained 
into old age. In this symposium I will discuss the age-related 
maintenance of eccentric strength, its velocity- and 
temperature-dependence, and possible mechanisms at the 
whole muscle and cellular level. 

Velocity-dependence: In this study [1] we investigated 
eccentric strength of the ankle dorsiflexors over a range of 
lengthening angular velocities (-15–360°/s) in young (24y) 
and older males (76y). Neuromuscular properties were 
assessed on a HUMAC NORM dynamometer. Despite near 
full voluntary activation (>95%), the old were 30% weaker 
than young for isometric strength (P < 0.05). Across all 
velocities, old had a greater eccentric:isometric ratio than 
young (P < 0.05). Additionally, there was a velocity 
dependence of strength in both groups [1].  
Temperature-dependence: The purpose was to investigate 
the eccentric:isometric ratio during electrical activation of the 
adductor pollicis muscle during lengthening (-20–320°/s) 
contractions in young (24 y) and old (72 y) males across 
muscle temperatures (cold ∼19 °C; normal ∼30 °C; warm 
∼35 °C) [2]. For isometric force, the old were 20–30 % 
weaker in the normal and cold conditions (P < 0.05) with no 
difference for the warm condition compared to young (P > 
0.05). Half relaxation time (HRT) of the 50Hz tetanic 
contraction did not differ across age for the normal and warm 
temperatures (P > 0.05), but it slowed significantly for old in 
the cold condition compared with young (∼15 %; P < 0.05), as 
well, there was a 20 and 40 % increase in muscle stiffness for 
the young and old, respectively. The eccentric:isometric ratio 
was 50–60 % greater for the cold condition than the normal 
and warm conditions. There was no age difference in 
eccentric:isometric ratio across ages for the normal and warm 
conditions (P > 0.05), but for the cold, the old exhibited a 20–

35% higher ECC/ISO than did the young for velocities above 
60°/s (P < 0.05). These findings highlight the relationship 
between intrinsic muscle contractile speed and eccentric 
strength in old age [2]. 
 

 
Figure 1: The age related maintenance of eccentric strength.  
When expressed relative to the isometric strength of an 
average 20 year old, force production during active 
lengthening appears to be well-maintained into old age.  
Despite the reductions in concentric and isometric strength, 
eccentric strength is maintained relative to other contraction 
modes [3]. 

Conclusions 
The mechanisms of the age-related maintenance of eccentric 
strength are continuing to be elucidated. Both neural and 
muscular factors contribute to this phenomenon, with age-
related changes to muscle architecture likely leading to 
potential differing mechanisms at the whole muscle and 
cellular level. 
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Summary 
Eccentric exercise training, whereby muscles generate 
significant tension whilst lengthening, evoke broad ranging 
adaptations in the musculotendinous system that differ from 
training where predominately isometric or concentric actions 
are performed. This provides the opportunity for prioritising 
eccentric training in order to evoke specific adaptations in 
both healthy and clinical populations, when needed. However, 
whilst some understanding of changes in contractile and non-
contractile constituents has been developed, debate surrounds 
the precise adaptations at both sarcomere and whole muscle 
levels (including regulation of sarcomere number and thus 
fibre length change), and how these influence the process of 
muscle function (including aspects of muscle gearing and 
history dependent effects such as residual force enhancement). 
The purpose of this presentation is to detail our current 
understanding of the musculotendinous adaptations to 
eccentric training, with a specific aim of highlighting gaps in 
our knowledge and considering the relationship between 
structural and functional changes.  

Introduction 

Exercise training that predominately incorporates eccentric 
muscle contractions appears to trigger musculotendinous 
adaptations that differ significantly from those evoked by 
isometric and concentric training. An understanding of these 
adaptations is important in order to allow for the prescription 
of exercise training programs to individuals of different needs.  

Results and Discussion 

Many of the musculotendinous adaptations to eccentric 
training are relatively well defined, however in some cases 
there is a lack of agreement between studies or distinct lack of 
data altogether. For example, some decades ago it was shown 
that sarcomere ultrastructure was modified, or at least shown 
to be in flux, even after several months of eccentric exercise 
training in humans. Many of these structural changes were 
observed at the z-band, which forms the inter-sarcomeric link 
and is therefore critical for force transfer along fibres.  

At the whole-muscle level, increases in fascicle length, 
measured at rest and without knowledge of intramuscular 
pressures or forces or other factors that might influence 
fascicle resting lengths, have been commonly noted after 

periods of eccentric training. The current consensus is that 
such changes reflect an addition of sarcomeres in series within 
the constituent fibres. However, it has not been possible to 
prove that changes in fascicle length result from serial 
sarcomere addition, or even from other changes at the 
sarcomeric level. In fact, animal data do not consistently show 
signs of increases in serial sarcomere number after eccentric 
exercise training; alternatively, sarcomere loss appears to be 
equally likely.  

Nonetheless, eccentric training has also been shown to trigger 
robust changes in non-contractile proteins, including the 
extracellular matrix and collagenous connective tissues. These 
may influence muscle mechanical properties in both passive 
(e.g. muscle stretch) and active states. Changes might also be 
seen in the tendinous attachments of muscles, and it is of 
interest to reflect on whether the performance of eccentric 
muscle contractions, or at least the greater loading that can be 
achieved during such contractions, might influence tendon 
mechanical properties as distinct from training using other 
contraction modes.  

Finally, recent evidence is suggestive that eccentric training 
can distinctly influence other important muscle properties, 
such as the history-dependent properties of residual force 
enhancement and force depression, and the processes by 
which muscle fibre shortening and rotation occur during 
dynamic muscle actions, i.e. muscle gearing. However, few 
data exist to describe such effects despite the significant 
influence of these phenomena on human movement 
performance. Thus, there is still much work to be done to fully 
describe the adaptive process in response to eccentric exercise, 
and determine its most effective use in individuals with 
different physical needs.  

Conclusions 
Eccentric (or eccentric-dominant) exercise induces 
musculotendinous adaptations that are distinct from isometric- 
and concentric-dominant training. Some of these adaptations 
are now well characterised. However, there is a lack of 
understanding of the adaptive process, which limits the 
targeted use of eccentric exercise in individuals with specific 
physical requirements. 
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Summary 

Tendon is a multi-scale fibre composite material, in which 

highly aligned collagen units are interspersed with a more 

hydrated proteoglycan-rich matrix at multiple nano- to macro-

length scales, leading to a tissue with excellent uniaxial tensile 

strength and stiffness.  

 
Figure 1: Schematic of the classically described hierarchical 

organisation of tendon 

However, despite this well-accepted universal hierarchical 

organisation, evaluation of the functional role of different 

tendons highlights that they vary considerably and require 

markedly varied mechanical characteristics. Specifically, 

energy storing tendons such as the Achilles must be highly 

extensible and able to store and release energy in an elastic 

manner. By contrast, positional tendons such as the digital 

extensor tendons of the hand require some dampening and the 

capacity to modulate muscle contraction into precise skeletal 

movement. These disparate functional requirements 

necessitate structural and compositional optimisation, and our 

research has focused on characterising mechanistic structure-

function differences between tendons and their impact on 

tendon biomechanics in health, disease and ageing.  

Results and Discussion 

We have identified a high degree of structural and mechanical 

specialism in the non-collagenous matrix between fascicles 

and fascicle-bundles, termed the interfascicular matrix (IFM). 

In energy storing tendons, IFM is elastin- and lubricin-rich, 

facilitating sliding and recoil between fascicles during tendon 

loading [1-3] and providing less stiff, more fatigue resistant 

behaviour [4]. The IFM is highly cellular, and faster turnover 

of IFM proteins suggests it is repaired and maintained at a 

faster rate. Further, we have demonstrated that IFM is the first 

region of tendon to respond to overload damage, suggesting 

that injury may initiate in this region of the tendon [5]. 

It is well known that tendons from older individuals are more 

injury prone, so we have examined IFM behaviour in aged 

energy storing tendons, to provide insight into the importance 

of IFM mechanobiology in tendon health. We have shown loss 

of IFM structural specialisation with age, leading to reduced 

tendon fatigue resistance [6]. We also see reduced IFM 

turnover rate suggesting less capacity for IFM renewal.  

Taken together, our data indicate that the IFM is crucial for 

healthy tendon function, enabling non-uniform tendon strains 

through fascicle and fascicle bundle slide and recoil as a 

tendon is loaded. The IFM is continually renewed to maintain 

healthy mechanics, and the cell population is active and 

mechanoresponsive. Under normal use, we hypothesise that 

tendon use generates microdamage and rapid repair 

predominantly within the IFM region of tendon, which is well 

equipped to manage the mechanical demands. However, in 

overuse situations, we anticipate that excess damage will 

initiate in the IFM of tendon, and early or prophylactic 

treatments should focus on this region. With ageing, stiffening 

occurs in the IFM specifically, meaning the risk of initiating 

this damage cycle is also increased [6,7].  

 
Figure 2: Summary of structure-function differences between energy 

storing (ES) & positional tendons. ES tendons extend by fascicle 

sliding (A) & have more extensible, fatigue resistant IFM (B). The 
IFM is elastin & lubricin rich (C) & cellular with faster turnover (D). 

Acknowledgments 

We gratefully acknowledge funding from: Versus Arthritis 

(20262), BBSRC (BB/K008412/1), HBLB (T23&T5), EPSRC 

(DTP), Dunhill Medical Trust (RPGF1802\23) 

References 

[1] Thorpe CT et al. (2012) J Roy Soc Int 9;8: 3108-17. 

[2] Thorpe CT et al. (2015) JMBBM 52: 85-94. 

[3] Thorpe CT et al. (2016) J Anat 229;3: 450-8. 

[4] Thorpe CT et al. (2016) Acta Biomat 15;42: 308-15. 

[5] Spiesz et al. (2015) JOR 36: 6889-97. 

[6] Godinho M et al. (2017) Sci Rep 7: 9713. 

[7] Thorpe CT et al. (2014) J Roy Soc Int 11;92: 20131058. 

Saturday, August 03 2019: Morning 1 (0900-1000) 1370

Integrating multi-scale approaches to tendon biomechanics



 

 

Mechanical interactions between subtendons of rat Achilles tendon 
 

Huub Maas 
Department of Human Movement Sciences, Vrije Universiteit Amsterdam, The Netherlands 

Email: h.maas@vu.nl 
 

Summary 

Our musculoskeletal system contains several muscle groups in 
which different muscles share a tendon. Most well-known are 
the quadriceps muscles, sharing the patellar tendon, and the 
triceps surae muscles, sharing the Achilles tendon (AT). The 
structure and mechanical properties of these tendons have 
been studied extensively, considering them as one unit. How-
ever, these shared tendons consist of multiple subtendons (Fig. 
1) that can be separated for at least part of their length [1].  

In the past decade, non-uniform behavior within the AT has 
gained substantial interest. For a variety of muscle conditions, 
differential displacements of the anterior and posterior parts of 
the human AT have been reported [reviewed in 2]. Also dur-
ing locomotion in rats, differential lengthening of the subten-
dons of soleus (SO) and gastrocnemius (GAS) muscles has 
been indicated [3]. But what are the mechanical consequences 
of such structural organization and inter-subtendon behavior? 
This paper describes recent studies aimed at answering this 
question.  

Results and Discussion 

To address the question whether rat AT acts as a common 
spring, we have assessed the extent of non-linear moment 
summation. The joint moment exerted by simultaneous excita-
tion of the triceps surae muscles was found to be slightly low-
er (up to 4%) than the mathematical sum of the moment exert-
ed by SO and GAS individually [4]. Excitation of each muscle 
individually resulted in proximal displacements of a marker on 
the posterior surface approximately in the middle of the AT. 
These results suggest that at least part of the AT subtendons 
can be considered as one elastic element shared by the triceps 
surae muscles. 

The non-uniform deformations observed previously [2] sug-
gest some degree of independence between subtendons. Be-
cause in studies on human subjects using ultrasound imaging it 
is not possible to attribute the local deformations to each of the 
subtendons, we assessed displacements and strains of SO and 
lateral gastrocnemius (LG) subtendons within rat AT [1]. We 

found unequal displacements of SO and LG subtendons. In 
addition, activation of a single muscle resulted in strains of 
both subtendons. These results indicate that part of the force 
produced by the muscle fibers in one muscle is transmitted to 
the subtendon of the neighboring muscle.  

Previous studies have shown that the matrix between tendon 
fascicles can bear substantial forces [5]. We investigated if 
also the matrix between the subtendons of rat AT is strong 
enough to mediate force transmission. When simulating a con-
traction of only GAS muscle, forces were found to be distrib-
uted to both GAS and SO subtendons [6]. This confirmed in-
ter-subtendon force transmission. As reported for the interfas-
cicular matrix [5], viscoelastic properties were found for the 
inter-subtendon matrix. Currently, the composition of the in-
ter-subtendon matrix (i.e. presence of proteins like elastin and 
lubricin) is being assessed.  

The results of the above described studies suggest that rat AT 
can be described mechanically as three, weakly linked struc-
tures proximally in series with one structure distally (Fig. 2).  

MG

LG

SO

Calcaneus

Figure 2. Mechanical model of rat Achilles tendon. Soleus (SO), 
medial (MG) and lateral gastrocnemius (LG) subtendons. 

Conclusions 

 The subtendons of rat AT are mechanically linked to each 
other.  

 The more distal part of rat AT acts as a common spring for 
SO and GAS muscles.  

 The more proximal parts of the AT subtendons can deform 
differently, but are not fully independent.  

 The inter-subtendon matrix allows for some relative dis-
placements between subtendons, but it is also transmits 
forces between them.  
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al (MG) and lateral gastrocnemius (LG) subtendons. Adapted from 
[1].  
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Summary 

Animal lower limb muscle-tendon units (MTUs) typically 

have intramuscular and extramuscular tendons, which are 

known as aponeuroses and tendons, respectively. Due to their 

similar passive material properties, both aponeuroses and 

tendons are often grouped into a single series elastic element 

that is thought to have a fixed stiffness at moderate to high 

muscle forces [1]. However, mounting evidence suggests that 

aponeurosis stiffness is greater in active vs. passive conditions 

[2], whereby active contraction stretches the aponeurosis in 

both width (i.e. transversely) and length (i.e. longitudinally) 

whereas passive stretch reduces aponeurosis width. Transverse 

aponeurosis strains therefore appear to modulate longitudinal 

aponeurosis stiffness [2]. Our research supports this notion as 

we have found that longer MTU lengths favour an apparently 

stiffer aponeurosis and reduced muscle fascicle strains because 

of greater increases in aponeurosis width, but similar absolute 

widths, compared with shorter MTU lengths [3].  

Figure 1: Passive and active loading of the tibialis anterior (TA) 

alters the muscle fascicle and central aponeurosis strains for a given 

force. 

Although the mechanism/s responsible for the apparent MTU 

length-dependent stiffening of the aponeurosis remain/s 

unclear, the aponeurosis should not be considered as a simple 

in-series spring during active contraction (unlike the tendon) 

and such a simplification will likely result in flawed global 

estimates of elastic energy storage and return. Further research 

should implement advanced imaging methods to quantify 

three-dimensional (3D) local and global aponeurosis and 

muscle fascicle strains to gain further insight into potential 

injury mechanisms and the link between aponeurosis 

behaviour and muscle function.  

Results and Discussion 

When muscles contract they transversally bulge in thickness 

and/or width to maintain an almost constant volume [4]. 

Muscle bulging may affect aponeurosis shape changes and 

thus regulate its longitudinal stiffness. Using supersonic shear 

wave imaging to estimate TA muscle force indexes [5] and 

freehand 3D ultrasound imaging to quantify TA muscle 

bulging and central aponeurosis strains, we found that muscle 

bulging was force- rather than MTU length-dependent. 

Specifically, mid-belly TA thickness increased and width 

decreased as active force increased, whereas absolute and 

relative thicknesses and widths were similar across MTU 

lengths at a low or moderate force. Thus muscle bulging 

appears to contribute to apparent longitudinal aponeurosis 

stiffness differences at varying muscle forces, but not to the 

apparent stiffness differences at varying MTU lengths.  

Figure 2: TA muscle belly reconstructions in the transverse (A), 

sagittal (B) and frontal (C) planes show muscle thickness is greater 

and width and length are reduced at the moderate muscle force 

(black) compared with rest (grey) at a moderate MTU length. 

Architectural heterogeneity, regional muscle activity 

differences and surrounding tissue interactions all likely affect 

intramuscular pressures and transverse forces acting on the 

aponeurosis at the same muscle force across motor tasks and 

contraction types, which subsequently affect its local and 

global material properties. Higher forces and longer MTU 

lengths likely result in a stiffer aponeurosis, which will favour 

smaller fascicle strains during MTU shortening, but larger 

fascicle strains during MTU lengthening. Determining local 

aponeurosis strain distributions during movement is thus a 

future goal to help determine how the aponeurosis contributes 

to mechanisms of muscle damage and injury. Conversely, 

lower forces and shorter MTU lengths potentially allow more 

energy stroage in the aponeurosis during energy-dissipating 

tasks, but it is unknown if the aponeurosis behaves similarly 

during repeated trials of the same task. 
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Summary 

Mechanical power generated via triceps surae muscle-tendon 
interaction is an important determinant of walking 
performance. This interaction is made complex by the 
architecture of the Achilles tendon (AT), with distinct bundles 
of tendon fascicles, known as “subtendons”, arising from the 
biarticular gastrocnemius (GAS) and uniarticular soleus (SOL) 
muscles. In addition to its potential relevance to tendon injury, 
there is growing appreciation that inter-fascicular sliding 
between and/or within these subtendons may be functionally 
important during walking for at least two reasons. First, 
subtendon sliding in walking could facilitate independent 
actuation among the triceps surae muscles and thereby the 
appropriate transmission of muscle forces to vertical support 
and forward propulsion (Fig. 1A). Second, comparative data 
and our own in vivo evidence allude to a reduced capacity for 
sliding between adjacent subtendons in old age (Fig. 1B) - an 
outcome that correlates with reduced ankle moment and 
positive ankle work during push-off in older adults [1,2]. Our 
contributions in this area leverage advances in dynamic 
ultrasound (US) imaging to unravel the biomechanical origins 
and functional consequences of Achilles subtendon sliding 
during walking, with a particular interest in muscle-subtendon 
interaction dynamics and age-related mobility impairment. 

US Imaging Infrastructure and Experimental Paradigms 

To quantify triceps surae muscle-subtendon interaction 
dynamics, we synchronize multiple ultrasound transducers to 
simultaneously record in vivo GAS and SOL muscle fascicle 
kinematics with tissue displacements in their associated 
tendinous structures. Using custom orthotics to secure these 
transducers (Fig. 1C), we are leveraging this US imaging 
infrastructure to conduct studies that span isolated contractions 
(Fig. 1D) to walking (Fig. 1E). Our recruitment is designed to 
unravel functional consequences associated with aging. Finally, 
our ongoing experiments involve walking across a range of 
speeds and walking with 5 %BW horizontal aiding and 
impeding forces that systematically alter propulsive demand.  

Results and Discussion 
Our dual-probe US imaging during isolated contractions has led 
to two major discoveries (Fig. 1D). First, GAS-SOL differences 
in muscle shortening precipitate non-uniform and anatomically 
consistent Achilles subtendon tissue displacement patterns [3]. 
Second, older adults have more uniform subtendon tissue 
displacements that extend to anatomically consistent changes in 
muscle contractile behaviour, evidenced by smaller differences 
between GAS and SOL peak shortening during isometric 
contractions. Together, these findings provide a potential 
biomechanical basis for previously reported correlations 
between more uniform subtendon behaviour and reduced ankle 

moment generation during walking [1]. Thus far in walking, we 
have made two additional discoveries (Fig. 1E). First, at the 
muscle level, compared to normal walking, differences between 
GAS and SOL peak muscle shortening and activation decreased 
when walking with horizontal aiding forces (↓ propulsive 
demand) and increased when walking with horizontal impeding 
forces (↑ propulsive demand) – findings consistent with 
purported differences in the biomechanical functions of these 
muscles in walking. Second, consistent with differences at the 
muscle level, we add that those between stance phase GAS and 
SOL peak subtendon tissue displacements decreased (-38%) 
with horizonal aiding forces and increased (+90%) with 
horizontal impeding forces. We are continuing to analyse these 
data together with musculoskeletal simulations to gain a more 
complete understanding of the intricacies of muscle-subtendon 
interaction dynamics and relevance to age-related mobility. 
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Figure 1. Summary of select experimental findings to date, including 
those via dual-probe US imaging, which empowers the simultaneous 
measurement of muscle and subtendon tissue kinematics in walking. 
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Summary 
Achilles tendinopathy is a well-known pathology that can vary 
in both chronicity and symptom presentation. Pain, although 
often being used as an indicator of the severity of the 
pathology, is not always present and symptoms fluctuate 
throughout the stages of pathology. Advanced tendinosis 
accompanied by altered morphology show persistent changes 
in neuromechanics indicating adaptations in sensory-motor [1, 
2] as well as central nervous system [2]. 

Here, we first ask if any of these adaptations are reversible by 
targeting the diminished mechanical properties of the tendon. 
And, second, we propose to seek a new intervention paradigm 
that is directed at the whole-body level by incorporating the 
control system in addition to targeting the compliant tendon.  

 
Figure 1. Effects of Achilles Tendinosis on its mechanical properties, 
muscle-tendon interaction and CNS modulation [1] 

Methods 
To explore our thought experiment we experimentally tested 
the hypothesis that improving tendon stiffness [3] will result in 
reversal of adaptation in the peripheral nervous system. The 
slow, thought demanding, resistive exercises, namely 180 
repetitions of heel lowering were performed daily for 3 
months. The same laboratory testing [2] was performed before 
and after the training.  

Results and Discussion 
Resistive exercise program decreased tendon thickness, 
increased tendon’s mechanical properties, improved 
electromechanical delay and shortened preactivation. There 
changes exceeded SEM (Table 1). Peripheral (H/M) and 
central (V/M) reflexes representing spinal and supraspinal 
activity, respectively as well as CI and CCR were not altered 
beyond the SEM.  

Conclusions 
Resistive exercise partially reversed peripheral changes 
imposed by pathology. Central adaptations remained 
unchanged suggesting a need for a novel approach that will 
target not only the tendon but also the control system 
adaptations.   
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Table 1: The effect of a 12-week daily progressive resistive exercise: single leg heel lowering on the tendinotic side only  

 Non-involved Involved   
 Pre- 

intervention 
Post- 

intervention 
∆ Pre- 

intervention 
Post- 

intervention 
∆ SEM MDC 

Thickness†(mm) 5.13 (0.13) 4.83 (0.13) -0.29* 8.13 (0.06) 7.44 (0.11) -0.69* 0.01 0.03 
Stiffness‡(N/mm) 319.87 (19.23) 331.23 (21.04) 11.36 182.93 (21.08) 227.98 (18.30) 45.05* 9.11 25.24 

EMD§(ms) 25.67 (1.92) 24.91 (2.11) -0.76 39.83 (2.17) 32.07 (3.13) -7.76* 2.04 5.66 
Preactivation§(ms) 65.70 (3.74) 66.20 (4.51) 0.50 87.30 (3.23) 72.20 (1.32) -15.10* 0.40 1.10 

H/M ratio 0.26 (0.11) 0.24 (0.09) -0.01 0.42 (0.10) 0.41 (0.05) 0.00 0.02 0.06 
V/M ratio 0.28 (0.19) 0.21 (0.11) -0.07 0.46 (0.21) 0.44 (0.16) -0.02 0.10 0.28 

CI# 0.90 (0.13) 0.79 (0.23) -0.11 0.45 (0.09) 0.55 (0.15) 0.09 0.04 0.10 
CCR** 0.53 (0.16) 0.58 (0.14) 0.05 0.25 (0.11) 0.27 (0.09) 0.02 0.08 0.22 

Abbreviations: EMD, electromechanical delay; CI, contribution index; CCR, co-contraction ratio; ∆, difference in value from pre-
intervention to post-intervention; SEM, standard error of measurement; MDC, minimal detectable change. () Values in parentheses 
represent standard deviation of multiple recordings Bold* represents a value that exceeds both the SEM and the MDC. † Thickness 
represents the morphology of the tendon. ‡ Stiffness represents the mechanical properties of the tendon. § EMD and preactivation 
represent the temporal efficiency. ║ H/M and V/M ratios represent the spinal and supraspinal activity, respectively. # CI closer to 0 
represents increased synergist activity (peroneus longus). ** CCR closer to 0 represents decreased antagonist activity (tibialis anterior). 
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Titin’s role in muscle mechanics from molecules to movement 
Kiisa Nishikawa1, Daniel Rivera1, Christopher Whitney1, Jenna Monroy2, Monica Daley3, and Siwoo Jeong1 
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Email: kiisa.nishikawa@nau.edu 
Summary 
Recent studies demonstrate that N2A titin binds strongly to 
actin in vitro in the presence of calcium. This interaction 
should decrease titin length, increase titin stiffness, and 
produce a dependence of mechanical behavior on length at the 
time of activation. These properties are absent in skeletal mdm 
muscles, a mutation that produces a 53-amino acid deletion in 
N2A titin. Recent muscle models that incorporate these titin 
properties perform well at predicting in vivo muscle force in 
guinea fowl leg muscles during running on a treadmill with 
barrier perturbations, and also provide adaptive control of a 
robotic foot-ankle prosthesis during level walking and stair 
ascent. Experimental observations and model simulations 
reveal previously overlooked relationships between muscle 
length, velocity, and force that help to explain why muscle 
activation is weakly correlated with muscle force production. 

In vitro single molecule studies of titin-actin interactions 
A recent study [1] used co-sedimentation, single molecule 
dynamic force spectroscopy, and motility assays to 
demonstrate that a N2A titin construct binds to F-actin and 
thin filaments in vitro with high affinity. Rupture forces at 
physiological pulling rates are large enough to account for 
elastic energy storage in actively stretched muscle. 
Preliminary unpublished data suggest that the actin binding 
site is located within Ig83 in the N2A region. 
The N2A region is ideally situated to regulate titin length and 
stiffness between passive and active states. In low calcium, the 
tandem Ig domains extend under low force and the PEVK 
region extends under higher force. If N2A binds to thin 
filaments upon activation of muscle sarcomeres, only the 
stiffer PEVK region would extend during active stretch. 
Binding of N2A titin to actin in active muscle incurs three 
mechanical consequences: (i) a decrease in titin’s freely 
extensible length, (ii) an increase in titin stiffness, and (iii) 
tuning of mechanical properties based on length at the time of 
activation. When activated at long length at the onset of 
shortening, muscles perform positive work. When activated at 
short length at the onset of active stretch, muscles absorb 
energy and perform negative work. 
Mechanics of muscles from wild type and mdm mice 
In skeletal muscles from wild type mice, equilibrium length 
decreases upon activation in rapid unloading experiments [2].  
Titin stiffness increases upon activation in myofibrils stretched 
beyond overlap of thick and thin filaments [3], and the 
muscles perform positive work when activated at long lengths, 
but perform negative work when activated at short lengths. 
Mechanical consequences of calcium-dependent binding of 
N2A titin to actin are absent in muscular dystrophy with 
myositis (mdm), a recessive mutation with a deletion of 53 
amino acids within Ig83 in the N2A region. The change in 
equilibrium length [2], stiffness [2,4], and tuning of muscle 
mechanical properties based on length at the time of activation  
are absent in skeletal muscles from mdm mice.  

Muscle model based on titin-actin interactions 
We used a new muscle model based on titin-actin interactions 
to predict in vivo forces of lateral gastrocnemius and digital 
flexor muscles in guinea fowl running on a treadmill modified 
so that obstacles were encountered at various phases of the 
step cycle [5]. The model accurately predicted in vivo forces 
during perturbed and level gaits (R2 up to 0.94). Data and 
simulations show that forces were unrelated to EMG onset and 
weakly related to EMG amplitude. Forces were strongly 
related to the decrease in velocity that occurs when the foot 
hits the ground, and to muscle length at ground contact. 
Adding titin to muscle models improves prediction of in vivo 
forces during running over level terrain as well as when 
negotiating obstacles, and also suggests that muscle length at 
ground contact determines the amplitude of force production. 

Control algorithm for a robotic foot-ankle prosthesis 

We developed and implemented a titin-inspired control 
algorithm for the BiOM T2 robotic foot-ankle prosthesis based 
on the muscle model described above. Subjects were tested 
during level walking and stair ascent. During level walking at 
variable speeds, the titin-inspired algorithm produced 
plantarflexion angles and ankle moments similar to those 
produced by people with no amputation. During stair ascent, 
the titin-inspired algorithm produced plantarflexion angles that 
were similar to persons with no amputation and were ~5 times 
larger on average than those produced by the stock controller. 
The study provides proof-of-concept that, by emulating 
muscle properties, the titin-inspired algorithm provides 
adaptive control of level walking at variable speed and stair 
ascent with minimal sensing and no change in parameters. 

Conclusions 
Recent studies increasingly suggest a role for titin in active 
muscle contraction. Binding of N2A titin to actin provides a 
molecular mechanism for important muscle properties, 
improves accuracy of force predictions by muscle models, and 
provides adaptive control of wearable robotic devices. 
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Summary 

Exoskeletons are a class of wearable devices that attach to 

lower-limb joints and provide torque in parallel with 

biological muscle-tendons during locomotion. A primary goal 

of exoskeleton technology is to improve the economy of a 

given locomotion task, as measured by reduction in whole-

body metabolic energy expenditure.  

Conventional exoskeleton designs for improving ‘gas-

mileage’ rely on motors to transfer net energy from machine 

to user with the intention of reducing net muscle work and 

thus, heat loss. But, in our view, this approach will inevitably 

reach a ceiling, where the energy losses associated with the 

mass and power consumption of the exoskeleton will 

outweigh the energy savings of the user.  

Our design philosophy is that unpowered or minimally 

powered exoskeletons offer a streamlined way to modify limb-

joint morphology in order to steer underling muscle behaviour, 

rather than transfer energy per se. Indeed, muscles consume 

energy to fuel force production, modify joint impedance for 

rejecting disturbances and contain the sensory organs that may 

be involved in feedback control and motor learning/adaptation 

during movement. Thus, in anticipation of the ‘diminishing 

returns’ from powered devices we have focused on developing 

unpowered systems, inspired by neuromechanical mechanisms 

borrowed from animals, including humans, that lead to 

economy during steady locomotion and stability in the face of 

perturbations.  

A major challenge of the muscle-centric approach to 

exoskeleton design is that it is difficult to move top-down, ‘get 

under the skin’, and measure muscle neuromechanics in intact 

freely-moving humans - especially in the context of wearable 

devices. In this talk, I will outline our efforts to ‘steal a page’ 

from the field of comparative neuromechanics by merging in 

silico (simple models + computer simulations) and in vitro/situ 

(isolated muscle experiments) to take a ‘bottom-up’ approach 

to understanding the neuromechanical response to 

exoskeletons, one muscle-tendon at a time.  

I will focus on two central questions: (i) How do exoskeletons 

improve economy of muscle force production? (ii) Can a 

passive, elastic exoskeleton improve the perturbation response 

of a muscle-tendon? Then I will preview a few new questions: 

(i) How do exoskeletons alter sensory feedback? (ii) What are 

the long-term effects of exoskeletons on structural properties 

of a muscle-tendon? (iii) Can exoskeletons improve economy 

of locomotion in deformable terrain? I will end by discussing 

our collaborative effort to develop a guinea fowl model of 

locomotion with a soft, elastic exosuit (i.e., exo-bird) and how 

it can enable integration of ‘bottom-up’ and ‘top-down’ 

approaches to understanding human-machine interaction in the 

‘real-world’. 
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Summary 

While steady-state gait is relatively well-understood, transient 

manoeuvres have received far less dedicated research. These 

motions are difficult to study because they can be dangerous 

when executed at high speed. Additionally, differing points of 

initiation, animal morphologies and environments create a 

seemingly insurmountable variety of possible cases.  

 

Trajectory optimization of dynamic models is a possible 

means of overcoming these challenges, as it allows large sets 

of simulated manoeuvres to be generated under specified, 

repeatable conditions in a controlled environment. 

 

We describe a state-of-the-art trajectory optimization method 

[1] and demonstrate that data generated in this way can be 

used to identify fundamental motion patterns for executing 

rapid manoeuvres in bipeds and quadrupeds under different 

conditions. Further, we compare the simulated manoeuvres to 

steady-state gait and discuss whether transients can be 

effectively modelled as modifications of steady-state motion 

patterns.  
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Task-level Objectives and Low-order Models of Bipedal Locomotion 
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Summary 
Animals must seamlessly integrate mechanics and 
sensorimotor control to achieve agile and stable locomotion in 
complex environments. Striding bipedal animals (humans and 
ground birds) use walking and running gaits that look 
qualitatively similar in whole-body dynamics, gait duty factor, 
and ground reaction forces. This observation suggests that 
many aspects of locomotor dynamics arise from the 
fundamental physics of locomotion on legs. Our work uses 
math models based on these fundamental physics coupled with 
trajectory optimization techniques to pinpoint the cause of 
these gait observations as observed in nature. This work 
suggests that the inertia of a swing leg is a parsimonious 
explanation for the utility of low duty factors in bipedal 
locomotion at high speed. 

Introduction 

This work uses comparative biomechanics experiments and 
reduced-order models as methods to investigate bipedal 
locomotion. While many aspects of animal locomotion can be 
explained based on the principle of minimizing energy cost 
[1], other factors such as stability or musculoskeletal force 
limits are often invoked to explain deviations between 
observed behaviour and predictions of idealized models [2]. 
An alternative explanation for such deviations between data 
and models is that the specific model assumptions and 
simplifications need to be reconsidered. In our ongoing 
research, we are using reduced-order models to test the 
hypothesis that locomotor dynamics can be predicted based on 
the principle of minimizing energy cost, without the need to 
invoke other factors such as explicit force constraints or limit 
cycle stability [4]. We are currently using a reduced-order 
model of a biped (Fig. 1a) that includes swing-leg inertia and 
stance-leg energy dissipation, with trajectory optimisation to 
minimise mechanical cost of transport. 

Methods 

This work uses low-order mechanics-based math models to 
predict the following locomotor behaviours, and then compare 
model predictions to observed animal locomotion data. 
Specifically, we assess how stride frequency and duty factors 
trend with speed, leg inertia and substrate compliance and 
dissipation. We use trajectory optimization methods to test for 
a cost-minimizing explanation for empirically observed gait 
transitions to measurable aerial phases [3]. 

 
Figure 1: (a) A simple actuated model of running with swing-leg 
inertia and (b) duty factor and stride frequency for energy optimal 
gaits as a function of speed and leg inertia. As leg inertia becomes 

large, stride frequency becomes roughly constant with speed, which 
is consistent with biological observations. 

Results and Discussion 
Our systematic optimizations revealed two key trends (Fig. 
1b). As leg inertia increases, the duration of aerial phases 
increases for a given gait speed. Similarly, the transition speed 
at which a duty factor less than 0.5 (non-zero aerial phases) 
becomes optimal decreases with increasing swing inertia. 
Finally, with sufficiently high swing leg inertia, the energy-
optimal stride frequency becomes constant with speed. This is 
consistent with biological observations that stride frequency 
remains relatively constant with increasing speed [3]. These 
collective results suggest the cost of swinging a leg is a 
significant driver of gait parameters of bipedal animals. 
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ACTIVITY CLASSIFICATION USING FOOT CONTACT FORCE FEATURES FROM INSTRUMENTED INSOLES 
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Summary 

We examined the discriminant ability of features extracted 

from walking and running contact force data using 

instrumented insoles in order to optimize future classification 

model accuracy. Twenty-seven subjects walked and ran on 

four treadmills with varying deck stiffness at both self-

selected and controlled speeds. After analysing 9 features, we 

found that stance time and log energy entropy are the most 

effective classification features.  

Introduction 

Wearable sensors have the potential to answer important 

questions outside of a traditional laboratory. Common ways 

wearable sensors are utilized is by quantifying activity volume 

(i.e. steps/day [1]), or extrapolating lab-measured values to 

calculate parameters such as cumulative impulse [2]. 

However, force-sensing insoles have the potential to quantify 

cumulative activity-specific measures without extrapolation. A 

prerequisite for quantifying these measures is to accurately 

identify the activities that subjects perform throughout their 

day. This identification can only be achieved with a robust 

classification model consisting of high-quality features. Key 

parameters which may affect features extracted from force-

sensing insoles include subject kinematics, weight, foot strike 

pattern, speed of movement, and contact surface stiffness. 

Therefore, the purpose of this study was to identify the most 

effective individual feature(s) for classifying walking and 

running, as well as the best combination(s) of features.   

Methods 

Twenty-seven healthy subjects (13 F, 27 ± 9 years, 69.8 ± 12.3 

kg) walked and ran at both self-selected (2.6 ± 0.5 mph walk 

and 6.9 ± 1.0 mph run) and controlled speeds (3.0 mph walk 

and 6.3 mph run). This procedure was performed on four 

treadmills with varying deck stiffness. Foot contact force data 

was acquired using single sensor instrumented insoles 

(loadsol, Novel Electronics, St. Paul, MN, USA) sampling at 

200 Hz. Stance periods were extracted using force cutoff 

thresholds. This resulted in a total of 5,387 walking and 5,400 

running steps. The following features were calculated per 

stance phase: peak contact force, impulse, loading rate, stance 

time, kurtosis, skewness, mean pseudo-frequency (Mean PF) 

via continuous wavelet transform (CWT), mean CWT  

coefficient, and log energy entropy (LogEn). Features were 

ranked individually by Fisher score and cross-validated linear 

discriminant analysis classification accuracy. After removing 

features with perfect discriminant ability, the best combination 

of remaining features was determined via forward-selection 

using cross-validated linear discriminant analysis 

classification success rate as the evaluation metric.  

Results and Discussion 

Univariate classification metrics are listed in Table 1. Stance 

time and log energy entropy successfully classify all steps. 

Therefore, they are acknowledged as effective classifiers and 

removed from the multivariate forward selection procedure 

(Figure 1).  

 

Figure 1: Multivariate forward selection  

Using only two features, we attain 100% classification 

accuracy with the combinations of [Mean PF + Kurtosis] or 

[Mean PF + Skewness]. Therefore, if we were to increase 

complexity by adding classes such as jumping, these features 

would be viable additions along with stance time and log 

energy entropy for robust activity classification.  

Conclusions 

The ability to classify steps by activity is an important 

prerequisite for quantifying activity-specific metrics using 

wearable sensors. We suggest that the features examined in 

this study be used within future classification models to 

accurately quantify activity-specific metrics using 

instrumented insoles.  
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Table 1: Univariate discriminant ability metrics 

 
Stance 

Time 
LogEn Kurtosis Mean PF Skewness 

Peak Contact 

Force 

Loading 

Rate 
Impulse 

Mean CWT 

Coeff 

Fisher Score 12.05 10.20 7.30 6.60 4.20 2.69 2.55 0.90 0.01 

Classification 

Accuracy [%] 
100.0 100.0 99.3 99.6 98.0 93.7 95.2 80.5 55.3 
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Summary 

This study aimed to determine the minimal amount of pressure 

sensors for the estimation accuracy of vertical ground reaction 

force (vGRF) in gait tasks. Ten healthy males walked and ran 

at self-selected speeds. Eight different layouts with different 

amounts of sensors (3-17 sensors) were established and used 

to measure pressures for the calculation of vGRF during 

stance phase of each gait trial. The force plate as the gold 

standard was used to measure vGRF concurrently. The 

Pearson’s correlation coefficient was applied to assess the 

correlation between the vGRF outcomes of each layout and of 

the force plate. Results showed that in both walking and 

running tasks, the correlation increased greatly between 5 and 

7 sensors, and the plateau was reached at 11 sensors (all R 

values above 0.85). Therefore, it is suggested that estimating 

vGRF of gait tasks among healthy adults with 11-sensor 

layout is feasible. 

Introduction 

Vertical ground reaction force (vGRF) during gait is an 

important kinetic parameter which is related to injury risk and 

athletes’ performance [1]. The vGRF is generally measured by 

force plate or insole plantar pressure system. The force plate is 

an expensive research instrument fixed to the ground and 

limited the analysis to a few steps while the insole plantar 

pressure system being a wearable device that provides 

continuous steps data for real-time monitoring. A low cost 

system using limited amount of pressure sensors has been 

proposed to estimate vGRF during gait [2]; however, the 

trade-off between the amount of the sensors and the estimation 

accuracy of vGRF has not been verified yet. Accordingly, it is 

needed to verify what the least amount of pressure sensors to 

be used to adequately estimate the vGRF is. Therefore, this 

study aimed at determining the minimal amount of pressure 

sensors for the estimation accuracy of vGRF. 

Methods 

Ten males were recruited for this study. They walked and ran 

at self-selected speeds. During each gait trial, the vGRF was 

measured using the Kistler force plate (1000 Hz) as the gold 

standard. The Pedar-X System (Novel gmbh, DE) was used to 

measure the plantar pressure with a frequency of 100 Hz. 

Moreover, eight different layouts with 3, 5, 7, 9, 11, 13, 15, 17 

pressure sensors were selected from Pedar-X System (Figure 1) 

for the calculation of each vGRF. The vGRFs of both systems 

during stance phase of each gait trial were analyzed. The 

Pearson’s correlation coefficient was applied to assess the 

correlation between the vGRF outcomes of each layout and of 

the force plate during running and walking tasks. 

 

Figure 1: Eight different layouts with different number of sensors 

Results and Discussion 

As shown in Figure 2, increasing the amount of sensors had a 

positive effect on the estimation accuracy of vGRF during 

walking and running. The correlation greatly increased when 

the amount of sensors was increased from 5 to 7 (walking: R 

value from 0.697 to 0.791; running: R value from 0.768 to 

0.872; all p < 0.05). However, the plateau was reached at 11 

sensors (walking with R= 0.854; running with R= 0.911; all p 

< 0.05).  

 

Figure 2: The correlation between each layout and force plate 

The major finding is that the layout with at least 11 sensors 

produced low distortion of vGRF in this study. Previous work 

has been documented that the appropriate layout with 9-12 

pressure sensors can be used to estimate vGRF during walking 

[3, 4], especially on the layout with 12 pressure sensors. The 

finding in the present study supports the previous study.  

Conclusions 

Insole plantar pressure measurement system with 11 sensors 

can be a potential and affordable approach to estimate vGRF 

during walking and running for both real time feedback and 

continuous monitoring among healthy adults. 
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Summary 

Wearable instruments for gait analysis offer new 

opportunities to study human motion during activities of daily 

living (ADL). Previous work has overlooked the importance 

of characterizing non-steady state ADL such as sit-to-stand, 

gait initiation/termination and turning using wearables. The 

purpose of this study is to assess the ability of instrumented 

insoles (MoticonScience, Germany) to measure vertical 

ground reaction forces (𝐺𝑅𝐹𝑧) during activities known to 

increase fall risk. Five healthy adults were recruited to 

perform defined ADL. The computed total force obtained 

from the sensors was compared to force plate data (AMTI, 

MA, USA). The high cross correlation coefficients of these 

two signals revealed the capability of pressure insoles to 

measure 𝐺𝑅𝐹𝑧 during some of the most common non-steady 

state ADL associated with increased fall risk.  

Introduction 

Ground reaction forces (GRF) provide insights into human 

balance [1], gait pattern/abnormality [2] and rehabilitation 
effectiveness [3]. The “gold standard” for calculating GRF 

has been force plates, however these are limited to a 

laboratory environment. Instrumented insoles are an emerging 

wearable technology that can be readily worn inside footwear 

and have shown promise. Several studies report the reliability 

of insoles used to measure 𝐺𝑅𝐹𝑧  in steady state gait like 

walking and running [4]. Non-steady state tasks such as sit-

to-stand, turning, gait termination and gait initiation have not 

been evaluated, even though these tasks increase risk for falls. 

The purpose of this study was to evaluate the ability of 

instrumented insoles to accurately measure 𝐺𝑅𝐹𝑧  during 

ADLs which are important to living independence.  

Methods 

Five participants (2F, 3M) performed three trials of each of 

the following six tasks: sit-to-stand (ST2SD), stand-to-sit 

(SD2ST), gait initiation (GI), gait termination (GT), turning 

(TN) to left (L) and right (R). For ST2SD and SD2ST tasks, a 

standard height chair was used. In GI/GT tasks, the 

participants walked with their normal cadence toward one of 

the force plates and stopped, then they initiated gait by 

stepping onto the second force plate and walked away from it. 

Finally, in TN tasks, the participants were asked to step on the 

first force plate with the foot agreeing with the direction of 

turn (L/R), then step on the second plate with the foot opposite 

to the direction of the turn (R/L) and step out from the force 

plate to their L/R. The data were recorded at 50 Hz and low 

pass filtered with a cutoff frequency of 3 Hz. The statistical 

post hoc analysis was performed to assess the total force of 

pressure insoles and recorded GRF from the force plates 

signals similarity. 

Results and Conclusion 

Force plate data were time synchronized with insole data 

(Figure 1). For TN, GI, ST2SD and SD2ST each force plate 

corresponded to one insole (Figure 1-a) while in GT, both feet 

were placed on one force plate (Figure 1-b). The insoles total 

force signal was compared to the 𝐺𝑅𝐹𝑧  of the corresponding 

force plate, where 𝑓𝑧 is the direction of gravity.  

  

(a) (b) 

Figure 1. Data from (a) turning to left, (b) gait termination 

The sliding inner product or cross correlation (CC) was used 

to assess the similarity of 𝐹 from the insoles and 𝐺𝑅𝐹𝑧  from 

the force plates. Table 1 shows the average CC coefficients 

obtained for each of the performed tasks. 

Table 1. Cross correlation coefficients calculated for pressure 

insoles total force and force plates GRF signals for different tasks 

Task GI GT TN ST2SD SD2ST 

CC coeff 92.03% 88.25% 94.12% 93.95% 96.97% 

The average CC coefficient of 𝐺𝑅𝐹𝑧  and 𝐹 for non-steady 

state ADL is 93.1%. These results suggest pressure insoles 

can deliver reliable measures of 𝐺𝑅𝐹𝑧  and might be useful to 

measure key features of ADL outside the laboratory 

environment. Insoles can be worn without time/space 

constraints during ADL and their capability of delivering 

reliable information makes them suitable for related studies.  
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Summary 

Foot progression angle (FPA) is the angle of the foot when in 

contact with the ground, relative to the direction of walking. 

Modification of FPA is a possible management strategy for 

knee osteoarthritis; however, measurement of FPA is typically 

confined to the lab environment. We have tested the validity 

and reliability of a custom-built shoe-embedded sensor 

module. The sensor module uses a 9-axis sensor (3D 

accelerometer, gyroscope and magnetometer) and a custom 

algorithm to calculate the step-by-step FPA during non-lab 

(real-world) walking. Our experiment found the sensor 

module to exhibit good to excellent validity and day-to-day 

reliability. 

Introduction 

Sensors worn on the body (wearable sensors) can measure 

biomechanical variables during walking, without the need for 

laboratory motion capture equipment. Xia et al. [1] conducted 

preliminary treadmill validation testing with a shoe-embedded 

sensor designed to measure FPA. The sensor exhibited 

excellent validity; however, treadmill walking is highly 

controlled and not representative of outdoor, over-ground 

walking. The sensor is ultimately designed for use in free-

living daily walking activity; therefore, over-ground walking 

validation is required. Furthermore, the day-to-day reliability 

of the sensor module needs to be determined for future use in 

multiday studies. 

Methods 

We collected data during two over-ground walking tests for 20 

young, healthy participants. Both sessions consisted of 

laboratory walking using motion capture and outdoor track 

walking using a shoe-embedded sensor (Figure 1). In lab, 

participants walked over a 10m walkway for 15 trials while 14 

high-speed cameras tracked marker trajectories. Track walking 

involved six laps of a 100m linear section of outdoor-athletics 

track while the sensor measured FPA. Both sensor and motion 

capture measured FPA were taken as the average angle 

between the long axis of the foot relative to the direction of 

walking during stance.  

 
Figure 1. Custom sensor module placement within a shoe. The 

sensor (MPU-9150, InvenSense) sampled data at 100 Hz. 

Error was calculated as the difference between the motion 

capture and sensor measured FPA values. A Bland and 

Altman plot was used to examine validity (lab versus track 

walking) [2] with an intraclass correlation coefficient (ICC2k) 

for confirmation. An ICC2k
 and the standard error of the 

measurement examined the relative and absolute day-to-day 

reliability (track walking day 1 versus day 2), respectively [3]. 

Results and Discussion 

Average and absolute error mean ±SD between the motion 

capture and sensor measured FPA were -0.6° ±2.1, and 1.7° 

±1.3, respectively. Bland and Altman analysis of the 

laboratory measured FPA against the sensor measured FPA is 

illustrated in Figure 2. Systematic bias was -0.6° 95% CI [-1.6, 

0.4] and limits of agreement were 3.6° [1.9, 5.3] and -4.8° [-

6.5, -3.0]. The results of the ICC analyses indicated good to 

excellent validity and reliability with an ICC = 0.91 [0.78, 

0.97] and 0.95 [0.87, 0.98], respectively. The standard error of 

the measurement was 1.26° [0.87, 0.98]. 

 
Figure 2. Bland Altman plot with 95% CI indicated by colour bands. 

Blue = systematic bias, red = limits of agreement. 

 

The absolute error values in the current study are similar (1.7° 

±1.3 versus 1.7° ±1.0) to those previously published during 

treadmill validation [1]. However, our ICC results for validity 

are lower, which is expected given the fewer constraints on 

outdoor walking direction compared to treadmill walking. Our 

day-to-day reliability results resembled previous reliability 

measures of motion capture measured FPA (ICC = 0.92) [4]. 

Conclusions 

The sensor is a valid and reliable device for measuring FPA 

during over-ground walking. This is an important step toward 

real-world implementation of the sensor device. 
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AVLR (BW/s) GCT (s)
Cadence 
(steps/min)

Stride Length 
(m)

FIT 61.8 ± 5.1 0.253 ± 0.022 171.1 ± 11.7 1.04 ± 0.07
MSP Treadmill 67.3 ± 4.0 0.264 ± 0.020 170.3 ± 10.3 1.14 ± 0.10
MSP Overground 67.4 ± 4.3 0.255 ± 0.026 171.4 ± 12.7 1.20 ± 0.13
FIT v MSP Treadmill R2 & p-value 0.004, 0.897 0.765, 0.004* 0.968, <0.001* 0.537, 0.039*
MSP Treadmill v MSP Overground R2 & p-value 0.265, 0.238 0.330, 0.177 0.779, 0.009* 0.867, 0.002*

Table 1: AVLR, GCT, cadence, and stride length data for each data collection method

*indicates statistically significant correlation. Shown as R2, p-value. FIT and MSP values are mean ± SD.

Comparison of On-Shoe Wireless Running Sensor to Instrumented Treadmill and Outdoor Environment – A Pilot Study 
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Summary 
This study compared the MilestonePod (MSP) wireless 
running sensor to a fully instrumented treadmill (FIT) in 
measuring average vertical loading rate (AVLR), ground 
contact time (GCT), cadence, and stride length. MSP data 
from treadmill was also compared to MSP data during outdoor 
overground running. The MSP accurately measured GCT, 
cadence, and stride length during treadmill running compared 
to the FIT but failed to provide accurate AVLR data. 

Introduction 

Factors ranging from lower leg length to training distance per 
week to type of running shoe have all been shown to influence 
running injury rates [1]. Wireless sensors like MSP measure a 
variety of running parameters and have the potential to 
identify other dynamics leading to injury.  

The purpose of this study was to evaluate the accuracy of the 
MSP sensor for AVLR, GCT, cadence, and stride length 
compared to the FIT. We hypothesized that significant 
correlations would exist between FIT and MSP treadmill for 
all parameters. We also hypothesized that significant 
correlations would exist between MSP treadmill and MSP 
overground for all parameters. 

Methods 
Eight participants were recruited for this study (6 males, 2 
females; mean height: 177.8 ± 12.7 cm; mean weight: 81.2 ± 
16.3 kg). Each participant ran for seven minutes on the FIT 
with the MSP on their left shoe. The speed of each runner was 
75% of their time from the Army Physical Fitness Test 2-mile 
run (2.99 ± 0.17 m/s). Ground reaction force data was 
collected from the FIT in 15 second intervals at the beginning 
of minutes four, five, and six. Each runner then completed a 
1.75 km outdoor course at a comfortable training pace; speed 
was not controlled for during outdoor running. MSP collected 
minute-by-minute data for all trials. 
A MATLAB script was used to calculate values for each 
parameter from raw FIT data. To obtain AVLR, MSP used an 

algorithm that yields a category of low (< 64 BW/s), medium 
(64 – 80 BW/s), or high (> 80 BW/s). To determine a value 
from the MSP data, minutes four, five, and six were averaged, 
and the result scaled based on MSP categories. Correlations 
between conditions were calculated using another MATLAB 
script. 

Results and Discussion 

Running parameter data for FIT, MSP treadmill, and MSP 
overground as well as R2 and p-values are shown in Table 1. 
For AVLR, FIT and MSP treadmill lacked significant 
correlation (p=0.897). MSP treadmill and MSP overground 
also failed to demonstrate significant correlation (p=0.238). 
This conflicted with our hypothesis for both conditions. With 
respect to GCT, we correctly hypothesized that FIT and MSP 
treadmill demonstrated significant correlation, however MSP 
treadmill versus MSP overground did not demonstrate a 
correlation. For cadence, both FIT versus MSP treadmill and 
MSP treadmill versus MSP overground yielded significant 
correlations (R2=0.968, 0.779), in agreement with our 
hypotheses. Similarly, stride length data demonstrated 
significant correlations for both conditions (R2=0.537, 0.867). 

Conclusions 
MSP successfully measured GCT, cadence, and stride length 
from treadmill running compared to the FIT. The failure to 
accurately measure AVLR indicates that raw acceleration data 
may be necessary to identify relationships between vertical 
loading and other characteristics of the ground reaction force. 
Future research is needed to fully explore the most accurate 
way to quantify loading rate with categorical data like that 
yielded by MSP. 
Indoor and outdoor results suggest that participants in running 
studies run with the same cadence and stride length in both 
indoor testing settings and outdoor training environments. 
However, AVLR and GCT may differ between conditions.  
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Summary 

Mini tightrope suspensionplasty is a surgery performed to 

reduce pain and improve function in individuals with arthritis 

of the thumb joint. The goal of this work was to determine and 

develop a 3D visualization that demonstrated changes due to 

this surgery. Post-surgery, thumb forces increased by 66%. 

Range of motion also changed: the participant had increased 

palmar abduction and opposition, but reduced adduction. 

Introduction 

In cases of severe thumb arthritis, surgery is often the best 

solution to reduce pain and improve function [1]. The most 

common surgery is a trapeziectomy; this is where the wrist bone 

at the base of the thumb (trapezium) is removed. To improve 

the mechanical stability of the thumb, mini tightrope 

suspensionplasty connects the first metacarpal to the second 

metacarpal with a strong braided non-absorbable suture secured 

by two button anchors [2-3]. Case studies on hand surgeries 

have shown that this procedure is effective at reducing pain; 

however, research that documents the changes to three-

dimensional range of motion and force production is lacking 

[3]. Therefore, the goals of this work were to 1) determine 

changes in motion abilities and force generation for the thumb 

between pre- and post-surgery and 2) develop a visual 

representation so that the magnitude and locations of changes 

of these changes can be easily identified.  

Methods 

Patients undergoing a trapeziectomy with a mini tightrope 

suspensionplasty were tested prior to surgery, then after 6 

weeks of rehabilitation and again 12 weeks post-surgery.  

Three-dimensional motion abilities were determined through 

four movements: 1) flexion and extension of the 

metacarpophalangeal joint (MCPJ) and interphalangeal joint 

(IPJ). 2) Radial abduction of the first carpometacarpal joint 

(CMCJ). CMCJ and opposition to fifth MCPJ. 3) Radial 

adduction of the first CMCJ and opposition to fifth MCPJ. 4) 

Palmar abduction and adduction of the thumb.  

Maximum forces were determined in two directions in each of 

eight positions. The positions were based on varying rotation of 

the palm and abduction of the thumb. The palm was tested at 

four angles relative to the ground: 0°, 30°, 60° and 90°. At each 

rotation, the thumb was tested in two positions: no abduction 

and maximal abduction of the thumb. At each position the 

participant was asked to apply maximal force towards the 

ground and then towards the hand. 

Results and Discussion 

Thus far, one patient has completed the full twelve-week study 

and two more are partway through the study.  

Strength abilities did not change six weeks after the surgery. 

However, at the twelve-week test the magnitudes were 66% 

larger on average. Range of motion changed throughout the 

timepoints. Figure 1 depicts the 3D motion of the hand as 

viewed from the front. A semi-transparent hand is included to 

indicate the orientation. Ranges of motion for each timepoint 

are shown.  

 

Six weeks post-surgery the motion space was decreased: the 

participant had little pain in her hand, but the CMC joint was 

stiff. At twelve weeks the motion space had returned to a similar 

size as before; however, the participant had increased palmar 

abduction and opposition and reduced adduction. 

Differences in the motion shape are apparent through this 

visualization approach. Shape change occurs from reduced pain 

and are likely due to changes in the mechanics of the region. 

Prior to surgery, support to the joint came from the trapezium, 

a solid bone that supported load. Following surgery, the bone 

was removed and replaced by a suture (cable) suspension 

system. This system is not rigid and can lead to different 

resultant forces on the base of the metacarpal. The suture will 

help stabilize the thumb motions, but differently than the solid 

bone structure. How the suture affects force transferal will also 

depend on where it is anchored in the second metacarpal. Future 

work will investigate suture tightrope attachment locations and 

how they affect the range of motion and force production.  

Future work will also continue to improve the visualization 

making it easier to understand how the range of motion has 

changed due to surgery. 
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Figure 1:  Changes to range of motion due to surgery. The three 

spaces represent everywhere the thumb can reach at each time point 

(pre-surgery, 6 and 12 weeks post- surgery), shown from the front.  

Twelve Weeks Post-Surgery:  

increased opposition (left) and 

palmar abduction (right)  

Pre-Surgery: hyper 

extension and limited 

opposition (left side 
of image) 
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Summary 

Exercise prescribed to treat osteoarthritis significantly 

improve grip strength, but it is unclear how they affect thumb 

specific forces. In this study, six weeks of hand exercise 

improved thumb force application in osteoarthritic (OA) and 

older healthy participants but not for the younger healthy 

population. 

Introduction 

Osteoarthritis affects the thumb carpometacarpal (CMC) joint 

in approximately one in two individuals over 65 years old [1]. 

CMC OA results in pain and poor grip strength. Exercise 

therapy is commonly prescribed to treat CMC OA, however 

little research has evaluated how exercise effects force 

application in CMC OA participants. We hypothesized that 

exercise therapy would increase thumb force application in 

both OA and healthy participants. 

Methods 

Using a custom developed device isolating thumb forces, 

Fifty-eight participants were tested: 23 young healthy (YH; 

22.8±3.0 years, 6 males), 11 older healthy (OH; 64.7±8.4 

years, 4 males), and 24 osteoarthritic (OA; 69.1±5.7 years, 12 

males). Participants were evaluated prior to exercise (day 0), 

after two weeks of stretching (day 14), and after four weeks of 

stretching and strengthening (day 42) exercises (IRB # 17-

597). All participants were tested in the right hand. Thumb 

force data were collected during radial abduction, radial 

adduction, palmar abduction, and palmar adduction with a 

multi-axis load cell.   

 

 

Results and Discussion 

Prior to exercise, the YH group produced the greatest thumb 

forces, followed by the OH then OA groups. Force 

applications were significantly less in OA participants 

compared to the YH group during radial abduction, palmar 

abduction, and palmar adduction (p = 0.038, p = 0.014, and p 

= 0.045, respectively), but not radial adduction (p = 0.054).  

Six weeks of exercise improved force application in OA and 

OH participants (Table 1). This increase was significant for 

OA participants during palmar abduction (p = 0.007). When 

comparing participant group following exercise, OA 

participants applied significantly less force than YH during 

radial abduction at day 14 and day 42 (p < 0.05). Although 

OA participants applied less force than YH participants 

following six weeks of exercise, this was not significant for 

radial adduction, palmar abduction, or palmar adduction. Six 

weeks of exercise improved thumb force application in OA 

and OH participants, narrowing the gap between force 

application in these groups and the YH participant group.  

Conclusions 

Hand exercise may be sufficient to increase thumb specific 

force application for OA and OH groups. Although not all 

movements showed significant differences, the trends are 

promising. These data indicate that early intervention with 

exercise increases thumb force generation. 
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Table 1: Thumb forces. Directions of force application include RABD (radial abduction), RADD (radial adduction), PABD (palmar abduction), 

and PADD (palmar adduction). Averaged group data is shown. Forces in Newtons (standard deviation).  

 YH OH OA 

 Day 0 Day 14 Day 42 Day 0 Day 14 Day 42 Day 0 Day 14 Day 42 

RABD 
23.6 

(16.2) 

24.0 

(11.3) 

24.4 

(12.2) 

15.8   

(6.5) 

15.4   

(6.5) 

17.8   

(9.5) 

14.4 

(11.7) 

14.7   

(8.5) 

17.0 

(13.3) 

RADD 
46.6 

(23.4) 

49.6 

(21.4) 

48.6 

(21.6) 

41.9 

(22.9) 

41.9 

(19.2) 

48.1 

(12.0) 

32.6 

(17.9) 

34.0 

(21.1) 

39.5 

(24.5) 

PABD 
22.2 

(10.0) 

24.4   

(7.4) 

23.1   

(8.3) 

20.6 

(11.4) 

20.1   

(9.1) 

20.8   

(8.5) 

14.6   

(8.0) 

18.9   

(8.4) 

20.6   

(9.5) 

PADD 
23.7 

(10.3) 

26.3 

(14.2) 

26.7 

(10.4) 

21.8   

(7.3) 

22.5 

(11.9) 

29.3 

(11.1) 

16.5   

(7.7) 

20.6 

(11.2) 

22.7 

(11.6) 
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Summary 

The influence of orthotics on the kinematics of the 

trapeziometacarpal (TMC) and scaphotrapeziotrapezoidal 

(STT) joints during thumb and wrist movement were measured 

in healthy volunteers using a CT-based approach. Comparison 

of different types of orthoses show that prefabricated orthoses 

immobilize less than custom-made orthoses. This difference 

might be due to the different locations of the orthoses trim lines, 

material properties and goodness of fit. The study also shows 

that wrist radioulnar deviation causes larger movements at the 

STT joint compared to wrist flexion-extension. 

Introduction 

Osteoarthritis (OA) is a degenerative joint disease characterized 

by the breakdown of articular cartilage which leads to joint pain 

and decreased mobility. OA of the TMC joint is a chronic and 

disabling disease which affects primarily the middle-aged and 

elderly population with a prevalence of 1/5 above the age of 40 

and 1/3 above the age of 65 [1]. Furthermore, in approximately 

50% of the patients with TMC OA, the STT joint is also 

affected. A widely used conservative method to relieve the pain 

in patients with early stages of OA is wearing an orthosis which 

immobilizes and stabilizes the affected joint(s) [2]. In case of 

STT OA, an orthosis which immobilizes both thumb and wrist 

will be prescribed. However, there is little known about the 

biomechanical impact of a thumb/wrist orthosis. In this study, 

we quantify the effect of custom-made (IMF) vs. prefabricated 

(prefab) orthoses, by measuring the 3D kinematics of the 

scaphoid and trapezium in case of thumb-wrist orthotics and the 

kinematics of the first metacarpal (MC1) with thumb orthotics.  

Methods 

Twenty healthy volunteers were selected for CT-scanning. The 

inclusion criteria were: (i) female sex; (ii) 20 < age < 60; (iii) 

asymptomatic. Each subject was scanned in four active thumb 

positions (maximal extension and flexion (Fl-Ex), abduction 

and adduction (Ab-Ad)) and four active wrist positions 

(maximal extension and flexion (Fl-Ex), ulnar and radial 

deviation (Uln-Rad)). Radiolucent rigs were used to standardize 

the movements. For each subject, the hand was scanned in three 

conditions: without orthosis (n=20), with a thumb orthosis 

(either IMF, n=8, or prefab, n=12) and a thumb-wrist orthosis 

(either IMF, n=8 or prefab, n=12). The CT images were 

segmented and 3D reconstructions of the relevant bones were 

made in each position. Between each set of positions, the 

rotations and translations relative to the more proximal bone 

were calculated using in-house developed Python code and 

expressed in a joint-specific coordinate system (CS). The radius 

CS was defined using anatomical landmarks, the CS of the 

scaphoid used the principal axes of inertia, and the trapezium 

CS was based upon the curvature of the articular surface of the 

trapezium and MC1 [3]. 

Results and Discussion 

During Fl-Ex of the wrist without an orthosis, the trapezium has 

the largest rotation around the Fl-Ex axis (16.73±9.43°). During 

Uln-Rad, the trapezium rotates 46.73±13.82°, this around the 

Uln-Rad axis of the scaphoid CS. The IMF thumb-wrist 

orthoses reduce the Fl-Ex and Uln-Rad rotations of the wrist to 

15.10±7.41° (scaphoid) and 19.01±11.28° (trapezium), while 

the prefab orthoses allow more movement (41.10±11.48° for 

the scaphoid and 32.19±17.11° for the trapezium). The IMF 

thumb orthoses reduce the Fl-Ex and Ab-Ad rotation of the 

MC1 to 7.12±8.77° and 21.13±5.86°, while again, the prefab 

orthoses allow more movement (26.65±10.82° Fl-Ex and 

36.69±7.77° Ab-Ad). The data indicate that IMF orthoses 

immobilize better than prefabricated orthoses. As for the STT 

kinematics, we found that without orthosis Uln-Rad deviation 

of the wrist has a much greater impact than Fl-Ex, and thumb 

motion does not lead to marked movement of the scaphoid. This 

leads us to suggest that orthoses should allow more Fl–Ex of 

the wrist in case of TMC-STT OA, while in isolated STT OA 

conditions, an orthosis with a free thumb might be prescribed. 

Such orthoses would increase patient comfort without 

impairing the stabilization of the joint. 

Conclusions 

This study indicates that thumb-wrist orthotics reduce TMC and 

STT joint mobility substantially and that an IMF orthosis 

restricts joint mobility more than prefab orthotics. This 

difference might be due to the different locations of the trim 

lines, material properties and goodness of fit. 
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Summary 

A real-time dynamic MR sequence (acquisition time=10.5sec) 
was used to evaluate the in vivo finger biomechanical 
parameters during motion on ten healthy volunteers. Joint 
angle and moment arm of flexor digitorum profundus tendon 
were measured on the acquired images during motion at 
metacarpo-phalangeal and proximal inter-phalangeal joint. 
Excellent correlation between the collected data was found. 

Introduction 

Finger motion results from a complex relationship among the 
anatomical structures of the forehand. Injuries and disorders of 
musculotendinous structures limit joint motion and affect 
quality of life. To evaluate disorder, it is important to 
understand the normal functional finger biomechanics. 
Quantification of in vivo joint kinematics of finger is 
challenging. Current evaluations are based on cadaveric 
studies or on biomechanical models and lack the functional 
characteristics [1,2]. This study aimed at evaluating in vivo 
finger biomechanical parameters during finger flexion-
extension motion using a real-time dynamic MRI.  

Methods 

A real-time T1 Fast Field Echo (T1-FFE) sequence was used 
to acquire dynamic data in the sagittal plane (Figure 1) on ten 
healthy volunteers using 3T MRI scanner (Philips Achieva 
dStream). Following sequence parameters were used: TR=4.7, 
TE=2.3, number of slices=5, slice thickness=4mm, pixel 
size=1.09X1.46, time=21sec, time frames=20. Surface coils 
were placed on proximal phalanx bone using a custom build 
fixture. Patients performed two dynamic trials, one using only 
metacarpo-phalangeal (MCP) joint, and another using only 
proximal and distal inter-phalangeal (IP) joint with MCP joint 
constrained (Figure 1). During each trial, two cycles of 
flexion-extension of the joint of interest were performed. 

 
Figure 1: T1-FFE image of PIP joint during motion. 

Joint angle and moment arm of flexor digitorum profundus 
(FDP) tendon were measured on each slice during motion at 
MCP joint with IP joint contrained, and at proximal IP (PIP) 
joint with MCP joint constrained. Moment arm and joint 
angles were quantified in sagittal plane for each time frame 
and using ISB recommendations for joint center [3]. 
Correlation between joint angle and tendon moment arm was 
assessed using the Pearson correlation coefficient. 

Results and Discussion 

For MCP joint, the mean range of motion was 54.5° whereas 
the mean moment arm range was 3.74mm (Table 1). For PIP 
joint, the mean range of motion was 96.9° whereas the mean 
moment arm range was 5.34mm (Table 1). Joint angle and 
FDP tendon moment arm was highly correlated for both MCP 
and PIP joints and correlations were significant for all the 
volunteers (Table 1). 

Real-time dynamic MRI is a valid and reliable technique to 
evaluate joint motion [4] with a good contrast between 
structures for T1-FFE sequence at the finger [5]. This imaging 
modality allows an in vivo quantification of joint kinematics 
and an estimation of FDP moment arm, which has a linear and 
strong correlation with joint angle (Figure 2).  

 
Figure 2: Correlations between joint angle (°) and FDP moment arm 

(mm) for one volunteer 

Conclusions 
Fast acquisition time, no need of repeated motions, and good 
soft tissue contrast are the key features that makes this method 
suitable for real-time evaluation of joint motion in vivo in 
normal and pathological conditions. 
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Table 1: Mean range of motion (ROM), moment arm (MA) and pearson coefficient values for MCP and PIP joint. SD: Standard Deviation. 

 ROM (°) ROM SD (°) MA (mm) MA SD (mm) Pearson coefficient p-value 

MCP 54.5 14.7 11.4 0.8 -0.92 6.63E-9 

PIP 96.9 9.7 9.1 0.5 -0.95 4.47E-8 
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Summary 

Disease-induced impaired hand function leads reduced quality 

of life and is frequently assessed by physicians in routine care 

of scleroderma patients. Hand movements are complex and 

current clinical assessments are subjective or inaccurate. A 

mixed cohort of scleroderma patients and healthy controls 

performed two functional tasks. Additionally, the finger-to-

palm index was taken. Joint angles of the sagittal plane for all 

finger joints, and frontal plane of the metacarpal-phalangeal 

joints, were analysed using the movement deviation profile 

(MDP). MDP results were correlated to relevant clinical 

measures. Scleroderma patients significantly deviate from 

normality during functional tasks. Significant correlations 

between movement deviation and clinical measures were 

identified, but no clinical measure correlated to deviation of 

both functional tasks, suggesting that one clinical measure is 

insufficient to assess hand impairments in scleroderma patients.  

Introduction 

Scleroderma is a rare rheumatic autoimmune disease that 

increases the stiffness and thickness of connective tissues, 

leading to finger flexion contractures. Impaired hand function 

leads to reduced quality of life and mental health [1], and is 

frequently assessed in clinics. Current assessments subjectively 

evaluate a patient’s perceived difficulty to perform activities of 

daily living or measure finger flexion. The movement deviation 

profile (MDP) takes kinematic inputs into a neural network to 

describe the multi-dimensional distance between abnormal 

patient movement and typical healthy movement [2]. This study 

aimed to quantify hand movement deviations from normality of 

scleroderma patients during functional tasks and to compare 

MDP results to simple clinical measures.  

Methods 

Five patients (62.4 ± 15.1yrs, all right-handed females) (PP) and 

eleven healthy controls (55.9 ±14.7yrs, 9 females, 2 males, all 

right-handed) (HP) performed two functional tasks: opening a 

1) large lid and 2) zipper from a standardised seated position. 

The Finger-to-Palm Index (FTP) [2] was taken for all 

participants prior to placing 48 markers on the dorsum of the 

hand. Movements were captured 15 Vicon MX cameras (Vicon 

Nexus 2.5, Vicon, Oxford, UK). Joint angles were calculated in 

Visual3D (C-Motion, Inc., Rockwell, MD) for the sagittal and 

frontal plane. Movement deviation from normality of each 

patient was determined using the MDP. Age, years since 

diagnosis, movement duration (from onset of movement to 

grasp completion) and maximum extension angles were 

correlated to the mean MDP. Pearson’s correlation coefficient 

(r) was tested for significance and the coefficient of 

determination (r2) was calculated. An independent sample t-test 

was performed between healthy control and patient data for 1) 

movement duration and 2) maximum extension angle.  

Results and Discussion 

All patients showed variable, statistically significant deviations 

from normality and required significantly more time (Lidmean: 

HP 1.04s±0.26, PP 1.72s±0.72, p=0.00; Zipmean: HP 1.39s±0.41, 

PP 2.10s±0.32, p=0.00) to perform both functional tasks. Mean 

movement deviation compared to clinical and movement 

parameters revealed two significant correlations:  1) Movement 

deviation when opening a zip significantly correlated to FTP (p 

= 0.043) and 2) Movement deviation when opening a lid 

correlated to movement duration (p = 0.0021) (Table 1). 

However, the correlations (r2) were only weak to moderate.  

Conclusions 

Movement deviations correlated to the FTP for the zip task, but 

not when opening a lid. The FTP measures finger flexion 

ability, which is essential for grasping small objects, such as 

zips. When opening a large lid, the movement requires a larger 

extension range, and less flexion, which could explain the lack 

of correlation for the lid task. The data indicates a trend of 

correlation between MDP and maximum extension angle for the 

lid task. Therefore, a maximum extension test could be included 

in routine clinical assessment. No tested parameter correlated to 

the MDP for both functional tasks, suggesting that movement 

deviation from normality is task-specific and cannot be 

addressed with one single clinical measure.  

References 

[1] Sandqvist G et al. (2004). Scand J Rheumatol, 33:102-107. 

[2] Barton GJ et al. (2012) Hum Mov Sci, 31:284-294. 

[3] Torok KS et al. (2010). Clin Exp Rheumatol, 28: 28-36. 
 

Table 1: Movement Deviation Profile (MDP) correlations with 1) Finger to Palm Index (FTP), 2) Years since diagnosis (Disease duration), 3) 

Mean Maximum extension angle (mean of all maximum extension angles) and 4) Time to perform the functional task (Movement time) 

  

  

MDP to FTP MDP to Disease duration MDP to max. extension angle MDP to Movement time 

Pearson r p-value r2 Pearson r p-value r2 Pearson r p-value r2 Pearson r p-value r2 

Lid 0.31 0.28 0.10 -0.08 0.78 0.01 0.43 0.12 0.19 0.75 0.00 0.56 

Zip 0.58 0.05 0.34 0.38 0.22 0.15 -0.10 0.76 0.01 0.03 0.92 0.00 
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Summary 

Musculoskeletal spine models are entirely based on data from 

adults and might not be applicable for children and 

adolescents. We therefore created spine models for each year 

from 6-18 years of age by adjusting length and mass 

distribution as well as inertial properties, sagittal alignment 

and muscle cross-sectional area and validated by comparing to 

in vivo data. The results showed high correlations between 

model predictions and in vivo data, indicating the suitability of 

our models for the reasonably accurate prediction of maximal 

trunk strength, segmental loading and trunk muscle activity.   

Introduction 

Currently available thoracolumbar spine models are entirely 

based on data from adults and might therefore not be 

applicable for simulations in children and adolescents. We 

therefore created musculoskeletal full-body models including 

a detailed thoracolumbar spine for children and adolescents 

and validated by comparing maximal trunk extensor strength, 

segmental loading and trunk muscle activity predictions to in 

vivo data. 

Methods 

Our recently developed adult thoracolumbar spine model [1] 

was combined with a lower extremity model. Children and 

adolescent models were created for each year from 6-18 years 

of age by adjusting segmental length and mass distribution, 

center of mass positions and moments of inertia of the major 

body segments as well as sagittal pelvis and spine alignment 

based on literature data. Similarly, muscle strength properties 

were adjusted based on CT-derived cross-sectional area 

measurements.  

Simulations were conducted from four in vivo studies 

involving children and adolescents evaluating: maximum 

trunk extensor strength (MTES) in prone position [2] and 

standing [3], lumbar disc compressibility (LDC) with different 

backpack loads [4] as well as intradiscal pressure (IDP) and 

trunk muscle activity (MA) in ten different positions [5]. 

Validity of the predictions was examined using Pearson 

correlation coefficients (r). 

Results and Discussion 

Predicted MTES values correlated well with in vivo data 

(r=0.93) for prone position and standing (Fig. 1). The 

prediction of LDC for all lumbar levels also correlated well 

with in vivo data (r≥0.92), but showed a tendency for 

underestimation, except from the T12/L1 level. 

Figure 1: Left: MTES in prone position [2] and standing [3]. Right: 
LDC with different backpack loads (4, 8 and 12 kg). 

Furthermore, high correlations were found for IDP at the L3/4 

level in the ten different positions (r=0.90) (Fig. 2). 

 
Figure 2: IDP at L3/4 between literature [2] and simulation. 

Resisting forces were applied on the T6 level. 

Correlations for MA were highest for the erector spinae and 

abdominal oblique muscles (both r=0.86).  

Conclusions 

The results indicate the suitability of our models for the 

reasonably accurate prediction of maximal trunk extensor 

strength, segmental loading and trunk muscle activity in 

children and adolescents. When aiming at investigating 

populations aged 6-18 years with pathologies such as 

idiopathic scoliosis, our models can serve as a basis for the 

creation of deformed spine models as well as for comparative 

purposes.  
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Summary 

This study aims to understand the influence of spine modelling 

and marker placement on the execution of the inverse 

kinematics (IK) process in OpenSim.  IK adjusts the model at 

each time step best matching the marker data while remaining 

kinematically feasible, correcting for experimental error. 

Analysing running motions with different spine models and 

marker combinations show that the most effective model was 

the coupled spine model. The setup with the greatest number of 

spine markers utilized was the most effective in reducing the 

root-mean-square error.  

Introduction 

Running is a complex motion producing many muscle and joint 

forces that cannot be directly measured. Musculoskeletal 

simulation enables estimation of these muscle and joint forces, 

but to have confidence these simulations and processes must be 

biofidelic. Most models include a rigid spine, but prescribing 

motion with a coupled spine model may allow more accurate 

inverse kinematics tracking of experimental data and allow 

truer resulting intervertebral force and muscle activation 

estimations.  The spinal coupling in the Full Body Lumbar 

Spine (FBLS) [1] allows for a prescribed curvature in flexion-

extension (Figure 1), lateral bending, and axial rotation. 

Figure 1: Coupled Spine vs. Rigid Spine Models 

Methods 

Seven subjects ran on a treadmill (4M, 3F; age 49.9 ± 12.2; 

height 172.1 ± 11.5 cm) and three motion capture trials, each at 

3 different speeds (2.74 ± 0.50; 3.01 ± 0.54; 3.94 ± 1.02 m/s) 

were collected with 13 markers placed on the spine and 46 other 

markers placed over the rest of the body. The FBLS model has 

30 degrees of freedom (DoF) including a lumbar spine with 

coupling constraints resulting in a net of 3 DoF among those 5 

vertebral bodies. Two iterations of this model were used, one 

with the coupling of the lumbar spine enabled (CS), and one 

where the coupling was locked resulting in a rigid lumbar spine 

(RS). Inverse Kinematics (IK) was executed using six different 

combinations of spinal markers as tracking inputs for both 

models (Figure 2). The marker error from IK was computed at 

each frame, and the root-mean-square (RMS) error computed 

for the full trial. Effects of the model, subset of tracking markers 

used as input, and subject were analyzed with multiple 

regression and differences between tracking subsets were 

analyzed with Tukey pairwise comparisons. 

Results and Discussion 

Choice of model (CS or RS) had a significant effect on the RMS 

error of the markers (p<0.001). The average RMS error across 

all spinal markers was 1.67 ± 0.74 cm for the CS vs. 1.97 ± 0.86 

cm for the RS. The multiple regression showed a significant 

effect of tracking subsets, and subject (p<0.001). Tukey 

pairwise comparisons showed that the two best tracking subsets 

were Subsets 5 (1.34 cm) and 6 (1.71 cm). 

Conclusions 

The CS model exhibits lower RMS errors than the RS model, 

which can be further minimized by the inclusion of additional 

thoracic and lumbar spine markers. Lowering these errors in the 

IK phase allows for more confidence in subsequent simulations 

and resulting core muscle activation and spinal loading data. 
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Figure 2: Description of the Number and Locations of Markers Used in Each Tracking Subset 
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Summary 

New interventions for spinal pathologies can be tested on 

computational models of the spine without putting the patient 

at risk. However, existing models are usually built from 

different datasets which may be inconsistent with each other. 

In this study, a full body musculoskeletal model was 

developed in OpenSim from MRI scans of a healthy volunteer 

to ensure consistency of muscle insertions, muscle moment 

arms, and joint locations. This model is assessed by comparing 

simulation results with EMG signals recorded on the same 

healthy volunteer for a range of tasks involving multi-plane 

spinal movements representative of an active lifestyle. The 

model is in agreement with experimental data and can now 

help in understanding the development of spinal pathologies. 

It will be coupled with a finite element model of the spine to 

investigate bone adaptation under asymmetric loading. 

Introduction 

In-silico techniques are becoming more popular to investigate 

spine pathological conditions and their management. Unlike 

in-vivo and in-vitro techniques, computational approaches 

allow to test time-dependant hypothesis on healthy subjects 

prior to the development of the condition. Musculoskeletal 

(MSK) models of the spine have been developed to investigate 

spinal pathologies, but are limited to the spine itself or are 

built from different datasets [1,2]. In this study, a subject 

specific model of the lumbar spine and lower limbs was 

developed based on a consistent geometry dataset. 

Methods 

The MSK model is built in OpenSim from high resolution 

MRI images (pixel size 1.41mm, slice thickness 1mm) of a 

single healthy volunteer to ensure consistency of joint 

locations, muscle insertions and muscle moment arms. It is 

composed of 23 rigid bodies with a total of 43 degrees of 

freedom (DOF). The spine is composed of five articulated 

lumbar vertebrae linked to a three-segment thoracic and 

cervical spine. Each lumbar joint is modelled as a 3-DOF 

rotational joint. Upper limbs are included for inertial 

properties. 566 muscle actuators are used to represent 94 

muscles of the lower limbs and lumbar spine. 

Full body kinematics were recorded using motion capture with 

a comprehensive marker set of 77 markers on the same 

healthy volunteer for a range of tasks involving spinal 

movements representative of an active lifestyle. Muscle 

activations of 14 muscles of the lower limbs and lower back 

were also recorded with surface electromyography (sEMG). 

Recorded activities included sit to stand, walking at normal 

pace, walking up and down the stairs, and lifting boxes with 

twisting movements of the spine in both standing and sitting 

positions. 

The simulation pipeline uses inverse kinematics and inverse 

dynamics to compute joint angles, moments and forces. A 

static optimisation (SO) problem using a quadratic cost 

function is solved to predict muscle activations. A joint 

reaction forces (JRF) analysis calculates contact forces in the 

joint structures. A preliminary assessment of the model was 

carried out for static positions of the spine (flexion, extension, 

lateral bending and axial rotation) by comparing results from 

JRF analysis in the lumbar spine with measurements from the 

literature [3,4]. A dynamic assessment of the model was also 

done by comparing muscle activations obtained with SO to 

sEMG signals recorded during the lab trials. 

Results and Discussion 

JRF obtained from the model for static positions were in 

agreement with values from the literature with a maximum 

relative error of 16% for lateral bending at L4-L5. The 

dynamic assessment of the model shows that muscle 

activations estimated from MSK simulations broadly follow 

the activation patterns from sEMG recordings (Figure 1). 

Figure 1: Activation of right longissimus estimated with the model 

(average of muscle actuators at the location of the electrode) (in blue) 

and recorded with sEMG (in red) for a standard lifting task. 

Conclusions 

The MSK model presented in this study shows satisfying 

results for a range of activities including lifting tasks. It will 

now be coupled with a finite element model in an optimisation 

pipeline which can simulate bone adaptation to its mechanical 

environment [5]. This process is being repeated for six 

volunteers to allow in depth studies of spinal pathologies such 

as low back pain and scoliosis. 
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Summary 

Seven non-radiographic measurement techniques for sagittal 

thoracic kyphosis were tested for validity against two 

radiographic techniques. Non-radiographic measurements 

were taken with a flexicurve ruler and motion-capture 

markers.  Most measures reported fair-good intraclass 

correlation coefficients. These seven non-radiographic 

measurement techniques cannot directly replace radiographic 

measures, but could be utilized with appropriate consideration 

of potential errors. 

Introduction 

Subject-specific musculoskeletal models are useful tools for 

calculating musculoskeletal loading. The sagittal thoracic 

kyphosis angle of the spine has a large impact on the 

magnitude of vertebral loading [1].  In order to create accurate 

subject specific models to calculate vertebral loads, accurate 

kyphosis measurements are needed. Radiographic measures 

are the gold standard for measuring kyphosis but they are 

costly and can expose subjects to harmful radiation [2]. 

Various non-radiographic techniques exist for measuring 

kyphosis. The goal of this study was to determine the validity 

of these non-radiographic and prediction equation techniques 

for measuring sagittal thoracic kyphosis. 

Methods 

Forty-one healthy volunteers, aged 19-93, participated in this 

study. Each subject was measured with a flexicurve ruler, 

motion capture markers placed on the spine, and a lateral x-ray 

of the thoracic spine.  

Kyphosis angles were measured between the T4 and T12 

vertebrae. Angles were measured from the x-ray in two ways: 

the Cobb angle and the centroid angle. Angles were calculated 

from the flexicurve with the flexicurve kyphosis angle which 

calculated from measurements of the curve, the polynomial 

angle which fits a polynomial to points on the flexicurve, and 

the circle angle which fits a circle to points on the flexicurve. 

Estimated intervertebral joint centroid locations were 

calculated from the marker data [3]. Polynomial and circle 

angle techniques were applied to the marker data directly and 

to the estimated intervertebral joint centroid location data.  

Model two, case one, intraclass-correlations (ICC) were 

performed between radiographic measures and all other 

measures to examine validity. Resulting ICCs were classified 

as poor (ICC <0.4), fair to good (ICC between 0.4 and 0.75) or 

excellent (ICC >0.75).                           

Results and Discussion 

When compared against the radiographic measures, 6 of 7 

non-radiographic techniques had fair-good validity for the 

Cobb angle, but only 4 of 7 had fair-good validity for the 

centroid angle (Figure 1). 

Figure 1: ICC coefficients across non-radiographic measures of 

kyphosis as compared to two radiographic measures (Cobb and 
centroid angles) from lateral spine x-rays. 

The moderate validity of these measures may be a result of the 

geometry differences between the internal and external profile 

of the spine [4]. Separate research groups have made attempts 

to calibrate external non-radiographic measures of the spine to 

internal-radiographic measures and reported increased 

measurement validity [5]. Future research on this topic should 

focus on creating and validating techniques to calibrate 

external measures of the spine to their internal counterparts. 

Conclusions 

Each non-radiographic approach showed fair-good validity, 

depending on the calculation approach. The lack of any 

excellent ICCs suggest the sagittal kyphosis angles measured 

by these seven non-radiographic techniques cannot directly 

replace radiographic techniques. Nonetheless they could be 

applied in musculoskeletal model creation with due 

recognition of the potential error. 

References 

[1] Bruno AG et al. (2017) J Orthop Res 35: 2164-2173 

[2] Korovessis P et al. (2012) J Spinal Disord 14: 67-72  

[3] Nerot A et al. (2018) J Biomech 70: 90-101 

[4] Gilad I et al. (1985) J Anat 143: 112-120 

[5] Greendale GA et al. (2010) Osteoporosis Int 22: 1897-

1905

 

Saturday, August 03 2019: Morning 2 (1030-1130) 1397

Spine Modeling



 

 

Importance of Spine Stability Criterion in Calculating Trunk Muscle Forces Following Unilateral Muscle Weakening:  

A Kinematics-driven vs A Stability-based Kinematics-driven Musculoskeletal Model 

 Z. Kamal
1
, S. Adeeb

2
, G. Rouhi

1 

1
Faculty of Biomedical Engineering, Amirkabir University of Technology, Tehran, Iran 
2
Department of Civil and Environmental Engineering, University of Alberta, Canada 

Email: grouhi@uottawa.ca, kamal@aut.ac.ir  

  

Summary 

In order to ascertain the significance of spine stability in 

holding the upright-standing posture after focal muscular 

disuse atrophy, two optimization-driven approaches were 

employed to develop kinematics-driven (KD), and stability-

based kinematics-driven (SKD) musculoskeletal (MS) models 

of an adult thoracolumbar. Results of this work showed that 

for assessment of contralateral muscle impotence in spinal 

neuromuscular disorders, a stability-based model can make a 

more realistic prediction compared to the other. 

Introduction 

Weakening muscles by temporary muscular denervation has 

been a common therapeutic approach to improve unilateral 

spinal spasticity [1]. Temporary muscular disuse atrophy may 

disrupt balance of spinal loads generated by recruited muscles, 

and result in segmental loss of stability [2]. However, the 

effect of muscle weakness on an MS model of upright spine 

has been nearly disregarded from the stability point of view. 

Methods 

A sagittally-symmetric, non-linear 3D, six-joint (T12-S1), MS 

model was developed based on the geometry of a healthy male 

(52 years, 174.5 cm, and 68.4 kg) to estimate muscle forces in 

a neutral upright posture (Fig. 1).  

 

Figure 1: Ninety-two bilateral fascicles of muscles were considered 

in the MS model [3]. 

Muscle forces were estimated using an optimization algorithm 

constrained to equilibrium and stability conditions (Eq. 1).  

 

Equation 1 includes unknown forces for each muscle (Fm), 

muscle physiological cross-sectional area (PCSA) (Am), 

summation of all moments (M
total

) at each joint about the 

intervertebral disc centroids in three directions, the passive 

force components (Fpassive), which was considered to be zero, 

the eigenvalues of the Hessain matrix of the potential energy, 

eig (Hessian), which was only used in SKD model, but not in 

KD model, and maximum muscle stress ( max), which was 

assumed to be 0.6 MPa [3]. In order to be able to make a 

comparison between our results with the in vivo data of the 

loss of strength in rabbits’ BTX-A injected muscles, in this 

study the PCSA of longissimus thoracis pars lumborum 

(LGPT) and multifidus lumborum (MFL) muscles were 

reduced to assign the similar magnitudes of 88%, 89%, and 

95% reduction in the target muscle forces to the magnitudes of 

loss of strength in rabbits.  

Results and Discussion 

Results of SKD model showed loss of strength in the 

contralateral muscles to both target LGPT and MFL muscles. 

In contrast, the contralateral MFL muscle force was increased 

by weakening the target muscle in KD model (Fig. 2). 

 

Figure 2: Forces of the target and contralateral MFL (Top row) and 

LGPT (Bottom row) muscles of: (Left) KD, and (Right) SKD 
models. 

Conclusions 

Matched with in vivo data, SKD model predicted reduction in 

contralateral muscle forces to the debilitated LGPT and MFL 

muscles. In opposite, the contralateral muscle force 

enhancement to the debilitated MFL muscle in KD model was 

in contradiction with in vivo data [4], implying KD model’s 

deficiency in discovering the focal muscular disorders. 
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Summary 

Ankle sprains are one of the most common musculoskeletal 
injuries, leading to chronic ankle instability (CAI) in 30-40% of 
first-time sprains. Clinicians assess passive stability under non-
weight-bearing conditions, but their relevance to weight-
bearing conditions when ankle sprains occur is unclear. The 
objective of this study is to quantify how weight-bearing affects 
the stability of the ankle in the frontal plane. We assessed this 
by computing the stiffness of the ankle using small random 
angular displacements of the ankle in the frontal plane. We 
found that ankle stiffness increased with increasing weight 
borne on the ankle. At full body weight, the ankle was on 
average 3.7 times stiffer than during non-weight-bearing 
conditions. Thus, non-weight-bearing measures of ankle 
stability differ greatly from the ankle stability during the full 
body weight condition when sprains typically occur. 

Introduction 

Ankle sprains are one of the most common musculoskeletal 
injuries. Though often dismissed as minor, 30-40% of sprains 
lead to chronic ankle instability (CAI), which is associated with 
daily pain, functional limitations, and frequent recurrence [1]. 
Clinicians assess passive stability under non-weight-bearing 
conditions, but their relevance to weight-bearing conditions 
when ankle sprains occur is unclear. Lab-based studies have 
quantified ankle stability during standing conditions, by 
estimating the impedance of the ankle [2]. Ankle impedance, 
which relates the torque the ankle produces in response to an 
imposed angular displacement, can be used to predict the 
conditions in which the ankle remains stable. While previous 
studies have quantified ankle impedance during a variety of 
weight-bearing tasks, none of these studies have attempted to 
isolate the contribution of weight-bearing to ankle impedance 
[2-4]. Without knowledge as to how the impedance of the ankle 
changes with weight-bearing, it is impossible to determine how 
relevant non-weight-bearing clinical assessments are to ankle 
stability. Here in this study, we quantify how frontal plane ankle 
impedance varies as increasing weight is borne on the ankle. 

Methods 

Four subjects between the ages of 22 and 31 years participated 
in the study. Subjects stood upright with their right foot attached 
to a rotary motor via a custom-made fiberglass cast. The ankle 
was aligned with the center of rotation of the motor with the 
foot parallel to the ground. The forces and torques about the 
ankle were measured using a 6 degree-of-freedom load cell 
placed under the subjects’ foot. Subjects were instructed to 
place 10%-90% of their body weight on their right foot aided 
by visual feedback while frontal plane angular displacements 
were applied. Perturbations consisted of a 0.03-rad pseudo-
random binary sequence with a switch rate of 150 ms. 

Impedance was estimated by computing an impulse response 
function (IRF) relating the angular displacements and the 
resultant frontal plane torque. Stiffness, the steady state 
component of impedance, was computed by integrating the 
impedance IRF. Least-squares linear regression was used to fit 
a line between the stiffness and the weight on the ankle. 

Results and Discussion 

Frontal plane ankle stiffness increased proportionally with 
weight borne on the ankle. For each subject an offset, 
representing unloaded passive stiffness, and a slope, 
representing weight-bearing stiffness, were found. All subjects 
displayed a weight-bearing stiffness slope that was significantly 
greater than zero (all P < 0.02). On average, stiffness was 3.7 
times greater during full weight-bearing than passive unloaded 
stiffness. 

 
Figure 1: a) Frontal plane stiffness increased proportionally (r2 = 
0.97) with weight-bearing for an example subject. b) All subjects 

(different colors) showed an increase in stiffness with body weight 
(%BW). 

Conclusions 

Ankle stiffness increases proportionally as weight is borne on 
the ankle, becoming on average 3.7 times stiffer during full 
weight-bearing compared to non-weight-bearing conditions. 
These results demonstrate that quantifying frontal plane ankle 
stiffness under non weight-bearing conditions is not 
representative of ankle stiffness during the weight-bearing 
conditions when ankle sprains occur. Thus, to assess functional 
impairments in ankle stability, it is vital to perform ankle 
stability measures under weight-bearing conditions. 
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Summary 

The biological ankle joint can change its stiffness in response 

to various locomotor tasks (e.g., load carriage), but the direct 

effect of ankle stiffness on metabolic power during various 

tasks is not fully understood. We evaluated the effect of ankle 

stiffness during load carrying tasks on metabolic power with a 

robotic foot-ankle prosthesis emulator. Current data suggest a 

trend for a higher stiffness needed to decrease metabolic power 

when carrying additional load, supporting the premise that 

modulating ankle stiffness may be important for reducing 

metabolic power across various tasks.  

Introduction 

The ankle structures play a key role in body support, forward 

propulsion and leg swing [1].  One important property of the 

human ankle is its ‘quasi-stiffness’ (referred to hereafter as 

stiffness), or the ratio of the moment and the angular 

displacement. Human biological ankle stiffness changes in 

response to changes in the mechanical demands of walking (e.g. 

added load or changes in speed), using active muscle 

contractions [2]. However, the role of ankle stiffness in 

regulating metabolic energy across walking conditions is 

unknown. Therefore, the purpose of this study is to determine 

how net metabolic power is affected by ankle joint stiffness 

while walking with different mechanical demands (e.g. with 

and without additional load). A prosthetic ankle emulator was 

used to simulate various stiffnesses of perfectly elastic springs 

[3]. It is hypothesized that the optimal stiffness (i.e., the 

stiffness that minimizes metabolic power) will increase when 

walking with added loads.  

Methods 

6 subjects have completed this study thus far. Participants wore 

an immobilizer boot with a distally-attached unilateral ankle-

foot prosthesis emulator (HuMoTech, Pittsburgh, PA) to 

systematically vary ankle joint stiffness. 

Each individual walked for 6 minutes at 1.25 m/s at 2 different 

loading conditions (with and without 30% added body mass), 

and 5 stiffness conditions: the typical human ankle stiffness 

(scaled to body mass) [4], and ±20% and ±10% of that value. 

The entire protocol was repeated on 3 different days to account 

for any learning effects with the prosthesis. Data from the third 

day were reported. Indirect calorimetry was used to measure 

and calculate metabolic power (True One, Parvo Medics), and 

an instrumented treadmill (Bertec, Columbus, OH) and motion 

capture system (VICON, Oxford, UK) were used to calculate 

joint powers.  

For each loading condition, the ‘optimal stiffness’ that 

minimized metabolic power was determined by fitting a 

quadratic regression to the metabolic power as a function of 

ankle stiffness. A paired t-test was performed to determine if 

the optimal stiffness increased with added loads. A two-way 

repeated measures ANOVA was done to test the main effects 

of ankle stiffness and load carriage on net metabolic power. 

Results and Discussion 

The net metabolic power increased when carrying additional 

load (p=0.011) (Figure 1). However, stiffness did not have a 

significant effect on net metabolic power (p=0.251). The 

optimal stiffness within the range tested was 15% higher for the 

+30% condition, but not significantly different (p=0.15). 

Therefore, the trend was for higher stiffness to provide greater 

metabolic benefit with added load. We are currently collecting 

more data to definitively evaluate the effects of ankle stiffness 

on metabolic power with and without added loads. 

 

Figure 1: Net metabolic power at each stiffness level. The 0% load 
conditions are in blue and the +30% load conditions are in red.  

Conclusions 

These preliminary data suggest that the ability to vary ankle 

stiffness while walking may be important when seeking to 

minimize metabolic power in walking tasks of varied demand 

(such as carrying additional loads). A thorough examination of 

the relationship between ankle stiffness and metabolic power 

across various tasks can be used to guide the development of 

novel designs for assistive devices that emulate these functions.  
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Summary 

The influence of subtalar arthrodesis on the anteroposterior 

stiffness and laxity of the talocrural joint was studied in vitro.  

Six fresh-frozen ankle specimens with soft tissues removed 

following standard specimen preparation procedure were 

tested by a  robot-based joint testing system (RJTS) which was 

an industrial 6 degree-of-freedom (DOF) robot with a 6-

component load-cell attached at the effector.  The results 

showed that subtalar arthrodesis did not change the stiffness 

and laxity in both anterior and posterior directions (p > 0.05).  

The current study provides a base to evaluate the effects of 

subtalar arthrodesis on ankle stability. 

Introduction 

Subtalar arthrodesis, also known as talocalcaneal fusion, is an 

end-stage treatment for adult hind foot pathologies [1].  The 

goal of the procedure is to restrict the relative motion between 

talus and calcaneus of the subtalar joint, aiming to reduce pain 

and improve foot functions for the patient [2].  However, the 

change of the subtalar structures through the fusion is 

considered a disturbance to the joint biomechanics, which has 

been suggested to affect the biomechanics of the adjacent 

joints [3].  The study aim was to quantify the effects of 

subtalar arthrodesis on the stiffness and laxity of the talocrural 

joint in vitro using a RJTS [4] during anterior-posterior (A/P) 

drawer test.  

Methods 

Six fresh-frozen ankle specimens were used in the study and 

the lateral tissues were removed but the anterior and posterior 

talofibular ligaments and calcaneofibular ligament were kept 

intact.  A/P drawer tests were performed on each specimen at 

the neutral position, and 10 ﾟ of dorsi/plantarflexion using the 

RJTS, before and after subtalar arthrodesis.  This was 

achieved via a force-position hybrid control method with force 

and moment control [4].  The target A/P force applied during 

the A/P drawer test was 100N in both A/P directions.  The 

stiffness and laxity were calculated from the measured force 

and displacement data and used to describe the ankle stability. 

Comparisons of the laxity and stiffness between the intact and 

fusion ankle specimens were performed using Wilcoxon 

signed rank test and a significance level of 0.05 was set. 

Results and Discussion 

The mean anterior displacements before and after arthrodesis 

were 10.15 ± 2.18 mm and 9.1 ± 2.13 mm, respectively (Table 

1).  The mean anterior stiffness before and after arthrodesis 

were 12.07±4.69 N/mm and 12.39 ± 4.88 N/mm, respectively. 

The results showed that the differences in the displacement 

and stiffness before and after arthrodesis were almost 

negligible (p > 0.05), suggesting that subtalar arthrodesis did 

not have significant effects on the A/P laxity and stiffness of 

the talocrural joint in both anterior and posterior directions.  

Conclusions 

The current in vitro study showed that the A/P laxity and 

stiffness of the talocrural joint were not affected by subtalar 

arthrodesis.  Further study is needed to evaluate the stability in 

other directions for a more complete picture of the effects of 

subtalar arthrodesis. 
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Table 1: The laxity and stiffness of the ankle joint at neutral position, 10 ﾟ of dorsiflexion, and 10 ﾟ of plantarflexion. 

 

Laxity (mm) Stiffness (N/mm) 

Anterior Posterior Anterior Posterior 

Normal Arthrodesis Normal Arthrodesis Normal Arthrodesis Normal Arthrodesis 

Neutral 10.71(2.29) 9.64(2.35) 7.34(1.81) 6.76(2.50) 11.10(4.23) 12.34(5.11) 13.30(2.43) 13.52(4.00) 

Dorsiflexion 10 ﾟ 9.54(2.05) 8.85(1.87) 8.59(1.96) 7.78(2.70) 11.75(4.56) 11.70(4.50) 12.04(2.43) 12.09(3.19) 

Plantarflexion 10 ﾟ 10.21(2.20) 8.96(2.17) 6.89(1.59) 6.54(2.60) 13.37(5.28) 13.14(5.04) 14.71(2.37) 15.09(4.16) 
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SUMMARY  

Many athletes who perform jumping movements in their sport 

wear a prophylactic ankle brace as an injury preventative 

measure. However, it has been theorized that stabilization at the 

ankle joint may cause excessive frontal plane knee angle and 

moment in females. Limited research has examined the frontal 

plane kinetics and kinematics of a rebound jump, therefore this 

data assesses sagittal and frontal plane knee movement, frontal 

plane knee torque, and peak force generated. Analyses revealed 

no significant differences between braced and non-braced 

conditions within this sample. Female recreational athletes may 

not experience knee movement patterns relevant to knee 

injuries while wearing an ankle brace.   

INTRODUCTION  

Prophylactic ankle braces have shown to alter the function of 

the knee joint while performing jumping and landing tasks [1]. 

Approximately 30 percent of athletes who are at an increased 

risk of an ankle injury in sports use prophylactic ankle braces 

[2]. Female athletes, specifically, tend to display an increased 

risk of abduction of the knee [1,3]. Yet, limited empirical 

evidence exists examining movement in the frontal plane, 

especially in the knee joint. The purpose of this study is to 

examine sagittal knee flexion, frontal plane knee movement and 

moments, as well as peak force generated by females while 

performing rebound jumps while wearing bilateral prophylactic 

ankle braces compared to non-braced.   

METHODS 

5 college-aged females (25.2 ± 2.9 years, 1.6 ± 0.04 m, 61.4 ± 

10.3 kg) were recruited for participation. Participants 

performed three maximal effort rebound jumps 

(countermovement vertical jump with subsequent vertical 

jump) in braced (B) and non-braced (NB) conditions, with 

conditions being counterbalanced. The current study used non-

rigid ASO Ankle Stabilizer braces. All participants wore Vazee 

Pace v2 shoes to control for shoe type (New Balance Athletics, 

Inc., Boston, MA, USA). During the jumps, simultaneous three-

dimensional lower extremity kinematic (200 Hz, Vicon Nexus 

Ltd., Oxford, UK) and kinetic (1000 Hz, Advanced Mechanical 

Technology, Inc. Watertown, MA, USA) were obtained. Raw 

trajectory and force data were exported to Visual 3D for 

processing where digital low-pass Butterworth filters were 

applied (10 and 50 Hz, respectively). Variables of interest 

included sagittal plane knee angle at peak vertical ground 

reaction force (vGRF), frontal plane knee angle at vGRF, and 

vGRF. Kinetic data were normalized to participants’ body mass 

for comparison. A two (limb) by two (condition: B/NB) 

analysis of variance (α=0.05) was used to test for statistical 

significance for each variable. If an interaction was detected, 

dependent t-tests were used for both unilateral comparisons 

between tasks and between-limb comparisons within task 

(α=0.05). If no interaction was detected, task main effects and 

limb main effects were examined after applying the Sidak 

adjustment. 

RESULTS AND DISCUSSION 

ANOVA results revealed that sagittal plane knee motion did not 

have significant limb and braced condition interaction 

(p=0.968), nor limb (p=0.716) or condition (p=0.555) main 

effects.  Frontal plane knee movement did not have significant 

limb and braced condition interaction (p=0.807), nor limb 

(p=0.834) or condition (p=0.806) main effects. Frontal plane 

knee torque did not have significant limb and braced condition 

interaction (p=0.886), nor limb (p=0.095) or condition 

(p=0.934) main effect. Peak knee vGRF did not have 

significant peak phase and braced condition interaction 

(p=0.830), nor peak phase (p=0.189) or condition (p=0.618) 

main effect. The lack of statistically significant differences 

illustrates that there are no kinetic nor kinematic differences 

while performing a rebound jump while wearing prophylactic 

ankle braces.  

Table 1. Mean and standard deviation values for sagittal and frontal 

plane knee movement and frontal plane knee moment 

  

Knee 

Flexion 

(deg) 

Knee 

Abduction/ 

Adduction 

(deg) 

Knee Torque 

(Nm) 

Braced 
Right 56.0 (7.1) -0.5 (5.1) -0.7 (0.7) 

Left 54.5 (6.2) 0.5 (5.4) -0.3 (0.3) 

Non-

Braced 

Right 58.2 (11.0) 0.6 (4.5) -0.6 (0.5) 

Left 56.9 (8.9) 0.5 (5.3) -0.3 (0.3) 

Note: Knee abduction/adduction (adduction = +), frontal knee torque 

(abduction = +) 

CONCLUSIONS 

Within this sample of recreational athletes, wearing bilateral 

ankle braces did not directly affect the knee joint. These 

findings indicate that prophylactic bracing may not negatively 

influence frontal plane knee moments during vertically oriented 

jumping with subsequent movements following the landing.    
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Summary 

The efficacy of external ankle braces to protect against sudden 

inversion sprain has yet to be determined, while taking into 

account the possible placebo effect of brace application. In 

this controlled study, we assessed kinematics using both 

actively protecting and placebo braces in subjects with a 

history of lateral ankle sprain during single-limbed tasks. We 

found that only active bracing reduced inversion angles during 

inversion tilts, and no effect found with placebo bracing. 

Introduction 

The ankle is the most frequently injured joint, with lateral 

ankle sprains (LAS) occurring most often leading to persistent 

higher mechanical laxity [1] in the frontal plane. External 

ankle supports have often been used to resist further inversion 

injury, but existing studies have only ever compared various 

manufacturer’s designs against each other and against 

unbraced conditions [2]. 

However, it remains unclear if movement is altered in 

response to the brace merely being placed on the ankle, rather 

than the protective quality of the brace itself. Existing studies 

investigating ankle bracing inherently have such biases, both 

from participants and investigators. To date, no study 

investigating external ankle supports has considered the 

placebo effect on both investigators and users. 

This study assessed the protective effect of an active ankle 

brace, accounting for a possible placebo effect. We 

hypothesized that both active and placebo braces would 1) 

reduce inversion angles during simulated sprain, and 2) reduce 

sagittal angles during single-limb drop jumps compared to 

unbraced conditions. 

Methods 

Sixteen participants (7 females, Age: 30.9±4.7, BMI: 

23.5±2.9) with ankle instability and a history of unilateral 

sprain performed sudden inversion tilt perturbations and 

single-leg drop landings on the affected limb. Kinematics of 

the affected limb were collected in three conditions (active 

bracing, passive placebo bracing, and unbraced) across two 

separate measurement days. The design allowed for both 

participators and investigators to remain blinded to the brace 

type tested. The effect of bracing on ankle kinematics was 

assessed using repeated-measures analysis of variance using 

statistical parametric mapping (SPM) [3], with post-hoc tests 

performed for significant interactions.  

Results and Discussion 

Active bracing reduced inversion angles during a sudden ankle 

inversion when compared to the unbraced condition. This 

reduction was apparent between 65-150 ms after the initial 

drop (Figure 1). No significant differences in inversion angle 

were found between the passive placebo brace and unbraced 

conditions during sudden ankle inversion. Furthermore, no 

significant differences were found among all tested conditions 

at the knee and ankle during the single-limb drop jump tests. 

 

Figure 1: Mean (±SD) ankle inversion angles (A-B) and SPM t-tests 

(C-D). Active bracing angles were lower than the unbraced (A, red) 

with significance between 65-150 and 170-200ms after initial fall (C, 

grey area). Passive placebo bracing vs. unbraced (B&D) were similar. 

Conclusions 

During simulated sprain, only actively protecting ankle braces 

limit inversion angles in participants with LAS history. These 

results do not indicate a placebo effect of external bracing in 

this cohort. Furthermore, sagittal plane knee kinematics appear 

to remain unaffected by bracing during single-leg landing, due 

to the limited effects of bracing on sagittal ankle kinematics. 

These results highlight the role of brace design on 

biomechanical function during sports-related movements.  
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Summary 
Using a turning and walking course designed to elicit freezing 
behaviour, this study demonstrated that both 60 Hz and 140 Hz 
subthalamic deep brain stimulation improved the abnormal gait 
parameters and freezing of gait in people with Parkinson’s 
disease who freeze, restoring many of them to that of 
Parkinson’s patients who do not freeze. However, the gait 
parameters of the Parkinson’s patients who do not freeze were 
unchanged with neurostimulation.   
Introduction  
Freezing of gait (FOG) is a devastating motor symptom in 
Parkinson’s disease (PD) leading to falls. Subthalamic nucleus 
deep brain stimulation (DBS) at low and high frequencies may 
improve FOG [1,2], though this has yet to be demonstrated in 
walking tasks that simulate real world environments. 
Additionally, the effect of stimulation frequency on those with 
existing FOG (freezers) versus those without (non-freezers) is 
unclear. We investigated the efficacy of DBS at 60 Hz and 140 
Hz in improving gait in freezers and non-freezers in forward 
walking and a turning and barrier course [3]. This course is a 
useful and reliable experimental tool to elicit FOG and impaired 
gait, and therefore study the effect of therapies meant to 
improve FOG.  

Methods 
In a single-blinded experiment, twelve PD subjects (7 male), off 
dopaminergic medication, with bilateral subthalamic DBS 
received randomized presentations of no, 60 Hz, and 140 Hz 
DBS while performing two different gait tasks. Gait features 
were recorded with an IMU during 40 meters of straight 
forward walking (FW) and while walking clockwise in a 
turning and barrier course (TBC). In the TBC, subjects walked 
two ellipses around barriers and then in two figures of eight 
passing through a narrow space between barriers. They then 
repeated this counter-clockwise. A shank-worn IMU was used 
to calculate peak shank angular velocity and stride time over 
each gait cycle. Gait arrhythmicity and asymmetry were then 
calculated [1,2]. An objective, validated logistic regression 
model identified individual gait cycles as FOG or not FOG 
based on shank swing angular range, stride time, and gait 
asymmetry and arrhythmicity. The percent time spent freezing 
in each task was then determined. Subjects were classified as a 
freezer (N=7) or non-freezer (N=5) based on the FOG 
Questionnaire #3 response ³ 2, and/or if the subject displayed 
freezing behaviour during the experiments.  

Results and Discussion 

OFF therapy, the TBC was more challenging than FW for 
freezers in terms of percent time freezing, decreased shank 
angular velocity, greater gait asymmetry and arrhythmicity 
(P<0.05 for all).  Of the elements of the TBC, the figures of 
eight were more challenging: freezers exhibited more freezing 
behaviour (P= 0.04), and lower shank angular velocity (P< 
0.01) than in the ellipses. OFF therapy the TBC was also more 
challenging than FW for non-freezers as far as decreased shank 
angular velocity (P<0.05). DBS is an effective means of 
decreasing FOG and increasing shank angular velocity 
especially for freezers in the TBC (Table 1). Both 60 Hz and 
140 Hz DBS reduced freezers’ percent time freezing to that of 
non-freezers in the TBC, and the degree of freezers’ 
improvement in gait parameters and FOG during the TBC were 
similar between 60 Hz and 140 Hz DBS (Table 1). During 60 
Hz DBS the freezers’ stride time, gait asymmetry and gait 
arrhythmicity were restored to the same range of non-freezers; 
however, shank angular velocity remained marginally lower in 
both ellipses and figures of eight (P=0.042 and P=0.045, Table 
1). During 140 Hz DBS all gait parameters were restored to 
those of non-freezers when walking in ellipses, but shank 
angular velocity remained lower (P=0.041) and gait was more 
arrhythmic (P=0.031) when walking in figures of eight than at 
60 Hz. Non-freezers’ stride time, gait asymmetry, and 
arrhythmicity (which was similar to reported healthy controls) 
did not change ON DBS at either frequency compared to OFF 
therapy in either TBC or FW, but shank angular velocity 
increased at 60 Hz and 140 Hz DBS in the ellipses compared to 
OFF DBS (P<0.05). 
Conclusions 
Subthalamic DBS at 60 Hz and 140 Hz was therapeutic for gait 
impairment in PD and reduced freezers’ FOG and abnormal gait 
parameters toward values seen in non-freezers in both walking  
tasks. 60 Hz was superior to 140 Hz DBS in restoring 
rhythmicity of gait in freezers. However, the gait parameters of 
non-freezers were unchanged with DBS. These results inform 
closed loop DBS systems for gait impairment and FOG.   
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Table 1: Kinematic data in freezers and non-freezers during the turning and barrier course OFF, and on 60 Hz or 140 Hz DBS 
Percent of task spent freezing (% FE), Shank Angular Velocity (SAV) in deg/sec, Arrhythmicity (AR) as CV%. Values reported as mean ± s.d. 
Group %FE OFF %FE 60 %FE 140 SAV OFF SAV 60 SAV 140 AR OFF  AR 60 AR 140 

Freezer (9) 35 ± 23ª 5 ± 7* 9 ± 10* 175.2 ± 
51.7ª 

206.8 ± 
48.7*ª 

215.7 ± 
47*ª 

22.2± 
11.1ª 

12.1 ±  
4.8*^ 

11.3 ± 
4.9* 

Non-Freezer (5) 0.0 0.0 0.0 251.1± 39.4 261.9± 34.2 265.5± 32* 7.0± 2.8 7.8± 4.8 7.8± 3.1 
Significantly different (P< 0.05) * from OFF during same task; ª from non-freezers in same task; ^from 140 Hz DBS during same task 
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Summary 

Parkinson is a common central nervous system degenerative 

disease. The assistive device is utilized to improve the gait 

pattern. Some studies suggested that external cue could 

improve the Parkinson’s gait. In this study, we confirmed that 

the external stimulus intervention could improve the 

Parkinson’s COP displacement. Moreover, the combination of 

the electrical and vibration stimulations resulted in a better 

effect then single stimuli 

Introduction 

Parkinson's disease is a common central nervous system 

degenerative disease. The clinical symptoms include the 

resting tremor, muscular rigidity, akinesia, bradykinesia, 

postural instability, frozen gait et al. The characteristic 

abnormal gait patterns such as small step length, slower 

walking speedmay result in postural instability and risk of 

falling [Siegel & Metman,2000]. The most common 

treatments are drug, surgical procedure, rehabilitation or the 

assistive device intervention. Nevertheless, the side effects 

may affect the treatment efficacies. The assistive devices 

plantar vibration or electrical stimulation, or lower limb, 

functional electrical stimulation is used to improve the gait 

pattern [Suteerawattananon et al.,2004].  

The aim of this work was to assess the efficacy of the 

integrated external stimulation plantar vibration and peroneal 

nerve functional electric stimulation to improve the mobility 

and motor control of the Parkinson subjects. 

Methods 

This study recruited 16 Parkinson's patients (Age: 63.31±7.68; 

BMI: 24.528±1.65; MMSE: 27.81±0.88; H & Y Stage: 

2.594±0.195) to perform a 10% of the subject's height during a 

crossing obstacles gait analysis, in four randomized  

conditions: no external cue, with functional stimulation, with 

plantar vibration, and both simulations.  The COP parameters 

were collected by The AMTI force platform, and Rsscan 

pressure mate.  

Results and Discussion 

The result showed that the leading leg COP displacement at 

the AP and the ML direction had a significant difference 

between vibration stimulation and functional electrical 

stimulation in comparison with no stimulation (Table 1). The 

trailing leg COP displacement at the AP and the ML direction 

had a significant difference between plantar vibrations, 

electrical stimulation and combined ones in comparison with   

no stimulus. 

Conclusions 

The studies discovered that external sensory cues such as the 

auditory, visual, functional electrical stimulation, and plantar 

vibration could improve the stride-length, speed, cadence and 

postural control [Suteerawattananon et al.,2004]. Since the 

external cue reduced the patient's intrinsic movement system 

to react the initiation of movement by increasing the attention 

burden [Debaere et al.,2003].  

In this study, we confirmed that the external stimulus 

intervention could improve the Parkinson’s COP displacement. 

Moreover, the combination of the electrical and vibration 

stimulations resulted in a better effect than single stimuli. 
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Table 1: Cross Obstacle COP Displacement 

Unit(ratio) No Electrical Vibration Electrical & Vibration 
P value 

Trailing Leg AP direction 0.55±0.42 10.07±7.64 7.11±1.62 0.79±0.28 0.000 bc 

Leading Leg AP direction 3.38±1.08 2.06±2.28 0.62±0.18 0.60±0.27 0.000 abc 

Trailing Leg ML direction 0.49±0.08 39.18±32.31 2.47±0.48 1.07±1.01 0.000 bc 

Leading Leg ML direction 6.29±0.94 9.36±4.65 0.72±0.16 0.66±0.37 0.000 abc 

Intervention comparison a : With Electrical & Vibration vs No stimulation , b: With Electrical vs No stimulation , c: With Vibration vs No 
stimulation, d: With Electrical & Vibration vs Electrical, e: With Electrical & Vibration vs Vibration , f: With Electrical vs Vibration 
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Summary 

Thirteen persons with Parkinson’s disease (PD) walked at a 
self-selected pace on a treadmill both “ON” and “OFF” 
dopaminergic medication.  Medication increased walking 
speed and both peak braking and peak propulsion forces. 
Interestingly, braking and propulsive forces were not 
correlated with gait speed and did not change between 
medicated states when walking at a fixed speed. 

Introduction 

Gait impairments are a main detractor of quality of life for 
those with PD [1]. Dopaminergic medications improve some 
aspects of gait (e.g., speed) while others are unaffected (e.g., 
cadence) [2]. The mechanics underlying dopaminergically-
induced gait speed improvement are currently unknown. It is 
possible that increased propulsive force production drives 
faster walking when “ON” medication, as increased 
propulsive forces are correlated with faster gait speeds and 
longer step lengths in healthy controls [3]. The purpose of this 
study was to investigate the effect of dopaminergic medication 
on braking and propulsion forces during treadmill walking in 
persons with PD. 

Methods 

Thirteen persons with PD taking stable doses of oral levodopa 
therapy were recruited (Table 1). Participants performed five 
minutes of treadmill walking at a self-selected (SS) speed and 
two minutes of walking at 1.0 m/s. Participants repeated these 
tests on two separate days (once while optimally medicated 
“ON” and the other after at least 12 hours of medication 
withdrawal “OFF”, order randomized). SS speed was chosen 
each day independently. Data were collected with motion 
capture (120 Hz; Vicon, Oxford, UK) and an instrumented 
treadmill (1200 Hz; Bertec Corporation, Columbus, OH).  

Custom Matlab code was used to identify heel-strikes and toe-
offs using marker trajectories. Braking and propulsion peaks 
were determined for each step and averaged over the entire SS 
and 1.0 m/s walking sessions separately. Forces were 
normalized to body weight. Average peaks of the most 
affected (MA) limb and least affected (LA) limb, as 
determined by clinical scores, and treadmill speed were 
analysed using a repeated measure MANOVA. Treadmill 
speed, stride length, stride time, and double support time were 

also included in the same analysis. The association between 
normalized propulsive peak force and SS treadmill speed for 
both “ON” and “OFF” were assessed with Pearson’s 
correlation. Statistical significance was set at p <.05. 

Results and Discussion 

No significant differences were found between the MA and 
LA limb for any measure (p>.05); therefore, only the MA limb 
was analysed in further analyses. For SS speed, There was a 
significant multivariate effect of medication (p=.026). 
Univariate tests revealed increases in speed (Table 1, p=.001), 
peak propulsion (.15BW vs .13BW, p=.001), and peak braking 
(.09BW vs .07BW, p=.01) with medication, while stride time 
(1.30s vs 1.23s, p=.040) and double support time (.24s vs .22s, 
p=.028) decreased. There were no differences in stride length 
(p=.094). 

SS speed was not significantly correlated with either the 
propulsive or braking peaks in the “OFF” (p>.065) or “ON” 
(p>.251) conditions. 

A second MANOVA for the fixed speed condition with the 
same variables, except treadmill speed, reveal no significant 
multivariate differences between “ON” and “OFF” (p=.943). 

Conclusions 

As the SS gait speeds were significantly increased between 
“ON” and “OFF” phase, we expected to observe increases in 
propulsive force. However, the lack of increase in propulsion 
at the fixed speed as well as the lack of correlations in SS 
speed show that person’s with PD may not use propulsive 
force effectively, or perhaps other influences such as balance 
control may regulate force production during walking.  
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Table 1: Demographics from 13 participants. Mean (Standard Deviation).  

Age (yrs) Gender Height (cm) Mass (kg) Disease duration (months) Hoehn & Yahr UPDRS-III 
SS Treadmill Speed 

(m/s) 

67(9) M=11 174.1(6.9) 74.1(8.4) 58(30) 
ON OFF ON OFF ON OFF 

2.5(.4) 2.6(.3) 36(7) 39(9) 1.12(.16) .94(.14) 
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Summary 
People with Parkinson’s disease (PD) have impaired 
coordination while walking. Greater impairment is seen during 
a backward walking, which has been used as a rehabilitative 
tool for older adults. While walking backward, persons with PD 
show greater impairment in the interlimb coordination of their 
more affected ipsilateral side compared to healthy older adults. 
Knowing the extent of coordination impairment in persons with 
PD during this task can help therapists implement safer 
backward walking rehabilitation strategies for this group.  

Introduction 
Parkinson’s disease (PD) is a neurological disorder that impairs 
gait speed, the magnitude of spatiotemporal gait variables and 
the timing and consistency of gait [1]. Persons with PD also 
have impaired interlimb coordination (ILC) during forward 
walking (FW) [2]. Backward walking (BW), a task that poses a 
greater challenge to the motor system, is increasingly being 
used as a tool to probe locomotor abilities and as a rehabilitation 
exercise [3]. Recent work has identified that slow gait velocity 
during backward walking in persons with PD is associated with 
falls and fear of falling [4]. However, how movement of the 
arms and legs are coordinated differently in forward versus 
backwards walking in PD as well as in comparison to that of 
healthy older adults (HOA) remains unknown. Therefore, the 
purpose of this study was to investigate the extent of 
coordination impairment during gait in persons with PD by 
assessing coordination of the upper and lower body segments 
during FW and BW in comparison to HOA. 

Methods 
18 persons with PD (Hoehn & Yahr 2.0; 3 women; 69.4±5.5yrs) 
and 18 age (±2yrs) and gender-matched HOA walked 
overground five times under two conditions, FW and BW, at 
self-selected speed. Ipsilateral and contralateral ILC between 
the sagittal shoulder and hip angles were analyzed using cross-
covariance techniques. The cross-covariance coefficients at 
zero time lag “when no temporal shift is applied to either joint 
angle vector” [4] (CCC0), the maximal cross-covariance 
coefficient (CCCMax), the point estimate of relative phase 
(PERP) between body segments at the maximum angle of each 
segment, and range of motion (ROM) were determined using 
custom MATLAB software. Contralateral interlimb 
coordination was defined as the coordination of contralateral 
joints, such as more affected hip/less affected shoulder and less 
affected hip/more affected shoulder. While, ipsilateral interlimb 
coordination was the coordination of ipsilateral joints, such as 
the more affected hip/more affected shoulder and less affected 
hip/less affected shoulder. More affected and less affected sides 
were identified using the UPDRS-III. For HOA, their dominant 
limb was matched with less affected and their non-dominant 

limb with more affected. Each combination of limbs was 
evaluated separately for a total of 4, 2 X 2 (Group X Condition) 
MANOVAs.  

Results and Discussion 

There were no significant differences (p>.05) in hip and 
shoulder range of motion or hip and shoulder cycle duration in 
any condition.  

Multivariate results for 3 of the 4 limb combinations, the least 
affected ipsilateral (less affected hip/less affected shoulder), 
more affected contralateral (more affected hip/less affected 
shoulder), and less affected contralateral (less affected hip/more 
affected shoulder) sides revealed no significant Condition by 
Group interaction for CCC0, CCCMax, or PERP (p≥.058). Both 
Condition (p<.035) and Group (p<.038) were significant at the 
multivariate level for these limb combinations. Combining 
conditions for group univariate comparison, persons with PD 
have significantly reduced coordination for all variables when 
compared to healthy older adults for these 3 combinations 
(p≤.038) of sides. Collapsing across groups for the condition 
univariate comparison, the less affected side revealed reduced 
ipsilateral coordination for all variables between FW and BW 
(p≤.014). The less affected contralateral side demonstrated 
significantly reduced coordination for CCC0 and CCCMax 
(p≤.045), but there were no significant differences in PERP 
detected (p=.078). On the more affected contralateral side, 
reduced coordination for CCCMax and PERP (p≤.013; p≤.010) 
were observed, but not for CCC0 (p=.101).  

Lastly, the only limb combination to reveal a significant Group 
x Condition interaction (p=.006) was the more affected 
ipsilateral side, in addition to significant multivariate 
differences between groups (p<.001) and conditions (p<.001). 
CCC0, CCCMax, and PERP, were reduced in persons with PD 
compared to HOA only in BW (p<.001), but there were no 
significant differences (p≥.152) between groups during FW 
across all the variables.   

Conclusions 
These findings suggest that only impaired coordination on the 
more affected ipsilateral side has a significant impact on a 
person with PD’s ability to walk backward when compared to 
HOA.  Using these findings can improve the safety and efficacy 
of backward walking therapies so people with PD can partake 
in rehabilitation that more closely resembles environments 
encountered in everyday life. 
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Summary 

In this work, we investigate the potential of different feature 

families extracted from wearable inertial measurement units 

(IMUs) in real-time detection of freezing of gait (FOG) in 

Parkinson’s disease (PD). Two groups of features were 

extracted and analyzed. Group 1 comprised of spatiotemporal 

parameters of gait, while group 2 includes the time and 

frequency domain features. Different classifiers were used to 

detect FOG. Data were collected from 6 PD subjects while 

also Daphnet dataset was used for group 2 features evaluation.   

Introduction 

FOG is defined as a “brief, episodic absence or marked 

reduction of forward progression of the feet despite the 

intention to walk” [1]. FOG affects the patients in advance 

stage PD, causes falls and drops their quality of life. Recently, 

wearable IMUs have been used to detect FOG [2]. To explore 

the features that have potentials to improve FOG detection and 

prediction, we extend the existing used features in the 

community, analyze them separately for the FOG detection.  

Methods 

Six advanced level PD subjects (60-75 y/o) were recruited. 

Four IMUs (XSens, Netherlands) were attached to right foot, 

calf and thigh and left foot. Subjects lower limb movements 

were video captured for data labeling. Experiments include 

walking in a corridor with untiled ground, 90° and 180° turns 

during walking, walking through doorways, double task, and 

obstacle avoidance. Functional movements were performed to 

align IMUs’ technical frames with the body fixed frames [3].  

Gait cycles were extracted [4]. Spatiotemporal features, i.e. 

gait cycle time (GCT), stride velocity (SV), stride length (SL), 

foot clearance (FC), foot flat percentage (FF), were computed. 

A sliding window was used to extract Group 2 features. These 

features include: average peak distance (ADP), number of 

dominant peaks (NDP), average peak width (APW), number 

of acceleration zero crossings (NZA) and number of jerk zero 

crossing (NZJ), acceleration variance (VAR), L1 and L2 

norms of acceleration per sensor (AN), 2 dominant singular 

values (DSV) of acceleration covariance matrix, were 

computed. Freezing Index (ratio of the power in freeze band 

[3-8Hz] to locomotor band [0.5-3Hz] in vertical direction) [5], 

was extended to all sensors and all directions (EFI). Only 3D 

acceleration was needed to compute group 2 features, Daphnet 

dataset [6] was thus used for further evaluation. A Wilcoxon 

rank sum test was performed to find features which 

differentiate walking, FOG and turning. A Probabilistic neural 

network and support vector machines were trained to detect 

FOG based on group 1 and 2 features, respectively. 10-fold 

cross-validation was implemented with a bootstrapping.  

Results and Discussion 

3 subjects experienced FOG in the experiments. Figure 1 

shows pair-wise scatter plots for group 1 features for Walking, 

Freezing and Turning. Feature combinations which form 

distinct clusters in feature space are likely to perform well in 

FOG classification. The statistical tests revealed FF, FC, SV 

and SL are all significantly different between Walking and 

Freezing (p<0.004) for all subjects. EFI and NZA obtained the 

best sensitivity while the best specificity obtained using NZJ. 

 

Figure 1: Spatiotemporal parameters of gait distribution compared 

across walking, freezing and turning for Subject 02. 

 

Figure 2: FOG detection sensitivity (black) and specificity (orange) 
obtained on different feature families of group 2.  

Conclusions 

The use of spatiotemporal features and sliding window 

features for detecting FOG was assessed. EFI showed the 

highest sensitivity while NZJ showed the highest specificity.  
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Summary 

In human locomotion, lower extremity stiffness (KLeg) 
describes how subjects attenuate load during ground contact. 
Greater KLeg is associated with increased risk for lower 
extremity injury. We analysed the neuromechanical 
contributions to KLeg during running and single leg hopping in 
healthy runners. We found that greater KLeg during single leg 
hopping was significantly associated with greater ankle 
plantarflexor musculotendinous stiffness (MTS), greater ankle 
plantarflexor muscle activation (EMG) and greater hopping 
frequency. Greater KLeg during running was significantly 
associated with greater knee extensor MTS, lesser hip internal 
range of motion (ROM) and greater running velocity. Our 
findings suggest that KLeg during hopping was predominantly 
modulated by ankle musculature whereas KLeg during running 
was predominantly modulated by knee musculature. 

Introduction 

Lower extremity injuries occur in up to 79% of runners [1] 
and subsequently lead to reduced activity, prolonged recovery, 
and increased healthcare utilization [2]. KLeg quantifies 
resistance to deflection of the lower extremity and is 
associated with lower extremity injuries [3]. Runners must 
attenuate forces via eccentric muscle action and passive 
resistance from skeletal tissues [4]. MTS quantifies a muscle’s 
resistance to lengthening and subsequent joint motion [5], and 
likely plays a role in determining KLeg. Additionally, EMG 
represents the relative neural drive to the musculature, with 
greater EMG associated with greater KLeg [6]. The purpose of 
this study was to analyze the combined influence of EMG and 
MTS of the lower extremity on KLeg during running and 
hopping.  

Methods 

Seventy healthy runners (42f/28m; 22.8±4.71 y.o.; 63.8±11.8 
kg; 1.7±0.09 m) volunteered for this study. Subjects ran a 
mean of 27±11 miles/week for the previous 3 months.  

During session 1, subjects completed a screening of passive 
range of motion characteristics previously found to be 
significantly associated with KLeg [7]. Additionally, subjects 
completed MTS assessment of the dominant leg ankle 
plantarflexors and knee extensors via the damped oscillatory 
method [8]. Session 2 was comprised of a kinetic, kinematic 
and EMG assessment of the lower extremity during self-
selected running (3.1±0.4 m/s) on a treadmill as well as single 
leg hopping at three frequencies: 1.5 Hz, self-selected 
(2.05±0.23 Hz), and 3 Hz.  

Stepwise selection for multiple linear regression was 
completed to evaluate the relationships between each of our 
clinical, MTS and EMG variables with our criterion variable 
of KLeg (FMax/ΔL) for running and hopping. KLeg was 
normalized to body mass and height. 

Results and Discussion 

Normalized KLeg during hopping at 1.5 Hz, self-selected, and 3 
Hz was 0.02±0.02, 0.05±0.03 and 0.14±0.06, respectively. 
KLeg during running was 0.03±0.01. Normalized MTSAnkle and 
normalized MTSKnee were 82.7 ± 25.69 N/m/kg and 25.79 ± 
4.92 N/m/kg, respectively. Composite EMG of the knee 
musculature for hopping at 1.5 Hz, self-selected, and 3 Hz was 
2531±2500%, 1536±1020%, and 1649±1400% respectively. 
Composite EMG of the ankle musculature for hopping at 1.5 
Hz, self-selected, and 3 Hz was 1143±696%, 1125±828%, and 
1020±518%, respectively. Composite knee and ankle EMG 
during running was 1243±1241% and 730±899%, 
respectively. From our clinical exam, subjects demonstrated 
an average hip internal rotation ROM of 36±7. 

Following regression analysis, we found that at self-selected 
frequencies and higher, greater KLeg during single leg hopping 
was significantly associated with greater ankle plantarflexor 
MTS, greater ankle plantarflexor EMG, and greater hopping 
frequency. Greater KLeg during running was significantly 
associated with greater knee extensor MTS, lesser hip internal 
rotation ROM, and greater running velocity (all p<0.05).  

Conclusions 

Our findings suggest that KLeg during hopping was 
predominantly modulated by ankle musculature, whereas KLeg 
during running was predominantly modulated by knee 
musculature. These findings will allow for improved targeted 
rehabilitation techniques based on the predominant athletic 
competition (e.g. jumping athlete vs runner).  
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Summary 
Estimation of spring-mass parameters in running (i.e., leg 
stiffness) relies on geometric assumptions of a runner’s 
anthropometry and dynamics. A method is presented that 
estimates leg stiffness, touchdown angle, and leg length from a 
vertical ground reaction force recording using nonlinear 
regression without requiring anthropometric assumptions or 
visual marker systems. 

Introduction 
The spring-mass model is a canonical system used to quantify 
the elastic dynamics of running [1,2]. Its spring-loaded 
inverted pendulum (SLIP) robustly describes the dynamics of 
running with five deterministic parameters: mass, velocity, 
leg-spring length, angle-of-attack, and spring stiffness [1]. 
However, because the model is an abstraction with complex 
nonlinear dynamics, estimation of the model parameters from 
experimental observation requires assumptions from a range 
of measurement sources [3-5]. Nonlinear regression allows for 
parameter estimation of a nonlinear function from observed 
data [6], and thus may allow estimation of SLIP parameters 
from a hi-fidelity data source to facilitate accurate description 
of the spring-mass behaviour of runners. 
Here, we developed a Nonlinear Regression (NLR) method to 
estimate SLIP parameters from a runner’s vertical ground 
reaction forces (vGRF) without additional anthropometric or 
dynamic measures, with hypotheses: (1) the NLR method will 
model a vGRF time series more faithfully than a contemporary 
stiffness estimation, and (2) the NLR method’s stiffness and 
anthropometric estimations will differ significantly from 
current stiffness estimations and anthropometric assumptions. 

Methods 
To test the NLR spring-mass parameter estimate, 5 adult 
males ran (14 km/hr) on a force-sensing treadmill. The vGRF 
was recorded (120 Hz) for 4 min. Six hundred steps were 
analysed for each subject. The NLR estimates for leg stiffness 
were compared to a traditional estimate of leg stiffness [4,5], 
and the estimates for leg-spring length were compared to a 
direct measurement and an anthropometric estimate [4]. 

To build the NLR model, a functional form of the vGRF was 
adapted from the approximate sinusoidal characteristic of the 
SLIP vGRF [4,5]. The time-varying function was determined 
by four parameters: stiffness (k), angle-of-attack (𝛼), leg-
spring length (L0), and contact time (tc). In addition to the 
traditional estimate (model 1) of leg stiffness, two models 
were estimated for each subject: a constrained NLR model 
estimating only leg stiffness (model 2), with the additional 
three parameters assumed) and an unconstrained model 
estimating all four parameters (model 3). 

Results and Discussion 
NLR estimates fit observed vGRF better than vGRF estimated 
from the conventional stiffness estimate, with unconstrained 
4-parameter method modelling the observed data best. Three 
thousand steps were analysed, and for each subject, the RMSE 
and AIC decreased across the three models, with respective 
means of 267.8 N and 169158 (model 1), 226.8 N and 165189 
(model 2), and 168.3 N and 158943 (model 3). Compared to 
the conventional estimate of leg stiffness, NLR estimates for 
subjects’ leg stiffness were lower in the constrained single-
parameter model (13.9 kN-m and 13.4 kN-m) but higher in the 
unconstrained 4-parameter model (18.5 kN-m). Modelled leg 
lengths were shorter than both measured leg length (-4.4 cm) 
and height-estimated leg-length (-6.4 cm), and modelled 
touchdown angles were sharper than assumed angle (+5.0°).  
Figure 1 demonstrates 3 sample steps with a runner’s observed 
vGRF compared to the conventional and unconstrained NLR-
estimated SLIP vGRF for that runner.  

 
Figure 1: Observed vGRF over time (blue) with conventional (model 
1; red) and nonlinear regression vGRF estimation (model 3; yellow) 

Estimation of spring-mass parameters using NLR more 
accurately approximated a runner as a SLIP system. A NLR 
estimation of those SLIP parameters from a vGRF time series 
suggested that runners ran with a shorter effective spring “leg” 
length and touched down with a steeper angle-of-attack than 
traditional analysis techniques would assume. This resulted in 
higher stiffness estimations compared to traditional modelling.  

Conclusions 
NLR modelling of a runner’s ground reaction force-time series 
more accurately captured SLIP dynamics of the runner than 
conventional methods and accurately characterized runners as 
SLIP systems that run with higher spring stiffnesses and lower 
spring “leg” lengths. These findings highlight the interplay of 
parameter assumptions, subsequent estimations, and the 
implications for the model’s biomechanical interpretations. 
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Summary 
Few studies to date have examined the scaling of gait 
parameters with respect to body mass in humans of varying 
body sizes. This study examined how vertical and leg 
stiffness scale in 40 healthy adults. We calculated scaling 
exponents for vertical and leg stiffness from kinematic and 
kinetic data using log-log regressions with 95% confidence 
intervals. In this sample, all variables scaled to the isometric 
expectations and scaled proportionally with body mass. 

Introduction 
Numerous interspecific (cross-species) studies have 
examined the effects of body size differences on the scaling 
of kinematic and kinetic parameters in mammal and bird 
gaits [1]. Few studies have explored these within species, 
and fewer still within humans [2-3]. Limb function during 
running is often modeled as a spring-mass system, where leg 
stiffness (kleg) measures force relative to leg compression 
during stance phase [4]. Vertical stiffness (kvert) measures 
force relative to vertical center of mass (COM) fluctuation 
[4]. Past work has proposed that GRFs are directly 
proportional to body mass (M1) and length variables scale to 
M1/3 [1]; therefore vertical and leg stiffness should scale 
proportional to M2/3. Carruthers and Farley [3] examined leg 
stiffness in humans and found that it scaled to M0.66.  
Larger mammals use more extended postures to reduce 
muscular effort during running, while smaller animals use 
crouched postures [5]. We hypothesized that taller/heavier 
humans would display greater stiffness relative to body size 
(i.e. positive allometry) due to more extended postures and 
less leg compression and COM fluctuation during running. 

Methods 
Vertical and leg stiffnesses were measured in 40 healthy 
young adults (23F, 18-35yrs; height 1.67±0.13m; weight 
62.2±10.4kg) running at the same relative speed determined 
by Froude number (Fr=1.35, 3.53-4.22m/s). A 6-camera 
Qualisys motion capture system and Bertec instrumented 
treadmill collected data at 160 and 1120 Hz, respectively.  
Vertical stiffness was calculated as kvert=Fmax/∆Y, where Fmax 
(kN) is peak GRF during stance and ∆Y (m) is vertical 
change in the greater trochanter (proxy for COM position) 
from initial contact to Fmax. Leg stiffness was calculated 
during stance as kleg=Fleg/∆L, where Fleg (kN) is peak sagittal-
plane resultant GRF, and ∆L (m) is the corresponding 2D leg 
compression [6]. Scaling exponents were determined by the 
slopes of log-log ordinary least squares regressions with 
95% slope confidence intervals (CI), using R v3.5.0. 95% 
CIs that do not intersect the isometric expectations exhibit 

positive or negative allometry (i.e., higher or lower values 
than expected for body mass). 

Results and Discussion 
The 95% CIs of all variables in this sample conformed to 
isometric expectations (Fig 1). kvert scaled to M0.58 (r=0.269, 
p=0.001; 95% CI 0.148-1.011; Figs 1C, 2A). kleg scaled to 
M0.5 (r=0.454, p<0.001; 95% CI 0.216-0.790; Figs 1C, 2B). 
Although both mean slopes are below the M2/3 expectation, 
since the CIs include the isometric expectation, we can be 
95% confident that the true slope lies within that range. The 
95% CI of ∆L ranged from 0.231-0.675, approaching 
positive allometry (Fig 1A). Both force variables scaled well 
within the isometric expectation of M1 (Fig 1B).  

 
Figure 1: Regression slopes ± 95% CI for each variable. Horizontal 
lines indicate the isometric expectations for each variable. 

 
Figure 2: (A) Vertical and (B) leg stiffness versus body mass on 
log-log scale with ordinary least squares regression lines.  

Conclusions 
These results suggest that human vertical and leg stiffness 
scale according to isometric expectations. While the mean 
slopes differed from expectations, we cannot reject the null 
hypothesis due to the wide 95% confidence limits. We 
conclude that vertical/leg stiffnesses, while absolutely larger 
in taller/heavier individuals, are not larger than expected 
relative to body size and do not display positive allometry. 
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Summary 

Five sprinters with unilateral transtibial amputations (TTAs) 
ran on a treadmill from 3-7 m/s using running-specific 
prostheses (RSPs) with three different stiffness categories. 
Sprinters’ step frequency symmetry was not affected by 
running speed or RSP stiffness. However, sprinters’ contact 
time was affected by RSP stiffness. Use of the least stiff RSP 
resulted in more asymmetric contact times compared to the 
recommended stiffness category and one stiffness category 
above the recommended. 

Introduction 

Human running is well-described by a simple spring-mass 
model, where the body acts as a point-mass and the legs as 
massless linear springs [1]. Sprinters with TTAs use passive-
elastic RSPs that act to store elastic energy in the first half of 
stance and return energy in the second half of stance. Running 
biomechanics dictate running speed, which equals the product 
of stride frequency and stride length. This equation can be 
rearranged so that speed equals the product of step frequency, 
contact length, and stance average vertical ground reaction 
force (vGRFAvg) [2]. Beck et al. [3] found that athletes with 
bilateral TTAs adapt their running biomechanics to achieve 
different running speeds and that increasing RSP stiffness 
increased vGRFAvg, leg stiffness, and step frequency, and 
decreased ground contact time (tc). 

Athletes with unilateral TTAs who use RSPs have asymmetric 
biomechanics during running; vGRFAvg is approximately 9% 
lower in the affected leg (AL) versus unaffected leg (UL) 
across speeds, and step frequency is 8% greater for the UL 
versus the AL at top speed [4]. Since increasing RSP stiffness 
results in increased step frequency and decreased tc in sprinters 
with bilateral TTAs [3], we hypothesize that running speed 
and prosthetic stiffness will affect step frequency and tc 
symmetry for sprinters with unilateral TTAs. 

Methods 

Five sprinters (1F/4M; 26.0±3.9 yrs; 78.4±6.6 kg; 1.8±0.08 m) 
with unilateral TTAs ran on a force-measuring treadmill at 3-7 
m/s and used Össur Cheetah Xtend RSPs at the manufacturer’s 
recommended stiffness category and ±1 stiffness categories.  

We used a fourth-order low-pass Butterworth filter with a 30 
Hz cut-off for GRFs and calculated step frequency as the 
inverse of the sum of tc and the subsequent aerial time with a 
custom Matlab script. Symmetry index (SI) was calculated 
using the formula (Eq. 1) defined by Beck et al. [5] where X 
refers to either the step frequency or tc and a value of 0% 
refers to perfect symmetry.  

 x 100                                      (1) 

We performed a two-way repeated measures ANOVA to test 
for the effect of RSP stiffness and running speed on step 
frequency and tc SI. We made pairwise comparisons between 
stiffness categories and used a Tukey’s correction for multiple 
comparisons. 

Results and Discussion 

UL step frequency was greater than AL step frequency for all 
speeds and RSP stiffness. tc was longer for the AL versus the 
UL for every speed and RSP stiffness except the +1 category 
at 3 m/s. There were no main effects of speed or RSP stiffness 
on step frequency SI (p = 0.27, 0.73). There was no main 
effect of speed on tc SI (p = 0.40); however, there was a 
significant main effect of RSP stiffness on tc SI (p = 0.003). tc 
SI for recommended and +1 stiffness categories were the same 
(p = 0.77), but tc SI for the -1 stiffness category was 2.2% and 
2.7% greater (more asymmetric) than that of the recommended 
and +1 stiffness categories, respectively (p = 0.02, 0.003).  

 
Figure 1: (a) Step frequency and (b) contact time symmetry index 
while using the Össur Xtend RSP at recommended and ± 1 stiffness 
categories across running speeds. Error bars indicate standard error of 
the mean. 

Conclusions 

The step frequency symmetry of sprinters with unilateral 
TTAs was not influenced by running speed or RSP stiffness; 
however, sprinters ran with more asymmetric contact time 
when using the -1 stiffness category RSP. Thus, an RSP with 
recommended stiffness or +1 stiffness category may optimize 
symmetry in sprinters with unilateral TTAs. 
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Summary 

Lower extremity joints illustrate torsional spring-like 

behaviour during running. While the influence of running 

speed and different strike patterns on joint quasi-stiffness have 

been investigated, the changes associated with graded running 

are not known. Ankle and knee joint stiffness of twelve rear 

foot strike runners were calculated at 3.33 m.s-1 and five 

different gradients. Results illustrated that the lower energy 

absorption requirements of uphill running (UR) were 

accomplished by increasing knee joint quasi-stiffness, while 

the higher energy absorption requirements of downhill running 

(DR) were accomplished by reducing ankle joint quasi-

stiffness. Foot strike pattern modifications during graded 

running may explain these observations. 

Introduction 

Lower extremity joints illustrate torsional spring-like 

behaviour during running. While this representation does not 

describe the true mechanical stiffness of muscle-tendon unit, it 

is the torsional stiffness of the joint and is referred to as 

“quasi-stiffness” [1]. It has been shown that quasi-stiffness 

increases with physical demand; for instance, sprinting 

requires higher stiffness than slow running [2]. However, 

changes in joint stiffness and distribution of stiffness between 

the lower extremity joints in graded running have not been 

examined. This study, therefore, sought to quantify changes in 

ankle and knee joint quasi-stiffness in graded running. 

Methods 

Twelve young and healthy recreational runners (body mass: 

64.9 ± 10 kg, height:1.7 ± 0.08) completed 30 seconds running 

trials at 3.33 m.s-1 on an instrumented treadmill at 5 gradients 

(-10o, -5o, 0o, 5o, 10o). All participants were habitually rearfoot 

strikers during level running (LR). Joint moments were 

calculated in an inverse dynamics framework. Considering a 

linear torsional stiffness model, ankle and knee joint quasi-

stiffness were defined as the ratio of joint moment to joint 

angle from heel strike to the maximum ankle and knee flexion, 

respectively. Repeated measures ANOVAs were used to 

determined difference in joint quasi-stiffness across grades; 

Bonferroni’s post hoc tests were used for pair-wise 

comparisons.  

Results and Discussion 

A significant grade effect was observed at the ankle (p < 0.01) 

where quasi-stiffness during shallow and steep DR was 34% 

and 24% lower than LR, respectively (Figure 1A). A 

significant grade effect was also observed (p < 0.01) at the 

knee where quasi-stiffness during shallow and steep UR was 

67% and 268% higher than LR, respectively (Figure 1 B).  

Energy absorption during running can be accomplished by 

different combinations of lower extremity joint stiffness. A 

stiffer joint would provide more resistance to displacement 

resulting in less negative work during the absorption phase of 

stance and vice versa. In this regard, our results illustrated that 

runners chose to meet the lower energy absorption 

requirements of UR by increasing knee joint stiffness. 

Conversely, runners chose to meet the higher energy 

absorption requirements of DR by decreasing ankle joint 

stiffness. The observations may be explained by changes in 

foot strike pattern associated with graded running, where UR 

was accompanied by a rear foot to mid/fore foot transition 

Indeed, foot strike pattern has been previously shown to 

influence joint quasi-stiffness in running [3]. 

 

Figure 1: Knee and ankle stiffness (means and standard deviations) 

at different gradients. DR and UR were compared to LR. * indicates 

significant difference compared to LR. 

Conclusions 

The findings from the present study suggests that runners 

choose to increase lower-extremity compliance in downhill 

running by reducing ankle joint quasi-stiffness. On the other 

hand, runners choose to decrease lower-extremity compliance 

in uphill running by increasing knee joint quasi-stiffness. 

These differences may, in part, be a consequence of changes to 

foot-strike patterns that accompany graded running.    
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Summary 
The metabolic benefit of arm swing arises at and above 
optimal walking speeds. This benefit is coupled with increases 
in peak-to-peak arm swing amplitudes.  

Introduction   
It appears that the mechanical benefits of arm swing dominate 
at optimal walking speeds, signified by the speed where 
humans minimize the cost of transport (~1.0-1.3 m/s). It has 
been suggested that at optimal walking speeds, arm swing is 
driven primarily by passive pendulum dynamics [1], perhaps 
highlighting an implicit bias toward choosing speeds that can 
exploit these passive dynamics. We are curious to understand 
why humans tend to avoid non-optimal walking speeds, and if 
arm swing plays a role in this selection process. Therefore, we 
set out to study whether arm swing would provide a metabolic 
benefit across slow and fast walking speeds. We reasoned that 
humans attempt to exploit the passive pendulum dynamics of 
arm swing at all speeds in order to reduce metabolic cost. 
Therefore, we hypothesized that walking at all speeds would 
be less costly with arm swing when compared to no arm 
swing. 

Methods 
Twenty-one subjects (13F/8M, 25.4±2.9yrs, 68.4±12.4kg, 
1.7±0.1m, mean±SD) participated in this study. Subjects 
completed a series of randomized, 7-minute walking trials on 
a force-measuring dual-belt treadmill (Bertec Corp) while 
recording kinematic (Vicon), EMG (Delsys; data not shown), 
and rates of oxygen consumption and carbon dioxide 
production data (ParvoMedics). Trials were randomized by 
speed (ranging from 0.50-2.00 m/s in 0.25 m/s intervals) and 
arm swing condition in which subjects walked with their 
normal arm swing or with no arm swing. We calculated the 
angle swept by the arm (peak-to-peak amplitudes) during each 
stride and took the average for 30 consecutive strides during 
the last 3-min of each trial. Net metabolic power (W/kg) was 
calculated by subtracting average standing metabolic power 
from total metabolic power during the last 3-min of each trial. 
We used Dunnett’s multiple comparison method with planned 
comparisons between arm swing and no arm swing conditions 
at each speed. 

Results and Discussions 
The U-shaped trend for net cost of transport showed an 
optimal walking speed at 1.00 m/s, but it was 6.2% less costly 
to walk with arm swing compared with no arm swing. At 
speeds below optimal, the cost of walking was similar when 
walking with or no arm swing (P>.05). However, at speeds 

above optimal, the cost of walking with arm swing was 7.5% 
(1.25 m/s), 11.6% (1.5 m/s), 10.6% (1.75 m/s), and 11.21% 
(2.0 m/s; all P’s<.05) less costly. Thus, our data show that 
humans do not exploit the metabolic benefits of arm swing at 
sub-optimal speeds. We also found that the peak-to-peak 
amplitudes steadily increased across speed and that left and 
right arm swing amplitude were similar across all speeds, 
highlighting a strong preference for arm swing symmetry. 
Figure 1: (Top) Typical U-shaped trend in the net cost of transport 
observed when humans walk with or with no arm swing. (Bottom) 

Arm swing amplitude increases steadily across walking speeds and 
were highly symmetrical between left and right arms. 
Conclusions 
It appears that arm swing makes human walking less costly, 
but only at or above optimal walking speeds. Our future work 
will attempt to understand how these arm swing dynamics 
change across speed and how they are governed by passive 
pendulum mechanics. 
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Summary 
Ankle plantar flexor muscles are significant contributors of 
locomotor performance and their force-velocity operating 
region is influenced by a ‘gearing’ mechanism of the foot-
ankle system. The aim of this study was to determine whether 
anatomical variations in foot morphology can influence soleus 
muscle fascicle mechanics and whole-body metabolic cost 
during walking. We found no significant association between 
measures of foot anthropometry (hallux and heel lengths) with 
soleus muscle fascicle shortening speed. Longer heels were 
associated with reduced metabolic cost of transport, but only 
at a fast walking speed of 2.0 m/s (p<0.01). 

Introduction 
During walking, the ankle plantar flexor muscles have a 
variety of functional roles, including producing force and 
work [1] to support the body upright and propel the body 
forward. These muscles can produce force economically by 
operating in favorable regions (i.e., isometric) of the force-
velocity relationship [1]. Such isometric behavior could be 
facilitated by a gearing like mechanism of the foot-ankle 
system [2]. A gear ratio is defined as the ratio between the 
moment arms of the ground reaction force and the plantar 
flexors around the ankle [2]. Prior studies have shown that an 
increase in gear ratio, either through modifiable factors like 
shoes [3] or anthropometric factors such as smaller plantar 
flexor moment arm or longer toes [4], can facilitate slower 
shortening of the plantar flexors to optimize force production. 
It is currently unclear whether anatomical variations in human 
foot morphology can influence plantar flexor muscle-tendon 
mechanics and whole-body metabolic cost during walking. 
The purpose of this study is to investigate the effects of foot 
anthropometry on plantar flexor muscle (soleus) mechanics 
and whole-body metabolic cost across a range of walking 
speeds. We hypothesized that shorter heel length (i.e., 
surrogate for plantar flexor moment arm) and longer toes are 
associated with slower soleus muscle shortening speed and 
lower metabolic cost. In addition, we hypothesized that such 
relationships are more pronounced at faster walking speeds, 
due to the faster contraction speeds of the plantar flexors [5].  

Methods 
12 males and 3 females aged 19 to 35 (mass 76.4±12.4 kg, 
height 176±7 cm) walked on an instrumented treadmill 
(Bertec, Columbus, OH) at two different walking speeds: 1.25 
& 2.00 m/s. Hallux and heel lengths were measured using 
methods described in a prior study [6]. An ultrasound probe 
(Telemed, UK) placed on the right leg captured in-vivo soleus 
muscle contractions. We quantified fascicle length and 
velocity using a previously validated semi-automatic tracking 
software [7]. Breath-by-breath gas exchange measurements 
(ParvoMedics, UT) measured whole-body metabolic cost of 

transport. The relationships between foot anthropometric 
measures (hallux and heel lengths) and soleus fascicle 
shortening speed and metabolic cost of transport were 
determined using multiple regression analyses (α = 0.05). 

 
Figure 1: Metabolic cost of transport for two different walking 
speeds plotted versus the length of the heel (n=15). There was a 
significant negative correlation between heel length and metabolic 
cost of transport, but only at the fast 2.0 m/s walking speed (p<0.01). 

Results and Discussion 
There was no significant association between measures of foot 
anthropometry (hallux and heel lengths) and soleus fascicle 
shortening speed (p≥0.844). Thus, our first hypothesis was not 
supported. There was no significant association between 
hallux length and metabolic cost of transport (p=0.703 for 1.25 
m/s, and p=0.103 for 2.0 m/s). Longer heels were associated 
with lower metabolic cost at the fast walking speed (r=-0.664, 
p<0.01), but not at 1.25 m/s (p=0.614). This relationship was 
contrary to our second hypothesis. 

Conclusions 
Individuals with longer heels can potentially have a lower 
metabolic cost, but only at a fast walking speed (2.0 m/s). We 
are currently conducting additional biomechanical analyses to 
provide a mechanistic explanation for this relationship. 
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Summary 

Humans rapidly adapt gait to minimize energetic cost, but no 

direct metabolic sensors can account for this. Dynamic walking 

principles and tibialis anterior (TA) muscle activation profiles 

suggest it may be used in indirect sensing of energetic losses 

during the collisional phase of walking. Preliminary results 

show TA fascicle length changes track corresponding changes 

in ankle and whole limb mechanical work, but fascicle velocity 

remains constant. This may be controlled to prevent injury. 

Introduction 

Humans naturally walk in a way that minimizes metabolic cost 

of transport and can adjust their gait to rapidly achieve an 

energetic minimum in response to external perturbations [1]. 

Direct metabolic sensors such as chemoreceptors are too slow 

to account for these adjustments [2]. We hypothesized that a 

localized, indirect mechanical sensor could provide sensory 

feedback to quickly estimate the energetic demands of walking. 

Energy loss in normal steady walking is attributable to the 

negative work done during the collisional phase of walking in 

early stance [3]. The TA muscle is a possible candidate to house 

a mechanical sensor of negative work as it is actively stretched 

due to the collision while reaching its peak muscle activity 

during this phase [4]. The aim of this study is to determine if 

the TA muscle can reliably track changes in negative work 

observed at the level of the ankle joint and the whole leg. 

Methods 

We present preliminary results on 3 healthy subjects (25.6±4.3 

yrs) who provided informed consent prior to participating in 

this Georgia Tech IRB approved study. Each subject walked at 

0.5, 1.0, and 1.5 m/s at their preferred step frequency (PSF) 

for each speed. They then walked at ±5% of their PSF for each 

walking speed in a randomized order, ending with a trial at 1.0 

m/s at their PSF. Kinematics; kinetics; ultrasound imaging of 

the TA (Telemed, 60Hz); and EMG data from TA, lateral and 

medial gastrocnemii were simultaneously collected. 

Collisional ankle work was calculated by integrating ankle 

power from heel contact to when the ankle power became 

positive. This time window was used for all other measures. 

Integrating the dot product of the center of mass velocity and 

leading leg GRF vectors yielded work done by the leading limb. 

TA muscle fascicle length and velocity were tracked from 

ultrasound images (Ultratrack) [5]. We normalized EMG data 

to the maximum voluntary contraction and used the same time 

window to derive an integrated EMG (iEMG) data. 

Results and Discussion 

TA fascicle length changes were measured over the gait cycle 

and normalized to a gait cycle (Fig. 1). Data from two 

conditions (1.0 m/s at PSF and 1.5 m/s at PSF-5%) show 

significant increases in ankle and leg negative work with 

increased walking speed and decreased PSF (Fig. 2). TA 

fascicle length change and TA iEMG also significantly 

increased. We saw no change in TA muscle fascicle velocity.  

 

Figure 1: Mean trajectory of TA fascicle length (1.0 m/s, PSF). 

 

Figure 2: Mean (±SD) changes in mechanical work (top row) and TA 

activation dynamics (bottom row) due to walking condition. 

Asterisks indicate significant differences (p<0.05). 

Our findings suggest that TA fascicle length change tracks 

negative mechanical work in the ankle and whole limb during 

collision phase of gait. In contrast, TA fascicle velocity is 

maintained constant. A constant fascicle lengthening velocity 

may be beneficial in preventing injury to the muscle. 

Conclusions 

This study shows the TA muscle as a viable candidate to reflect 

work done by the body during walking and act as an indirect 

sensor of walking economy. The TA muscle fascicle velocity 

may be controlled in a way that minimizes injury to the muscle. 
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Summary 
We studied walking on a simulator designed for gaming where 
the subject moves by sliding his shoes on a concave surface. 
The metabolic cost is (about 3-5 times) higher compared with 
‘normal’ walking and walking speed is lower than on treadmill 
at matched stride frequency. Total mechanical work is higher 
than ‘normal’ walking at slow speeds and alone cannot explain 
this higher metabolic cost. Thus, the extra work to overcome 
friction could be the determinant of the increased metabolic 
cost of walking in a gaming simulator. 

Introduction 
Immersive gaming is a popular activity among young people, 
it can be performed seated on the chair by moving the game 
character with controllers, or actively moving inside new 
devices (simulator), and the game character acts as avatar of 
the moving player. This new activity includes various kind of 
gaits, speeds, task durations performed in different directions, 
thus cannot be done on a motorised treadmill. It has already 
been shown that locomotion on a non-motorised treadmill is 
more demanding than on motorised treadmill [1] but the 
mechanics of locomotion on gaming simulators is even 
different from non-motorised treadmills and unexplored yet. 
The aim of this study was to quantify the mechanical and 
metabolic demands of walking inside a gaming simulator. 

Methods 
Virtuix Omni™ is a simulator designed for gaming that allows 
subjects to freely move in place 360° degrees around, secured 
with a waist strap, over a concave floor by sliding specifically 
designed shoes. Ten physically active subjects (23.6±1.9 years 
age; 1.71±0.07 m height; 67.2±8.1 kg mass) participated in the 
study. They were asked to walk at four stride frequencies (0.7, 
0.85, 1, 1.15 Hz) imposed by a metronome, whereas stride 
length was freely chosen. Two familiarization sessions took 
place prior to data collection, in order to get subjects used to 
the ‘sliding feet’ system and stride frequencies.  

Each acquisition session started with 8 minutes of resting 
V’O2 assessment, after which subjects started to walk on the 
simulator. Data acquisition lasted 4 minutes for each stride 
frequency condition and respiratory gases were analysed 
breath by breath with a portable metabograph (K5, Cosmed). 
Metabolic cost (J/(kg m)) was calculated from data collected 
during the last minute by dividing the measured netV’O2 by 
the progression speed. An 8-camera Vicon system (Oxford 
Metrics) sampled at 100 Hz the 3D position of 18 markers 
placed on the joint centres [2] in order to calculate the Body 
Centre of Mass (BCoM) and the related mechanical energies. 
From the time course of the total energy the external work was 
calculated (Wext) and from the acceleration of segments with 
respect to BCoM the internal work was computed (Wint); the 

sum of the two gives the total mechanical work (Wtot) [2]. 
From kinematic data, stride length (m), stride frequency (Hz) 
and progression speed (m/s) were also obtained.  

Results and Discussion 

Although the imposed stride frequency range would cause a 
variation in speed between 0.56 and 1.94 m/s on treadmill, the 
range obtained on the simulator was narrow and differed 
among subjects because they used different stride lengths. The 
metabolic cost was 3 to 5 times higher on the simulator than 
on treadmill at similar speeds (Figure 1), then a 75 kg player 
will burn 375 Kcal/h by playing and walking at 0.6 m/s. The 
mechanical work (Wext, Wint and Wtot) was higher on the 
simulator than on treadmill (data from [3]) at slow speeds 
(<0.5 m/s about 2 times), whereas with comparable values at 
high speeds. This increment at slow speeds is not enough for 
explaining the increase in metabolic cost, thus walking 
mechanics cannot be the main determinant. Looking at the 
simulator design, the subject needs to perform extra work to 
let the shoes slide and complete the stride: the work to 
overcome friction, along with muscle co-contractions for 
balance, could be the major determinant of the increased 
metabolic cost. 

 
Figure 1: Metabolic cost of walking as a function of speed on the 

simulator and on treadmill (data from [3]). 

Conclusions 
On a gaming simulator multidirectional tasks can be achieved 
at the expense of locomotion mechanics. The additional 
friction for stationary motion increases metabolic cost also in 
walking and could be used against sedentary of players. 
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Summary  

This literature review and meta-analyses show that there is a 

statistically significant elevation in Metabolic Cost of Walking 

(MCoW) between healthy young and elderly for both gross 

(12%) and net costs (17%) of walking. However this elevation 

is possibly confounded by an interaction between age and the 

task novelty of walking on a treadmill. 

Introduction  

The Metabolic Cost of Walking (MCoW) is an important 

variable of daily life that has been studied extensively for 

almost two centuries. Several studies suggest that MCoW is 

higher in Older Adults (OA) than in Young Adults (YA). 

However, it is difficult to compare values across studies due to 

differences in the way MCoW was expressed, in which units it 

was reported and at which walking speed it was measured. To 

provide an overview of the MCoW in OA and YA and to 

investigate the quantitative effect of age on the MCoW, we 

have conducted a literature review and performed two meta-

analyses. 

Methods  

We extracted data on MCoW in healthy YA (18-41 years old) 

and healthy OA (≥59 years old) and calculated, if not already 

reported, the Gross (GCoW) and Net MCoW (NCoW) in 

J/kg/m. If studies reported MCoW measured at multiple speeds, 

we selected those values for YA and OA at which MCoW was 

minimal. 

Results  

The average GCoW in YA was 3.4 (± 0.4) J/kg/m and in OA 

was 3.8 (± 0.4) J/kg/m. The average NCoW in YA was 2.4 (± 

0.4) J/kg/m and in OA was 2.8 (± 0.5) J/kg/m. Our meta-

analyses indicated a statistically significant elevation of both 

GCoW and NCoW (p<0.001) for OA. In terms of GCoW, OA 

expended about 0.31 J/kg/m more metabolic energy than YA 

(Figure 1) and about 0.38 J/kg/m more metabolic energy than 

YA in terms of NCoW (Figure 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Discussion and Conclusion 

Our study showed a substantial elevation in MCoW for OA 

over YA. However, it is unclear if this elevation is directly 

caused by age or due to an interaction between age and 

experimental methodology like walking on a treadmill. We 

recommend further research comparing the MCoW in healthy 

OA and YA during “natural” over-ground walking and if on a 

treadmill, only after an adequate familiarization time and 

protocol. 

Figure 1: Overview of the results of the meta-analysis 

using a random effects model on the differences in Gross 

Metabolic Cost of Walking (GCoW) between YA and OA. 

This meta-analysis shows a significant overall increase in 

GCoW for OA over YA (p<0.001). Note that the p-value 

mentioned in the forest plot is the p-value for the 

Cochran’s Q heterogeneity test. 

Figure 2: Overview of the results of the meta-analysis 

using a random effects model on the differences in Net 

Metabolic Cost of Walking (NCoW) between YA and OA. 

This meta-analysis shows a significant overall increase in 

NCoW for OA over YA (p<0.001). Note that the p-value 

mentioned in the forest plot is the p-value for the 

Cochran’s Q heterogeneity test. 
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Summary 

Diminished gluteus maximus activation in persons with 
femoroacetabular impingement syndrome (FAIS) has been 
proposed to contribute to symptomatic impingement. The 
purpose of this pilot project was to investigate if targeted 
gluteus maximus activation influences transverse plane hip 
kinematics and kinetics of persons with FAIS during a deep 
squat task. These initial results suggest that cueing patients with 
FAIS to activate their gluteus maximus may be protective 
against femoroacetabular impingement and provide functional 
benefits in tasks requiring deep hip flexion.   

Introduction 

Femoroacetabular impingement syndrome (FAIS) is a motion-
related clinical disorder resulting from abnormal hip joint 
morphology and has become increasingly recognized as a 
common cause of hip pain in young, active adults [1]. Anterior 
mechanical impingement, in which the aspherical femoral head 
(cam morphology) abuts with the acetabular rim, is created with 
simultaneous hip flexion, adduction, and internal rotation. 
Previous research has reported that persons with FAIS have 
reduced hip internal rotation range of motion compared to 
controls, likely due to bony abutment [2]. Therefore, avoiding 
internal rotation during tasks requiring deep hip flexion is 
desirable to reduce symptoms and prevent damage to joint 
structures.  

The gluteus maximus has been implicated as a muscle of 
interest in the FAIS population given its ability to produce hip 
external rotation during tasks requiring deep hip flexion [2,3]. 
The purpose of this pilot study was to investigate if targeted 
gluteus maximus activation influences transverse plane hip 
kinematics and kinetics in persons with FAIS during a deep 
squat task.  

Methods 

Kinematic, kinetic, and EMG data were collected from three 
female athletes (22.7 ± 1.5 years, 1.66 ± 0.03 m, 65.7 ± 5.1 kg)  

 

 

with confirmed FAIS. Two different squat variations were 
performed. First, an unconstrained squat to maximum depth 
with a self-selected stance width and foot position. Next, in the 
same unconstrained position, participants were provided 
coaching cues and instruction to increase gluteus maximus 
activation to approximately 15% of their maximum voluntary 
isometric contraction. A total of ten repetitions were collected 
for both squat conditions. Squatting speed, depth, and arm 
position were controlled between conditions. Mean gluteus 
maximus EMG during the descent phase of the squat, as well as 
hip internal rotation and hip external rotator moment at the point 
of maximum hip flexion, were calculated.  

Results and Discussion 

When compared to the normal squat trials, increasing gluteus 
maximus activation from 7.6% MVIC to 14.0% MVIC resulted 
in a reduction in peak hip internal rotation  (4o on average; Table 
1) and an increase in the hip external rotator moment (0.07 
Nm/kg; Table 1). Studies employing finite element analysis 
have shown that even modest increases in hip internal rotation 
in combination with hip flexion account for the largest observed 
contact pressures [4]. Therefore, reducing hip internal rotation 
by just 4o at high magnitudes of hip flexion may be of clinical 
relevance for the FAIS population. Importantly, changes in hip 
internal rotation motion occurred without a change in foot 
position, therefore the observed changes can be attributed to the 
modest increase in gluteus maximus activation.    

Conclusions 

These initial results suggest that cueing patients with FAIS to 
activate their gluteus maximus may be protective and provide 
functional benefits in tasks requiring deep hip flexion.  
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Table 1: Mean muscle activation and the peak hip internal rotation and external rotator moment for each squat variation performed. 

 
Gluteus Maximus 

Activation (% MVIC) 
Hip Internal Rotation (o) 

Hip External Rotator 
Moment (Nm/kg) 

Unconstrained Squat 7.6 ± 1.4 11 ± 5 0.26 ± 0.16 

Unconstrained Squat with 
Activation Cues 

14.0 ± 2.1 7 ± 6 0.33 ± 0.12 
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Summary 
Current measures of growth plate shape are limited to 2D. 
However, bone growth is a 3D process and methods for 
measuring 3D growth plate changes are critical for 
understanding direction of bone growth. This research 
presents a method for quantifying 3D growth plate shape to 
assess differences between adolescents with cam morphology 
and typically developing controls. 

Introduction 
Cam morphology is characterized by an abnormal bony 
formation on the anterosuperior portion of the femoral head 
neck junction. It is identified by an elevated α-angle, which 
quantifies the deviation of a femoral head from a spherical 
shape.  Individuals who play elite level soccer [1], ice hockey 
[2], and basketball [3] during skeletal development are at high 
risk for developing a cam formation. In these elite athletes, 2D 
changes to the growth plate are observed prior to bony 
changes indicative of cam [4]. The objective of this research is 
to determine if the 3D growth plate morphology of at-risk 
elite-sport practicing and recreationally active adolescents 
differs and, if so, whether the 3D change precedes future 
radiographic bony evidence of cam-type FAI.  

Methods 
The growth plate morphology of adolescent elite-level soccer 
players and age-matched controls (9-15 years old with open 
growth plates and no previous hip surgery) was assessed using 
MRIs acquired with a 3 Tesla Philips Achieva platform and 
torso coil (Philips Healthcare). The growth plate and bone 
were segmented from each scan using Mimics Software 
(Materialise NV) and then exported to MATLAB (Mathworks, 
Inc.) in an STL file format for quantification. The 3D neck 
axis was found by fitting spheres inside the femoral neck and 
determining the best fit line through the sphere centers.  

 
Figure 1. A 3D neck axis was used to define a 2D reference plane 

(left). The perpendicular distance between the reference plane and the 
growth plate was used to quantify 3D growth plate orientation (right).  

A reference plane perpendicular to the neck axis and tangent 
to the femoral head surface was defined for analysis. The 
perpendicular distance between this reference plane and the 
growth plate was mapped as a contour plot on the reference 
plane (Figure 1).  

Results and Discussion 
Results reveal differences between average growth plate 
anterior orientations of adolescents with cam morphology in 
comparison to their peers without cam (Figure 2). These 3D 
orientation results align with previous reports of increased 2D 
epiphyseal extension in individual with cam morphology [4] 
and demonstrate that the extension is achieved through a 3D 
reorientation of the growth plate. As bone growth continues 
perpendicular to the growth plate, this altered 3D orientation 
could result in cam morphology.  

 
Figure 2. Differences in average growth plate orientation between 

individual without (left) and with (right) cam morphology. 

Conclusions 
Quantifying 3D growth plate shape changes may help identify 
those at-risk for cam before bony changes occur, thereby 
allowing a period for prevention. The method presented here 
can also be applied to identify early predictors of other 
abnormal bony growth conditions that occur during skeletal 
development. 
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Summary 
An understanding of deep hip muscle function in 
femoroacetabular impingement syndrome (FAIS) is needed to 
inform targeted treatment programs. This exploratory study 
compared activation patterns of the deep and superficial hip 
muscles during a step ascent task in individuals with FAIS 
(subgrouped by pain/no pain reported during the task) and a 
control group. Individuals with FAIS exhibited altered 
activation patterns, which were unique in the presence of pain, 
compared to controls. Longitudinal investigations are required 
to establish whether these strategies warrant retraining. 

Introduction 
Deep hip muscle retraining is a common objective of non-
operative management and post-operative rehabilitation for 
FAIS [1]. These muscles are considered to have an important 
role in hip joint stabilization and may contribute to intra-
articular loading and tissue health. Evidence shows altered 
coordination of deep hip muscle activation in FAIS during 
walking [2], despite the generally pain-free nature of this task. 
Step ascent requires hip motion towards a potentially 
provocative impinging position, generates larger loads on the 
hip joint than walking, and may further characterize FAIS-
related neuromuscular adaptations needed to inform targeted 
treatment programs. Previous biomechanical analyses suggest 
that different strategies may be used by subgroups of 
participants with FAIS, and these may relate to the presence of 
pain [3]. This exploratory study aimed to investigate activation 
patterns of the deep and superficial hip muscles during a step 
ascent task in individuals with FAIS (subgrouped by pain/no 
pain reported during the task) and an asymptomatic control 
group without FAI morphology. 

Methods 
Fifteen individuals with FAIS (symptoms, clinical 
examination, and imaging) and 11 age- and sex-comparable 
controls without morphological FAI underwent testing. 
Intramuscular fine-wire and surface electrodes recorded 
electromyographic (EMG) activity of selected deep and 
superficial hip muscles during the step ascent task. 
Participants stood with one foot on each of two floor-
embedded force platforms (AMTI OR6-6-2000) and stepped 
up onto a force platform mounted on a step (height=240 mm; 
Kistler 9286AA) with their test leg. The EMG data were 
amplitude-normalized to the mean of the peak values from 5 
repetitions. Significant between-group differences were 
evident when 95% confidence bands of the mean difference 
(md) (FAIS no pain-FAIS pain; control-FAIS pain) did not 
overlap zero. Participants rated their hip pain during the task 
on an 11-point numerical rating scale (0=no pain, 10=worst 
pain possible). 

Results and Discussion 
The FAIS and control groups were comparable for age, sex, 
and body mass index. Nine participants with FAIS (60%) 
reported low-level pain (³1) (range 1-4) and 6 participants 
with FAIS reported no pain (=0) on the numerical rating scale 
in their test hip during step ascent. Stance duration was not 
significantly different between groups. Participants with FAIS 
who reported pain during the task exhibited altered patterns of 
activation compared to those with FAIS who reported no pain, 
and compared to controls. Notably, when compared to the 
pain-free FAIS and control groups, respectively, activation of 
sartorius (max md=28%, 35%), tensor fasciae latae (max 
md=28%, 26%), piriformis (max md=42%, 32%), and 
quadratus femoris (max md=53%, 29%) (Figure 1) were lower 
relative to their peak activation in the FAIS pain group prior to 
single-leg support. Activation of piriformis and quadratus 
femoris did not reach their peak before single leg support 
(max hip flexion) in the FAIS pain group, which differed from 
the other groups who exhibited earlier bursts of activation for 
these deep hip external rotators. 

 
Figure 1: Ensemble average (± 1.96*standard error) EMG patterns 
from piriformis (top) and quadratus femoris (bottom) for FAIS-pain 
(pink), FAIS-no pain (green), and control (black) participants during 
the step ascent task. Vertical line - beginning of single-leg support. 

Conclusions 
Altered deep and superficial hip muscle activation during step 
ascent may be dependent on pain in individuals with FAIS. 
This work will be expanded using computational 
neuromusculoskeletal modelling methods to estimate force 
production of deep and superficial hip muscles and associated 
intra-articular joint loads. 
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Summary 
Cam-type femoroacetabular impingement (FAI) is linked with 
participation in specific elite-level sports. We measured hip 
motion during adolescent elite-level sport practices with 
wireless magneto-inertial sensors. Athletic-elite adolescents 
had increased motion intensity and hip flexion during 
practices in comparison to their non-elite peers during after 
school activities.  

Introduction 
Cam-type FAI develops prior to skeletal maturity, but its 
mechanism remains unknown. This research focuses on 
identifying stereotypic motions of “at-risk” sport activities by 
using inertial sensors to measure hip motion of adolescent elite 
athletes during team practices. We hypothesize that cam 
formation is due to a mechanoadaptive response of the 
growing femur to the typical loadings associated with the 
common motions during specific elite sports activities with a 
high risk for cam development.  

Methods 
8-12 year old male athletic-elite (ice hockey, basketball, 
soccer) and non-elite (recreationally active) adolescents with 
no history of hip injury were recruited for participation. Three 
inertial sensors (Opal wireless sensors, v1, APDM Inc.) were 
used to measure hip motion during sports practices (athletic-
elite) and afterschool activities (non-elite). Prior to data 
collection, sensors were secured at the sacrum and laterally on 
each thigh (Figure 1). The sensors were configured to 
wirelessly and synchronously record data on-board at 128 Hz. 

 
Figure 1: Sensor experimental set-up (left) and example of sensor 

recorded acceleration data (right). 
The sensor recorded data were exported to and analyzed with 
MATLAB Software (Mathworks Inc.). The relative 
orientations and acceleration magnitudes of the thighs in the 
reference frame of the sacrum were compared. The relative 
acceleration magnitude data were averaged over a 5 second 
moving window and plotted with a boxplot. The “intensity 
level” and “intensity variability” were defined by the 50th 
percentile and difference between 20th and 80th percentiles 
respectively. Intensity level and variability between groups 
were compared using a two-sample t-test (0.05 significance 

level). The time series hip flexion/extension data were 
compared using a histogram. Only dynamic periods of activity 
(defined as relative acceleration magnitude > 1 m/s2) were 
included in the analysis.  

Results and Discussion 
Differences in intensity level between groups were significant 
(p<0.05) with the exception of basketball/soccer adolescents. 
Intensity variability was significantly different (p<0.01) except 
for comparisons between basketball/soccer and hockey/non-
elite adolescents (Figure 2). Ice hockey and soccer players 
spent the majority of sports practice in high hip flexion with 
little to no extension. Non-elite adolescents spent the majority 
of afterschool activities in 5° of hip extension to 20° of hip 
flexion (typical of walking). 

 
Figure 2: Comparison of intensity level and variability (left) and an 
example of differences in hip flexion/extension (right) for athletic-

elite and non-elite adolescents. 

Conclusions 
We used inertial sensors to measure adolescent hip motion 
during elite-level sports and non-elite afterschool activities. 
We found high hip flexion during with minimal extension as 
well as higher intensity levels during sports practices. A 
combination of altered hip position and higher intensity level 
may lead to altered joint loading, likely playing a role in cam 
development prior to skeletal maturity. 
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Summary 

The purpose was to compare muscle and hip contact forces 

(HCF) during gait in FAI patients pre- and post-surgery. Hip 

kinematics and kinetics were computed and muscle and HCF 

were estimated using musculoskeletal modelling. FAI patients 

showed significant improvement scores in reported outcomes, 

reduced forces in the hamstrings and in the rectus femoris. 

Muscle forces of the iliacus and psoas major of both FAI 

groups were reduced when compared to the control. While 

there were no differences in HCF magnitudes between the FAI 

groups, they demonstrated lower peak hip contact forces in the 

anterior and superior directions when compared to the CTRL, 

causing a reduced peak force magnitude. Gait adaptations 

affected by the FAI syndrome do not restore to normal 

standards 2-years after FAI surgical correction. 

Introduction 

In order to reduce the development of hip osteoarthritis, cam-

type femoroacetabular impingement (FAI) corrective surgery 

has become the treatment of choice [1]. As pain rarely 

influences dynamic motions during low hip impinging 

activities, it is unclear how muscle and hip contact forces, 

during level walking, are affected by corrective surgery.  

The purpose was to compare the muscle force contributions 

and hip contact forces during level walking in patients before 

and after surgical correction for cam FAI, at 2-year follow-up. 

Methods 

Eleven male patients with symptomatic cam-FAI, who 

underwent hip osteoplasty, had their level walking recorded 

pre- and postoperatively. The patients were sex-, age- and 

BMI-matched to 11 healthy control (CTRL) individuals. 

Sagittal and frontal hip kinematics and kinetics were 

computed and, subsequently, muscle and hip contact forces 

were estimated using musculoskeletal modelling [2] and static 

optimization. 

Results and Discussion 

Patient-reported outcomes improved postoperatively. The FAI 

groups walked slower and with shorter steps than the CTRL 

individuals did. Postoperative biceps femoris (CTRL: 

0.35±0.13 N/BW; pre-op: 0.28±0.11 N/BW; post-op: 

0.20±0.07 N/BW) and semimembranosus forces (CTRL: 

0.77±0.24 N/BW; pre-op: 0.66±0.24 N/BW; post-op: 

0.41±0.14 N/BW) were lower at ipsilateral foot-strike. 

Postoperative rectus femoris force (CTRL: 1.73±0.35 N/BW; 

pre-op: 1.44 ±0.24 N/BW; post-op: 1.18 ±0.23 N/BW) was 

lower than the other two groups, and the CTRL group had 

higher iliacus (CTRL: 1.17±0.18 N/BW; pre-op: 0.93 ±0.16 

N/BW; post-op: 0.94 ±0.21 N/BW) and psoas (CTRL: 

1.55±0.24 N/BW; pre-op: 1.14 ±0.38 N/BW; post-op: 1.10 

±0.46 N/BW) muscle forces at contralateral foot-strike (Figure 

1). Both FAI groups demonstrated lower peak hip contact 

loading resultant than the CTRL magnitude. 

 

Figure 1: Muscle forces during the gait cycle, for the FAI 

preoperative (red), postoperative (blue) and CTRL (black) conditions. 

Muscle forces were normalized by body weight (BW) and 

determined from static optimization. 

Conclusions 

The altered gait parameters observed in the preoperative FAI 

was not restored after surgery. The reduced dynamic muscle 

forces of the biceps femoris, semimembranosus and rectus 

femoris postoperatively can be associated with the protected 

mechanism that affects the iliopsoas preoperatively. This is an 

indication that the gait adaptations affected by the FAI 

syndrome do not restore to normal standards 2-years after FAI 

surgical correction. 
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Summary 
Recordings of in vivo function in two rat distal hindlimb 
muscles were obtained across gait and grade conditions to 
analyse how force, fascicle strain and work are modulated in 
relation to changes in locomotor requirements.  In vivo 
measurements are then used to evaluate Hill-type muscle 
models based on in situ contractile and architectural properties 
of the muscles, yielding improved model simulation of time 
varying force profiles. 

Introduction 
Hill-type muscle models are widely used to estimate skeletal 
muscle forces during human and animal movements. These 
models are computationally efficient and relatively simple, 
estimating muscle forces based on muscle contractile properties 
and activation dynamics. However, these properties are often 
based on experimental data combined from studies of various 
muscles from various animal species, which may explain 
inaccuracies in the models’ estimation of muscle forces [1]. 
Here, we developed methods to record in vivo muscle-tendon 
forces, fascicle strains and activation in the rat medial 
gastrocnemius (MG) and plantaris (PL) muscles across gait and 
grade (incline vs level) conditions.  We then used 
experimentally obtained contractile properties and activation 
dynamics of the rat medial gastrocnemius (MG) to predict 
cyclic time varying muscle forces that mimicked those obtained 
from our in vivo measurements, using a Hill-type muscle model. 

Methods 
Using a leaf-spring tendon transducer design (Fig. 1) developed 
from a previous study [2], we recorded in vivo muscle-tendon 

forces, sonomicrometric fascicle 
strain, and EMG activation in the rat 
MG (red) and PL (blue) muscles 
across gait (walk, trot, gallop) and 
grade (incline vs level) conditions.  
Tendon transducers yielded accurate 
calibrations of force (r2 > 0.96).  We 
also obtained in situ contractile 
force-velocity, force-length, passive 
and architectural properties of the 
unipennate rat MG muscle using a 

servomotor (305B-LR; Aurora Scientific) to inform our MG 
muscle model.  A one-element Hill-type muscle model was 
implemented in Mathematica (11.3.0, Wolfram Research) to 
simulate the time varying muscle forces that were recorded 
from our in vivo measurements. 

Results and Discussion 

Mass-specific net muscle work was generally low across gait 
conditions (Fig. 2), reflecting the limited fascicle strains of both 

 
Fig. 2. Net mass-specific muscle work (mean + SD; N=2-6; *p<0.05). 
muscles during active force generation. Using contractile and 
architectural properties obtained for the rat MG, we simulated 
time varying muscle forces using a simple one-element muscle 
model [3] and compared these with those obtained in situ, 
which mimicked MG activation and in vivo strain recorded 
during incline galloping (Fig. 3). 

Fig. 3. Modelled vs experimental time varying rat MG forces. 

Exceptionally well-matched forces were predicted by the model 
(r2 = 0.94 – 0.98; RMSE 8.6 – 4.7%). 

Conclusions 
Our results demonstrate that by using well-defined contractile, 
passive and architectural properties of a muscle much improved 
accuracy for predicted time-varying in vivo forces can be 
obtained, compared with models that lack the quality or direct 
measurements of these properties for other muscles [e.g. 4]. 
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Summary 

When forces are exerted on muscle, the different tissues with-
in this structure will deform. Pulling on the insertion of a pas-
sive muscle will lengthen the muscle fibers and, hence, the in 
series arranged sarcomeres and the tendon. Besides at the 
origin and insertion, forces can also be exerted directly onto 
the muscle belly surface (the epimysium), mediated by con-
nective tissues linked to surrounding structures [1,2]. Such 
epimuscular myofascial loads are also expected to cause de-
formations of the structures involved (i.e. intramuscular con-
nective tissues, muscle fibers). Because it is not possible to 
obtain direct evidence of epimuscular myofascial force trans-
mission in human subjects, deformations of muscle tissue have 
been applied [2,3]. What is the magnitude of forces causing 
such deformations? For a more compliant spring, the same 
force will cause more lengthening (Fig. 1). This paper de-
scribes recent studies aimed at investigating the relationship 
between myofascial loads and muscle deformations. 

F1 F2

L1 L2

F1 = F2 , but L1 > L2
Figure 1: Thin (left) and thick (right) rubber band. The same force 

(F1 = F2) will result in different amplitudes of lengthening.  

Results and Discussion 

To bridge the gap between the observations from non-invasive 
kinematic and invasive mechanical measures, we investigated 
effects of epimuscular myofascial forces on muscle belly de-
formations in the rat. For this purpose, we exploited the pres-
ence of both one-joint and two-joint muscles within synergis-
tic muscle groups. Deformations of the one-joint muscle were 
assessed for different positions of the joint that is exclusively 
spanned by the two-joint muscle(s).  

Changes in knee joint angle, causing changes in length and 
relative position of gastrocnemius (GAS) and plantaris 
(PLAN) muscles, were reported to affect the force exerted at 
the distal tendon of soleus (SOL) muscle [4]. In the passive 
hindlimb, however, we did not observe changes in SOL mus-
cle belly length, fiber length, fiber mean sarcomere length and 
the distribution of sarcomere lengths within muscle fibers [5]. 
The same results were found for tibialis anterior (TA) muscle, 
except for the in series length distribution of sarcomeres. This 
distribution was significantly affected by changes in knee an-
gle, affecting the length and relative position of extensor digi-
torum longus muscle. The results on TA indicate that the 

length of sarcomeres can change locally without affecting the 
length of the whole fiber (Fig. 2).  

In a follow-up study, we investigated the effects of knee angle 
on SOL fascicle length changes, using sonomicrometry, for 
fully passive and maximally activated rat triceps surae mus-
cles [6]. Despite the presence of significant myofascial loads 
on SOL muscle belly, changes in muscle-tendon unit length of 
the two-joint GAS and PLAN muscles did not affect SOL fas-
cicle length. This was found with an intact Achilles tendon 
and with its subtendons isolated. These results indicate that 
epimuscular myofascial force transmission between SOL and 
adjacent muscles can occur without profound muscle fascicle 
length changes. 

+25%8.3% 8.3% 8.3%

+50%+50%0%0%

+25%+25%+25%+25%

Local and global muscle fiber length changes

Figure 2: Theoretical cases of local length changes within muscle 
fibers with and without global length changes. Arrow indicates point 

of application of net myofascial load. Adapted from [7]. 

Conclusions 

 Length changes of the whole muscle belly or fascicle, as 
often assessed in human subjects, cannot be used to draw 
conclusions about in series sarcomere length changes.  

 Epimuscular loads may be transmitted predominantly via 
the epimysial outer connective tissue layer, not causing de-
tectable deformations within the muscle belly.  
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Summary 
The aponeurosis of human muscles represents a significant 
proportion of the elastic tissues in series with the muscle. 
However, the aponeurosis should not be considered a simple 
spring, as is often assumed in biomechanical models (e.g. Hill-
type muscle models). Recent evidence for the effects of force 
and muscle length on the strains experienced by aponeurosis 
will be critically analysed to understand the potential 
functional importance of the aponeurosis and how it may 
enhance muscle versatility.  

Introduction 
The benefits of having elastic tendinous tissue for enhancing 
the function of muscle contractile tissue are well documented 
[1]. However, a considerable amount of the elasticity within 
muscle-tendon units can sit within the intramuscular tendinous 
tissue, or aponeurosis. This is especially the case for pennate 
muscles in large animals, like humans. Simple Hill-type 
muscle models typically consider that the aponeurosis in 
pennate muscles has the same mechanical properties as the 
more rigorously studied external tendons (e.g. Achilles 
tendon) and sits in series with the contractile tissue.  

There is a growing body of literature suggesting that the 
aponeurosis cannot be considered as a simple spring in series 
with the muscle [2]. This includes evidence that biaxial strain 
of aponeurosis may alter longitudinal aponeurosis stiffness [3-
5]. We believe that this is an important factor that can enhance 
the versatility of pennate muscles that are required to produce 
high forces or absorb high amounts of energy. The aim of this 
presentation is to explore this evidence and propose why 
variable stiffness in the longitudinal direction of muscle may 
be functionally beneficial.  

Methods 
A narrative review of the mechanical function of aponeurosis 
during muscle contraction will be presented, with a focus on 
findings directly undertaken on human muscle. I will explore 
different methods that have been used to assess human 
aponeurosis mechanical function and material properties, and 
discuss specific limitations of these methods and potential 
advancements.  

A simple model of muscle contraction will be used to explore 
the functional effect of variable longitudinal aponeurosis 

stiffness during cyclic contractions through different ranges of 
motion and with varying mechanical requirements (e.g. 
absorbing energy).  

Discussion and Conclusions 
The aponeurosis within pennate muscles cannot be considered 
a simple Hookean spring in series with the muscle contractile 
tissue, as is often assumed in Hill-type muscle models. The 
longitudinal strain of aponeurosis is dependent on multiple 
factors, including the muscle’s force, length and presumably 
its activation level (related to force and length). The biaxial 
aponeurosis strains induced during muscle contraction are 
likely important from a functional perspective and have the 
capacity to improve performance, particularly for allowing 
higher rate of force development at shorter muscle lengths.  

There is likely to be some functional benefit of having an 
aponeurosis that can engage to transmit force at different 
lengths. Recent technological advances in imaging show 
promise in being able to better characterise the mechanical 
function and properties of aponeurosis. Such methods will 
enable researchers to directly assess the dynamic function of 
aponeurosis during real-life movements and how this 
influences contractile tissue performance. This may also aid 
the development and validation of more complex continuum 
models that can be used to explore just how critical having 
variable muscle elasticity might be for optimising muscle 
performance or for perhaps preventing excessive stress and 
strain within muscle-tendon tissues during dynamic tasks. 
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Summary 

In vivo muscle biomechanical properties have been classically 
inferred from inverse dynamics or measurements of joint 
torque performed using ergometers. These measures provide 
information about the combined behavior of several structures 
(e.g., muscles, tendons, nerves, skin) acting around a given 
joint; and cannot isolate the behavior of an individual 
structure. Elastography techniques have enabled estimation of 
the elasticity of localized areas of soft tissues. Shear wave 
elastography techniques estimate tissue elasticity by 
calculating the velocity of the shear waves that result from 
mechanical perturbations applied on the tissue. This talk will 
present some applications of shear wave elastography to 
assess the elasticity of muscles, tendons and nerves. We will 
also discuss some limitations and future developments. 

Introduction 
In vivo muscle biomechanical properties have been classically 
inferred from inverse dynamics or measurements of joint 
torque performed using ergometers. However, these measures 
provide information about the combined behavior of several 
structures (e.g., muscles, tendons, nerves, skin) acting around 
a given joint; and cannot isolate the behavior of an individual 
structure.  

Since the introduction of elastography in the 90’s, many 
techniques have been developed with the aim to non-
invasively assess localized elasticity. Shear wave elastography 
techniques measure muscle elasticity by calculating the 
velocity of the shear waves that result from mechanical 
perturbations applied on the tissue. This propagation velocity 
is directly related to the shear modulus of the tissue, i.e. the 
stiffer the tissue, the faster the shear wave propagation (Eq 1).  
µ = ρVs2   (Eq 1) 
where µ is the shear modulus of the tissue, ρ is the density of 
the tissue and Vs is the shear wave velocity. 
Elastography to estimate an index of individual muscle 
force 
The relevance of the shear modulus measurement for the study 
of muscle biomechanics requires some considerations. The 
Young's modulus (E) is the most relevant measure of stiffness 
of a given material. For isotropic, locally homogeneous and 
quasi-incompressible biological tissues (e.g. breast, liver), the 
shear modulus is directly linked to the Young's Modulus: 
E≈3µ   (Eq 2) 
However, because of its anisotropy (i.e. the mechanical 
properties are not the same in all directions), this equation 
cannot be theoretically applied to skeletal muscles. 

Interestingly, using an in vitro muscle preparation (swine), 
Eby et al. (1) demonstrated that when the ultrasound probe is 
parallel to muscle fibres, muscle shear modulus is strongly 
linearly related to the Young's modulus measured using 
traditional material testing. This demonstrates that in spite of 
the anisotropy of skeletal muscle the measurement of muscle 
shear modulus provides an accurate characterization of muscle 
stiffness. 
This talk will present a series of experiments that used 
ultrasound shear wave elastography to support the hypothesis 
that muscle stiffness is linearly related to both active and 
passive muscle force. Examples of studies that used 
measurement of muscle stiffness to estimate changes in 
muscle force will be presented. 
Estimation of tendon elasticity 
Recent studies suggested that measurement of tendon 
elasticity using elastography provides useful information to 
assess changes associated with training, aging or tendinopathy. 
However, current commercial elastography techniques present 
technical limitations. First, measurements saturate at relatively 
low-tension levels. Second, as the shear wavelength (λ~25mm 
in the parallel direction) is larger than the mean tendon 
thickness (h~4 mm for Achilles tendon), the wave propagation 
is guided along the tendon and its velocity decreases due to 
successive reflections at the tendon boundaries. Within this 
context, the relationship between group velocity of the shear 
wave estimated by commercialized ultrasound shear wave 
elastography techniques and tendon elasticity is affected by 
tendon thickness; and thus Eq 1 does not hold true anymore. 
We will present a recent approach based on the measurement 
of shear wave dispersion to characterize tendon elasticity 
using a model that takes into account that waves propagation 
is guided (2). 
Estimation of nerve elasticity 
We will present a series of recent work that took advantage of 
elastography to assess nerve elasticity. Specifically, our group 
showed that elasticity of peripheral nerves can adapt to 
chronic loading stimuli similar to stretching exercises. 

Acknowledgments 
F. Hug and A. Nordez received funding from the Region Pays 
de la Loire (QUETE project). F. Hug is supported by a 
fellowship from the Institut Universitaire de France (IUF). 

References 
[1] Eby SF et al. (2013). J Biomech, 46: 2381-7. 
[2] Helfenstein-Didier. (2016) Phys Med Biol; 61: 2485-96. 

 

Saturday, August 03 2019: Morning 2 (1030-1130) 1433

In vivo musculoskeletal mechanics and properties



Saturday, August 03 2019: Morning 2 (1030-1130) 1434

12.11 Achilles Tendon Mechanics
1. Jack Martin: Calibration And Validation Of The In Situ Achilles Shear Wave Speed-Stress Relationship

2. Taija Finni: Asymmetry Of Muscle-Tendon Properties 1-Year After Non-Surgical Treatment Of Acute Achilles Tendon
Rupture

3. Carlos De La Fuente: Biomechanical Properties Of Dresden Technique For Suturing Achilles Tendon Ruptures: In Vitro
Study

4. Masaki Ishikawa: Neuromechanical Modulation During Bilateral Hopping In Patients With Unilateral Achilles Tendon
Rupture

5. Michaela Khan: A Randomized Controlled Trial To Compare The Effect Of Non-Operative Treatment With Or Without
Platelet-Rich Plasma On Healing And Function In Patients With Acute Achilles Tendon Ruptures

Achilles Tendon Mechanics



 

 

Calibration and Validation of the In Situ Achilles Shear Wave Speed-Stress Relationship 

 

Jack A. Martin1, Matthew W. Kindig3, Christina J. Stender3, William R. Ledoux3, Darryl G. Thelen2 

Depts. of 1Materials Science & Engineering and 2Mechanical Engineering, University of Wisconsin-Madison, Madison, WI, USA 
3RR&D Center for Limb Loss and MoBility, VA Puget Sound Health Care System, Seattle, WA, USA 

Email: jamartin8@wisc.edu  

 

Summary 

We used a robotic gait simulator to calibrate and validate the 

in situ relationship between squared shear wave speed and 

axial stress in cadaveric Achilles tendons. We first performed 

isometric plantarflexion simulations at multiple ankle angles 

to assess linearity and posture-dependence, and to estimate 

calibration parameters. We then used calibrated shear wave 

tensiometers to estimate stress from wave speed during robotic 

gait simulations. The squared wave speed-stress relationship 

was highly linear at each fixed posture, but variable across 

postures. Calibration at a 10º dorsiflexed posture yielded the 

best estimates of tendon stress during simulated walking, 

likely because this best matched the posture where the 

Achilles tendon was maximally loaded during gait. Thus, it 

may be appropriate to tailor tensiometer calibration to postures 

that represent the movement of interest. 

Introduction 

We have previously shown that tendon shear wave speed 

squared is proportional to axial stress in ex vivo tendons [1]. 

Additionally, we have shown that in vivo Achilles tendon 

wave speeds can be measured non-invasively with a skin-

mounted shear wave tensiometer [1]. However, no direct 

stress measurement is available for calibrating tensiometers in 

vivo. Robotic gait simulators provide a platform for directly 

measuring tendon force and wave speed under time-varying 

postures and loading conditions. The purpose of this study was 

to use a robotic gait simulator to 1) assess posture-dependence 

of the Achilles tendon wave speed-stress relationship, and 2) 

validate the accuracy of tendon stress estimation from wave 

speed during robotic simulations of human gait. 

Methods 

We measured Achilles tendon wave speed [1] in five fresh-

frozen cadaveric lower limb specimens during robotic 

isometric plantarflexion and gait simulations [2]. For isometric 

simulations, a force plate was pressed against the foot to 

mimic 10º and 20º plantarflexed (PF), neutral, and 10º 

dorsiflexed (DF) postures. Achilles tendon loads were applied 

cyclically at 0.5 Hz. For gait simulations, a 6-DOF robot 

moved a force plate relative to the plantar surface of the foot 

to mimic normal walking. Electromechanical actuators applied 

tendon loads to match force profiles representative of walking. 

Linear fits were performed on squared wave speed versus 

applied tendon stress for each isometric posture. Fit 

coefficients from each posture were then used to estimate 

stress from wave speed for gait trials. Finally, root mean 

squared errors were calculated between applied and estimated 

stress in gait using each set of fit coefficients and were 

normalized to the maximum applied stress (NRMSE). 

Results and Discussion 

The wave speed squared-stress relationship was highly linear 

for all specimens and isometric postures (Figure 1B). Slope 

varied with ankle plantarflexion angle (e.g., Figure 1A), 

though the magnitude of variation was specimen-specific. 

NRMSE for estimated stress in gait was lowest when using the 

10º DF posture for calibration (Figure 1B). 

  

Figure 1: A) Achilles wave speed2 vs. stress for one specimen.         

B) Mean ± s.d. isometric linearity (r2) and gait estimated stress error 

(NRMSE) for each ankle angle; x denotes specimen shown in A. 

Posture-dependence in the wave speed-stress relationship may 

arise from motion of the tendon relative to the skin-mounted 

sensor. Tendon motion results in measurements being made at 

different points along the tendon. Thus, measured wave speeds 

are subject to the effects of axial variations in cross-sectional 

geometry and local stress [1]. Calibration at the 10º DF 

posture generated the lowest load estimate errors in gait, likely 

because it most closely matched the ankle angle observed 

during peak Achilles loading. However, we have not observed 

significant posture effects in our ongoing in vivo experiments. 

A limitation of our in situ experiments is that the soleus is 

removed. This could increase stress in proximal portions of 

the tendon and give rise to the observed posture-dependence. 

Thus, these in situ results may represent a worst-case scenario.  

Conclusions 

Here, we show that in situ tendon stress is proportional to 

squared shear wave speed. However, measured wave speeds 

were posture-dependent, likely due to relative tendon-to-

sensor motion that occurred with ankle joint motion. Thus, it 

may be important to calibrate tensiometers at postures 

representing movements of interest. 
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Summary
As a part of “Non-operative treatment of Achilles tendon
Rupture in Central Finland: a prospective cohort study –
NoARC” results from the first 12 patients who completed
biomechanical assessments 1 year after active, structured, and
functional non-surgical treatment of acute Achilles tendon
(AT) rupture are reported. Deficits in plantarflexion strength
(30%), MG fascicle length (24%) and MG muscle area (18%)
explained 86% of variance in preferred gait speed. Tendon
was 110% thicker and individual subtendon lengths (soleus,
medial and lateral gastrocnemius) were 11-50% longer in the
injured leg. Considerable structural and functional asymmetry
is present 1 year after AT rupture and non-surgical treatment.

Introduction
After Achilles tendon rupture (ATR), whether treated
surgically or non-surgically, patients have long-term deficits
regarding symptoms, anatomy, function and physical activity
level. In Central Finland Health Care District (population
250 000), about 90% of acute ATRs are treated non-surgically
but the predictors of good recovery from ATR are currently
poorly known [1,2]. Detailed biomechanical measures of
muscle and tendon structure and function may provide novel
understanding on mechanisms and prognostic factors behind
good recovery from acute ATR. In a quest to identify
biomechanical factors that explain good recovery from ATR
in a 1-year follow-up design, this abstract will report
asymmetry, preferred gait speed and self-reported PA of 12
patients after 1 year of non-surgical treatment of acute ATR.

Methods
This biomechanical study is embedded into a clinical cohort
study “Non-operative treatment of Achilles tendon Rupture in
Central Finland: a prospective cohort study – NoARC” (trial
registration: NCT03704532) where 200 non-surgically treated
ATR patients are recruited. Biomechanical assessments 1 year
after rupture have been done for 12 participants (30% females,
age 40±8 yrs, body mass 73±5 kg, and height 176±10 cm).
When lying prone at rest, ultrasound-derived AT thickness,
lengths of each AT subtendon (SOL, MG and LG), MG
fascicle length and pennation angle, and cross-sectional areas
of MG and LG were measured. Resting ankle joint angle,
voluntary maximal isometric plantarflexion strength (MVC)
and preferred gait speed were assessed. Self-reported physical
activity was assessed upon injury and at 1 year time point
using Tegner and UCLA questionnaires (N=10).
All assessments were done unilaterally and asymmetry
calculated as % difference from healthy leg. Leg differences

were tested by t-test after checking normal distribution of the
data. Associations were examined using Pearson’s correlation
and stepwise linear regression model was used for explaining
variance in preferred gait speed.

Results and Discussion
After 1-year post rupture, plantarflexion strength deficit was
about 30% in injured leg (Table 1) although patients reported
that there was no difference in their physical activity level as
compared to pre-injury condition (Tegner 5.8 vs 5.0, UCLA
8.6 vs. 8.3). Preferred gait speed (1.26±0.16 m/s) differed
from typical value of 1.4 m/s [3] (p=0.006). MVC of healthy
leg (β=0.002, p=0.002), MG fascicle length asymmetry
(β=0.668, p=0.004) and MG area asymmetry (β=-0.627,
p=0.031) together explained 86% of the variance in preferred
gait speed (p=0.002). Asymmetry in AT thickness was
associated with asymmetry in SOL subtendon length (r=0.657,
p=0.020).
Table 1: Healthy and ruptured legs differed significantly 1 year after
rupture and non-operative treatment. Greater values are bolded.

Healthy Ruptured p-value
MVC (Nm) 183±60 135±44 <0.001

MG fascicle length (cm) 5.1±1.0 3.8±1.0 <0.001

MG fascicle angle (⁰) 21.1±4.5 25.7±4.9 0.001

MG CSA (cm2) 12.9±2.0 10.6±2.4 <0.001

LG CSA (cm2) 8.0±1.2 6.8±1.3 0.005

AT thickness (cm) 0.43±0.10 0.86±0.18 <0.001

SOL subtendon length (cm) 8.2±4.1 10.7±3.9 0.004

MG subtendon length (cm) 18.8±1.7 21.9±3.1 <0.001

LG subtendon length (cm) 21.0±1.6 23.5±2.7 0.004

Resting ankle joint angle (⁰) 126±6 119±5 0.001

Conclusions
Slower than typical gait speed in ATR patients was largely
explained by 3 biomechanical factors. Interestingly, strength
of the healthy but not the injured leg was among these factors.
It may be that the overall physical activity that maintains
strength in the healthy leg may be an important factor in the
course of recovery from ATR.
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Summary 

The Dresden technique preserves the paratenon during 

Achilles tendon (AT) repair and may improve the 

plantarflexor mechanism when combined with mobilization 

during early rehabilitation. However, the surgical repair design 

for AT ruptures can affect rates of re-rupture or lengthening. 

Therefore, we determine the biomechanical properties of the 

Krackow, Double-Kessler, Double-Dresden, and Triple-

Dresden techniques used for repairing mid-substance AT 

ruptures during cyclical and maximum traction. Sixty mid-

substance bovine tendons were divided randomly into four 

groups by repair technique being applying cyclical tractions of 

4.7, 5.8, 7.9, and 11.7 mm. The most important finding was 

that the Triple-Dresden technique resulted in decreased 

gapping, nominal suture stress, repair deformation, and 

quantity of specimens with clinical failure as compared to the 

other techniques. This suggesting that this technique might be 

more appropriate when performing early mobilization after 

mid-substance AT tenorrhaphy. 

Introduction 

Early mobilization interventions may result in excessive 

tendon traction, and increase the risk of a re-rupture and 

tendon lengthening [1,2] which could cause devastating 

clinical results. Percutaneous procedures, such as the Dresden 

technique [3], preserve the paratenon and improve tendon 

healing. The Dresden technique results in lower tensile 

strength since it produces an inclination of the strands [2]. 

Therefore, strand strength could be increased by using a 

collinear technique in the transverse plane to minimize the 

cosine component, which can be achieved by adding a new 

strand [4], thereby optimizing maximal suture strength. 

However, it is unknown if the Dresden technique produces 

better results with the triple or double configuration than 

control techniques. Therefore, we determine the 

biomechanical properties of the Krackow, Double-Kessler, 

Double-Dresden, and Triple-Dresden techniques used for 

repairing mid-substance Achilles tendon ruptures during 

cyclical and maximum traction. 

Methods 

A simple randomized comparative experimental study design 

was conducted. First, numbers were randomly assigned to the 

tendon specimens (n = 60). The tendons were then evenly 

divided among the four surgical technique groups (i.e. 

Krackow, Double-Kessler, Double-Dresden, and Triple-

Dresden). The specimens were stored at −18 °C until 

experimental assessments. Each repaired specimen was 

mounted on a testing machine configured to exert cyclical or 

maximum traction. Two digital cameras recorded the 

experiments at a sampling rate of 30 Hz. Tendon traction 

during early mobilization was simulated according to the 

standardized protocol from the Instituto Traumatológico 

(Santiago, Chile), a national center of traumatic diseases. This 

rehabilitation protocol is used in patients during the first 14 

days after mid-substance Achilles tendon repair. It includes 

100 dorsiflexion mobilizations per session, performed twice a 

week. Consequently, the simulated protocol involved four sets 

of 100 tractions if clinical failure (gap tendon ends > 5 mm) 

did not occur, or if it occurred at the end of 400 cyclical 

tractions. Tractions of 4.7, 5.8, 7.9, and 11.7 mm (equivalent 

to 5°, 8°, 10°, and 15° of dorsal flexion, respectively) were 

applied. Seven outcome variables were tested: 1) gapping, 2) 

tensile strength, 3) nominal suture stress, 4) repair 

deformation, 5) the number of specimens with clinical failure 

(gap > 5 mm), 6) maximum strength, and 7) type of failure 

(most frequent pattern of failure [e.g. suture, knot, or tendon] 

after the maximal traction). Data were reported as the mean 

and standard deviation. The Shapiro-Wilk test was used to 

confirm the normality of data distribution. Homoscedasticity 

was confirmed using Levene's test, and the assumption of 

equal variances between all possible group pairs was 

confirmed by Mauchly's test. Repeated-measured analysis of 

variance with Bonferroni's correction for multiple 

comparisons were conducted.  

Results and Discussion 

The Triple-Dresden technique resulted in decreased gapping, 

nominal suture stress, repair deformation, and quantity of 

specimens with clinical failure as compared to the other 

techniques. Furthermore, Triple- Dresden tendons showed 

greater comparative tensile and maximum strength. During 

maximal traction testing, this technique presented tendon 

failure, whereas the Krackow, Double-Kessler, and Double 

Dresden techniques had suture failures. 

Conclusions 

Triple-Dresden repair results in better cyclical and maximum 

traction strengths, suggesting that this technique might be 

more appropriate when performing early mobilization after 

mid-substance Achilles tendon rupture repair. 
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Summary 

Patients who have repaired their Achilles tendon (AT) rupture 
have potentially high risk for re-rupture. The present study 
showed that the great strain of the rupture-experienced AT 
during hopping can be one of crucial risk factors for re-rupture. 
In addition, the preprogramed muscle activation may not 
function as preprogrammed protective strategy after the initial 
ground contact. Our results suggest the low Young’s modulus 
of the rupture-experienced AT may delay the onset of agonist 
preprogramed muscle activation. Therefore, it may be 
important to increase the AT stiffness for the person who had 
ruptured AT to prevent the elongation of the compliant AT.  

Introduction 

Patients who have repaired their Achilles tendon (AT) rupture 
are potentially at high risk for re-rupture. Little attention has 
been given to the mechanical property and neuromechanical 
modulation of muscle-tendon interaction during human 
dynamic movements after the ruptured AT repair. The 
purposes of the present study were to examine the AT 
mechanical properties and their muscle–tendon behavior as 
well as muscle activations during bilateral hopping exercises 
in subjects who had undergone surgical repair of a unilateral 
AT rupture.   

Methods 

The nine male subjects who had experience of the unilateral 
AT rupture and over 2 years after surgery, and nine healthy 
males as the control subjects (CTRL) participated in this study.  

The subjects did repetitive bilateral hopping with maximal 
efforts. During hopping, the joint kinematics and 
electromyogram (EMG) of medial gastrocnemius (MG), 
soleus and tibialis anterior (TA) muscles were measured 
together with scanning of the AT junction by musculoskeletal 
ultrasonography from both the ruptured AT leg (LEGATR) and 
non-ruptured AT leg (LEGNOR). The AT length during 
hopping were calculated from kinematics and 
ultrasonographic data [1]. 

Results and Discussion 

The AT stiffness and Young's modulus were lower in LEGATR 
than in LEGNOR (Table 1). These results showed that the AT of 
LEGATR can be compliant and its quality of material have not 
recovered after even more than 2 years after surgery.  

During hopping, the AT stretching amplitudes were greater in 
LEGATR than in LEGNOR, although the peak AT force was 
smaller in LEGATR than in LEGNOR. The AT negative 
mechanical work did not show any significant differences 
between both legs. However, those positive works were 
significantly lower in LEGATR than in LEGNOR. Therefore, the 
elastic recoil could not function properly in LEGATR.  

The MG EMG during the preactivation phase of hopping did 
not show any significant differences between LEGATR and 
LEGNOR. However, those amplitudes were significantly lower 
as compared with that in CTRL. Interestingly, the onset of the 
MG muscle activation during the preactivation phase of 
hopping was delayed in both LEGATR and LEGNOR than in 
CTRL. This similar phenomenon was observed during 
hopping in competitive swimmers [2]. It was suggested that 
this delayed MG preactivation may result from the 
mechanically induced neural responses to the low Young’s 
modulus of AT.  

Conclusions 

The great AT strain during hopping due to the compliant AT 
of LEGATR can be one of crucial risk factors for the AT re-
rupture. Nevertheless, the MG muscle activities between 
LEGATR and LEGNOR were not regulated separately during 
the preactivation phase. This un-controlled preprogramed 
modulation may not function as preprogrammed protective 
strategy after the initial ground contact for LEGATR, but may 
result from the mechanically induced neural responses to the 
low Young’s modulus of AT. Therefore, it may be important 
to increase the AT stiffness for the person who had ruptured 
AT in order to prevent the elongation of the compliant AT. 
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LEGNOR LEGRUP

AT length (mm) 185±18 207±30

AT CSA (mm2) 60±15 115±26

AT Stiffness (N/mm) 137.6±49.2 93.3±49.3

Young's modulus (GPa) 0.39±0.08 0.25±0.01

Table 1. Morphological and mechanical characteristics
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Table 1: WBC and platelet counts (mean  SD) of patients’ blood and PRP samples. *cell count x109/L, ⁺ cc’s)   
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SUMMARY 

The use of platelet-rich plasma (PRP) injections in the 

treatment of acute Achilles tendon rupture (ATR) remains 

controversial. This double-blinded, randomized controlled trial 

aimed to compare the effectiveness of PRP versus placebo 

injections in non-operatively treated ATR patients. Estimates 

of tendon healing, functional, and patient-reported outcomes 

were slightly more favourable in the PRP group at most time 

points.   

INTRODUCTION 

The rupture of the Achilles tendon (ATR) is one of the most 

common tendinous injuries within the adult population, and is 

associated with a slow return to normal function. While 

platelet-rich plasma (PRP) has recently gained popularity for 

the treatment of various orthopaedic injuries, there is no clear 

indication of PRP’s clinical efficacy [1]. Anecdotal evidence 

suggests that PRP injections may be more effective during the 

inflammatory phase of healing [2] (i.e. less than seven days 

post-rupture). The purpose of this double-blinded, randomized 

controlled trial was to determine whether patients who 

received PRP injections demonstrated better outcomes than 

those injected with a placebo. The primary objective was to 

compare radiological assessments (i.e. magnetic resonance 

imaging [MRI] and ultrasound [US]) of tendon integrity and 

healing. The secondary objectives of this study were to 

compare functional and patient-reported outcome scores. 

METHODS 

Twenty non-operatively treated ATR patients were 

randomized to receive either PRP (n=10, 8 males) or placebo 

(saline; n=10, 8 males) US guided injections within seven 

days and at two weeks post-rupture. Approximately 10 cubic 

centimetres (cc’s) of blood was drawn from each patient into 

an autologous conditioned plasma double-barrel syringe 

(Arthrex, Naples, Florida) and spun in a table-top centrifuge 

(Hettich Rotofix 32A, Tuttlingen, Germany) at 1500 rpm for 

five minutes. White blood cell (WBC) and platelet 

quantification was conducted on the blood and PRP samples 

(Table 1).   

MR (1.5T, CVMR, General Electric, Milwaukee, USA) and 

US (Philips IU22, Amsterdam, Netherlands) images were 

evaluated by an experienced, blinded musculoskeletal 

radiologist who provided an estimate of tendon healing (i.e. 0-

25%; 26-50%; 51-75%; and 76-100%) based on pre-

determined criteria.  

Plantar/dorsiflexion isokinetic strength (Biodex Multi-Joint 

System 3 Dynamometer, Biodex Medical Inc., Shirley, USA), 

range of motion (ROM), calf circumference, and patient-

reported outcomes (Ankle-Hindfoot Scale, Achilles Tendon 

Total Rupture Score [ATRS], and Leppilahti Score) were 

assessed up to twenty-four weeks post-rupture.   

RESULTS AND DISCUSSION 

The PRP group demonstrated slightly more favourable 

assessments of tendon healing at twelve and twenty-four 

weeks on MRI and at four, eight, and twelve weeks on US.  

The secondary outcomes tended to favour the PRP group: the 

median Leppilahti score was significantly higher at twenty-

four weeks (p=0.04); the median ATRS was higher at twelve 

and twenty-four weeks; the median side-to-side ROM 

differences were smaller in plantarflexion at six and twenty-

four weeks and in dorsiflexion at twelve and twenty-four 

weeks; and the isokinetic strength ratio was larger at 30°/s and 

240°/s.   

CONCLUSION 

Non-operatively managed ATR patients who received PRP 

injections within seven days and two weeks post-rupture 

demonstrated slightly better outcomes than patients who 

received placebo injections at the same time points.   
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Time Blood WBC Count*  Blood Platelet Count*  PRP WBC Count*  PRP Platelet Count*  Amount Injected⁺   

Baseline 7.7 (1.8) 215.1 (16.9) 0.9 (0.8) 390.7 (41.2) 3.2 (0.4) 

2 weeks 6.9 (1.6) 232.2 (32.9) 0.8 (1.0) 441.6 (76.3) 3.1 (0.2) 
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Summary 

We propose a method to estimate kinematics, kinetics, and 

muscle forces by tracking inertial sensor data with a trajectory 

optimization. High correlations with a conventional analysis 

(optical motion capture and force plate) were achieved for 

walking and running kinematics (ρ ≥ 0.93) and kinetics (ρ ≥ 

0.90).  

Introduction 

Trajectory optimization in musculoskeletal systems has been 

successfully used for predictive simulations to find optimal 

movements. However, it is straightforward to include a 

tracking term in the cost function, in order to perform state 

estimation from measurements. In contrast to conventional 

inverse dynamic methods, this approach will allow incomplete 

instrumentation, and will reject noise based on the ability of 

the model to track sensor data, rather than with a low-pass 

filter. We first demonstrated this approach on a landing 

movement in skiing, with noisy optical motion capture and no 

ground reaction force measurement [1]. Here we extend this 

idea towards the tracking of signals from inertial measurement 

units (IMUs) during walking and running. 

Methods 

We acquired data from seven IMUs attached to the lower 

extremities of ten male subjects, for ten trials of walking and 

running at six different speeds. We used an optical motion 

capture (OMC) system and a force plate as reference. Inertial 

sensor data was tracked with a planar musculoskeletal model 

consisting of seven rigid segments and 16 Hill-type muscles 

with deformable ground contact. The model was formulated as 

an implicit differential equation 𝑓(𝑥, �̇�, 𝑢) = 0 for state x and 

muscle excitations u [1]. Virtual sensors were placed on the 

model to obtain simulated sensor signals. The sagittal 

gyroscope signal 𝜔𝑧 was the angular velocity of the segment. 

Simulated sagittal accelerometer signals (𝑎𝑥  and 𝑎𝑦) were 

computed from acceleration, gravity, and rotational terms 

depending on the sensor position [2].  

The state and control trajectories x(t) and u(t) were found by 

minimizing the difference between the 21 measured mean 𝜇 

and simulated signals s, normalized to the measured variance 

𝜎2, over N time points, plus an effort term:  

𝐽 =
1

21𝑁
 ∑ ∑ (

𝑠𝑘,𝑖 − 𝜇𝑘,𝑖

𝜎𝑘,𝑖
)

221

𝑖=1

𝑁

𝑘=1

+
𝑊𝑒𝑓𝑓𝑜𝑟𝑡

16𝑁𝑣2  ∑ ∑ 𝑢𝑘,𝑚
2

16

𝑚=1

,

𝑁

𝑘=1

 

where 𝑣 is the model’s speed and Weffort is a weighting 

parameter. Trajectories were constrained to be periodic and 

satisfy the musculoskeletal system dynamics. The trajectory 

optimization was solved by 100-point direct collocation, using 

a backward Euler discretization and the IPOPT solver. 

A correlation coefficient was calculated between IMU and 

OMC results for each joint angle and moment, across all 

subjects, six test conditions, and time points in the gait cycle. 

Results and Discussion 

After trajectory optimization, simulated sensor signals tracked 

the IMU data well, while rejecting the impacts and oscillations 

caused by soft tissue motion. Kinematic and kinetic results 

agreed well with conventional OMC analysis (Fig. 1). 

Correlation coefficients were 0.93-0.98 for joint angles and 

0.90-0.98 for the joint moments and ground reaction forces. 

Figure 1: Comparison between inertial motion capture (IMC) and 

optical motion capture (OMC) for knee and ankle moments (Nm) and 

vertical ground reaction force (BW) during walking. 

The correlation coefficients show that the IMU analysis 

explains more than 80% of the variance between subjects, test 

conditions, and between points in the gait cycle. Similar 

correlations have been reported, but within subject and test 

condition [3]. In contrast to [3], our method does not require 

separate kinematic and kinetic analysis tools, combining the 

two into a single trajectory optimization. Furthermore, a 

dynamically consistent musculoskeletal simulation is 

obtained. Our method is being extended towards 3D analysis. 

Conclusions 

Trajectory optimization can be used for musculoskeletal state 

estimation from inertial measurement units, and results agree 

well with conventional gait analysis methods. 
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Summary 

Partial power assistance is a promising approach to reduce the 

deleterious upper extremity loads in manual wheelchair 

locomotion. This study investigates two potential control 

strategies to govern the wheelchair-user interaction: i) an 

impedance control strategy, where a reference, desired system 

dynamics is imposed; ii) a feedback-based parameter 

modification scheme where key parameters such as apparent 

mass and friction are altered as desired. This paper compares 

these approaches in the light of predictive simulation results 

obtained by solving optimal control problems using a model of 

the controlled wheelchair-user system.   

Introduction 

The large and repetitive upper-extremity loads in manual 

wheelchair propulsion are associated to low locomotion 

efficiency and high incidence of injury and pain among long-

term wheelchair users [1]. Partial power assistance arises as a 

promising approach to mitigate these effects, providing 

motorized assistance to the human propulsion, without 

completely replacing it. Control strategies that appropriately 

govern the user-wheelchair interaction are crucial for the 

successful implementation of these solution, and currently 

comprise either a pushrim-activated constant torque or an 

assistance proportional to the pushrim tangential force applied 

by the user [2,3]. Disadvantages of these include unnatural 

interaction and stability or drivability issues [4]. This research 

group proposes the implementation of strategies that permit 

altering apparent system parameters such as mass and friction 

as a more natural and effective approach, allowing for 

straightforward adjusting of system parameters according to 

users’ motor capacity and disability levels [5]. This study 

compares an impedance control-based approach and a 

feedback-based system parameter modification scheme.  

Methods 

Figure 1 shows the control strategies for power assistance of 

manual wheelchairs investigated in this study: i) an 

impedance-based control in which a reference linear dynamics 

is prescribed in N(s) on the basis of the measured tangent 

pushrim force fh and wheelchair speed v, and reinforced 

through a PI controller in C(s) [6]; ii) a feedback-based system 

parameter modification scheme in which the controller in C(s) 

is selected so as to change key system parameters such as the 

total apparent mass and friction, with N(s) = 0 [5]. The 

approaches are compared through predictive simulations of 

wheelchair locomotion using a planar four-bar model of the 

controlled user-wheelchair system, including the propulsion 

and recovery phases, and by solving optimal control problems 

[5,6] for different steady-state and transient scenarios and a 

prescribed average speed of 0.5 m/s. Problem controls are 

shoulder, elbow and motor torques, τs, τe, and τm, respectively. 

 

Figure 1: Block diagram for both control strategies. 

Results and Discussion 

The results show, for instance, that the natural acceleration of 

the wheelchair as the arms are retrieved in the beginning of the 

recovery phase in the reference simulation is unnecessarily 

inhibited by the impedance-based controller through a 

dissipative motor torque, Fig. 2, evidencing the downside 

associated with the desired features of ensuring a favourable 

system dynamics and of implicit compensation for different 

rolling resistances and inclines. The feedback-based control 

scheme, on the contrary, does not require measuring pushrim 

forces or impose unnatural system dynamics, requiring less 

energy from the batteries. However, this approach does not 

compensate for inclines or larger rolling resistances, 

conditions in which assistance is most required. 

 

 

 

 

 

 

 

Figure 2: Wheelchair speed along a complete cycle without 

assistance (Reference) and with the impedance-based controller. 

Conclusions 

The results and discussion show that the two control strategies 

investigated in this study through predictive simulations in 

different scenarios present promising features but also 

disadvantages which may hinder successful implementation 

and will be addressed in future investigations. 
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SUMMARY 
Simulations of human gait often model a single subject.  Here 
we show that categorically different results from the 
population-level result were seen in 36% of N = 200 simulated 
subjects, including the “average” subject, when simulating the 
metabolic cost of walking with transtibial limb loss.  The odds 
of misleading results with a single subject were therefore high.   

INTRODUCTION  
The computational time needed to simulate human gait with 
complex models has historically prohibited simulating large 
samples of subjects, and most studies have used a single model 
with typical or average parameter values.  However, the 
nonlinearity of such models results in the “average model 
fallacy”, where a model with average parameter values fails to 
produce the average result [1].  The scope and impact of this 
limitation are largely unknown, but could be particularly 
relevant to cases where small changes in outcome variables on 
the order of 1-5% are meaningful, e.g. metabolic cost [2].   
Here we used direct collocation methods [3] with a moderately 
complex model to to investigate the importance of “few” versus 
“many” simulations on the interpretation of the results.  We 
hypothesized, based on studies of high-functioning amputees, 
that limb loss would not substantially change metabolic cost at 
the population level, but that this result would not be seen when 
using the average model parameters [1,4,5]. 

METHODS 
Simulations of walking were performed using a 2D model with 
12 degrees of freedom and 26 muscles [3].  Direct collocation 
was used to find the muscle states and model excitations that 
minimize the average deviation from average able-bodied gait 
data, plus the metabolic cost.  The simulation was repeated with 
the model’s right ankle muscles removed and replaced by a 
torsional spring to represent unilateral transtibial limb loss and 
a passive prosthesis.  This pair of simulations was repeated 199 
times with new muscle parameters drawn randomly from 
uniform distributions to generate a population of 200 “subjects” 
(models) with different muscle model parameters.  The 
distribution width was ±10% of the original values. 

RESULTS AND DISCUSSION 
The average metabolic costs were 3.46±0.15 J/m/kg pre-limb 
loss and 3.44±0.17 J/m/kg post-limb loss.  The population-level 
effect size on change in metabolic cost was dz = -0.15.  
The change in metabolic cost ranged from a 6.4% decrease to a 
4.7% increase.  Over a third of subjects (36%) had an increase 
in metabolic cost.  Using the average muscle parameters, limb 
loss increased metabolic cost by 1.1% (Fig. 1).  Five subjects 

(2.5%) had changes in metabolic cost greater than 5%.  Effect 
size was volatile and overestimated below samples sizes of ~ 25 
subjects (Fig. 1). 

CONCLUSIONS 
Modeling a single subject, even when using average input 
parameters, may not reflect population level results.  Modern 
optimal control methods can generate results for many subjects 
in practical amounts of time. 
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Figure 1: (top) Histogram of changes in metabolic cost after 
limb loss and (bottom) effect size ±95%CI vs. sample size. 
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Summary 

Determining weights among terms in the cost function for 

walking was formulated as a bilevel optimization problem 

(BLO). The direct collocation (DC) method effectively 

solved the lower level problem, making it practical to solve 

the BLO using a nested evolutionary approach. 

Introduction 

The problem of determining the cost function form for 

human walking may be cast as a BLO consisting of two 

coupled optimization problems. The lower level optimization 

is a standard optimal control of human walking [1] which 

solves for the gait solution, while the upper level solves for 

the cost function form [2] (e.g., weights among different 

candidate performance terms).  

The BLO may be solved using a nested evolutionary 

approach. Since the nested evolutionary approach is 

computationally expensive, it is important that the lower 

level be solved in a reasonable time. DC is an efficient 

method [1, 3] that may be well-suited to solve the lower 

level. Therefore, we evaluated how DC may be used within 

the nested evolutionary approach, and further how 

parallelization may be used within the BLO and within the 

DC algorithm to reduce computation time. 

Methods 

The problem of determining the weights among three 

performance criteria (muscle fatigue, stability, and 

smoothness) in the walking cost function was formulated as 

a BLO. The BLO was solved with a nested evolutionary 

approach [2]. The upper level was solved with a genetic 

algorithm (GA), and the lower level was solved with the DC 

method using a 2-D, 11-DOF, 18-muscle OpenSim model. 

For computational efficiency, one step of walking was 

simulated on a 15-node grid using an Euler scheme. IPOPT 

solver was used to solve the lower level with the sparsity 

structure of the constraint Jacobian matrix provided [2]. 

A, Parallel computing within the GA 

GA is well-suited for parallel computing implementation for 

speeding up the simulation. Therefore, the GA was 

parallelized using the Matlab Parallel Computing toolbox on 

an Intel i9 3.5 GHz 10-core computer (ParGA). 

B, Parallel computing within DC 

In DC, evaluating the dynamic equations at multiple nodes 

can be done simultaneously to reduce the computation time. 

We evaluated this approach by solving a lower level problem 

with parallel computing on the same computer (ParDC). To 

evaluate the effectiveness of these parallelization, we ran 

three configurations namely: parallelizing GA only (ParGA), 

parallelizing DC only (ParDC), and parallelizing both levels.     

Results and Discussion 

Each lower level simulation, representing a full optimal 

control solution for walking, was efficiently solved with 

serial computing in about 12 minutes, making it practical to 

solve the overall BLO. The solution time was reduced with 

parallel computing. For ParGA, the run-time reduced almost 

linearly with the number of cores (Fig.1A). ParDC showed 

some improvements (Fig.1B), but not as much as in ParGA. 

A maximum improvement of 1.35 times speed-up was 

achieved with parallelizing on 6 cores.  

 
Figure 1: Speed-up by parallel computing with the GA (A) and DC (B) 

Therefore, for the BLO, it is more beneficial to use ParGA 

than ParDC. Recently, we solved the BLO in 139 hr using 10 

cores with the GA [2]. While ParDC was not as beneficial 

for the BLO, standard optimal control simulations may still 

benefit from parallel implementation. We tested performance 

of ParDC with a more typical grid density of 50 nodes, and 

found greater improvements compared to the coarse grid 

(15-nodes) used for the BLO (Fig.1B).  

Parallel computing for both levels of the BLO should give 

further improvements. However, on the single multiple-core 

CPU, parallelizing both levels resulted in no improvement 

compared with ParGA only. Potentially, on a multiple CPU 

computer with each CPU having multiple cores, ParDC on 

each CPU and ParGA using multiple CPUs, may yield 

greater improvements in performance for solving the BLO. 

Conclusions 

DC is effective for use within parallel GA for solving BLO 

problems. DC may also be sped-up by solving the dynamic 

equation constraints in parallel on multiple core CPUs. 
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Summary 
There is a gap between the understanding of the mechanisms 
of sporting injury and the ability to monitor these risk 
parameters during a game.  A single-sensor wearable solution 
which could be used in lieu of captive laboratory 
biomechanical instrumentation would be a breakthrough for 
accurate and valid on-field monitoring of athlete performance 
and safety.  Using archive motion capture and force plate data 
from The University of Western Australia, with new 
accelerometer trials conducted at Liverpool John Moores 
University, this proof of concept exploited deep learning 
techniques to investigate prediction of 3D ground reaction 
forces (GRF) from a single sacrum-mounted accelerometer. 

Introduction 
It is currently not possible to record accurate 3D GRF from a 
single wearable sensor in the field of play [1, 4].  This study 
aimed to establish if accurate 3D GRF prediction with mean 
correlations above 0.85 from running and sidestepping trials 
was achievable. 

Methods 
The CaffeNet deep learning convolutional neural network 
model (CNN) pre-trained on ImageNet big data [3] was used 
first to fine-tune a multivariate regression model between 
marker-based laboratory motion capture (Vicon, Oxford, UK) 
and associated force plate recorded GRF (AMTI, Watertown, 
MA) from archive left sidestepping (right-stance) trials [2].  
From this strongest seed model, a subsequent double-cascade 
technique was used to transfer 3D accelerations to ground 
truth GRF.  This model training was undertaken using 
accelerations simulated via double-differentiation of marker 
trajectories, and GRF (Vicon/AMTI), and tested with 
accelerations recorded by a single Noraxon DTS-3D 518 
accelerometer (Noraxon, Scottsdale, AZ) located at the sacrum 
for running and sidestepping trials, and corresponding GRF 
(Kistler, Winterthur, Switzerland).  Principal Component 
Analysis was used to automatically orient the 3D accelerations 
with global coordinates, thereby avoiding the typical 
initialization posture or sensor calibration requirements. 
 

Results and Discussion 
The strongest mean correlations (>0.87, Figure 1, Table 1 
bolded) between force plate recorded GRF and those predicted 
by the CNN model were achieved for right-directed sidesteps 
off the left stance foot.  Running trials displayed lower lateral 
Fx correlations due to the inherent small accelerations, and 
subsequent signal to noise ratio in this plane.  Correlations for 
vertical Fz achieved the highest minimum, above 0.83 (Table 1 
bolded).  Limitations of this prototype were the requirement 
for additional shank-mounted sensors that informed movement 
type and stance limb, and force plate provided gait events. 
 

 
Figure 1: Single sensor mean GRF prediction (Fz shown). Left 

strongest Fz, right strongest mean.  Ground truth Fz (blue 
min/mean/max); CaffeNet CNN predicted response (red). 

Conclusions 
The study's goal of average mean correlations greater than 
0.85 was achieved for sidestepping.  These incomparable 
results using deep learning present a solution for single-sensor 
analysis and encourage further investigation using greater 
sample sizes, at other sensor locations (e.g. C7), and for 
independent field operation (using 2D video, or foot-mounted 
sensors, to inform movement/stance/gait). This work realizes 
the potential for on-field monitoring of joint loading and 
injury risk. 
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Table 1: CaffeNet single-sensor GRF correlations and rRMSE [5] by movement type and stance limb, 100% stance. 
Movement 
type 

Stance 
limb 

Training 
samples (%) 

Test 
samples (%) 

Fx 
r(rRMSE %) 

Fy 
r(rRMSE %) 

Fz 
r(rRMSE %) 

GRF mean 
r(rRMSE %) 

Run L 1176 (90.5) 123 (9.5) 0.4645 (34.9) 0.8155 (20.3) 0.8982 (20.3) 0.7261 (29.7) 
Run R 2704 (95.5) 127 (4.5) 0.4478 (33.7) 0.8454 (20.0) 0.9036 (20.0) 0.7323 (28.0) 
Sidestep L 1386 (98.2) 25 (1.8) 0.8487 (22.8) 0.9046 (16.6) 0.8652 (16.6) 0.8728 (19.7) 
Sidestep R 3992 (99.6) 18 (0.4) 0.7940 (22.6) 0.8896 (18.0) 0.8311 (18.0) 0.8382 (20.2) 
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Summary 

The aim of this study is to validate trunk, pelvis, hip, knee and 

ankle kinematics assessed by an inertial sensor system in 

healthy controls (HC) and persons with knee osteoarthritis 

(KOA) during a functional movement protocol. Therefore, 

kinematics were compared against an optoelectronic system. 

The validity differs from low to excellent, and is highest in the 

frontal and sagittal plane. Further analysis is required to 

investigate the validity of more complex movement tasks. 

Introduction 

Human motion analysis is used to quantify movement 

strategies. Inertial sensors can be used to determine the 

orientation and position of a body segment. By applying 

multiple inertial measurement units (IMUs), full body 

kinematics can be measured outside the laboratory [1]. 

However, before such sensors can be used to support clinical 

decision making, the accuracy needs to be determined. 

Therefore, the purpose of the present study is to validate trunk, 

pelvis, hip, knee and ankle kinematics, assessed by an inertial 

sensor system, in HC and persons with KOA during functional 

movement tasks. 

Methods 

Twelve HC (59.8 ± 7.0 years; BMI 25.1 ± 3.4; 24 legs) and 19 

persons with KOA (65.1 ± 5.2 years; BMI 26.0 ± 2.0, 19 

affected and non-affected legs) were recruited. Six functional 

movements (walking, forward/sideward lunge, sit to stand, 

single leg squat and stair negotiation) were recorded 

simultaneously by an inertial sensor system (MVN BIOMECH 

Awinda, Xsens Technologies) and an optoelectronic system 

(VICON, Oxford Metrics, Oxford, UK). Data from the 

optoelectronic system was processed using a musculoskeletal 

model with 3 degrees of freedom (DOF) for the trunk, pelvis, 

hip and knee joints and 1 DOF for the ankle joint. The IMU 

data were directly derived from the corresponding software 

(MVN Studio 4.4). Waveforms were compared using the root 

mean square difference (RMSE) and the coefficient of 

multiple correlation (CMC). The CMC was determined before 

(CMC1) and after (CMC2) offset removal [2]. Waveform 

similarity was interpreted as following: CMCs <0.64 low, 

0.65-0.74 moderate,  0.75-0.84 good, 0.85-0.94 very good and 

0.95-1 excellent. 

Results and Discussion 

Preliminary results of 12 HC (24 legs) and 19 persons with 

KOA (affected leg) for walking are presented in Table 1. The 

results range from low to excellent, between joints and  

movement planes. After offset correction (CMC2), very good 

to excellent similarity was found for the trunk, pelvis and hip 

abduction/adduction angles, trunk and pelvis rotation angles 

and the hip, knee and ankle flexion/extension angles between 

the two systems. In further analysis the RMSE will be 

determined. Additionally,  the KOA non-affected leg and the 

other functional movement tasks will be included for analysis. 

Conclusions 

The use of an IMU system for the assessment of walking 

shows promising results for the frontal and sagittal plane joint 

angles. However, further analysis is required in order to 

investigate the validity in more complex movement tasks. 
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Table 1: Waveform comparison by means of coefficient of multiple correlation of the 3D trunk, pelvis, hip, knee and ankle angles 

 
 Frontal Transverse Sagittal 

 
 HC KOA HC KOA HC KOA 

CMC1 Trunk 0,75 (± 0,20) 0,72 (± 0,21) 0,71 (± 0,21) 0,73 (± 0,23) 0,49 (± 0,25) 0,60 (± 0,21) 

 
Pelvis 0,76 (± 0,22) 0,64 (± 0,22) 0,78 (± 0,21) 0,75 (± 0,27) 0,48 (± 0,20) 0,34 (± 0,37) 

 
Hip 0,82 (± 0,14) 0,75 (± 0,18) 0,52 (± 0,23) 0,52 (± 0,21) 0,89 (± 0,08) 0,84 (± 0,15) 

 
Knee 0,44 (± 0,19) 0,33 (± 0,13) 0,37 (± 0,20) NaN 0,97 (± 0,02) 0,86 (± 0,19) 

 
Ankle 

    
0,81 (± 0,11) 0,78 (± 0,12) 

CMC2 Trunk 0,86 (± 0,13) 0,87 (± 0,12) 0,95 (± 0,04) 0,88 (± 0,16) 0,64 (± 0,18) 0,59 (± 0,21) 

 
Pelvis 0,88 (± 0,13) 0,77 (± 0,21) 0,97 (± 0,02) 0,88 (± 0,15) 0,67 (± 0,22) 0,69 (± 0,20) 

 
Hip 0,93 (± 0,07) 0,89 (± 0,10) 0,69 (± 0,19) 0,66 (± 0,21) 0,98 (± 0,01) 0,98 (± 0,02) 

 
Knee 0,35 (± 0,14) 0,37 (± 0,17) 0,43 (± 0,20) 0,49 (± 0,21) 0,99 (± 0,01) 0,99 (± 0,03) 

 
Ankle 

    
0,90 (± 0,05) 0,80 (± 0,26) 
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Summary 

Inertial measurement units (IMUs) provide an alternative to 

traditional data collection methods such as motion capture and 

force plates which can only be used in limited environments 

and populations. IMUs also enable the collection of more 

genuine movement patterns in a natural environment outside 

the laboratory. The validity of a method to calculate stance 

time during healthy gait using raw IMU data from the 

IMeasureU Blue Thunder sensor was tested. The method was 

found to agree well with the force plate gold standard. 

Introduction 

Movement analysis is commonly performed using 3D motion 

capture and force plates. These technologies require a stable 

testing setting, large highly-controllable space, extensive 

training, and large amounts of time. Utilizing these methods 

outside of a laboratory, which would be particularly useful in 

studying athletic populations and tasks which cannot be 

performed in a laboratory, is difficult. Several technologies, 

including inertial measurement units (IMUs), now aim to 

provide more opportunities for accurate data collection and 

movement analysis outside of the laboratory. Previous 

methods have been validated to calculate stance time from 

IMU data [1–3], but no method has been validated using the 

IMeasureU Blue Thunder IMU sensor (Vicon Motion 

Systems, Oxford, UK). The purpose of this study was to 

validate a method for determining stance time during healthy 

gait using the IMeasureU Blue Thunder sensor. We 

hypothesized that this method would agree well with the gold 

standard method. 

Methods 

Ten adults were recruited [6 men 4 women, height: 1.77(0.09) 

m, weight: 72.55(10.37) kg, age: 21.1(2.13) years]. A 10-

camera Oqus system (Qualisys, Gothenburg, Switzerland) and 

2 embedded force plates (AMTI, Watertown, Massachusetts) 

were used to collect motion capture (120Hz) and loading 

(1920Hz) data, respectively. Reflective markers were placed 

bilaterally on the calcaneus and between the 2nd and 3rd 

metatarsals. IMeasureU Blue Thunder sensors were strapped 

to each ankle just above the lateral malleoli. Participants 

completed 6 barefoot walking trials at a self-selected speed 

across the embedded force plates along a 10 meter walkway. 

Only steps with a clean force plate strike were included in the 

analysis. Stance time was calculated from IMU data using a 

Matlab script based on previously described methods [1]. 

Stance time was also calculated from force plate (FP) data as 

the timing difference between heel strike and toe off found 

using a force plate threshold of 10N. 

Stance times calculated using the IMU and FP methods were 

compared using an intraclass correlation coefficient (ICC) 

with a Matlab code. A paired t-test was run comparing the 

IMU method with the FP calculations in JMP Pro 13. An 

alpha level of 0.05 was set to indicate statistical significance. 

Results and Discussion 

The IMU and force plate methods agreed well with an ICC of 

0.821 [IMU: 0.70(0.09) s, FP: 0.71(0.06) s, p=0.61][4]. Stance 

times calculated using the IMU and FP methods were not 

statistically different. These results suggest that the 

IMeasureU Blue Thunder sensor can be used to calculate 

stance time. Due to the ease of their use, the IMeasureU 

sensors enable data collection outside of a laboratory 

environment. 

Although the IMU and FP methods agreed well, there are 

some notable limitations. First, the IMU data can be noisy and 

is highly sensitive to sensor placement, excess movement, and 

surrounding signal noise. Each of these limitations can make 

processing this data more subjective and prone to error. The 

Matlab script performed better for some participants than 

others based on the shape of the participant’s angular 

acceleration waveform. Improving the code to address this 

limitation could allow for a more automated approach to data 

processing and analysis. 

Figure 1: Correlation between IMU and FP method calculations. 

Conclusions 

The IMU and gold standard FP methods agree well. The 

IMeasureU Blue Thunder sensor can be used to calculate 

stance time. The Matlab script used to process the IMU data 

will be improved to decrease processing time and improve 

accuracy. 
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Summary 
This abstract describes an automated, remotely deployable gait 
analysis technique that leverages machine learning and data 
from commercially available wearable sensors. The proposed 
technique is used to analyse gait in daily life for patients 
recovering from anterior cruciate ligament (ACL) 
reconstruction surgery (ACLR). Preliminary results suggest 
that this approach is capable of detecting compensatory gait 
mechanics post-surgery and their improvement during 
rehabilitation. 

Introduction 
ACL ruptures and consequent surgical reconstruction remain a 
major issue in young athletic populations. Injury-induced 
quadriceps weakness and altered movement patterns result in 
abnormal knee joint exposure to load which may contribute to 
the onset of osteoarthritis [1]. Recent research motivates the 
development of methods to identify these abnormalities early 
in recovery so that they can be effectively targeted with 
rehabilitation [2]. Wearable inertial and surface 
electromyographic (sEMG) sensors are an attractive 
technological candidate for this purpose as they enable direct 
measurements of limb kinematics and muscle activity during 
daily life [3]. However, use of these technologies in practice 
requires automated algorithms that provide more information 
than just gross measures of activity (e.g. step counts).  To this 
end, we present a first step towards said analysis and 
demonstrate its clinical utility for monitoring rehabilitation. 

Methods 
Two subjects (S1 and S2) wore a single wearable sensor 
(BioStamp, MC10) on the thigh of the affected and unaffected 
legs to record 3-axis accelerometer (31.25 Hz) and sEMG data 
(250 Hz) of the rectus femoris. Data were collected for one 
day early post-surgery (S1: 1.4 weeks, S2: 2.1 weeks) and for 
one day at least 15 weeks post-surgery (S1: 15.1 weeks, S2: 
19.1 weeks) for 15.9 ± 6.4 hrs/day. A support vector machine 
classifier was used to identify walking activity using the 
accelerometer data from which strides were extracted and 
segmented into stance and swing phases of gait. The sEMG 
data were high-pass filtered at 30 Hz, rectified, low-pass 
filtered at 6 Hz, and normalized by the average amplitude 

during the stride. As a preliminary analysis, we computed the 
duty factor (stance phase duration as a percentage of total 
stride time) of each individual stride and the mean normalized 
sEMG amplitude during the stance and swing phases 
separately. The average of these variables across all strides 
collected over the course of the day were determined for both 
legs and the percent difference between the affected and 
unaffected legs was used as an index of asymmetry. 

Results and Discussion 
A total of 4,355 strides were analysed from both subjects. The 
duty factor, stance phase sEMG, and swing phase sEMG 
asymmetry are shown in Figure 1a, 1b, and 1c respectively. 
For both subjects the stride of the affected leg had a decreased 
duty factor, decreased muscle activation during stance, and 
increased muscle activation during the swing phase of gait 
compared to the unaffected leg. These differences are less 
apparent after 15-19 weeks of rehabilitation (all asymmetries 
are within ± 10% at the later time point). The reduced duty 
factor of the surgical leg early in recovery may indicate an 
attempt to avoid load bearing and thus reduce the demand of 
the knee extensor musculature during the stance phase of gait.  
In contrast, the quadriceps of the affected leg was more active 
during swing compared to the unaffected, which may be due 
to an attempt to stiffen the joint before foot contact; however, 
muscle activation of the knee flexors are necessary to confirm 
this conjecture. 

Conclusions 
Preliminary results suggest the feasibility of using wearable 
sensors for clinically meaningful remote gait analysis and 
motivate future investigations of a larger sample size and 
methods using a more complex sensor array. 
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Figure 1 Percent difference between affected and unaffected leg (a) duty factor, (b) mean sEMG during stance and (c) mean sEMG during swing 
for S1 (circles) and S2 (triangles). 

0 5 10 15 20
-20

-15

-10

-5

0

5

10

0 5 10 15 20
-25

-20

-15

-10

-5

0

5

10

0 5 10 15 20
-20

-10

0

10

20

30

40

50

Weeks Post-Surgery Weeks Post-Surgery Weeks Post-Surgery

A
ffe

ct
ed

–
U

na
ffe

ct
ed

[%
] (a) (b) (c) 

Saturday, August 03 2019: Morning 3 (1145-1245) 1450

Gait Analysis Using Wearable Sensors



 

 

CHARACTERIZING MARCHING GAIT PARAMETERS IN THE FIELD DURING LOAD CARRIAGE USING A 
SHANK-BORNE SENSOR 

Rebecca E. Fellin1, Lara W. Weed2,3 , Shakti K. Davis2, Alexander P. Welles1, Joseph F. Seay1, Mark J. Buller1 
1 US Army Research Institute of Environmental Medicine, Natick, MA, USA 

2 Lincoln Laboratory, Massachusetts Institute of Technology, Lexington, MA, USA  
3 Department of Electrical and Biomedical Engineering, University of Vermont, Burlington, VT, USA 

Email: rebecca.e.fellin.civ@mail.mil 
 

SUMMARY 
Tracking Soldier gait parameters in the field using a non-
obtrusive, shin-mounted inertial measurement unit (IMU) may 
provide increased insight into metrics related to performance 
and/or injury potential relative to lab-based measurements. 
However, until recently, wearable sensors lacked the 
appropriate resolution for field use. During three paced 
marches while carrying loads ranging from 12-46 kg, basic 
gait parameters were extracted from a shin-mounted IMU. 
Neither cadence nor accelerations changed during a paced 
loaded march at three different loads. 

INTRODUCTION  
Soldiers often train in austere environments where tracking 
movement is difficult. Wearable IMUs are promising for 
quantifying Soldier movements and gait characteristics. 
Understanding if or how gait changes during a loaded march 
may aid in understanding optimal performance for action on 
an objective following a loaded march. When march speed 
(pace) is held constant, it is possible for Soldiers to vary their 
cadence and stride length on loaded marches. With a slower 
cadence, stride length increases, which disproportionately 
increases knee moments, and may increase injury risk [1]. 
Laboratory-based research has consistently reported that at a 
constant speed, cadence increased as load increased [2, 3]. It is 
unknown if this result translates to a loaded march outside of 
the laboratory. Surrogate measures of loading, such as shin 
accelerations, have not been quantified during loaded marches. 
Therefore, the purpose of these analyses were to characterize 
gait parameter changes during paced loaded marches across 
different carried loads. The authors hypothesized that cadence 
and shin accelerations would increase as load increased and 
that there would be no change from start to end of the march. 

METHODS 
Nine male Soldiers (age=22.8±2.3 yrs.; height=1.78±.08 m; 
mass=87.4±16.8 kg) performed three loaded marches paced at 
1.35 m/s for 90 minutes, with a rest break from 50-60 minutes, 
on three separate days. The 11.8 kg load was an armored vest, 
29 kg load added a belt load and 45.7 kg load added a 
backpack. Soldiers were instrumented with a shin-mounted 
IMU attached above their combat boot collecting data at 500 
Hz. The IMU coordinate system was rotated into anatomical 
axes, which mitigated any placement errors. Cadence, from 
footstrikes identified by the mediolateral gyro axis, and peak 
vertical acceleration were calculated for 10 s epochs across the 
entire loaded march. These variables were averaged across the 
six epochs from 2-3 minutes after the start (PRE) and 2-3 
minutes from the end (POST) of the loaded marches for each 
load condition. Data were compared descriptively. 

RESULTS AND DISCUSSION 
Cadence was similar across the different loads ranging from 
54.9±1.5 to 55.4±2.4 steps/minute at the start of the lightest 
and heaviest loads, respectively (Fig. 1A). Cadence stayed 
within 1 step/minute from start to end of the loaded marches. 
Shin accelerations were also similar across loads and the start 
and finish of the loaded marches (Fig. 1B). Despite previous 
lab-based [2, 3] findings of small increases in cadence as load 
increased, in these loaded marches, Soldiers did not appear to 
change their cadence in the field. Discrepancies between 
indoor and field findings may be due, in part, to increased 
variability from the terrain and self-pacing. 

Fig. 1: (A) Cadence and (B) Shin accelerations during three loaded 
marches. 

CONCLUSIONS 
In nine Soldiers, cadence and shin accelerations were similar 
at the start and end regardless of whether an 11.8, 29, or 45.7 
kg load was carried during a constant speed load march. 
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Summary 

We explored median nerve (MN) deformation and 

displacement during forceful gripping to better understand 

injury mechanisms underlying work-related carpal tunnel 

syndrome. 12 participants performed a chuck grip in 3 wrist 

positions (15 radial deviation, 0 neutral, 30 ulnar deviation) 

and 2 force levels (10%, 40% of maximal voluntary effort) 

while transverse images of the carpal tunnel were collected 

with ultrasound. MN circularity increased with greater finger 

force in 0 and 30 ulnar deviation, but not in 15° radial 

deviation. Anterior (palmar) displacement of the MN also 

increased in 30 ulnar deviation. Our results link changes in 

MN deformation and displacement with forceful gripping and 

non-neutral wrist positions, in support of an injury mechanism 

related to contact stress. 

Introduction 

Loading the fingertips in non-neutral wrist positions increase 

hydrostatic pressure [1] and frictional work [2] in the carpal 

tunnel. The latter is indicative of increased contact stress 

between the MN and transverse carpal ligament, due to, in 

part, transverse displacement of the MN. Compression of the 

MN from contract stress is a leading injury mechanism of 

carpal tunnel syndrome, especially in work tasks involving 

forceful gripping. Cowley et al. [3] used ultrasound to measure 

MN deformation in gripping tasks with different wrist flexion-

extension positions. MN circularity increased in 30° wrist 

flexion compared to 0°, and this effect was pronounced with 

greater fingertip force. However, there is a need to assess both 

MN deformation and displacement concurrently to better 

understand carpal tunnel dynamics. 

Methods 

12 healthy right-handed participants were seated at a testing 

apparatus that supported their distal upper limb in supination. 

Participants performed a chuck grip task in 3 wrist positions 

(15 radial deviation, 0 neutral, 30 ulnar deviation) and 2 

force levels (10%, 40% of maximal voluntary effort, MVE). 

Grip forces were measured with a load cell (MLP-75, 

Transducer Techniques, Temecula, CA) at 1000 Hz. A custom 

program (LabVIEW 2014, National Instruments, Austin, TX) 

provided participants with 10-second force matching profiles 

via visual display, each performed 3 times per condition. A 

linear array ultrasound system (L7, Clarius, Burnaby, BC; 

frequency = 13 MHz; depth = 1.5 cm; frame rate = 30 fps) was 

placed at the distal wrist crease to image the MN. Ultrasound 

images were extracted and analyzed in ImageJ (1.52a, 

National Institutes of Health, Bethesda, MD) to measure MN 

cross-sectional area, width (medial-lateral axis), height 

(anterior-posterior axis), circularity [4π(Area/Perimeter2)] as 

well as anterior-posterior and medial-lateral displacements.   

2-way repeated measures ANOVAs tested the effects of wrist 

position and fingertip force on all deformation and 

displacement outcome variables (α = 0.05). 

Results and Discussion 

We found a significant interaction between wrist position and 

grip force on the circularity of the MN (F2,22=4.51, p=0.023). 

Circularity increased with finger force in both the 0° and 30° 

ulnar deviation wrist positions, due to shortening in the 

medial-lateral axis and lengthening in the anterior-posterior 

axis; however, there were no changes in 15° radial deviation 

(Figure 1). While changes in circularity demonstrated MN 

deformation, cross-sectional area did not differ with wrist 

position or finger force. There was a main effect of position on 

MN displacement in the anterior-posterior axis (F2,22=4.23, 

p=0.028), with greater anterior (palmar) displacement in 30° 

ulnar deviation compared to 0° and 15° radial deviation. 

However, there were no changes in the medial-lateral axis, as 

movement patterns varied widely. Variation in MN 

displacement may explain the predisposition to neuropathy 

within a segment of the general population. 
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Figure 1: Mean (SEM) median nerve circulatory in different wrist 
positions and fingertip force levels as a percentage of MVE. 

Conclusions 

The results link MN deformation and anterior-posterior 

displacement with forceful gripping in ulnar deviation. These 

findings support previous research assessing frictional work 

and contact stress on injury development [2]. 

Acknowledgments 

Funding provided by Natural Sciences and Engineering 

Research Council of Canada (Discovery Grant # 2017-04097). 

References 

[1] Vignais N et al. (2016). Rev Biomed Eng, 44: 397-410. 

[2] Kociolek AM et al.  (2015) J Biomech, 48: 449-455. 

[3] Cowley JC et al.  (2017). Clinical Anatomy, 30: 470-478.

Saturday, August 03 2019: Morning 3 (1145-1245) 1453

Gripping Biomechanics



 

 

The Effects of Grip Force on Wrist Kinematics in Response to Sudden Perturbations 

 
 Kailynn S. Mannella1, Garrick N. Forman1, Maddalena Mugnosso2, Jacopo Zenzeri2, Michael W.R. Holmes1 

1Department of Kinesiology, Brock University, St. Catharines, ON  

2Robotics, Brain and Cognitive Sciences, Istituto Italiano di Tecnologia, Genoa, Italy 
Email: km14ta@brocku.ca 

 

Summary 

This work evaluated the effects of grip force magnitude and 
forearm muscle activity on wrist kinematics in response to 
sudden wrist perturbations. A haptic wrist robot delivered 
perturbations that caused wrist flexion, extension, radial and 
ulnar deviation. Prior to each perturbation, participants 
performed a submaximal grip task at 4 magnitudes (5%, 20%, 
50% and 80% of maximum). This work showed a decrease in 
angular wrist displacement with increased grip forces. This 
was consistent, regardless of perturbation direction and 
enhances our understanding of the relationship between grip 
demands and wrist stiffness.  

Introduction 

The combination of wrist movement (flexion/extension, 
radial/ulnar deviation) and forearm rotation provides the distal 
upper extremity with vast movement capabilities. A redundant 
arrangement of forearm muscles must provide both mobility 
and stability to the wrist joint. Muscles provide a large 
contribution to joint stiffness and stability [1] and muscle co-
contraction is inherently linked to joint stiffness. If joint 
stiffness is not sufficient, sudden wrist displacement 
(perturbations) that result from many workplace tasks may 
contribute to the development of injury. The purpose of this 
study was to investigate the effects of grip force on wrist joint 
kinematics and stiffness during known perturbations. 

Methods 

8 right-handed, males participated (age: 24.1 ± 2.2 years). 
Participants placed their forearm on a robotic device 
(Wristbot, Genoa, Italy) and gripped a custom force sensing 
handle. In a neutral wrist posture, the robot delivered 
perturbations at a force of 27N for flexion/extension, 22.3N 
for radial/ulnar deviation, resulting in an end effector wrist 
torque of 1.78Nm over 100ms. Using the real-time visual 
feedback on the force exerted, participants performed 4 
different grip tasks: 1) 5% maximum voluntary contraction 
(MVC), 2) 20% MVC, 3) 50% MVC and 4) 80% MVC prior 
to a known perturbation. Five perturbations occurred for each 
direction (flexion, extension, radial, ulnar) at each grip force. 
Rest was given between grip trials to minimize fatigue. 
Maximal grip force was also measured pre and post to assess 
fatigue. Muscle activity was measured from eight upper 
extremity muscles using surface electromyography sampled at 
2KHz (Bortec, Biomedical Ltd, Calgary, Canada): flexor carpi 
radialis, flexor digitorum superficialis, flexor carpi ulnaris, 
extensor carpi radialis, extensor digitorum communis, 
extensor carpi ulnaris, brachioradialis and biceps brachii. 
Angular displacement, time to peak displacement and muscle 
activity was measured pre and post perturbation to evaluate 
the influence of grip force on wrist joint kinematics. 

Results and Discussion 

A main effect of grip was found for angular displacement (p < 
0.05). As grip force increased from 5-80% of maximum, wrist 
angular displacement decreased (5%: 16.58 ± 2.35; 20%: 
13.81 ± 2.83; 50%: 11.66 ± 2.65; 80%: 9.89 ± 2.95).  
Perturbation magnitude was consistent across directions, yet 
wrist flexion had the greatest overall angular displacement 
with each grip force. As grip force increased, time to 
maximum angular displacement also increased (5%: 14.41 ± 
5.14ms; 20%: 19.49 ± 5.7ms; 50%: 46.41 ± 23.94ms; 80%: 
85.09 ± 16.77ms). 

 
Figure 1: Peak angular displacement (º) of the wrist with varying 

grip forces in response to perturbations.  

Conclusions 

Holmes [2] modulated grip pre-load with either a 5% or 10% 
gripping task and evaluated wrist joint rotational stiffness for 
flexion/extension perturbations. The authors found a gained 
increase of stiffness with grip force rather than a redistribution 
of muscle requirements. Our work is an extension of this, with 
greater grip magnitudes and radial/ulnar deviation 
perturbations. We show a linear relationship between grip 
force and wrist angular displacement, regardless of direction. 
Next steps include analysis of muscle activity and stiffness. 
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Summary 

This preliminary study investigated the effects of fatigue on 
hand and wrist biomechanics in a simulated workplace setting 
to gain insight into repetitive use injuries of the upper 
extremity. Grip forces, wrist muscle activity and wrist 
kinematics were measured pre- and post-fatigue during an 
object placement task. Increased grip force, increased muscle 
activity and increased wrist extension were observed post-
fatigue. 

Introduction 

Movement pattern alterations due to muscle fatigue are 
associated with acute and/or overuse injuries in workers [1]. 
The objective of this study was to quantify the effect of fatigue 
on grip force, forearm muscle activity and wrist kinematics 
during the performance of a repetitive object placement task in 
a simulated workplace. It was hypothesized that these 
variables would be altered after fatigue, illustrating a change 
in grasping strategy that may be relevant to workplace injury 
mechanisms. 

Methods 

Four healthy right-hand dominant subjects (2 males, 2 
females, 23 ± 3.46 years) participated (REB 16-12-600). A 
previously validated, instrumented wrist device was mounted 
on the dominant hand [2]. Electromyography signals were 
recorded for the flexor digitorum superficialis (FDS), flexor 
carpi ulnaris (FCU), extensor carpi ulnaris (ECU) and extensor 
carpi radialis (ECR) using Delsys surface electrodes (Trigno 
Delsys Inc., USA) at a sampling frequency of 2000 Hz. Three 
calibrated force sensing resistors (Interlink Electronics, USA) 
were placed on the fingertips of the thumb, index and middle 
digits. Subjects were instructed to move five jars (1 kg) from 
one end of a table to the other (horizontal distance ≃ 0.93 m) 
and then back to the starting location (10 object placement 
cycles). A forearm fatiguing protocol had subjects repeatedly 
squeezing a grip trainer at a frequency of 1 Hz for three 
minutes. A subject was confirmed fatigued when their 
perceived exertion rating on the Borg CR-10 scale was greater 
than 8 [1]. EMG data were filtered in MATLAB (The 
Mathworks Inc., USA) using a 20-450 Hz bandpass filter, full 
wave rectified and 6 Hz linear envelope was applied [1]. EMG 
was normalized to the maximum voluntary contraction (MVC) 
of each muscle. The root mean square (RMS in terms of 
%MVC) for each muscle, the mean peak digit force, and mean 
angle for wrist flexion-extension (FE) were determined for 
each object placement cycle (pre- and post-fatigue). 

Results and Discussion 
The sum of peak digit forces during each object placement 
task cycle showed a visible increase in force post-fatigue, most 
notably during cycles 8 through 10 (Figure 1). This suggests 
that subjects altered their gripping strategy for the last three 
cycles post-fatigue. 

 
Figure 1: Sum of peak digit forces (mean ± SD) for each object 

placement cycle pre- and post-fatigue 
 

An increase in RMS (over all 10 cycles, data not shown) for 
the four muscles post-fatigue was observed: FDS 1.3%, FCU 
2.4%, ECU 2.5%, and ECR 4.3%. FE mean angle pre- and 
post-fatigue are shown (Figure 2) illustrating greater wrist 
extension post-fatigue. 

 
Figure 2: Mean FE wrist angle for each object placement cycle pre- 

and post-fatigue (negative angles represent extension) 

Conclusions 

Further work will be done with a larger sample size to 
investigate grip forces, wrist muscle activity and wrist 
kinematics, and how they correlate with fatigue during an 
occupational task. The increase in %RMS verifies previous 
findings for fatigued muscles [3], and the increase in grip 
force, with the concurrent wrist posture change (Figure 2) 
suggests that fatigue may alter task specific biomechanics, and 
may provide insight into injury mechanisms. 
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Summary 

The objective of our study was to study the impact of a 
gripping aid on the kinematics and the functional motor 
capacities of the hand, in healthy subjects. Our hypothesis was 
that this spherical device could stabilize the first commissure 
of the hand and induce kinematic changes. A sample of 19 
healthy subjects performed, with and without the grip aid 
(Gripoball®) a series of drawing and writing. The feasibility 
of analysing the impact of a grip aid on functional tasks was 
shown. As expected, the Gripoball® gripping aid system had 
little impact on the kinematics and functional motor 
capabilities of the hand, in the healthy subject. Other studies 
are necessary to generalize our results to clinical situations. 

Introduction 

The tripod grip is used to hold a pencil and for feeding [1]. 
Hand pathologies can lead to a functional disability and 
influence quality of life by altering grasping [2]. Among 
prevention and rehabilitation strategies, assistive devices and 
ergonomic tools play a role to simplify activities [3] and to 
optimise joint and muscle constraints. The use of a gripping 
aid seems effective in people with grasping deficiency, but 
only few studies assessed the impact of a gripping aid on the 
kinematic and functional aspect in healthy subjects [4]. 

A recently developed spherical device (Gripoball®, BE) could 
stabilize the first commissure of the hand and thus change the 
dexterity, the distribution of forces and speed in the tasks of 
daily life. The objective of our study was to study the impact 
of this gripping aid on the kinematics and the functional motor 
capacities of the hand, in healthy subjects.  

Methods 

Nineteen healthy subjects (mean age 23, SD 2 years, 10 
females) performed, with and without (randomized order) the 
grip aid (Gripoballs®, BE), a series of tasks (3 repetitions, 
consisted of three drawing tasks [5] and a writing task). 
corresponding to activities of daily living. The pencil was 
equipped with reflective markers (Figure 1) and an 8-camera 
(MXT40s) VICON Nexus system recorded marker trajectories 
that were converted in pencil tip displacements. A repeated-
measures ANOVA was used to compare execution speed, 
trajectory length and radius between conditions (with and 
without Gripoball®) and repetitions. 

Results 

The results showed a significant effect of repetition for speed 
when drawing a circle or a spiral. The use of Gripoball® 
decreased execution speed during the drawing of a circle. For 

the other tasks, the results with and without the device did not 
differ. The use of the device did not influence the writing task 
in terms of speed, duration, and length of the sentence. 

  

Figure 1: a. Gripoball® and pencil setup; b. drawing tasks.  

 
Figure 2: Results of execution speed for the task “drawing a circle”.  

Conclusions 

This study showed the feasibility of analysing the effect of 
gripping aids on functional tasks such as drawing, writing and 
feeding. As expected, the Gripoball® aid system had little 
impact on the kinematics and functional motor capabilities of 
the hand, in the healthy subject. Further studies are necessary 
to generalize our results, especially in the subject suffering 
from hand pathologies.  
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Summary 

Orthopedic surgeons endure high physical stresses during 
operations as large forces and torques are applied. Their 
occupational risks are higher compared to other surgeons. 
Acetabular reaming may predispose the surgeon to overuse-
related wrist pathology. Nineteen acetabula were tested with 
different reamer sizes and velocities. Torques were measured 
while the reamer was pushed into the acetabula to remove 
cartilage. The stresses distributed to the operators’ wrist were 
calculated. Average peak torques were 2.0-2.5Nm and stresses 
to the wrist 20-51N. No significant difference between peak 
torques for the reamer sizes was found, but significant 
differences of peak torques between feed rates. The impulsive 
behavior of the torque when the milling tool is reaching the 
subchondral lamella could potentially contribute to wrist 
pathology, shown by the peak forces and torques. 
Consequently, torque limiters should be implemented in 
reamers to minimize the risk of occupation-related pathology 
to the wrist. 

Introduction 
Orthopedic surgeons endure high physical stresses during 
operations as large forces and torques need to be applied. One 
example from total hip arthroscopy (THA) is to retract 
muscles or to ream acetabula, using customized instruments 
(see figure 1). The resulting occupational risks of orthopedics 
are higher compared to other disciplines in surgery. However, 
experimental data is limited, characterizing the specific 
stresses orthopedics are exposed to, and which specific risk of 
injury this may relate to. We present experimental data forces 
and torques during the reaming of acetabula in THA. The 
stresses which are distributed to the orthopedics’ wrist were 
calculated.  

Methods 
Nineteen human acetabula were reamed consecutively with 
different reamer sizes and velocities, using a highly 
standardized setup. The acetabula and the reamer were 
mounted to a testing machine, measuring the torques while the 
reamer is pushed into the acetabula to remove cartilage. To 
remove the noise affecting the measurements, the data was 
low pass filtered and the appropriate cut-off frequencies 
determined by Fourier analysis. Peak torques were statistically 
evaluated using an ANOVA for differences between feed rates 
and the reamer sizes. 

Results and Discussion 

The average peak torques ranged between 2.0-2.5 Nm (figure 
2). Resulting stresses applied to the wrist ranged between 20-
51 N. No significant difference between peak torques for the 
reamer sizes were found. However, a significant difference of 
the peak torques between the feed rates occurred (p=0.017). 

 
Figure 1: Sketch representing a hip reaming device, comprising of 
the reamer (left side), the shaft with the hand bar (left hand) and the 
hand piece (right hand, as well as the axes of rotation for the reamer 
and the radioulnar joint. The upper image shows the direction of 
rotation when reaming is performed, the lower one shows the 
movement directions when the reamer coming to a sudden stop. In 
the latter case, a counter-clockwise rotation of the hand piece causes 
a clockwise rotation of the distal radioulnar joint, forcing the hand 
suddenly into a pronated position.  

 
Figure 2: Box plots for the peak torques on the machine axis for both 
feed rates (left) and both trial sets (right). Red lines indicate the 
median values, the blue boxes the 25 and 75 percentiles. Whiskers 
show the minimum and maximum torque.  

Conclusions 
The impulsive behavior of the torque when the tool is reaching 
the subchondral lamella could potentially contribute to the 
wrist injury, shown by the peak forces and torques. 
Consequently, torque limiters should be implemented in 
reamers to minimize the risk of injury to the wrist. 
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Summary 
This keynote presentation will kick off this year’s Teaching 
Symposium, a long-standing component of the annual 
American Society of Biomechanics meeting. This presentation 
will provide attendees with background on the benefits of 
engaging learners by integrating active learning techniques 
(ALTs) into the classroom and will then provide examples of 
the types of ALTs that instructors may want to consider. ALTs 
can range from semester-long project-based modules to short 
minute-papers, making ALTs a great way for all instructors to 
increase engagement and improve student learning in any 
class they may be teaching.  

Introduction 
Historically, instructor-delivered, lecture-based courses where 
students convey their understanding of course material 
through homework, papers, and exams have been the standard 
practice of teaching in the college classroom for generations. 
However, over the last 10+ years there has been a growing 
interest in rethinking this teaching model and shifting to a 
more student-centered learning approach [1]. In the student-
centered approach, students are actively engaged with the 
course material rather than passively taking in information. 
Research has demonstrated the benefits of such an approach 
on student performance and learning outcomes [2].  
Student-centered learning can take many forms and may 
involve project- or problem-based learning, experiential 
learning, flipped classroom instruction, collaborative learning, 
or other approaches. The term “active learning techniques” 
(ALTs) has been coined to describe the diverse activities that 
encompass these active, student-centered learning activities. 
ALTs include both large-scale approaches that may guide how 
a whole semester course is conducted, or very short, focused 
activities that can be quickly implemented within a single 
class session.  
The purpose of this keynote presentation is to introduce the 
audience to the benefits of engaging learners through ALTs 
and present a range of practical examples of ALTs that 
individuals at any stage of their career can implement 
regardless of instructional setting.  

Methods 
There are a wide range of ALTs, some of which are easily and 
quickly implemented within an existing class structure and 
others that require significant revamping of course curriculum 
[3]. Any addition of ALTs can have a benefit on student 
learning; but more consistent and effective implementation 
often increases student learning and satisfaction.  
On the more extreme side of the ALT-classroom are 
approaches such as project- or problem-based learning, which 
are often done collaboratively and may include experiential 
learning components. This presentation will touch on these 

techniques for those interested in fully committing to an ALT-
approach.  
In contrast, there are numerous ALTs that are quick and easy 
to administer and that can be worked in to any classroom or 
outreach session. For example, the ALT: “The muddiest 
point” stops class for a few minutes and asks students to write 
down something they are confused about regarding that day’s 
course content. Not only does the break allow students to 
become active after perhaps passively listening to course 
material, but it also requires that students reflect on and 
process the material they learned, assessing their own 
understanding and comprehension. As an added benefit, the 
instructor can then review the muddiest points and provide 
clarification to the class, improving understanding while also 
demonstrating a commitment to their students’ learning.  
As another example, in the ALT: “Think-Pair-Share” 
instructors pose a question or discussion point and provide 
dedicated time for students to first think individually, then 
discuss with a partner, and then share aloud to the class. Such 
an activity can be especially beneficial for reflective learners 
or those who may not be comfortable voicing their opinion 
aloud, but are able to contribute once they have a prepared 
response that represents a collective perspective. 
This presentation will highlight, and demonstrate, a number of 
ALTs and provide resources for instructors wishing to learn 
more.  

Results and Discussion 

Implementing ALTs in the classroom is not without its 
challenges, and this presentation will also address some of the 
obstacles you may encounter. Such challenges may include 
how to balance coverage of course content when time is 
allocated to activity, issues of student buy-in, and logistic 
challenges of time and resource needs. Best practices and 
ideas to overcome these will be shared.  

Conclusions 
Active learning is a beneficial approach in higher education 
and the techniques can easily be implemented into a variety of 
biomechanics courses, labs, and outreach events.  
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Summary 

This presentation follows up the keynote presentation of the 
Teaching Symposium, which highlighted the benefits of 
engaging students in the classroom through the use of active 
learning techniques. In this presentation, we focus on the 
“Jigsaw” technique and share one easily adaptable classroom 
activity that utilizes ISB/ASB conference proceedings. This 
activity brings current research topics into the classroom and 
allows students to quickly see the diversity of topics of study 
within the biomechanics community.  

Introduction 

As, described in the keynote presentation of the Teaching 
Symposium at ISB/ASB 2019, active learning techniques have 
been shown to increase student performance and learning 
outcomes [1]. While a number of active learning techniques 
exist, this particular presentation will focus on the “Jigsaw” 
technique [2]. The Jigsaw technique is easily adaptable to serve 
instructor and course needs. In the Jigsaw technique students 
develop complementary expertise that is then used to 
collaboratively complete a task, make a decision, or complete a 
given course activity. The purpose of this presentation is to 
provide an example of one specific activity that uses the Jigsaw 
approach within a biomechanics course.  

Methods 

This in-class activity has been implemented for multiple 
semesters within a cross-listed senior/graduate student elective 
course in biomechanics entitled Biomechanical Engineering. 
The course has between 20 and 40 students enrolled. I have 
utilized the Jigsaw approach for different purposes throughout 
the semester for this course; however, I find it particularly 
beneficial to complete the activity as described very early in the 
semester (e.g. Day 1) as an introduction to the topical breadth 
within the biomechanics field and also as an introduction to how 
to critically read academic literature. To prepare for the activity, 
I as the instructor visit the most recent American Society of 
Biomechanics conference website and review the list of abstract 
titles. For purposes of my class, I then try to choose 5 – 8 
abstracts that represent a wide range of topics, as well as a range 
of impact and quality. To ensure this, I often try to choose an 
abstract that won a conference award, several abstracts on high 
impact work selected for podium presentations on high impact 
work, and several abstracts summarizing pilot studies. I then 
make however many copies of each abstract as there will be 
number of groups (approximately 6 groups, for my classes). 
The number of groups times the number of abstracts selected 
should total the number of students in the class (e.g. 6 groups 
with 5 abstracts = 30 students). In class, students get into their 
group and each team member takes one abstract. They are then 
given the task: “Your team must select the abstract that you feel 
should be awarded the best conference abstract award. 
However, you will not read all of the abstracts.  

Instead, your team will have one person who becomes the 
expert for each abstract and that individual will be responsible 
for conveying to the rest of the group what “their” article was 
about and their perceptions on its’ significance, originality, and 
impact.” (We generally review what makes an abstract or paper 
high-quality.) The activity then begins with individuals silently 
reading their abstracts. Once complete, the instructor forms 
“expert groups”. Each expert group contains the one person 
from each team that read a given article, such that all members 
of the expert group have read the same article and are now ready 
to discuss it in-depth. This is also a time where questions can 
be addressed, clarification provided, and individuals with prior 
knowledge can help put the work into context. The expert group 
meeting often takes approximately 15 minutes. Individuals then 
return to their original teams, now better prepared to articulate 
what their article was about, as well as their perceptions of its 
significance and impact. Each team member takes turns 
teaching the rest of the team about their abstract and because 
they are the only one representing that article, there is an 
accountability to fully participate. After hearing the summary 
of each article and the expert’s perceptions, the teams then 
discuss and make their recommendation. Summarizing the 
abstracts, discussing, and reaching a consensus often takes 20-
30 minutes. To wrap up the activity, each team announces the 
abstract that they believe should win the (fictitious) award. This 
generally initiates class-wide excitement, with opportunity for 
instructor-led follow-up discussion. It is often beneficial to have 
chosen abstracts of differing (known) quality and impact so that 
at the end you can indicate the paper that had received formal 
recognition for its quality (e.g conference award).  

Results and Discussion 

There are numerous purposes for implementing the Jigsaw 
activity, and this is only one example. This has been a very 
successful activity early in the semester and serves as a 
impactful way to utilize and highlight “real” research occurring 
in the biomechanics field. The use of conference abstracts 
instead of journal papers enables the activity to be done during 
a 50 – 75 minute class time. Students have responded well and 
enjoyed the activity. For additional details, please see the 
American Society of Biomechanics Teaching Repository.  

Conclusions 

The Jigsaw technique is one, easy-to-implement active learning 
technique. The activity described allows for students to 
establish expertise on a biomechanics research abstract and 
teach others.  
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Summary 

Underrepresented high school students in the STEM fields 

received interest-tailored lectures on biomechanics during a 5-

week summer program. Changes in student engagement and 

performance between interest-tailored and generic lectures 

was assessed. Interest-tailored lectures showed an increase in 

lecture engagement compared to generic lectures.  

Introduction 

Women and minorities make up 50% and 38% of the US 

population, respectively, but only 20% of women and 

minorities enter engineering bachelor programs [1]. This has a 

negative impact on the diversity of perspectives in this field 

and the subsequent relevance of engineered-solutions to 

different populations. Thus, there is a need to increase 

diversity in the STEM fields.  

Relating engineering concepts to specific student interests’ 

may be a useful pedagogy to improve engagement of 

underrepresented populations in the STEM fields. For 

example, combining robotics with arts and storytelling has 

been used to engage students with diverse interests [2]. 

However, interests are personal and there may be benefit to 

tailoring examples to individual students. Thus, the purpose of 

this study is to use interest-tailored lectures to improve student 

engagement in the STEM field of biomechanics.  

Methods 

Students entering the 10th grade who are underrepresented in 

the STEM fields were recruited for a 5-week summer program 

from the Pittsburgh area. Students participated in 

bioengineering workshops for two hours a day. These 

workshops included a lecture and a hands-on activity. The 

fourth week of the bioengineering workshops focused on 

biomechanics applications in ergonomics/occupational safety, 

sports performance, and orthopaedics. Student engagement 

and performance of 54 students over the course of two years 

(2016, 2017) is assessed in this study. Approval was obtained 

by the Institutional Review Board at the University of 

Pittsburgh.    

Students in the 2017 class (intervention group, N = 31 

students) received interest-tailored biomechanics lectures. 

These lectures incorporated at least one interest (careers, 

celebrities, hobbies) of each student. These students completed 

surveys before and after the biomechanics workshops to 

investigate the enhancement of the interest-tailored lectures 

compared to the generic lectures (previous weeks). Students in 

the 2016 class (control group, N = 23 students) received 

generic biomechanics lectures of the same content. All 

students completed a biomechanics quiz to assess their 

performance (20 points possible). 

The administered surveys asked three fixed-alternative 

questions in regards to the student’s interest in biomechanics, 

engagement in lectures, and enjoyment in the hands-on 

activities. Students selected an agreement response from a 7-

point Likert scale. Likert responses were scored from -3 to 3 

by an increment of 1 from strongly disagree to strongly agree. 

Quizzes were scored from the percentage of points obtained.  

A paired t-test was performed for each survey question 

comparing responses pre and post interest-tailored lectures. 

An independent t-test was performed for quiz scores between 

the intervention and control groups.  

Results and Discussion 

Interest scores in lecture engagement increased by 0.87 (on the 

Likert scale) after the interest-tailored lectures (p < 0.001; t1,29 

= 3.79) (Figure 1). Interest scores in biomechanics (p = 0.655; 

t1,29 = 0.45) and activity enjoyment (p = 0.161; t1,29 = 1.44) 

increased slightly but were not significant. This is not 

surprising as only the lectures were enhanced. Using student 

interests to increase student engagement in the STEM fields is 

a promising pedagogy. Future studies should incorporate 

students’ interests into other learning components (e.g. hands-

on activities) and fields.  

 

Figure 1: Responses for engagement in lectures on a 7-point Likert 
scale (D: Disagree; A: Agree) pre and post interest-tailored lectures.  

Students in the intervention group scored 5% higher on the 

biomechanics quiz, but the difference was insignificant (p = 

0.240; t1,52 = 1.19). While not a significant difference, 5% can 

be a meaningful difference in grade outcome. This study is 

limited by sample size; a larger sample size may present a 

significant difference in grade outcome. 
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Summary 

Biomechanics holds substantial promises for engaging students 
in important concepts in science, technology, engineering, and 
mathematics (STEM) at the P12 levels as it can overlay nicely 
with national standards. This project examined the feasibility of 
using a questioning assessment, that elicits biomechanics 
concepts, to examine student biomechanics learning over the 
course of a one-week student academy. 

Introduction 

Biomechanics is an inherently interdisciplinary field of study 
that can actively engage P12 students in STEM learning. 
Biomechanics’ focus on the human body and movement allows 
students to strongly connect with their own bodies as an 
instructional context for sustained STEM learning and class 
investigations.  

Useful for determining how biomechanics can increase STEM 
learning in children is the opportunity to examine students’ 
ability to ask thoughtful questions and use concepts within 
those questions [1]. Students’ biomechanics related questions 
and evolving content knowledge was assessed as part of a NSF 
funded Institute entitled Biomechanics to Offer Diverse Young 
Minds Opportunities to Develop, Explore, and Learn STEM 
(BODYMODELS) professional development (PD) Institute 
and student academy. An open-ended assessment to elicit 
students’ biomechanics-related questions was created and 
validated with two groups of students: elementary student 
academy participants and undergraduate students enrolled in a 
senior-level biomechanics course.   

The authors believe these assessments will show the following: 
(1) adequate inter-rater reliability for both elementary and 
undergraduate students, and (2) gains in content knowledge for 
elementary students over the course of the student academy. 

Methods 

BODYMODELS included a biomechanics focused extensive 3 
week summer Institute for teachers in Grades 3-6, which 
included a student academy in the final week.  During the 
student academy, participating teachers practiced lessons 
developed during the previous two weeks.  Elementary students 
were assessed pre- and post-student academy (n=21). 
Undergraduate students were assessed post-semester (n=19). 

The assessment scenario, “Tug of War”, provided the following 
scenario:  If two teams are doing a tug-of-war match and you 
were asked to predict which team would win the match, what 

five follow-up questions would you ask? A four-level Likert 
scale rubric with column levels ranging from 0-3 points was 
created to score each row of three criteria: 1) relevant variables 
listed in the questions, 2) unique questions asked, and 3) 
biomechanics vocabulary used within the questions. A question 
ranking process was included as a 4th row and criteria for the 
undergraduates only. Biomechanics and Education experts 
scored the responses independently. Adjacent level interrater 
reliability was then computed, for example scores of 2 and 3 
considered consistent, and 1 and 3 considered inconsistent [2].  
A paired t-test investigated assessment scores pre- and post- 
student academy. 

Results and Discussion 

Interrater reliability, as computed in a pilot with four well 
qualified faculty was at 100% for the elementary students and 
98.2% for undergraduate students supporting our first 
hypothesis. Elementary student scores significantly increased 
over the course of the student academy (p=0.03, Table 1) 
supporting our second hypothesis.  Examples found in the data 
suggest improved sophistication in questions provided: 

Pre-Institute:  Who is stronger, who has pulled mostly, who has 
won most before, have they practiced, do they have any 
experience in tug-of-war, have they done it before? 

Post Institute: Who has more people? which muscles have they 
worked on? where do each team position their center of mass? 
have each team either participated to learn the bio mechanics 
needed to win? 

Conclusions 

Our results suggest that elementary students made significant 
gains in biomechanics understanding over the course of the 
student academy.  Additionally, exploring student questioning 
related to thoughtful biomechanics questions has promise for 
continued refinement and use in many educational settings.  We 
will be further refining and validating this assessment in Years 
2 and 3 of the BODYMODELS Institute. 
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Table 1: “Tug of War” scores (mean ± standard deviation). Elementary group scored out of 9; undergraduate group scored out of 12. 

Student Group Pre Score Post Score t-value p-value 
Elementary  2.70 ± 0.27 3.39 ± 0.28 2.349 0.0299 
Undergraduate -- 8.38 ± 1.02 -- -- 
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Summary 
We used a simple musculoskeletal model to determine the 
ability of an elastic ankle exoskeleton to restore older adult 
locomotion performance to that of young adults. We found 
that exoskeleton stiffness (kexo) values greater than 10% of 
young adult Achilles tendon stiffness (kten*) can reduce the 
metabolic demand of older adults to levels below that of 
young adults during simulated hopping.  

Introduction 
As we age walking gets slower and more energy intensive, 
limiting independence [1]. We believe the root cause stems 
from a reduction in Achilles tendon stiffness (kten), which 
causes plantarflexor muscles to operate at shorter lengths and 
higher activations. In young adults, passive ankle exoskeletons 
reduced metabolic cost of walking by 7% - potentially by 
enabling  longer muscle lengths and lower activations [2]. We 
hypothesized there would be a range of elastic ankle 
exoskeleton stiffness values that could mitigate the metabolic 
penalty associated with the more compliant Achilles tendons 
of older adults. 

Methods 
We used a neuromuscular hopping model to investigate the 
effects of a passive elastic ankle exoskeleton on locomotion in 
aging [3]. The age difference was simulated by reducing the 
tendon stiffness of young adults (kten* = 180 kN/m) by ~20% 
to 140 kN/m for older adults [4]. First, we established a 
reference condition with maximal efficiency for both young 
and older adults. We defined the reference condition by 
finding the hopping frequency (2-3 Hz) and activation (40-
100%) with positive mechanical power (+Pmech) of 2.25 W/kg 
[3] with the lowest metabolic power (Pmet) (Table 1, rows 1 
and 2). Next, we added an elastic exoskeleton to the 
simulation to examine how kexo affects older adult Pmet. We 
excluded results from simulations with muscle strain >30% 
(injury risk) and hop height <1 mm (bouncing, not hopping). 

Table 1: The optimal Pmet point for young & older adults, and older 
adults with an exoskeleton at 20% kexo. L0 is muscle slack length.  
HH = hop height. Hop frequencies at optima were 2.9-3 Hz. 

kten (kN/m) Act Pmet 
(W/kg) 

HH  
(cm) 

+Pmech 
(W/kg) Lm/L0 

180-Y 73% 1.33 0.15 2.33 100% 

140-O 76% 1.39 0.12 2.25 96% 

140-O+Exo 45% 0.90 0.21 2.20 99% 

 

Results and Discussion 

In the reference condition, lower kten of older adults increased 
Pmet by 4.5% compared to young adults (Table 1, row 1 vs 2). 
With an exoskeleton, older adults decreased Pmet by 35% 
relative to no exoskeleton (Table 1, row 2 vs 3).  

 
Figure 1: The average Pmet for an older adult across exoskeleton 
stiffness values. The star represents the reference condition and the 
cases below the dashed line have a smaller Pmet than young adults. 

Older adults could not hop at 3 Hz with a Pmet of a young adult 
while performing the same +Pmech (Figure 1, kexo=0). A kexo of 
10% kten* or greater allowed older adults to attain Pmet values 
lower than that of young adults. For hopping with +Pmech set to 
the reference output, an exoskeleton with stiffness set to 20% 
kten* reduced Pmet by 32% from young adults (Figure 1, solid 
dot). Consistent with our hypothesis, there was a range of kexo 
values that allowed older adults to achieve metabolic 
performance equivalent to or better than young adults. 
Notably, exoskeletons that reduced Pmet in older adults did so 
by reducing muscle activation and increasing muscle length. 

Conclusions 
Passive exoskeletons may counteract age-related 
consequences of reduced tendon stiffness by steering muscle 
dynamics to elicit more economical muscle contractions. 
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Summary 

The talar articular surface was divided into medial and lateral 
areas. Three force reaction elements were embedded in each 
area to calculate the contact force in the tibiotalar joint. 
Walking data of normal and flatfoot were measured using 
motion capture, force plate, and pressure mat. We performed a 
musculoskeletal simulation using a five-segment foot model. 
The total ankle contact force of flatfoot was 31% larger than 
normal. Medial and lateral ankle contact forces were 18% and 
56% larger, respectively, in the flatfoot. 

Introduction 

Flatfoot patients have a lower arch than the normal and have 
valgus ankle. Extreme flatfoot patients complain of pain in the 
ankle joint and foot. In severe cases, it can cause ankle 
arthritis. Although arthritis is associated with contact force, 
there is a lack of studies on the contact force in the ankle joint. 
Some researchers conducted cadaveric studies to calculate the 
ankle contact force [1]. 

Methods 

This study was approved by the Institutional Review Board at 
Chung-Ang University. 10 normal subjects (all male, age 
24 1.3, height 175.7 4.2 cm, weight 74.8 7.8 kg) and 7 
flatfoot subjects(all male, age 22.3 1.7, height 176.4 4.2 cm, 
weight 70.7 6.6 kg) were recruited to obtain walking data. 
Normal subjects did not have a history of injury in the foot 
and ankle. We used six motion capture cameras (MX T-10, 
Vicon) at 100 Hz. Ground reaction forces were acquired using 
a force plate (OR6, AMTI) at 1000 Hz and foot pressures were 
acquired using a pressure mat (FDM-S, Zebris) at 500 Hz. All 
the systems were synchronized for data acquisition. 
To compare the contact force distribution, we divided ankle 
into 2 areas: medial/lateral. Using the JCS(Joint Coordinate 
System), talus had an inherent coordinate system [2]. Used Y-
Z plane of talus coordinate as the reference plane of 
medial/lateral.  
Force-reaction-element, which was developed by Y Jung [3], 
can measure joint contact force. three Force Reaction 
Elements were implemented for each area of the talus. 

 
Figure 1: Medial and lateral areas on the talus (left); force reaction 

elements embedded on the contact surface (right) 

We used The AnyBody Modeling System for the 
computational musculoskeletal analysis. Detailed five-
segment foot model [4] has detailed muscles and ligaments in 
the foot.  

Results and Discussion 

Figure 2 shows medial/lateral ankle contact force of each 
subject during gait. Peak medial ankle contact force of flatfoot 
was 0.565 BW and 18% larger than the normal subjects. Peak 
lateral ankle contact force of flatfoot was 1.07 BW and 56% 
larger than the normal subjects. Peak total ankle contact force 
(medial+lateral) of flatfoot was 1.582 BW and 31% larger 
than the normal subjects. The difference in the lateral contact 
force between the normal and the flatfoot patients is much 
larger than the difference in the medial. Since the ankle joint is 
valgus in the case of flatfoot patients, the lateral of the ankle 
contact force is much larger. Also, the larger the contact force 
of the total ankle joint, the greater the risk of ankle arthritis. 

 
Figure 2: Medial/lateral ankle contact forces in normal (left) and 

flatfoot (right) 

Conclusions 

The medial and lateral ankle contact forces were predicted 
separately during walking in flat foot patients and compared to 
the normal subjects. This study provides a basis for analysis in 
relation to the ankle arthritis of the flatfoot patients. 
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Summary 

The subtalar joint was locked and unlocked in a dynamic 
musculoskeletal model of running in participants with varus 
and valgus knees. There were significant differences in the 
contact forces in the ankle and knee contact forces. There were 
no differences found between participants with varus and 
valgus knees.   

Introduction 

Often times in biomechanical models, the subtalar joint is kept 
“locked” or left out, grouping it together as one ankle-subtalar 
joint complex. Since the subtalar joint is responsible for load-
acceptance it plays a vital role, especially in dynamic tasks 
such as running. The purpose of this study was to determine 
how including the subtalar joint affects the joint forces to the 
ankle and knee.  

Methods 

Three-dimensional marker position and ground reaction force 
(GRF) data were recorded of six subjects (3 varus, 3 valgus) at 
self-selected speeds of running. The data were imported into 
OpenSim (SimTK, Stanford, CA, v3.3) and used to scale the 
standard Lerner model [1]. Each subject’s motion capture based 
knee alignment [2] was used to inform the model's knee 
alignment [3]. Inverse kinematics, static optimization with 
muscle parameters, and joint reaction forces were computed 
using OpenSim’s computational tools with the subtalar joint 
locked and unlocked. A custom Matlab (The Mathworks, 
Natick, MA, R2014a) program was used to normalize stance 
phase from 0 to 100% of the right leg for all six subjects. Joint 
reaction forces were normalized to body weight. A two-tailed 
paired t-test was used to compare peak (minimum) values for 
each peak of knee joint, medial condyle, lateral condyle, ankle, 
and subtalar joint forces. Significant was set at p <0.05. 

Results and Discussion 

Significant differences in joint reaction forces were predicted 
for both peaks of the knee (Fig 1 a,), both peaks on the medial 
condyle (Fig 1b), the single peak on the lateral condyle and 
single peak at the ankle joint (Table 1), but not in subtalar joint 
forces.  This finding shows that the subtalar joint affects the rest 
of the kinetic chain. No differences were found between 
kinetics in participants with varus vs. valgus knees, however, 
this may be due to the small sample size.  

 
(a) 

 
(b) 

Figure 1a-b: Representative graphs for a subject’s total knee (a) and 
medial condyle (b) joint reaction force computation 

Conclusions 

Including the subtalar joint significantly affects joint forces to 
the ankle and knee which suggests that “locking” or leaving the 
subtalar joint out of musculoskeletal models may not give an 
accurate representation of what is going on during dynamic 
tasks, such as running.  
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Table 1: Peak joint reaction force for each subject with the subtalar joint locked and unlocked. Normalized to body weight. 

Joint 
Knee artic. 

Peak #1 
Knee artic 
Peak #2 

Medial cond 
Peak #1 

Medial cond 
Peak #2 

Lateral cond 
Peak #1 

Ankle 
Peak #1 

 lock unlock lock unlock lock unlock lock unlock Lock unlock lock unlock 
Mean 
(STD) 

-99.2 
(12.6) 

-95.7 
(12.9) 

-62.2 
(18.9) 

-77.2 
(18.2) 

-53.0 
(7.4) 

-50.8 
(6.9) 

-42.3 
(12.0) 

-51.5 
(10.1) 

-46.5 
(8.2) 

-45.1 
(8.9) 

-85.8 
(9.2) 

-93.6 
(11.9) 

p-value 0.003 0.01 0.002 0.005 0.02 0.02 
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Summary 

In this study, three ankle joint models with increasing level of 

personalisation are compared within a standard musculoskele-

tal model (MSKM) of the lower limb, integrated with individ-

ual ligaments and articular surfaces from magnetic resonance 

images (MRI) to assess their anatomical consistency. Kine-

matics variations between the models were significant, in two 

cases leading to unphysiological ligament elongation and car-

tilage co-penetration, but did not impact on the kinetic output 

of the MSKM. The standard MSKM indeed implicitly as-

sumes the contribution of ligament and contact deformation to 

the joint equilibrium as negligible. This assumption was how-

ever verified only for the most personalized ankle joint model. 

Anatomical consistency of joint models should be verified to 

guarantee the reliability of MSKMs’ outputs, particularly 

when joint reaction analysis is performed. 

Introduction 

An implicit assumption in MSKMs is that joint constraints, i.e. 

ligament and contact forces (CFs), do not contribute to the 

equilibrium of the joint. To be consistent with this assumption, 

ligament elongation and cartilage co-penetration should be 

small enough to produce negligible deformation work [1]. 

This paper aims at comparing anatomical consistency, of three 

different ankle joint models: a generic-scaled hinge joint; an 

anatomy-based subject-specific hinge joint; a custom spatial 

joint that optimizes joint congruence.  

Methods 

Stereophotogrammetric, force plate, and MRI data were col-

lected for three juvenile subjects (male, age: 13±4 y, mass: 

56±17 kg, height: 1.52±.09 m). 3D representations of the vol-

unteers’ ankles including ligaments and cartilage were ob-

tained from MRI. Subject-specific MSKMs of the lower limb 

were built according to [2]. The ankle was represented as an 

ideal hinge. The rotation axis was identified: a) by a marker-

based scaling of the gait2392 [3] model (GJ); b) by fitting a 

cylinder to the talar dome (FJ) [2]; c) by defining a custom 

joint (CJ) through maximization of articular congruence, i.e., 

of load distribution for the specific anatomy [1]. The latter 

model was also used to identify the most isometric fibres of 

tibiocalcaneal (TiCa) and fibulocalcaneal (FiCa) ligaments [1]. 

Joint kinematics, kinetics and CFs, and muscle forces from the 

three models using Opensim [3] (Inverse Kinematics and Dy-

namics, Static Optimisation and Reaction Analysis Tool) were 

compared. Elongations of the TiCa and FiCa ligaments and 

articular co-penetration were also evaluated.  

Results and Discussion 

Whereas the MSKMs’ output was similar in terms of joint 

range of motion (ROM), kinetics and CFs estimates (inter-

model standard deviation, SD, below 2°, 0.05 Nm/kg and 0.4 

BW, respectively, Table I), they differed for joint kinematics 

and anatomical consistency. CJ was the most anatomically 

consistent model, followed by FJ and GJ (Fig. 1). Over the 

three subjects, maximum estimates of ligament elongations for 

GJ, FJ, and CJ were 34%, 12% and 3% for TiCa, and 36%, 

16% and 5% for FiCa, respectively, while maximum mean co-

penetration was 2.02 mm, 1.34 mm and 0.18 mm, respective-

ly. The values of GJ and FJ are un-physiological and in gen-

eral associated to non-negligible deformation work, though the 

effect of this inconsistency was not evident on kinetic results, 

since MSK ignored the effect of anatomical constraints on the 

joint equilibrium. 

Table I Inter-model SD of ROM, peak to peak (PP) moment and 

peak CF for the three subjects. † Hip CFs are presented as the result-

ant over the three components. 

 ROM [°] PP [Nm/kg] Peak CF [BW]† 

 Sbj1 Sbj2 Sbj3 Sbj1 Sbj2 Sbj3 Sbj1 Sbj2 Sbj3 

Hip FL/EX 0.32 0.16 0.75 0.02 0.00 0.02 

0.03 0.06 0.02 Hip AB/AD 0.20 0.21 0.31 0.01 0.00 0.04 

Hip I/E Rot 1.05 0.85 3.88 0.00 0.00 0.00 

Knee FL/EX 0.20 0.43 0.63 0.02 0.02 0.01 0.04 0.08 0.16 

Ankle PF/DF 1.90 1.22 1.41 0.03 0.01 0.05 0.10 0.36 0.22 

 

 
Fig. 1: Ligament elongation and articular co-penetration of subject 1. 

Conclusions 

Among the three tested ankle models, only CJ was anatomi-

cally consistent, while the others resulted in non-negligible 

and un-physiological ligament and cartilage deformation. 

MSKMs are often intrinsically insensitive to this inconsisten-

cy, since they neglect the contribution of ligament and contact 

deformation to the joint equilibrium. Anatomical consistency 

should be verified to guarantee the reliability of MSKMs’ out-

puts, particularly when joint reaction analysis is performed. 
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Summary 

Ankle exoskeletons (exos) can augment human locomotion, 
but modeling subject-specific responses to exo torques is 
essential to optimize their design. Existing subject-specific 
modeling approaches are experimentally cumbersome or 
contain assumptions that limit model accuracy. We 
investigated the potential of non-physiological data-driven 
models to predict response to exo torques during walking in 
healthy adults. Phase-varying and linear phase-varying models 
predicted kinematics similar to, and muscle activity better 
than, a neural network. Phase-varying models of gait may be 
useful in optimizing exos for individuals with diverse abilities.  

Introduction 

Optimizing locomotor performance or assisting locomotion 
using ankle exoskeletons (exos) requires individualized design 
[1,2]. Research in subject-specific exo design often involves 
intensive experimental sessions or biologically-based 
computational models [2,3]. However, experimental 
approaches generally permit only a small set of outcome 
measures, and computational models contain assumptions 
about physiology and motor control that may be invalid for 
individuals with neurologic impairments. Data-driven 
modeling paradigms that enable prediction of many outcomes 
and are free of population-based assumptions may reduce the 
experimental cost of exo optimization and be step towards 
optimal exo design beyond resource-rich gait laboratories. 

We investigated the potential of three data-driven non-
physiological models – phase-varying (PV), linear phase-
varying (LPV), and a feedforward neural network (NN) – to 
predict kinematic and electromyographic (EMG) responses to 
ankle exo torques during walking in healthy adults. We 
hypothesized that only the LPV would more accurately predict 
muscle activity and joint kinematics than the PV model.  

Methods 

We collected joint kinematic and EMG data from five healthy 
women (age: 22.8±1.9yr, height: 161.1±8.1cm, mass: 
56.3±7.1kg) during treadmill walking at a self-selected speed 
while wearing bilateral passive ankle exos for four minutes per 
exo condition. We collected EMG data bilaterally from seven 
lower-limb muscles. We modulated exo torque by changing 
the exo dorsiflexion stiffness using three springs (K1-K3) and 
one zero-stiffness condition (K0) [1].  

We first defined a posture-based gait phase, φ, for each exo 
condition [4]. The PV model (Y=fPV(φ)) was independent of 
exo torque and was our baseline model. The LPV model 
(Y=ALPV(φ)X) was linear with respect to the states and 
nonlinear with respect to phase. The NN (Y=fNN(φ, X)) was 
nonlinear with respect to phase and states. Inputs, X, consisted 

of joint kinematics, processed EMG data, exo torque profiles, 
and their time derivatives at an initial phase, φ, subtracted 
from the phase-averaged K0 states. Outputs, Y, used the same 
states at a future phase, φ+Δ, where lookahead, Δ, varied from 
12.5<Δ<100% of a gait cycle. We fit models using the K0, 
K1, & K3 datasets and validated on K2. We quantified 
prediction accuracy using relative remaining variance (RRV) 
and identified differences between models using a Friedman’s 
test with post-hoc Wilcoxon signed-rank tests (α=0.05).  

Results and Discussion 

The PV (0.30<RRV<0.85), LPV (0.10<RRV<1.00) and NN 
(0.20<RRV<1.15) explained 10-80% of the variance in the K2 
kinematics in most participants (Figure 1). The EMG states 
were inconsistently predicted for the PV (0.30<RRV<2.50), 
LPV (0.25<RRV<2.60), implying that the models may not be 
uniformly useful in predicting EMG across individuals. 
However, the PV and LPV predictions of EMG were generally 
more accurate than the NN. The LPV & NN had lower RRVs 
than the PV model for short lookaheads (Δ<25%) only, 
suggesting that lookaheads that encompass multiple phases of 
the gait cycle may not be as well modeled [5].  

 
Figure 1: RRVs at the ankle, knee and hip, soleus, gastrocnemius and 

tibialis anterior for each model for a quarter-gait-cycle lookahead. 

Conclusions 

The LPV and PV’s strong predictive accuracy and clear 
structure supports further developing models of response to 
exos. The structure of purely data-driven models may provide 
insight into principles underlying the heterogeneity of 
responses to exos in individuals with neurologic impairments. 
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Summary: 
The ability to use reactive stabilization strategies to recover from 
a slip or a trip is vital for preventing falls. Physiological 
impairments after stroke, such as weakness and delayed 
sensorimotor processing may reduce the effectiveness of rapid 
stepping responses to restore balance following unexpected 
perturbations. Here, we used treadmill accelerations to test the 
hypothesis that people post-stroke exhibit asymmetries in the 
reactive control of angular momentum in response to 
perturbations during walking. Our preliminary results indicate 
that perturbations of the non-paretic limb produce larger 
increases in angular momentum than perturbations of the paretic 
limb, and this may reflect an inability of the paretic leg to 
produce appropriate corrective responses. 
Introduction: 
For stroke survivors, sensorimotor deficits, such as reduced 
muscle activation [1] and weakness [2], can lead to gait 
asymmetries during walking. Given these functional 
asymmetries, people post-stroke may also have asymmetries in 
balance recovery responses following perturbations during 
paretic versus non-paretic stance [3]. One established metric 
used to characterize responses to perturbations during walking 
is whole-body angular momentum (WBAM) [4][5]. This 
measure reflects the net contribution of all body segments to the 
body’s rotation about a given axis, commonly taken to project 
through the center of mass. WBAM dramatically deviates from 
values observed during normal walking when perturbations 
occur [5] and a higher peak range of WBAM in people post-
stroke is thought to reflect impaired control of whole-body 
dynamics [6]. Here, we tested the hypothesis that perturbations 
of the non-paretic leg during walking would produce higher 
WBAM in the sagittal plane due to impairments in the ability of 
the paretic leg to initiate a recovery step to arrest forward 
momentum.  
Methods 
Six individuals post-stroke (4M, 55 ± 16yr, Fugl-Meyer = 27 
±	4) were instructed to walk on a split-belt treadmill at their self-
selected speed (0.52 ±	0.22m/s). During each trial, we applied 
six unexpected perturbations (Fig 1A) to both the paretic and 
non-paretic sides at random foot-strikes. Perturbations were 
remotely triggered by detecting foot strike using ground reaction 
forces recorded by the force plates underneath the treadmill. 
Each perturbation consisted of 1) an increase in speed of 0.2 m/s 
at an acceleration of 1.6 m/s2 to, 2) a hold period of 0.3 s, and 3) 
acceleration back to the self-selected speed during swing phase 
of the perturbed leg (Fig 1A). Full body kinematics were 
captured using a 10-camera Qualisys Oqus system (Qualysis, 
Sweden) and a set of reflective markers. From this data, we 
calculated WBAM about a mediolateral axis projecting through 

the COM and we calculated integrated WBAM over each step 
cycle. Negative values represented forward rotation and positive 
values represented backward rotation. Each measure was 
normalized by the weight, height, and walking speed of the 
participant based on the previous literature [4][5].  
Results:  
WBAM during the perturbation step became more negative than 
the pre-perturbation step as the body rotated forward due to the 
slip-like perturbation (Fig 1B & C). In order to compensate for 
the perturbation, participants generated positive angular 
momentum to restore balance during the subsequent recovery 
step. Four of six participants increased the magnitude of 
integrated angular momentum more during perturbations of the 
non-paretic leg (-3.2±1.6) than perturbations of the paretic leg 
(-2.9±1.3) (Fig 1D).  

 
Figure 1 A: Treadmill speed during the slip-like perturbation across a 
stride cycle. B: WBAM over a stride cycle (starting from non-paretic 
foot strike). C: Integrated WBAM during pre and post perturbation 
steps. (n = perturbation step). D: Integrated WBAM during the 
perturbation step for perturbations occurring on the paretic and non-
paretic sides.   
Conclusion 
People post-stroke tend to have an asymmetry in responses to 
treadmill accelerations such that perturbations on the non-
paretic side generate more momentum than perturbations on the 
paretic side. This may reflect deficits in swing initiation with the 
paretic limb leading to poor control of stability.  
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Summary 
We used Non-negative Matrix Factorization (NMF) to discover 
muscle modules (groups of co-activated muscles) of patients 
with post-stroke hemiparetic gait before and after gait 
retraining. Patients who have suffered a stroke often have an 
impaired gait due to the merging of these modules, which are 
distinct in healthy gait cycles [1]. We found that functional 
electrical stimulation (FES) gait treatment helped to initiate the 
decoupling of these merged modules in some patients. The 
patients that displayed evidence of early modular decoupling 
responded to treatment and increased their Trailing Limb Angle 
(TLA).  

Introduction 
In the US alone, nearly 800,000 people will experience a stroke 
each year [2] with approximately 80% of the survivors 
experiencing some form of one-sided weakness, or hemiparesis 
[3]. The propulsive force, or the posterior component of the 
ground force produced by the lower-limb during late stance, 
governs walking speed and is largely modulated by the TLA 
(defined as the angle between the lab vertical and vector 
between the femur origin and metatarsal phalangeal joint) [5]. 
This force is diminished in post-stroke gait, thus limiting 
survivors to a slower walking speed [4]. In addition to the TLA, 
muscle modules offer new insights for analysis and treatment 
of post-stroke gait. During healthy gait 4 modules, each 
contributing to a distinct biomechanical function, work to 
produce a smooth gait cycle [6]. In post-stroke gait, muscle 
modules become merged together so that the unique 
contribution of each is lost [1]. We hypothesize that the 
variance accounted for (VAF) in the activation pattern by the 
merged muscle modules will decrease following FES gait 
treatment, which is indicative of early modular decoupling. Our 
goal was to investigate the effects of FES gait treatment on the 
early modular decoupling and its relationship to improved TLA.  

Methods 
Eight patients (age 61 ± 8.2 years, 3 male, > 6 months post-
stroke) with hemiparetic post-stroke gait were instructed to 
walk on a treadmill at a self-selected speed. Then for 12 weeks, 
patients trained with a combination of fast-treadmill walking 
and FES of the ankle muscles. Following treatment, patients 
were again instructed to walk at a self-selected speed on a 
treadmill. Each patient’s post-treatment self-selected speed was 
compared to his/her pre-treatment self-selected speed, with 
responders categorized by an increased self-selected speed of at 
least 0.2 m/s following treatment [7]. 
For each patient, we scaled a generic musculoskeletal model 
with 23 degrees of freedom and 92 muscle-tendon actuators to 

represent the patient’s size and mass using OpenSim. We used 
Computed Muscle Control to determine optimal muscle 
excitations over 210 gait cycles for all subjects (ranging from 
10 – 14 per subject).  
We used NMF used to discover each patient’s muscle modules 
based on the activation patterns of 38 major lower-limb muscles 
(consistent with [1]). NMF generates an estimated signal of the 
activation pattern, and the accuracy of the estimated signal is 
measured by its VAF. We tested our hypothesis regarding 
decreased VAF of merged muscle modules following treatment 
with a right-tailed paired t-test at α = 0.05.  
We determined TLA at the instant that maximum propulsive 
force was produced before and after treatment.  

Results and Discussion 

For half of the patients, the VAF of merged muscle modules 
significantly decreased (p = 0.0101) following treatment (Table 
1, gray shaded rows).  

Table 1: NMF results and TLA values before and after FES treatment 
of patients with post-stroke gait. *responder, and ∆TLA > 0 indicates 
an increase in TLA following treatment. 

Patient 
Before treatment After treatment 

∆TLA 
Modules  VAF (%)   Modules  VAF(%)  

1 2 98.0 1 96.2 < 0 
2 3 96.8 3 97.7 < 0 
3* 2 98.8 2 96.6 > 0 
4* 2 98.9 1 95.6 > 0 
5* 1 96.1 1 95.1 > 0 
6* 1 96.4 1 95.4 > 0 
7 1  96.2 1 96.3 < 0 
8* 2 97.9 2 96.8 > 0 

Conclusions 
Our findings suggest that FES gait treatment of the paretic ankle 
muscles may aid in early decoupling of merged muscle modules 
of post-stroke gait. These results provide additional insights for 
developing individualized rehabilitation programs.  
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Summary 

Spatiotemporal gait asymmetries are a common feature of 
walking post-stroke. Although reducing asymmetry is a 
common objective of rehabilitation, the functional benefits of 
improving symmetry are not well understood. Here, we 
determined how manipulation of step length asymmetry 
influenced dynamic balance during walking post-stroke. We 
quantified fore-aft margins of stability (MoS) and whole body 
angular momentum (WBAM) as our measures of dynamic 
balance. Our preliminary results demonstrate that people post-
stroke increase the MoS on the side for which step length is 
increased, but they increase WBAM in response to both 
increases or reductions in their natural asymmetry. These 
results suggest that acute manipulations of step length 
asymmetry can potentially reduce dynamic stability in the 
sagittal plane during walking post-stroke.   

Introduction 

Neurological impairments such as stroke, often result in 
asymmetric walking patterns.  It is often thought that reducing 
asymmetry may improve balance and reduce fall risk as 
spatiotemporal asymmetries are negatively correlated with 
clinical assessments of balance post-stroke [1]. However, the 
acute effects of changing asymmetry on dynamic balance 
during walking have yet to be examined. The goal of this work 
is to determine how manipulation of step length asymmetry 
influences dynamic balance during walking post-stroke. We 
hypothesized that participants would increase their MoS on the 
step which is lengthened, decrease WBAM when walking more 
symmetrically, and increase WBAM when walking with 
exaggerated asymmetry. 

Methods 

A total of 6 individuals post-stroke (age 29-60, 2 female, FM 
274) participated in this study. All participants sustained a 
unilateral stroke more than six months prior to the study, had 
paresis confined to one side, and were able to walk more than 
five minutes without assistance. The experiment started with 
three minutes of walking at their self-selected treadmill speed 
(0.53 ± 0.18 m/s) to determine their original step length 
asymmetry. Participants then walked for three minutes with 
visual feedback of their natural step length asymmetry (Figure 
1a). Next, they walked for three minutes each in a symmetric 
and exaggerated asymmetric condition. For the symmetric 
condition, we set the target length of the short step equal to the 
length of the longer step. For the exaggerated asymmetry 
condition, we increased the target length of the longer step by 
adding the original difference in step lengths so that the target 
step length asymmetry was doubled. We measured MoS on 
each step [2] (Figure 1b) and the peak-to-peak range of WBAM 
over a gait cycle [3] (Figure 1c) as metrics of dynamic balance. 
Since people post-stroke have different directions of 

asymmetry, we used the absolute value of step length 
asymmetry for our group analysis (Figure 1d). 

Results and Discussion 

Participants increased the MoS on the side of the initially short 
step when walking more symmetrically and on the side of the 
longer step during the exaggerated asymmetry condition 
(Figure 1e). These changes reflected the increased distance 
between the leading foot and the body. However, participants 
increased the peak-to-peak range of WBAM in both the 
symmetric and exaggerated asymmetry trials (Figure 1f). This 
suggests that any deviations from their natural level of 
asymmetry reduced their dynamic balance. 

 

 
Figure 1: Time series data from a single participant for (a) step length 
asymmetry, (b) fore-aft MoS over each step, and (c) WBAM over a gait 
cycle. Average group data for (d) step length asymmetry, (e) fore-aft 
MoS, and (f) the peak-to-peak range of WBAM. 

Conclusions 

Our results suggest that the gait modifications necessary to 
reduce asymmetry may acutely impair balance control by 
increasing whole body angular momentum. This may partially 
explain why people post-stroke walking asymmetrically even 
though they retain the capacity to walk with a more symmetric 
gait. However, more work is needed to determine how long 
term reductions in asymmetry influence balance post-stroke. 
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Summary 

The validity of sensorimotor balance control during walking 

was studied using foot placement and adjustment for foot 

placement during single stance. Nine stroke patients and 18 

healthy controls performed a 2 minute walk test. Foot 

placement and adjustment for ‘incorrect’ foot placement 

(single stance control) were studied as a measure for gross and 

fine sensorimotor balance control during walking. Foot 

placement and single stance control was reduced in stroke 

patients and mostly affected in the paretic side. Walking speed 

had no effect on the foot placement and single stance control. 

Hence, foot placement and single stance control are valid 

measures to indicate the sensorimotor balance control during 

walking. 

Introduction 

Good balance control is considered to be the most import 

factor for walking [1]. Quantification of balance control 

during gait is important for diagnosis and evaluation in 

neurological disorder patients with gait problems. Balance 

control during gait is defined as the ability to keep the 

(extrapolated) Center of Mass (xCoM) within the bounds of 

the Base of Support (Bos) [2]. Several gait stability outcome 

measures using the interaction between xCOM and BoS  

during walking have been proposed in the literature. However, 

most biomechanical gait stability measures, such as the margin 

of stability, are highly affected by gait speed, step frequency, 

and step width and are an indirect measure of sensorimotor 

balance control during walking. Hof et al. [3] introduced a 

more direct parameters for the gross and fine balance 

sensorimotor control during walking based on correctness of 

the foot placement and adjustment for ‘incorrect’ foot 

placement during the single stance phase, respectively. So far, 

these measures have been only studied in six above-knee 

amputee walkers. It was hypothesized that gross and fine 

sensorimotor balance control are affected in stroke patients 

and mostly affected in the paretic side and minimally 

influenced by walking speed. 

 The aim of the study was to test the validity of gross 

and fine balance control during walking by showing 

differences between stroke patients and healthy controls and 

between the paretic and non-paretic side in stroke patients. 

Participants were tested in various walking modes. 

Methods 

Nine stroke patients and 18 healthy controls performed a 2 

minute walk test on the GRAIL. Participants performed the 

test in in the self-paced mode and at fixed speed. Healthy 

controls were also tested at half their preferred speed. Foot 

placement control (FPC, gross balance control) was defined as 

the correlation between the lateral  position, and the 

lateral foot placement for multiple steps. Single stance control 

(SSC, fine balance control) was the correlation between the 

correction in  during single stance for the offset in the 

FPC for multiple steps. Two-way repeated measures ANOVA 

were used to indicate the effect of walking mode and side on 

FPC and SSC.  

Results and Discussion 

FPC and SSC were not significantly different between self-

paced, fixed speed and half preferred speed in healthy controls 

(p=0.55, p=0.24) and between self-paced and fixed in stroke 

patients (p=0.29, p=0.10). FPC was significantly smaller 

(p<0.001) for the paretic side of stroke patients (r=0.84± .09) 

compared to the  non-paretic side (r=0.95± .02) and both legs 

of the healthy controls (right: r=0.96± .02, left: r=0.95± .02). 

The SSC was significantly different between healthy controls 

(right: r=-0.57± .11, left: r=-0.58± .16), non-paretic (r=-0.36± 

.21) and paretic (r=0.15± .34) side of stroke patients 

(p<0.001). 

 

Figure 1: Example of the lateral position of the XCoM, CoM and 

CoP during walking and the relation between XCoM position and 
CoP position for the calculation of the foot placement control (FPC).  

Conclusions 

Foot placement and single stance control was reduced in 

stroke patients and mostly affected in the paretic side. Foot 

placement control and single stance control are valid measures 

to indicate the gross and fine sensorimotor balance control 

during walking irrespective of walking speed or walking 

mode.  
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Summary 

Stair navigation is a risky task for older adults and people with 

balance disorders. In this study, we evaluated the effect of 

stair nosing design and handrail use on centre-of-mass (COM) 

control during ascent and descent. COM anterior displacement 

was affected by stair nosing, while handrail use decreased 

COM-extremity coordination. The latter functionally allows 

for potential adjustments to task variability with handrail use 

rather than a priority to synchronize with COM. 

Introduction 

Stair falls are a leading cause of accidental injury, with risk 

magnitude linked to stair geometry and handrail use [1]. High 

clearance of the foot over the nosing is reduces tripping risk, 

while handrails provide coordination guidance, which reduces 

probability of loss of balance, and support during fall 

initiation. Stair negotiation challenges are higher for those 

with impaired COM control, such as stroke patients. There is 

limited biomechanical evidence to support safer building 

codes regulating stair geometry. Accordingly the purpose of 

this study was to evaluate the effect of nosing shape on COM 

control during stair negotiation a) with and without handrail 

use, b) in healthy and chronic stroke patients. 

Methods 

Thirteen healthy (H) and 13 chronic stroke (S) patients (all 

>60 years) participants negotiated a custom seven-step 

staircase with interchangeable treads (no nosing, round, square 

and tapered nosings, Figure 1) and ADA-compliant handrails , 

at a self-selected speed. H participants completed additional 

no-handrail trials for each nosing condition. Whole-body 

kinematics were tracked (250 Hz, Motion Analysis, Inc.), with 

digitized landmarks on each tread, and 7 digitized landmarks 

along each heel and toe edge of each foot. The minimum 

resultant clearance between the foot markers and the nosing 

edge was determined using a custom MATLAB (The 

MathWorks, Inc.) routine, along with sagittal plane 

trajectories of the wrists, COM, foot, and base of support 

(BOS) for the foot at each tread, limited by the nosing edge. 

COM-BOS anterior separation and COM velocity were 

extracted at the instant of minimum clearance for each tread. 

Cross-correlation was used to evaluate synchronicity between 

the extremities and COM across each trial. 

Results and Discussion 

Nosing design: During ascent on non-transitional steps (2-6) 

and the top step (7) there was a significant effect of nosing 

(p<0.002; p=0.011) on COM position relative to BOS. The 

COM was more anterior relative to BOS for round and square 

than tapered or no nosing. During descent, an effect of nosing 

was found for S participants over the top step (p=0.031). No 

effect of nosing was found for the bottom step (1). There was 

a positive correlation for S participants between clearance and 

COM position for all nosings during ascent (all p<0.001), and 

the square nosing during descent (p=0.001). For H participants 

there was a correlation between clearance and COM position 

only for the square nosing during ascent (p=0.002). The link 

between stair nosing shape and clearance has subsequent 

effect on COM position, and may increase fall risk during stair 

navigation. These effects are amplified for stroke patients  who 

experience greater challenge controlling the COM and 

clearing the nosing simultaneously, than healthy older adults. 

Handrail use: While there was no effect of handrail use on 

COM position, there was a significant effect of handrail use on 

COM-extremity coordination. Synchronicity decreased with 

handrail use for the left wrist (p=0.002), right wrist (p<0.001), 

and right foot (p=0.001) during descent, and left wrist 

(p=0.023) and right foot (p=0.030) during ascent. Additional 

support of the handrail may free the extremities to complete 

other tasks more effectively, such as tread clearance, which is 

reflected in lower synchronicity for the handrail trials. 

Conclusions 

Stair nosing design affected COM position relative to the 

BOS, while handrail use influenced coordination of the 

extremities relative to the COM. These biomechanical metrics 

of fall risk indicate that consideration of stair nosing design 

and handrail implementation may have a substantial effect on 

risk of falling for older adults and stroke survivors. 
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Summary 

The rate of force production (1/tc; tc is ground contact time) 

and volume of active muscle (Vm) account for 62% of the 

metabolic cost of running over a wide range of step 

frequencies. Additionally, 1/tc and Vm account for 48% of the 

metabolic cost of hopping at the same range of frequencies. 

Thus, 1/tc and Vm provide a moderate prediction of the 

metabolic cost of bouncing gaits across step frequencies. 

Introduction 

Running and hopping are biomechanically similar because the 

biomechanics of both are well-represented by a spring-mass 

model. Previously, Kram & Taylor [1] proposed the cost of 

generating force hypothesis to explain the metabolic cost of 

running at a variety of speeds, where 1/tc is inversely related to 

net metabolic rate and assumed the Vm required to exert force 

on the ground per step did not change with speed. 1/tc explains 

up to 65% of the variance in net metabolic rate as running 

speed increases from 2-5 m s-1 [1-2]. Recently, Kipp et al. 

found as much as 98% of the variance in gross metabolic 

power (Pmet) while running at 2.2-5.0 m s-1 could be explained 

by estimating changes in Vm per ground contact from the lower 

limb’s effective mechanical advantage together with 1/tc [2]. 

The purpose of this study was to determine if Vm together with 

1/tc could explain the Pmet of running and hopping when using 

different step frequencies. Pmet often exhibits a U-shaped curve 

when running and hopping over a range of step frequencies; 

for running Pmet is minimized at, or close to, the preferred step 

frequency (PSF) [3]. We assumed that as step frequency 

deviates from PSF, Pmet will increase and hypothesized that the 

combination of Vm and 1/tc would better estimate Pmet across a 

range of step frequencies during running and hopping, 

compared to 1/tc alone. 

Methods 

10 runners participated in 2 sessions. During the 1st session, 

subjects ran at 3 m s-1 for 5 min on a force-measuring 

treadmill (Bertec, Columbus, OH, USA). We determined PSF 

during two 15-sec samples collected between minutes 3-5. 

Subjects then ran at 3 m s-1 for 5 min and matched their step 

frequency to an audible metronome set at 85%, 92%, 100%, 

108%, and 115% of their PSF. During the 2nd session, subjects 

hopped on 2 force plates, with one leg on each, for 5 min at 

their respective frequencies from the running session. During 

all trials, we measured rates of oxygen consumption and 

carbon dioxide production to determine Pmet [4] and lower 

limb kinematics and kinetics via 3-D motion capture (Vicon, 

Oxford, UK). We calculated Vm at each joint according to [2]. 

Results and Discussion 

Pmet was lowest when subjects ran at their PSF compared to 

other step frequencies (Fig 1). With the exception of 108% 

PSF, Pmet at 100% PSF was 7.2-17.5% lower than other step 

frequencies (p<0.02). Total Vm decreased from 2815 cm3 at 

85% PSF to 2256 cm3 at 115% PSF as step frequency 

increased and primarily resulted from a 28% decrease in the 

Vm at the knee (1083 cm3 at 85% PSF to 784 cm3 at 115% 

PSF; p<0.001). tc decreased from 0.26 s at 85% PSF to 0.22 s 

at 115% PSF, with 108% PSF and 115% PSF being 

significantly shorter compared to other step frequencies 

(p<0.02). For running at different step frequencies, only 2% of 

the change in Pmet could be accounted for by 1/tc (R2=0.017; 

p=0.36), whereas 62% of the change in Pmet could be 

accounted for by using 1/tc and Vm (R2 = 0.619; p<0.001).  

During hopping, Pmet was not different across frequencies 

(p=0.22). Total Vm decreased from 2488 cm3 at 85% PSF to 

1633 cm3 at 115% PSF and primarily resulted from a 55% 

decrease in the Vm at the knee (1100 cm3 at 85% PSF to 496 

cm3 at 115% PSF). tc decreased from 0.27 s at 85% PSF to 

0.21 s at 115% PSF (p<0.001). For hopping at different 

frequencies, only 3% of the change in Pmet could be accounted 

for by 1/tc (R2=0.025; p=0.27), whereas 48% of Pmet could be 

accounted for by using 1/tc and Vm (R2=0.484; p<0.001). 

Figure 1: Measured (black) and predicted (white) gross metabolic 

power normalized to body weight using 1/tc and 1/tc*Vm (grey) for 

running (squares) and hopping (circles). 

Conclusions 

We accept our hypothesis that 1/tc in combination with Vm 

better estimated changes in Pmet across running and hopping 

step frequencies compared to 1/tc alone.  

References 

[1] Kram & Taylor (1990) Nature, 346: 265-267 

[2] Kipp et al. (2018) J Exp Biol. 221: jeb184218  
[3] Cavanagh et al. (1982) Med Sci Sports Exerc. 14: 30-5 

[4] Brockway (1987) Hum Nutr Clin Nutr. 41: 463 - 71 

Saturday, August 03 2019: Morning 3 (1145-1245) 1476

Running Economy



 

 

Mechanics of the Metatarsophalangeal and Ankle Joints and Running Economy do not Change in Response to Increased 
Isometric Toe-Flexor Strength  

 
Evan M. Day1, Michael E. Hahn1 

1Department of Human Physiology, University of Oregon, Eugene, OR, USA 
Email: eday5@uoregon.edu  

 

Summary 
The intrinsic foot muscles (IFM) modulate metatarsophalangeal 
joint (MTPJ) mechanics. Carbon fiber plates in footwear can 
change MTPJ mechanics and running economy [1]. This study 
investigated whether an increase in toe-flexor muscle strength 
can elicit similar changes in joint mechanics and running 
economy to that of carbon fiber plated footwear. Participants 
were divided into an IFM training or control group. Toe-flexor 
strength, gait mechanics, and running economy were assessed 
three times over a ten-week period. Increased toe-flexor 
strength did not influence changes in gait mechanics or running 
economy.  

Introduction 
The MTPJ is a primary contributor to forward propulsion once 
the heel lifts off the ground [2]. Mechanics of the MTPJ are 
modulated by the IFM. Carbon fiber plates in footwear have 
been shown to influence MTPJ mechanics and running 
economy [1]. The foot is perceived to dominate the stiffness of 
the foot-shoe complex [3]. It is unknown if increasing toe-flexor 
muscle strength can elicit similar changes in MTPJ mechanics 
and running economy as using carbon fiber plated footwear.  

Methods 
Twenty-three (15 male, 8 female) competitive distance runners 
enrolled in this study were divided into a training or control 
group. The training group augmented their normal training 
regimen with an IFM strengthening protocol. Participants 
visited the lab on three occasions: baseline, five weeks, and ten 
weeks; for assessment of toe-flexor strength, gait mechanics, 
and running economy. 

Toe-flexor strength was assessed via a novel apparatus made 
from an inelastic band connected to a strain gauge via an 
Arduino Mega2560 controller (test-retest, r = .997). Isometric 
strength testing occurred with the ankle 20° plantar flexed and 
the MTPJ 25° dorsiflexed to mimic foot orientation near 
terminal stance phase. 
Gait mechanics were analyzed on an instrumented treadmill at 
14, 18, and 22 km/hr. Participants all wore the same neutral 
footwear (Brooks Launch 3) during the lab tests. A two-
segment foot model was defined by the vector from the first to 
fifth metatarsal markers. Foot marker trajectories and ground 
reaction force data were low-pass filtered at 20Hz. The moment 
arm for MTPJ kinetic analysis was defined as the perpendicular 
distance from the center of pressure to the MTPJ axis. Joint 
stiffness of the MTPJ was defined by the ratio of the change in 
MTPJ moment to maximum MTPJ dorsiflexion (Kcr = 
DMMTP(i) – 0 / Dqpeak) [1].  

Metabolic data were collected at 14 km/hr for three minutes. 
Expiratory gas values were averaged over the last ninety 

seconds. Metabolic rate (W/kg) was quantified using the 
Brockway equation. 

A planned linear interaction comparison analysis of variance 
(ANOVA) was used to assess changes in toe-flexor strength. 
Mixed-model ANOVAs, using a within-subject factor of time 
and between-subjects factor of group, were used to analyze 
biomechanical and metabolic variables. Pairwise comparisons 
with Bonferroni adjustments were used when a significant main 
effect was detected. 
Results and Discussion 

Toe-flexor strength significantly increased in the experimental 
group (p = .006). Maximum isometric strength was 27% greater 
at week ten than baseline (2.56 ± .88, 3.27 ± .91 N/kg). There 
were no significant changes in MTPJ, ankle mechanics, or 
metabolic rate (p > .05). 

The dearth of observed mechanical changes may be due to the 
inability of the IFM to produce enough force to alter joint 
mechanics. The IFM have small pennation angles [4] and lack 
mechanical advantage about the MTPJ axis compared to the 
resultant ground reaction force. Secondly, greater MTPJ 
dorsiflexion increases energy storage and return in the 
longitudinal arch [5], thus it may be advantageous to not 
intrinsically increase MTPJ rotational stiffness by limiting 
MTPJ dorsiflexion.  

One potential method to intrinsically alter MTPJ mechanics 
could be stiffening of the plantar aponeurosis or IFM tendons. 
The IFM contract isometrically during stance, thus energy 
storage and return occurs via tendon dynamics [6]. Perhaps 
increased IFM tendon stiffness could alter MTPJ mechanics 
and improve running economy. 

Conclusions 
Increased toe-flexor muscle strength does not influence changes 
in gait mechanics or running economy. Perhaps increasing IFM 
tendon stiffness, as opposed to increasing contractile strength, 
can influence changes in MTPJ mechanics that may improve 
running economy similar to that of using carbon fiber plated 
footwear. 
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SUMMARY 
Soft tissue motion can contribute to energy losses during 
locomotion.  Energy losses due to soft tissue motion were 
calculated using marker arrays on the shank soft tissue 
during different foot strike patterns and running velocities 
on a group of runners.  Energy losses associated with 
damped soft tissue motion were greater with a rearfoot 
strike (~4 J vs ~2 J) and at higher velocities (~6 J vs ~2 J). 

INTRODUCTION  
Soft tissue deformation has been reported to account for up 
to 70% of the energy lost in some segments during impacts 
[1].  Zelik and Kuo [2] used indirect methods to indicate 
passive energy losses within the system during locomotion 
that they associated with soft tissue effects.  Despite the 
clear deviation from the rigid body assumption during 
dynamic tasks only one single subject study using 2D 
video analysis has tried to directly calculate energy 
dissipation in the soft tissues of the lower limb during 
running [3].  The aim of this study was to determine 
energies associated with deforming soft tissue of the shank 
during forefoot (FF) and rearfoot (RF) landings whilst 
running at different velocities.  

METHODS 
Following university ethical approval and written 
informed consent, five healthy, university level runners 
(age: 25 ± 4.1 years, height: 1.79 ± 0.07 m, mass: 72.0 ± 
6.7 kg) participated in this study.  A total of 72 retro-
reflective, passive 6.4 mm diameter markers were attached 
around the shank segment of the right limb, in a 9 x 8 
array.  This covered the proximal 10 to 95% of the shank 
segment, defined using markers attached to the medial and 
lateral malleoli and femoral condyles.  Marker positions in 
3D space were determined using an 18 camera high-speed 
motion analysis system (750 Hz, Vicon Vantage, Oxford 
Metrics PLC., Oxford, UK) as subjects ran on a motorised 
treadmill (HP Cosmos Saturn, Traunstein, Germany) in 
racing flat shoes at four testing velocities (ascending order 
of 11, 14, 17 and 20 km/hr).  Trials at each velocity were 
performed with a FF (landing on ball of foot) or RF 
(landing on heel) strike pattern in a counterbalanced order.   
One stance with good marker visibility, correct foot strike 
and a typical stride length was selected for analysis from 
each person at each speed.  Data were reconstructed, 
labelled and gap filled using Nexus 2.7 (Oxford Metrics 
PLC, Oxford, UK).  Further post-processing was 
completed using custom-written Matlab code 
(MathWorks, Natick, MA., USA), including low pass 
filtered at 100 Hz with a 4th order, zero lag Butterworth 
filter.  The change in distance between the fixed segment 
centre of mass (COM), based on joint markers, and the 
soft tissue COM, calculated using a Delaunay triangulation 
representation of the soft tissue [4], was determined.  

 was used to find the force moving the soft tissue 
and soft tissue power was calculated from .  Work 
done was calculated as the time integral of power over the 
duration of the ground contact. 

RESULTS AND DISCUSSION 
Overall group mean results showed that energy losses 
associated with the damped soft tissue motion were greater 
during RF than FF strike and greater at higher velocities 
(Table 1).  These values are lower than those previously 
reported in [3] but comparable to values seen during 
landing and jumping tasks (5).  Assuming typical GRF and 
kinematics as those previously observed for RF and FF 
striking, these data support previous suggestions that both 
magnitude and direction of force applied play an important 
role in establishing the role of soft tissue motion.  Standard 
deviations are high, probably due to a combination of low 
subject numbers, differences in subject mass and possibly 
ease or comfort of landing with a RF strike at different 
velocities for different subjects.  Use of averages of 
multiple strides rather than single indicative strides may 
also reduce this variability.   
 

Table 1. Energy in the shank segment during running with a 
forefoot-strike and rearfoot-strike at 11, 14, 17 and 20 km/hr. 

Running speed 
(km/hr) 

Forefoot  
(J) 

Rearfoot 
(J) 

11 1.3 ± 0.71 2.1 ± 1.21 

14 1.8 ± 1.18 2.2 ± 1.55 
17 2.5 ± 1.24 5.0 ± 3.85 

20 2.3 ± 1.34 6.1 ± 3.78 

 

CONCLUSIONS 
Measurement of marker arrays can determine substantial 
changes in soft tissue motion relative to a rigid segment 
during running.  It appears to indicate that as running 
speed increases, a RF strike landing results in more energy 
loss from soft tissue movement than a FF strike.   
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Summary 
The relationship between running economy and technique was 
explored using principal component analysis (PCA).  Runners 
with good economy exhibit less extreme pelvis movement, 
reduced knee flexion mid-stance and during swing but greater 
knee flexion pre-landing. 

Introduction 
Running economy is influenced by a range of factors 
including a runner’s technique [1].  A recent comprehensive 
study on the relationship between running economy and 
technique identified three kinematic variables (pelvis vertical 
oscillation during stance, peak knee flexion during stance and 
minimum pelvis horizontal velocity) which explained 39% of 
the variance in economy [2].  However, previous studies have 
generally focused on technique at key instances and peak 
values.  Such an approach may not fully capture the important 
technique variables throughout the running stride. 

The purpose of this study was to investigate the relationship 
between running economy and technique throughout the stride 
using principal component analysis (PCA). 

Methods 
One hundred and fifty-three runners provided informed 
consent (M: n=94; F: n=59).  All were aged 18 to 40, had a 
BMI<24 kg·m-2, ran >8 km per week and had been injury free 
for >3 months.  Runners were recruited over a wide range of 
standards; 10 km time 39:42±7:19, range 29:05–59:00 min:s). 

Runners completed an incremental treadmill protocol which 
started at 7 km·h-1 (F) or 8 km·h-1 (M) and increased in 
1 km·h-1 increments to beyond lactate turnpoint velocity.  
Each speed involved 4 min of running followed by 30 s rest 
for capillary blood sampling.  Inspired and expired gases were 
sampled to determine locomotory energy cost (LEC) [2] and 
3D trunk and lower body kinematics were captured (240 Hz) 
using a Vicon motion capture system tracking 41 
retroreflective markers.  Participants all wore the same neutral 
running shoe. 

Only data from below the lactate turnpoint velocity were 
analysed.  Marker trajectories were low-pass filtered (15 Hz) 
and an 8-segment body model defined (Visual 3D).  
Kinematic time series of the trunk and pelvis segment angles, 
pelvis translations and lower limb flexion-extension joint 
angles were determined and averaged over 10 strides [2].  The 
stride cycle data for each runner were input to a PCA and the 
resulting PCs correlated with the LEC data (at 10, 11 and 
12 km·h-1).  PCs with consistent loading curves and significant 
correlations (p<0.01) at all three speeds were interpreted. 

Results and Discussion 
A wide range of LEC values were obtained across runners 
(e.g. at 11 km·h-1 0.559–1.185 kcal∙kg-1∙km-1).  Five PCs were 
significantly correlated with LEC (Table 1).  These were 
related to pelvis vertical displacement (ZP/H) and velocity (VzP 
and VyP) and knee flexion-extension angle (θK,FE).  The 
interpretation of these PCs can be visualised through stick 
figures of a typical good and poor LEC runner (Figure 1). 
Table 1. Significant correlations and technique interpretation. 

Variable 11 km·h-1 
r (p) Good LEC runner interpretation 

ZP/H 
(PC2) 

-0.349 
(<0.0001) 

Less vertical movement of the pelvis (downward 
and upward). 

VyP 
(PC2) 

0.214 
(0.0086) 

Less horizontal braking of the pelvis post-
touchdown with the minimum reached earlier. 

VzP 
(PC1) 

0.263 
(0.0011) 

Smaller extremes in vertical pelvis velocity 
(downward and upward). 

θK,FE 
(PC1) 

-0.244 
(0.0026) 

Less knee flexion, particularly throughout swing, 
but including both stance and swing peaks. 

θK,FE 
(PC4) 

-0.309 
(0.0001) 

Smaller peak knee flexion in stance and swing. 
Increased knee flexion pre-landing. 

 

 
Figure 1: Stick figures of typical good (green) and poor (red) LEC 
runners.  The pelvis is higher during mid-stance and the knee less 

flexed at mid-stance and mid-swing for the good LEC runner. 

These results support previous findings regarding the 
importance of pelvis movement and peak knee flexion to 
running economy [2].  PCA identified further important timing 
and pre-landing differences related to these variables, notably 
during swing (Table 1). 

Conclusions 
Runners with good LEC exhibit less extreme pelvis 
movement, reduced knee flexion throughout swing and mid-
stance but greater knee flexion pre-landing.  These results may 
be beneficial to coaches aiming to improve a runner’s 
performance through technique coaching. 
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Summary 

While several biomechanical factors have been identified as 

key determinants of running economy (i.e. metabolic cost) [1], 

the influence of individual mechanical factors such as center 

of mass (CoM) vertical motion remains unclear. The purpose 

of this study was to determine how manipulating CoM vertical 

motion effects running economy. Twelve runners used a visual 

biofeedback system to control their CoM vertical motion 

during running as we measured the metabolic, kinematic, and 

muscle activation responses to the different levels of CoM 

vertical motion. Running economy was strongly correlated to 

CoM vertical motion and was optimized at an intermediate 

CoM vertical motion of 6-8cm. Changes in CoM vertical 

motion were associated with changes in ground contact time 

(TC), stride length (SL), and peak knee flexion angle, as well 

as the magnitude of Biceps Femoris (BF), Vastus Lateralis 

(VL), and Tibialis Anterior (TA) muscle activation.  

Introduction 

Running economy (RE) measured by V̇O2 consumption is 

considered a key indicator of running performance [2]. At a 

particular running speed, RE is optimized through the control 

of key biomechanical factors such as ground contract time 

(TC) and stride frequency (SF)[1]. A recent observational 

study relating kinematic variables to runners’ best time and 

RE, showed that pelvis vertical motion during ground contact 

is strongly correlated with both measures [3]. However, the 

specific relations between CoM vertical motion and RE within 

a runner and the influence of mediating biomechanical factors 

are not well understood. The purpose of this study was to 

determine the effect of systematically manipulating CoM 

vertical motion on RE, kinematics, and muscle activation. 

Methods 

12 trained runners (5 female, 25.5±5.3years, 73.5±8.1kg, 

176.2±5.1cm) participants performed five 6-minutes treadmill 

running trials at a speed of 2.68 m/s while using varying 

amounts of their preferred CoM vertical motion (50%, 75%, 

100% (preferred), 125% and 150%.) Participants used a visual 

biofeedback system to help control their CoM vertical motion 

while V̇O2 (Parvomedic, Sandy, UT), kinematics (120Hz, 

Vicon Motion Analysis, Oxford, UK), and lower limb muscle 

activation (1200Hz, Delsys Inc., Natick, MA) were collected. 

Kinematic and EMG data were analysed for 20 strides during 

the last 2 minutes of each trial, and processed using 4th order 

zero-lag low-pass Butterworth filters (Fc= 20-450 Hz and Fc= 

10 Hz, respectively) (Visual 3D, C-Motion, Germantown, 

MD). Net metabolic power (Watts/s) as a proxy for running 

economy was quantified by averaging the last 2 minutes of 

V̇O2 data during each trial (Matlab, Mathworks, Natick, MA).  

Results 

Running economy was optimized at the preferred CoM 

vertical motion (8.0±0.4 cm) and increased with CoM vertical 

motion greater than preferred (P<.001). Moreover, regression 

analysis showed a strong (R2=.49) curvilinear relation between 

RE and CoM vertical motion whereby RE was optimized at an 

intermediate CoM vertical motion of 6-8 cm (Figure 1). As 

CoM vertical motion increased from 50% to 150% of 

preferred, TC, SL, and peak knee flexion angle increased 

(P<.001, P= .002 and P<.001, respectively). While BF, VL, 

and TA activation increased at CoM vertical motions less than 

preferred (P=.007, P=.004 and P<.001 respectively), TA 

activation decreased at CoM vertical motions greater than 

preferred (P<.001). 

 

Figure 1: Metabolic cost (W/kg) was optimized at 6-8 cm of CoM 
vertical oscillation, which is at or slightly below preferred.  

Conclusions 

The results of this study confirms that CoM vertical motion is 

a key determinant running economy and that RE is optimized 

at intermediate and close to preferred CoM vertical 

oscillations of 6-8 cm. Moreover, these results suggest that 

changes in CoM vertical motion during running are also 

associated with changes TC, stride length, and leg muscle 

activation levels. It would be beneficial for future research to 

investigate the relation between CoM vertical motion and RE 

across a range of running speeds. 
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Summary 
Stair falls are a major problem for older people. The present 
study: a) applied a novel multivariate approach to characterize 
the overall stair behaviour while ascending and descending 
stairs and b) investigated whether the selected stepping 
behaviour was maintained irrespective of step dimensions. K-
means clustering was used to characterize the overall 
behaviour of 70 older (>65 y) and 25 younger adults based on 
biomechanically risky and conservative strategies. Age and 
fall history were not unique factors of the clusters, 
highlighting the limitations of conventional comparisons. 
Moreover, changing the staircase to ‘easier’ step dimensions 
tended to have no effect on the selected stepping behaviour. 
Further research should implement this multivariate method 
using a longitudinal approach to identify the behaviours that 
can differentiate those who will experience a stair fall from 
those who will not. 

Introduction 
Stair negotiation is amongst the most challenging daily tasks 
for older adults, often resulting in falls [1]. Stair fall risk has 
typically been assessed by quantifying mean differences 
between subject groups for single biomechanical parameters 
indicative of risk. This approach overlooks that certain 
individuals within a group may also display more conservative 
strategies, which could compensate for the risky behaviours. 
Moreover, it remains unknown whether the conclusions that 
would be drawn regarding stair fall risk from the step 
dimensions examined, would still apply if the demand of the 
stair-negotiating task changes by implementing different step 
dimensions. The aim of this study was to characterise the stair 
negotiation behaviour based on multiple factors that include 
biomechanically risky and conservative strategies using a 
clustering approach. Furthermore, we investigated whether the 
identified clusters maintained their stepping strategy when the 
task difficulty changes by means of step dimensions.  

Methods 
Twenty-five younger (24.5±3.3 y) and 70 older adults 
(71.1±4.1 y), with (27) and without (43) a history of falling, 
ascended and descended a custom-built instrumented (four 
force plates embedded in the lower steps) seven-step staircase 
(staircase 1: rise 200 mm, going 250 mm) at their self-selected 
pace in a step-over manner without using the handrails. The 
older adults additionally ascended and descended the staircase 
set in an ‘easier’ configuration (staircase 2: rise 150 mm, 
going 280 mm) in a similar manner. Measured biomechanical 
parameters for both staircases included: 1) foot clearance, 
reflecting trip-induced fall risk; 2) foot contact area and 3) 

required coefficient of friction, both reflecting slip-induced 
fall risk; 4) centre of mass angular acceleration (only for stair 
descent), reflecting the ability to control the body against 
gravity as it descends; 5) cadence, an increased speed could 
negatively modify the parameters mentioned before; 6) 
variance of the above parameters, more variance can indicate a 
person’s inability to maintain a safe movement pattern. K-
means clustering was performed to group individuals based on 
the overall biomechanical stair behaviour on each staircase for 
ascent and descent separately. The cluster profiles were 
calculated to examine differences between the compositions of 
the clusters. To correlate membership between the clusters for 
the two stair configurations a Cramer V index was calculated.  

Results and Discussion 

For staircase 1: five clusters during stair ascent and four 
clusters during descent were identified, all containing a mix of 
younger adults, older non-fallers and previous fallers. For the 
‘easier’ staircase 2: three clusters were identified during stair 
ascent and descent, all containing older non-fallers and 
previous fallers. This important finding cannot be captured by 
conventional comparative approaches, which differentiate 
subject groups based on age and fall-history and compare 
mean values. The cluster profiles revealed that clusters 
differed from the overall mean by showing: a) solely risky 
strategies; b) solely conservative strategies; c) a combination 
of risky and conservative strategies or d) no particularly risky 
or conservative strategies. The change to ‘easier’ step 
dimensions did not alter membership of the different clusters, 
indicated by a moderate to strong relationship for ascent 
(Cramer V: 0.364) and descent (Cramer V: 0.332). 

Conclusions 
The clusters were not unique to old age and a previous fall, 
highlighting the limited predictive power of conventional 
comparisons of individual parameters. Furthermore, the stair 
negotiation strategies of the different clusters in stair ascent 
and descent were maintained irrespective of step dimensions. 
This could indicate that 1) manipulating the demand of the 
task within the range of step dimensions studied does not 
affect the underpinning mechanism of a potential stair fall and 
2) detection of at risk individuals is possible using stairs 
within the range of the dimensions studied. The next step is to 
grade the cluster profiles in terms of stair fall risk. To reach 
this important milestone, we are currently linking the clusters 
with stair falls documented over a follow-up period.  
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Summary 

This study aimed to investigate the ankle joint power during 

stair ascent in different foot initial contact strategies and to 

find a better strategy. Twenty healthy young men performed 

stair ascent with two different initial contact methods, i.e., 

rear-foot strike and forefoot strike. Forefoot strike showed 

greater power generation than RFS and greater power 

absorption during forward continuance phase and weight 

acceptance phase, respectively. RFS would be advantageous in 

terms of ankle joint power.  

Introduction 

Though stair walking is one of the most common walking 

modalities [1], it is a demanding task and one of the most 

hazardous activities in daily life [2]. Stair ascent presents a 

greater biomechanical challenge than level walking because 

the body center-of-mass is elevated while maintaining forward 

progression and proper foot placement. As a result, greater 

moments and range of motion of lower limbs are required for 

stair ascent [3-4]. Minimizing joint power would help to 

reduce lower limb injuries, however, there is no study on how 

to reduce the load. Therefore, this study aims to investigate 

joint power during stair ascent in different foot contact 

strategies, which would help to find a better strategy. As a first 

step to this purpose, we investigated the ankle power in this 

article. 

Methods 

Twenty healthy young men participated in this study. A 

motion capture system with 12 cameras (Vicon, UK) and the 

instrumented stairs were used to measure the kinematic and 

kinetic data. The stairs comprised 4 steps with one force plate 

(Kistler, Switzerland) inserted in the 2nd step. The selected 

foot-contact strategies included two different initial contact 

methods, i.e., rear-foot strike (RFS) and forefoot strike (FFS). 

Participants were asked to ascend the stairs at their own 

comfortable speeds and 2 trials were measured for each 

strategy. Ankle joint power during each phase of stair ascent 

were compared between strategies. Phases of stair ascent were 

divided into weight acceptance, pull up, and forward 

continuance [5]. 

Results and Discussion 

Fig. 1 shows the ankle joint power during stance phase of 

stair ascent. Generally, FFS resulted in greater amplitude of 

ankle power than RFS, irrespective of the polarity.  

 Difference in mean ankle power between different foot 

strike strategies was significant for initial and later phases. In 

the weight acceptance phase, the power absorption of FFS was 

greater than that of RFS (-0.45 vs. -0.02 W/kg;  p <0.001). In 

the forward continuance phase, the mean power generation of 

FFS was greater than that of RFS (0.63 vs. 0.45 W/kg; p<0.01)  

FFS strategy would need higher foot position in the swing 

phase, to clear the foot (in the toe-drop posture) from the 

height of next step. This would have required a greater power 

generation during later phase of stance. Accordingly, greater 

power absorption would have been needed for FFS in the 

weight acceptance phase to slow down ankle dorsiflexion 

(toward foot flat) from toe-drop posture. 
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Figure 1: Anke joint power during stair ascent. The soild and dash-

dot lines represent the mean values and the dark and pale gray shades 

represent the standard deviations. 

Conclusions 

FFS strategy showed more power absorption and more power 

generation in the initial and later phase of stance than RFS. 

Therefore, RFS might be a better strategy for stair ascent, in 

terms of ankle power. 
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Summary 
The purpose of this study is to examine the difference in the 
kinematic profiles during walking between indoor and outdoor 
environments. Ten healthy young males were participated in 
this study. The subjects walked about 90m in each environment 
at a self-selected preferred walking speed. The joint kinematic 
of the lower extremity during walking in both environments 
were measured using seven inertial measurement units. The 
coefficients of variation (CV) of the joint angular excursion 
across 30 gait cycles were compared by Wilcoxon signed ranks 
tests. The CV of the ankle plantar flexion excursion in the early 
stance increased in outdoor environment compared to that of 
indoor. This is speculated due to the ankle plantar flexion 
motion in the early stance phase that functions as the shock 
absorber against the irregularities of the environment. 

Introduction 
In daily-living, people walk on uneven terrains with different 
surface characteristics. Usually, the study on gait analysis is 
performed in the laboratory setting where the pathway was 
clean and essentially flat pathway [1]. Measurement and 
analysis of walking in outdoor environment leads to understand 
the adaptation mechanism for achieving stable walking in the 
real-world environment. Thus, this study quantified the 
difference in the excursion variability of joint angles during 
walking between indoor and outdoor environment. 

Methods 
Ten healthy young males with no history of trauma and any 
orthopedic disease were participated in this study. The subjects 
walked about 90m in indoor and outdoor environment at a self-
selected preferred walking speed. Seven inertial measurement 
units (IMU) were attached to the pelvis, bilateral thigh, shank, 
and foot of the subject. Joint angles of the hip, knee and, ankle 
in the sagittal plane were estimated based on IMU orientations 
using DhaibaWorks, in-house software for motion analysis [2]. 
The joint angular excursions were calculated from the data for 
30 strides during the steady-state walking. The CV as an 
indicator of the variability of the joint angular excursion was 
calculated from these average and standard deviation. 

Wilcoxon signed ranks tests were used to identify statistically 
significant differences in the CV of the hip, knee, and ankle 
between indoor and outdoor environments. 

Results and Discussion 

The CV of the ankle plantar flexion excursion in the early 
stance in outdoor environment was increased significantly than 
that value of indoor environment (Figure 1). On the other hand, 
there were no differences in those of the hip and knee between 
walking environments. Previous study reported that the peak 
joint angle and the standard deviation across the gait cycle were 
increased during walking on a destabilizing rock surface created 
in a laboratory [3]. The results of this study were not fully 
consistent with the previous study. This is because the surface 
irregularities of outdoor environment in this study were smaller 
than those one used in the previous study. However, even under 
outdoor environment with small irregular surface, the 
variability of the ankle plantar flexion excursion increased as 
reported in this study for adapting to the irregularities of the 
road surface. On the other hand, the proximal joints in the lower 
extremity were not affected by the road surface. This is 
speculated due to the ankle plantar flexion motion in the early 
stance phase that functions as the shock absorber against the 
irregularities of the environment.  

Conclusions 
The ankle plantar flexion motion that functions as the shock 
absorber against the irregular road surface contribute to achieve 
stable walking in outdoor environment.  
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Figure 1: CV of each joint excursion during walking in the indoor (red) and outdoor (blue). CV, Flex, Ext, PF, and DF indicate 

coefficient of variation, flexion, extension, plantar flexion, and dorsiflexion, respectively. 
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Summary 

Uneven terrain causes fluctuations in walking speed. Some 

fluctuations follow the physical height change of each step, 

but humans might also actively adjust their speed in anticipa-

tion of upcoming terrain [1]. Simultaneity makes these two 

effects difficult to separate, but speed fluctuations over a com-

plex ground profile could potentially be deconstructed into a 

fluctuation waveform for a single (1-) perturbation alone. The 

1-perturbation waveform should then be able to predict speed 

fluctuations for other ground profiles. We tested this by meas-

uring humans (N = 5) walking over a complex terrain profile, 

and deconstructing the 1-perturbation waveform. This wave-

form exhibited anticipatory adjustments several steps in ad-

vance. It also predicted the speed fluctuations for an inde-

pendent and different ground profile (R = 0.75). Humans make 

systematic and anticipatory speed adjustments for each up-

coming perturbation, even when they occur in succession. 

Introduction 

Upward uneven steps cause a momentary loss of walking 

speed, and downward steps a gain. Humans can also adjust 

their instantaneous speed beforehand. A simple dynamic 

walking model [1] suggests that walking speed dynamics may 

be approximately linear and superimposable. Superposition 

means that the speed fluctuations for a single perturbation may 

be deconstructed from that for a complex ground profile. Any 

speed changes observable prior to the perturbation are acausal, 

and signify active (visual) anticipation by the human. 

Superposition also suggests that movement planning over 

complex terrain could be a simple matter of repeatedly 

applying the 1-perturbation locally, one step at a time, rather 

than requiring global planning for all steps at once. 

Superposition facilitates the linear operations of deconvolution 

and convolution. Deconvolution is a form of linear regression, 

applied here between a complex ground height profile and 

corresponding speed fluctuation data, to deconstruct the 1-

perturbation waveform, or kernel. The kernel describes speed 

fluctuations in the steps before and after a single small 

perturbation. It may also be convolved with an arbitrary 

ground profile to predict new speed fluctuations, and therefore 

test for generalizability.  

Methods 

We measured human speed fluctuations [2] (N = 5) on a 17 

steps uneven terrain profile (Figure 1A). We deconvolved 

these data into a hypothetical 1-perturbation kernel or speed 

waveform (Figure 1B) for a single upward perturbation. We 

tested whether the kernel included an anticipatory speed ad-

justment, as well as its ability to predict speed fluctuations for 

an independent terrain profile (Figure 2A). 

 

Figure 1: (A.) Multi-step terrain profile, with zero mean and a stand-

ard deviation of height of 5.9 cm (B.) Corresponding walking speed 

fluctuations vs. time on this uneven terrain with shaded ±1 std (verti-

cal bar denotes first uneven step). (C.) Deconvolved 1-perturbation 

kernel for a single height variation of 2.5 cm (vertical bar denotes the 

single height perturbation). 

Results and Discussion 

The identified 1-perturbation kernel was found to reproduce 

the training data reasonably well (R = 0.75). It also predicted 

speed fluctuations for the independent terrain reasonably well 

(R = 0.71; Figure 2B).  

 

Figure 2: (A.) Independent uneven terrain for testing, with 3 steps 

up, 2 steps level and 3 steps down. (B.) Measured and predicted 

speed on this terrain with shaded ±1 std (vertical bar denotes the une-

ven step) 

Conclusions 

The strategy for a single perturbation applies to many in suc-

cession, suggesting a simple and general way to plan for arbi-

trary ground profiles.  
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Summary 

The intrinsic foot muscles are known to contribute to postural 
control during upright stance and locomotion. However we 
know little about the role of these muscles in stabilization 
following unexpected perturbations. We conducted an 
experiment in which subjects were trained to repeatedly step at 
a particular height with visual and audio cues removed. After a 
random-length period of stepping, subjects were perturbed by 
an unexpected change in step height. Activation increases of 
Flexor Digitorum Brevis (FDB) and Soleus (SOL) were larger 
in surprise step downs than surprise step ups, while the opposite 
was true for Abductor Hallucis (AH). Additionally, since AH 
activation increased only after ground contact in surprise down 
steps, it may be comparatively more driven by muscle stretch-
reflex than FDB and SOL, whose activation did increase prior 
to ground contact. These results suggest that individual foot 
muscle responses to unexpected perturbations are task and 
loading specific.  

Introduction 

The intrinsic muscles of the foot are the primary active 
mechanism regulating contact dynamics between the foot and 
the ground. While the foot muscles help balance the body 
during postural tasks [1] and can generate and dissipate 
significant energy [2], it is not clear how they are controlled in 
relation to sensory feedback to stabilize the body, compared to 
each other and the ankle extensors. In our experiment, subjects 
encountered an unexpected step downwards (via removal of 
audio-visual feedback) after acclimating to stepping upwards, 
and vice versa. We measured activations of AH, FDB, and SOL 
to determine to what extent they respond differently to expected 
vs unexpected step conditions. 

Methods 

Subjects (N=9) stood on a 8.7 cm platform resting on a force 
plate and wore blinders which blocked vision of the room below 
the level of their head as they took steps onto a force plate in 
front of them. They wore headphones which played music at a 
volume to block noises that could be used to predict step 
conditions. Subjects were constrained to clear a minimum 
swing foot peak clearance of 12 cm (via a proximity sensor) to 
avoid tripping on unexpected upwards steps. 

As training, subjects took high-clearance steps onto a platform 
of equal height, coming to a rest on the platform before stepping 
back to prepare for the next step. During the experiment, the 
first step of each of the 20 trials was unknown and could be rigid 
level, compliant level, 8.7 cm upwards, or 8.7 cm downwards. 
After taking a random number of steps (between 1 and 10) of 
the same step type, the final step was then of the opposite type, 
in which rigid vs compliant, and up vs down were the possible 
pairings. Only upwards and downwards steps are reported here. 

Marker motion on the legs and pelvis, including a 3-segment 
foot model of the right foot, was recorded at 200 Hz. Fine-wire 
EMG of the FDB and AH muscles, as well as surface EMG of 
the SOL was also recorded from the right leg. EMG 
measurements and the forces from two force plates were 
recorded at 4000 Hz and synchronized to the motion data. 
Inverse dynamics was used to estimate joint moments and 
powers for each step (not discussed here for brevity). 

Results and Discussion 

We found that peak and average activation levels rose in all 
muscles during surprise step ups and downs, in comparison to 
expected step heights. All 3 muscles had earlier peaks in 
activation for surprise step ups in comparison to surprise step 
downs (Fig. 1). For FDB and SOL, peak activation was highest 
in surprise step downs, whereas for AH peak activation 
occurred in surprise step ups. Peak activation of AH, FDB, and 
SOL increased by 8%, 77%, and 63% for surprise downwards 
steps, whereas they increased by 40%, 29%, and 44% for 
surprise upwards steps (compared to expected downwards and 
upwards steps respectively). 

 
Figure 1: Muscle activation patterns for surprise step downs (left, 

red) and surprise step ups (right, blue), N = 9. Average contact timing 
shown (dotted lines), with shaded regions representing earlier than 

average contacts for the surprise steps. 

Conclusions 

We found significant differences in activation of the foot and 
ankle muscles when comparing surprise step ups to step downs. 
Subjects tended to use SOL and FDB comparatively more when 
surprised with downwards steps than upwards steps, whereas 
the contrast was true for AH. Notably, subjects did not activate 
AH more strongly in the time between expected contact and 
actual contact for surprise down steps, whereas FDB and SOL 
did (Fig 1). AH could therefore be more strongly driven by 
muscle stretch reflex. This suggests the individual foot and 
ankle muscles play different roles in perturbation recovery that 
may not be evident in analysis of steady-state locomotion. 
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INTRODUCTION  

Downhill walking is an inevitable part of daily living and 

causes higher knee joint loading compared to level walking 

in young healthy populations [1,2]. A previous study [3] of 

total knee replacement (TKR) patients showed that the peak 

knee extension moment (KEM) of the replaced limb for 

TKR patients was lower than those in healthy participants in 

downhill walking.  Currently, no studies have explored knee 

biomechanics during walking on different downhill slopes in 

TKR patients. Therefore, the purpose of this study was to 

compare knee biomechanics of the replaced limb to the non-

replaced limb of TKR patients and healthy controls during 

walking on level ground and declined surfaces of 5°, 10° 

and 15°.  

METHODS 

Twenty-five TKR patients were recruited from a local 

orthopedic clinic (68.8 ± 4.9 years, 1.70 ± 0.11m, 83.2 ±15.6 

kg, 22.1 ± 11.72 months from surgery). Ten older adults 

between the ages of 50 and 75 years without any lower 

extremity pathology participated in the study as healthy 

controls (69.1 ± 4.5 years, 1.74 ± 0.12 m, 75.0 ± 23 kg). 3D 

kinematic data were collected using a 12-camera motion 

capture system (240 Hz, Vicon). A customized instrumented 

ramp system with two separate walking surfaces/structures 

bolted on to two force platforms (1200 Hz, AMTI) were 

used to collect ground reaction force (GRF). Participants 

performed 5 trials each in level walking (0°) and downhill 

walking on 5°, 10° and 15° declined surfaces. Visual 3D (C-

Motion) was used to compute 3D kinematics and kinetics. 

Marker and GRF data were filtered at a cutoff frequency of 

8 Hz using a low-pass filter. All joint moments were 

computed as internal moments.  

A 2 x 2 x 4 (limb x group x slope) mixed model ANOVA 

was used to examine the interactions and main effects of 

selected dependent variables (p<0.05, SPSS 24.0). Post-hoc 

comparisons with Bonferroni adjustments were used to 

detect differences between limbs and slopes. 

RESULTS AND DISCUSSION 

TKR patients had greater BMI than healthy controls 

(p=0.014). Participants walked significantly faster on level 

ground than on all three declined surfaces (p<0.001 for all 

comparisons). No differences of speed in all slope 

conditions were found between TKR and healthy groups.  

A significant limb x slope x group interaction was present in 

peak loading-response KEM (p=0.006, Table 1). A limb x 

slope interaction was also found for peak loading-response 

KEM in TKR group (p=0.004). KEM increased significantly 

across most slope comparisons in both replaced and non-

replaced limbs (p≤0.026 for all comparisons). The non-

replaced limb had greater peak loading-response KEM than 

the replaced limb in all downhill walking conditions 

(p≤0.048 for all comparisons). The non-replaced limb and 

replaced limb showed lower peak loading-response KEM 

than the matched limb of healthy controls in 5° and 10° 

downhill walking, respectively (p≤0.047 for all 

comparisons). No differences were found in loading-

response knee abduction moment (KAbM) between 

replaced, non-replaced and matched limb of healthy controls 

(Table 1). 

CONCLUSIONS 

The results from this study demonstrated that the replaced 

limb of TKR patients had lower peak loading-response 

KEM than healthy and non-replaced limb. Greater peak 

KEM was found in downhill walking compared to level 

walking. These results indicate that downhill walking may 

increase overall knee joint loading and therefore may not be 

appropriate to be included in early stage rehabilitation 

protocols following TKR surgery. However, increased slope 

does not seem to affect medial compartment loading. 
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Table 1. Selected knee moments (Nm/kg) during downhill walking (mean ± std). 

Variable Group Limb 0° 5° 10° 15° 

Peak KEM^X*# TKR Replaced 0.35±0.21abc 0.44±0.22bc 0.58±0.24c& 0.75±0.27 

Non-Replaced 0.38±0.22abc& 0.53±0.24bc&$ 0.75±0.29c$ 0.94±0.39$ 

Healthy Limb one 0.49±0.29 0.57±0.30 0.81±0.40  1.00±0.41 

Limb two 0.57±0.26 0.68±0.22 0.89±0.26 0.96±0.41 

Peak loading-response KAbM TKR Replaced -0.36±0.12 -0.35±0.14 -0.36±0.15 -0.38±0.14 

Non-Replaced -0.41±0.20 -0.42±0.21 -0.44±0.22 -0.44±0.23 

Healthy Limb one -0.43±0.14 -0.42±0.11 -0.45±0.12 -0.42±0.13 

Limb two -0.43±0.15 -0.41±0.15 -0.41±0.19 -0.42±0.20 

^: significant limb x slope x group interaction; Y: significant slope x group interaction; Z: significant limb x slope interaction; *: Significant 

slope main effect; @: Significant group main effect; #: Significant limb main effect; b: significantly different from 10°, c: significantly 

different from 15°; $: significantly different from replaced limb; &: significantly different from healthy controls; β: significantly different 

between 0° and 10°; γ: significantly different between 0° and 15°. 
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Summary 
Total knee arthroplasty (TKA) candidates are demographically 
and biomechanically heterogeneous and can be well 
characterized by four cluster phenotypes related to functional 
improvement post-TKA. Cluster profiling can support triaging 
and developing osteoarthritis (OA) treatment and surgical 
strategies to meet individual or group-level function needs.  

Introduction 
Identifying knee OA patient phenotypes is relevant to 
assessing treatment efficacy. This study aimed to i) identify 
biomechanical phenotypes among TKA candidates based on 
demographic and gait mechanic similarities, and ii) compare 
objective gait improvements between phenotypes post-TKA.  

Methods 
Patients scheduled for TKA underwent 3D gait analysis one-
week pre (n=134) and one-year post-TKA (n=105). Principal 
component analysis was applied to frontal and sagittal knee 
angle and moment gait waveforms, extracting the major 
patterns of gait variability. Demographics (age, gender, BMI), 
gait speed, and frontal and sagittal pre-TKA gait angle and 
moment PC scores previously found to differentiate gender[1], 
OA severity[2], and symptoms[3] of TKA recipients were 
standardized. Multidimensional scaling (2D) and hierarchical 
clustering were applied to the feature set [134x15]. Number of 
clusters was assessed by silhouette coefficients, s, and stability 
by Adjusted Rand Indices (ARI). Clusters were validated by 
examining inter-cluster differences at baseline, and inter-
cluster gait changes (PostPCscore–PrePCscore, n=105) by k-way 
Chi-Squared, Kruskal-Wallace, ANOVA and Tukey's HSD.  
Results and Discussion 

Four (k=4) TKA candidate groups yielded optimum clustering 
metrics (s=0.4, ARI=0.75) (Figure 1, Table 1). Cluster 1 
consisted of males who walked with faster gait speeds, higher 
adduction moment magnitudes (PC1 3,4>1), and more 
adduction moment (PC2 2,3,4<1; PC3 2,3<1), flexion moment 
(PC2 2,3,4<1) and flexion angle range (PC4 2,3,4<1); a 
higher-functioning male phenotype, most resembling 
asymptomatic patterns[2]. Cluster 2 was older, also mostly 
male with slower gait speeds, and less flexion (PC2 2<1,4) 
and adduction moment (PC2 2<1,4) range; an older, “stiff-
kneed” gait male phenotype. Cluster 3 was mostly female with 
slower gait speeds, lower flexion angle magnitudes (PC1 
3<1,2,4), and less flexion angle (PC2 3<1,2), flexion moment 

(PC2 3<1,2,4), and adduction moment range (PC2 3<1,4); a 
slow female phenotype, with the “stiffest-kneed” gait among 
the clusters. Cluster 4 was mostly female with faster gait 
speeds and less stiff kinematic and kinetic patterns relative to 
Clusters 2 and 3; a higher-functioning female phenotype. 
Higher-functioning clusters had less gait improvement post-
TKA (flexion angle ∆PC2 1,2,4<3 p<0.001, flexion moment 
∆PC2 4<2,3 p=0.009, adduction moment ∆PC2 1<3, p=0.01), 
with some sagittal range patterns decreasing post-operatively.  
 

 

 
Figure 1: Mean pre-TKA gait waveforms for Cluster 1 (solid blue); 

Cluster 2 (orange dashed), Cluster 3 (red dot-dashed), Cluster 4 
(dotted). Grey denotes 209 asymptomatic patterns (mean±sd). 

Conclusions 
Functional gains after TKA were cluster-specific; stiff-gait 
clusters experienced more improvement, while higher-
functioning clusters demonstrated some functional decline. 
Results suggest the presence of cohorts who may not benefit 
functionally from TKA[4]. Profiling may aid in triaging and 
developing patient-specific OA management approaches.   
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Table 1: Mean (sd) pre-TKA clusters by descriptive variables (* denotes α <0.05).      
Cluster 1 Cluster 2 Cluster 3 Cluster 4 p-value Tukey HSD 

Female, Male|| 0 , 7 3 , 44 32 , 2 43 , 3 <0.001* 
 

Age (years) 59.1 (8.4) 67.0 (7.4) 62.9 (8.1) 62.6 (6. 7) 0.006* 1,4<2 
BMI (kg/m2) 31.3 (5.0) 33.1 (6.2) 35.1 (6.6) 32.2 (5.7) 0.2 

 

Speed (m/s) 1.2 (0.2) 0.8 (0.2) 0.7 (0.1) 1.0 (0.1) <0.001* 3,2<1; 3<2<4 
KL Global 4.0 (3,4) 4.0 (3,4) 4.0 (3,4) 4.0 (3,4) 0.4 - 
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Summary 

Gait deviations seem persistent after total knee arthroplasty 

(TKA). The gait of TKA patients and asymptomatic controls 

are commonly compared at their comfortable walking speed 

(CWS). We aim to identify deviating gait biomechanics of 

TKA patients that are not contaminated by differences in gait 

speed. After correcting gait parameters for speed gait 

deviations remained. At CWS, TKA patients walked with 

lower knee extension moments compared to controls. 

Increased gait speed showed strong impacts on the gait of 

TKA patients, increasing knee and hip flexion moments 

beyond that of controls. These greater peak moments put more 

strain on muscles and joints. Hence, for TKA their adaptations 

may be beneficial over asymptomatic gait patterns. 

Introduction 

Total knee arthroplasty (TKA) is a successful treatment for 

end-stage knee osteoarthritis, but TKA patients remain to 

show different gait patterns compared to asymptomatic 

controls. However, comparisons are made at CWS, which is 

lower in TKA patients. This makes it difficult to conclude 

whether the identified differences are gait adaptations related 

to the TKA or due to differences in walking speed. Therefore, 

the aim of this study is to identify deviating gait biomechanics 

of TKA patients that are not contaminated by differences in 

gait speeds. 

Methods 

18 patients that have undergone TKA more than 1 year ago 

(age 68.5±2.7) walked at CWS and 130% CWS, to challenge 

the gait. All patients were 1-to-1 matched on age, gender and 

BMI to an asymptomatic control. Controls walked at CWS 

and at 4 fixed speeds, covering the range of patient walking 

speeds. External sagittal joint moments of the hip, knee and 

ankle were calculated over the gait cycle. Kinetic variables of 

controls were corrected for speed using a using Principal 

Component Analyses (PCA) based reconstruction method[1]. 

Speed related PCs were obtained, PC scores were interpolated 

to match CWS and 130%CWS for each patient and used for 

reconstruction, allowing comparison at equal walking speeds. 

PCA was used to detect differences in waveform 

characteristics between TKA patients and asymptomatic 

controls. PC models were created for each variable of interest, 

using Horns parallel analysis[2]. Mixed Model ANOVAs were 

performed on PC scores of the extracted PCs. 

Results and Discussion 

PC scores showed significant speed, group and interaction 

effects for the sagittal hip, knee and ankle moments (Fig.1). 

The greatest group differences were shown at late stance. TKA 

patients showed gait adaptations that yielded a late stance knee 

extension moment that was less than half compared to 

asymptomatic controls (group effects on magnitude operators 

p<0.05). However, this adapted walking pattern also yielded 

an increase in the late stance hip extension moment (group 

effects on magnitude operators p<0.05). Adding the extra 

challenge of gait speed, resulted in greater increase in knee 

flexion moment during loading response, beyond that of 

controls, and an increased knee extension and ankle 

dorsiflexion moment during late stance, in contrast to controls 

who showed no increase (interaction effect on the knee 

difference operator and ankle magnitude operator p<0.05). 

Lower external knee flexion and extension moments, cause 

lower internal moments that have to be generated by the knee 

muscles and consequently the joint contact force may be 

lower. However, an increased hip extension moment can be a 

negative side-effect to the reduced knee moments. 

Conclusions 

Deviations in gait of TKA patients at CWS and a challenging 

gait speed are identified when correcting for walking speed. 

Gait pattern adjustments may be aimed mainly at minimizing 

the knee joint moment. These gait adaptations were not 

retained at higher gait speed, which may explain the lower 

CWS of patients. 

While asymptomatic gait is regarded as optimal for TKA 

patients, one should question this based on this kinetic 

comparison. Future research might reveal whether these TKA 

gait adaptations are beneficial. 
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Figure 1: Hip (A), knee (B), ankle (C) moments for controls (CN) and TKA patients (TKA) at 100 and 130% CWS of the patients (pCWS). 
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Summary 

The impact of knee laxity following total knee arthroplasty 
(TKA) on post-operative knee dynamics is not fully 
understood, and knee kinematics and kinetics likely influence 
patient perceptions, clinical performance, and component 
wear. The purpose of this study was to characterize intra-
operative knee laxity and identify any relationship to frontal 
plane knee excursion or peak varus moments during gait. No 
significant associations were identified in 25 participants two 
years following surgery. 

Introduction 

Orthopaedic surgeons stress the importance of adequate knee 
stability to favorable outcomes following TKA, and novel 
systems have been developed which accurately quantify knee 
laxity and stiffness intraoperatively [1]. Freisinger et al. 
previously identified a relationship between greater intra-
operative varus-valgus laxity and frontal plane knee motion 
during gait in patients with severe osteoarthritis, however it is 
unknown to what extent knee laxity influences long-term 
postoperative biomechanics [2]. 

The purpose of this study was to characterize intra-operative 
varus-valgus knee laxity (VV Lax) and identify if laxity was 
related to frontal plane knee dynamics during gait two years 
following surgery. We hypothesized that greater laxity, 
following implantation of TKA components, would be 
associated with more varus-valgus excursion (VV Exc) and 
larger peak knee varus moments (pKVarusMom) during the 
weight acceptance phase of gait. 

Methods 

Twenty-five individuals (26 knees, 9 male:16 female, 62.9 ± 
8.0 yr, 1.67 ± 0.11 m, 97.4 ± 18.3 kg, 34.7 ± 5.4 kg/m2) 
provided IRB approved consent to participate in this study and 
had complete data sets. Exclusion criteria included Body Mass 
Index > 45 kg/m2, inability to walk without assistive device, 
predominately lateral component osteoarthritis, or revision 
TKA. VV Lax was quantified using frontal plane knee angle at 
applied moment of ±10 Nm after implantation of prosthetic 
components while the patient was under anesthesia. The knee 
stability device is further described and validated in Siston et 
al. [1]. VV Exc (degrees) and pKVarusMom (percent 
bodyweight*height) were calculated during gait analyses 

conducted 2 years following surgery, using similar techniques 
to those described in Freisinger et al. [2]. Pearson correlations 
were used to test for associations between VV Lax and VV 
Exc / pKVarMom. Significance was set at alpha = 0.05. 

Results and Discussion 

Surgical and biomechanical variables of interest are shown in 
Table 1. No significant associations were found between VV 
Lax and VV Exc (R = -0.25, p = 0.23) (Figure 1) or VV Lax 
and pKVarMom (R = 0.03, p = 0.88). Gait speed was explored 
as a potential covariate, however this did not change the 
absence of association between intraoperative laxity and knee 
dynamics during gait. All variables were normally distributed. 

 
Figure 1: Scatterplot of intraoperative varus-valgus laxity (VV Lax) 

and varus-valgus excursion (VV Exc) during gait. 

Conclusions 

Contrary to our hypotheses, VV Lax was not significantly 
associated with VV Exc or pKVarusMom. This differs from 
previous research relating frontal plane laxity to excursion in 
osteoarthritic knees [2]. Thus, further study is needed to 
investigate the influence of intra-operative knee stability on 
knee dynamics two years following surgery and to identify 
surgical factors that are linked to biomechanical knee function. 
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Table 1. Surgical and biomechanical variables of interest. 

  
Varus-Valgus 
Laxity (deg) 

Time from  
Surgery (years) 

Static Knee Varus 
Angle (deg) 

Gait Speed 
(m/s) 

Varus-Valgus 
Excursion (deg) 

Peak Knee Varus 
Moment (%BW*ht) 

n = 26 5.6 ± 3.2 2.15 ± 0.15 -2.0 ± 4.4 1.15 ± 0.21 4.8 ± 1.5 2.26 ± 1.01 
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Summary 

People with ankle osteoarthritis (AOA) often seek surgical 

treatment to ease pain and restore function, and recent research 

has yielded relatively equal outcomes between the two primary 

options: ankle fusion (FUS) and total ankle replacement 

(TAR). One factor missing is the effect footwear has on 

biomechanical outcomes. The aim of this study was to 

determine how footwear affects gait in FUS and TAR. People 

with AOA performed walking trials barefoot and shod prior to 

surgery, and returned for gait analysis three years later. 

Examining the interaction between footwear and surgical 

intervention, the two groups yielded both favorable and 

disadvantageous results, which are consistent with previous 

literature examining biomechanical outcomes between 

arthroplasty and arthrodesis. While this study provides insight 

into the effects of footwear on gait, the ideal surgical 

intervention remains elusive and may largely vary by patient.  

Introduction 

AOA is a progressive disease that often leads to pain, impaired 

function, and reduced quality of life [1,2]. While FUS has 

traditionally been the surgical treatment of choice for AOA [3], 

recently TAR has become increasingly popular for its potential 

to mitigate complications arising from FUS. Studies comparing 

outcomes between the two interventions reported similar 

improvements in pain, gait speed, and biomechanics [4-6]. One 

consideration previously neglected is the effect of footwear as 

shod gait may alter biomechanical parameters. The purpose of 

this study was to measure how FUS and TAR ambulate 

differently when walking barefoot versus shod. 

Methods 

Thirty-six persons with AOA participated (14 FUS and 22 

TAR). Data were collected pre-surgery and three years post-

surgery. During each visit, reflective markers were placed 

bilaterally in accordance with the Vicon Plug-in Gait model. 

Kinematics (12-camera Vicon Motion System, 120 Hz) were 

collected as participants walked across a walkway with 

embedded force plates (AMTI and Bertec, 1,200 Hz) both 

barefoot and shod. Sagittal hip, knee, and ankle angles, 

moments, powers, and ground reaction forces were calculated. 

Peaks and angle ranges of motion were extracted as previously 

described by Segal et al. [6]. Gait cycle parameters were also 

calculated. A series of 2×2 (footwear×surgical group) linear 

mixed model regressions were performed to identify how 

footwear affects gait on the affected side between the two 

surgical interventions (FUS and TAR). Pre- and post-surgery 

outcomes were analyzed separately with speed as a covariate. 

Results and Discussion 

Statistical analyses detected numerous significant 

footwear×surgical group interactions. Many differences present 

pre-surgery were reduced, but some discrepancies were non-

existent pre-surgery and emerged following surgery during 

shod walking only. Comparing each surgical group separately 

for barefoot and shod, all individuals increased their step length 

while shod at their three-year follow-up but FUS did not 

increase their unaffected step length to the same extent 

(unaffected step 3.7±8 cm shorter than affected) compared to 

TAR (unaffected step 1.5±6 cm shorter than affected) 

(P=0.04). Heel strike transients increased in FUS while shod 

three years post-surgery (8.0±0.5 N) compared to those with 

TAR (5.2±0.5 N) (P<0.01). Examining the effect of footwear 

separately from surgical group three years post, FUS 

demonstrated significantly larger impact forces while shod 

(bare: 5.6±0.4 N, shod: 7.9±0.5, P=0.001), whereas TAR 

showed no difference in heel strike transient based on footwear 

(bare: 5.4±0.4, shod: 5.3±0.5, P=0.88).  

Interestingly, FUS exhibited increased heel strike transients 

while shod compared to barefoot, which is surprising given the 

literature suggests impact forces decrease when shod [7]. One 

theory is FUS are more comfortable taking longer steps and 

applying greater forces to their affected limb while shod, 

potentially due to less pain or greater confidence, however 

future analysis is needed to verify this prediction.  

Conclusions 

This study directly compared barefoot and shod walking in 

persons with AOA treated with a fusion or total joint 

replacement. FUS step length was more asymmetric compared to 

TAR, with increased heel strike transient; a normative 

comparison group may reveal if this is a benevolent outcome.  

This work is funded by the Department of Veterans Affairs 

Rehabilitation R&D Service grants A4513R and A4843C.  
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Summary 

Each skeletal muscle commonly comprises a muscle-tendon 
unit (MTU) where muscle fibers act as actuators while 
tendinous tissues act as elastic springs. Recent findings 
however point to the need to view skeletal muscles as the 
unity of multiple MTUs interacting with each other. Some in 
vivo findings in favor of this notion are reviewed. 

Introduction 

Skeletal muscles are comprised of muscle fibers packed in 
bundles (fascicles) that extend from proximal to distal 
tendinous tissues (tendons and aponeuroses). Each skeletal 
muscle therefore can be regarded as a muscle-tendon unit 
(MTU) where fascicles function as linear actuators while 
tendinous tissues act as linear springs in series with fascicles 
[1]. However, an MTU never exists alone, and adjacent as 
well as remote MTUs are more or less connected and covered 
with the fascial structures. Among the systematic network of 
fascial structures, the deep fascia represents a “container” of 
the surrounded MTUs and provides a “base” for internal 
muscle contractions [2]. Hence, as the major mechanical 
interface of the fascial system, the deep fascia may act as a 
mediator of MTU functions. Owing to the collagen fibers that 
formulate layered sheaths as comprising elements, the deep 
fascia can be an elastic structure [3]. In this session some 
evidence is reviewed to discuss the musculo-tendinous-fascial 
interactions during joint actions.  

Some Findings and Discussion 

Otsuka et al. [4] studied in detail cadaveric fascia lata samples, 
and found site-specific (anteroposterior and mediolateral) 
differences in thickness, fractions of collagen fibers in 
different directions and stiffness, which were gender-specific. 
They suggested that such site- and gender-specificity of the 
morphological characteristics and elastic properties of the 
fascia lata reflect underlying MTUs’ architecture to match 
their functions. 

They further carried out in vivo measurements of human fascia 
lata elasticity using ultrasonography and elastography [5]. It 
was found that the fascia lata became stiffer as the muscle 
activation level increased, the magnitude of which was 
comparable with that of underlying muscles. This suggests 
sizable force transmission onto the fascia lata from underlying 
MTUs. There were differences in the fascia lata stiffness 
changes in longitudinal and transverse directions, possibly 
reflecting unique roles of this structure that are linked with 
underlying MTUs’ contractions (Fig. 1). 

Another recent study, taking a similar approach to the 
cadaveric aponeuroses of the triceps surae MTUs for the 
morphological and mechanical properties, also revealed 
considerable anisotropy and site-specific differences [6]. 
Collectively, it can be assumed that muscle-tendinous-fascial 
structures interact with each other in such a way that they 
comprise myofascial functional entity, to contribute to human 
motor performance. 

 
 

Figure 1: Schematic illustrations of the changes in fascia lata with 
muscle contraction. Anisotropic stiffening in the longitudinal and 

transverse directions is illustrated [5]. 

Conclusions 

In vivo as well as ex situ evidence hints to the notion that the 
muscle-tendon units should be regarded as a functional entity 
connected throughout the multi-level fascial system. 
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Summary 

To better understand human locomotion, it is necessary to 

assess the mechanical behaviour of individual muscles in vivo 

and relate it to joint function. For this purpose, we developed a 

novel intra-operative method that measures hamstring muscle 

forces with respect to knee angles in vivo. We applied this 

approach during remedial surgery and found that (i) if the 

hamstring muscles of patients with cerebral palsy (CP) are 

activated alone, they do not show mechanical characteristics 

causing knee joint restriction, however, (ii) if the hamstring is 

activated together with antagonistic or synergistic muscles, an 

increase in exerted forces measured at the tendons is observed. 

These findings demonstrated the importance of inter- and 

extra-muscular myofascial connections in force exertion. In 

part, these experiments explain joint restrictions in CP. 

Introduction 

Current methods that evaluate skeletal muscle function in vivo 

are based on indirect approaches. These approaches have 

limited capabilities to understand the mechanics of muscles. 

This is particularly true for pathological cases. Hence, this 

work focused on (i) developing a novel intra-operative 

experimental approach to determine mechanical behaviour of 

muscles in vivo, (ii) to assess whether the mechanical 

behaviour of knee flexor muscles of children with CP is 

representative of the limited knee joint function, and (iii) how 

simultaneously activating an antagonistic muscle and 

synergistic muscles affect the muscle’s mechanical behaviour.  

Methods 

In the operating room, a buckle force transducer was mounted 

to the tendon of gracilis [1], semitendinosus (ST) [2], and 

semimembranosus (SM) [3] muscles of children with CP. 

Before muscle lengthening surgery, isometric forces of the 

activated muscle were measured at different joint positions. 

Gracilis [4] and ST [5, 6] muscle forces were measured during 

co-activity of an antagonistic muscle and synergistic muscles.  

Results and Discussion 

Even though children with CP were taken to surgery due to 

severe knee joint limitations, force vs knee angle data 

collected from individually activating the gracilis [1] (e.g. 

Figure 1A), ST [2], or SM [3] showed no abnormal 

mechanical characteristics such as narrowed joint range of 

force production or high flexion forces. Co-activating the 

antagonistic vastus medialis, substantially changed the 

mechanics of gracilis [4] (e.g. Figure 1B). Moreover, when 

activating ST together with antagonistic [5] (Figure 1C) and/or 

synergistic [6] muscles, systematic and significant increases in 

forces were found. This suggests that muscle co-activity may 

enhance the severity of the joint limitation in CP. In addition, 

the passive forces of gracilis was at most 26% of its optimal 

active force. This emphasizes the importance of the muscles’ 

active state contribution to the joint limitation rather than its 

passive one. The findings on the passive and active 

characteristics of spastic muscles were consistent with 

observed abnormalities found at gait.  

Figure 1: Forces-knee angle characteristics of (A) a gracilis muscle 

(GRA) activated alone [1], (B) a GRA activated together with its 

antagonist vastus medialis [4], and (C) semitendinosus (ST) muscle 

activated alone, together with antagonist vastus lateralis (ST+ant) as 

well as synergist GRA and semimembranosus (ST+syn+ant) [5].  

Conclusions 

We found that synergistic and antagonistic co-activity changed 

the mechanics of individual muscles. These findings indicate 

the importance of fascial connective tissue on muscular 

interactions leading to joint restriction in CP. This information 

is highly relevant for clinical decisions to perform surgery.   
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Summary 

The present study tested the hypothesis that increasing 
Achilles tendon stiffness by means of resistance exercise 
training will increase the effectiveness of calf stretching 
exercises for increasing gastrocnemius muscle fascicle length 
in children with CP. Measurements were taken in an 
intervention group of children with CP (n=9; 4 weeks of calf 
muscle strength training followed by 6 weeks of combined 
calf stretching and strengthening exercises) and a control 
group of children with CP (n=7; 4 weeks of arm muscle 
strength training  followed by 6 weeks of calf stretching 
exercises). No changes in fascicle length or tendon stiffness 
were observed in the control group after the 10-week exercise 
program. In contrast, in the intervention group resting fascicle 
length increased by 8% p<0.001) and Achilles tendon stiffness 
increased by 50% (p=0.002). An increase in the number of 
sarcomeres in-series may explain the increased fascicle length 
post-intervention. The present study provides proof of 
principle that muscle remodeling in patients with CP is 
possible by conservative treatment.  

Introduction 

Movement dysfunction and a reduced joint range of motion in 
children with CP is thought to be linked to the affected 
muscles being shorter and stiffer [1]. Stretching is often used 
to increase/maintain muscle length, however, outcomes are 
highly variable and often unsatisfactory [2]. We recently 
showed that during passive joint rotation the Achilles tendon 
lengthens more than the in-series gastrocnemius muscle in 
children with CP [3]. This indicates that the stretching 
stimulus may not be effectively “seen” by the muscle, which 
might explain the limited effectiveness of stretching 
interventions in remodelling the affected muscle. Here we aim 
to investigate whether increasing Achilles tendon stiffness by 
performing resistance training makes passive stretching more 
effective for increasing gastrocnemius fascicle length in 
children with CP.  

Methods 

Pre- and post-intervention measurements of medial 
gastrocnemius fascicle length and Achilles tendon stiffness 
were taken in-vivo by means of ultrasound and dynamometry 
in two groups: An intervention group of children with CP 
(n=9; standing heel raises with progressive resistance 4 times a 
week for 4 weeks, followed by 6 weeks of combined calf 
stretching and strengthening exercises) and a control group of 
children with CP (n=7; biceps curls with progressive 
resistance 4 times a week for 4 weeks, followed by 6 weeks of 
calf stretching exercises).  

None of the variables measured followed a normal 
distribution. Within-group comparisons were done using a 
Friedman test with Conover post-hoc tests. Between-group 
comparisons at baseline were made using a Mann-Whitney U 
test.  A p-value of ≤0.05 was considered significant. 

Results and Discussion 

There were no significant between-group differences in any of 
the mechanical parameters tested at baseline. No significant 
pre- to post-intervention changes were found in Achilles 
tendon stiffness or gastrocnemius muscle resting fascicle 
length in the control group. In contrast, in the intervention 
group tendon stiffness increased after the 10-week combined 
exercise program by about 50% (p=0.002). In addition, resting 
fascicle length increased significantly by 3.2 mm (8% 
increase, p<0.001; Fig. 1) in the intervention group. The 
resting passive ankle angle did not change significantly.  

 
Fig. 1. Gastrocnemius fascicle length in the intervention (n=9) and 
control (n=7) groups, pre- and post-intervention. Data are means± 
SD. 

Conclusions 
This study demonstrates that remodelling of muscle structure 
is possible with stretching interventions in spastic CP, if the 
tendon is adequately stiff to allow the in-series muscle to 
experience the tensile stimulus applied.  
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Summary 
The dynamics of the plantarflexor muscles introduce a 
considerable delay in the postural control system of standing, 
destabilizing standing balance. Such dynamics had to be 
considered when developing a closed-loop controller for 
standing balance using functional electrical stimulation (FES). 
This presentation summarizes our findings on the effect of the 
muscle dynamics on the physiological control system of human 
bipedal standing, and on our FES controller for standing 
balance therapy involving the muscle dynamics characteristics. 

Introduction 
Spinal cord injury (SCI) is a devastating and costly injury that 
has life-long, negative effects on mobility, function, autonomy 
and quality of life. SCI research has focused on finding a cure 
(e.g., stem cell therapy); however, even with advances in 
curative therapies, individuals with SCI require effective 
interventions to guide the restoration of their lost function. 
Functional electrical stimulation (FES) is an effective 
intervention whereby an electrical current is applied to the 
peripheral nervous system to facilitate muscle contractions 
during functional activities, such as walking and grasping. FES 
was originally developed as an orthotic tool to enable function 
when used. More recently, FES has been used as a therapeutic 
tool as well. FES therapy can effectively improve upper limb 
function in individuals with incomplete SCI, stroke and 
multiple sclerosis. However, one prevalent and critical health 
problem that FES has not been applied to is impaired balance, 
or the inability to keep one’s centre of mass within one’s base 
of support, during standing. Our long-term objective is to 
develop a clinically feasible, closed-loop FES system for the 
training of standing balance in individuals with incomplete SCI. 
In this closed-loop FES system, we discovered that the muscle 
dynamics cause a critical delay. In this presentation, we 
introduce our series of studies on this topic. 

Physiological Plantarflexor Dynamics in Standing 
In a first step, we identified the neuromuscular torque 
generation process for the plantarflexors (i.e., a transfer 
function with the electromyography of the soleus muscle as the 
input and the plantarflexion torque as the output) in standing 
posture using a unique experimental setting [1]. We modeled 
the muscle dynamics as a critically damped, second-order 
system that successfully described the physiological muscle 
dynamics (twitch contraction time: 0.152±0.027 s). The phase 
delay induced by these dynamics in the frequency region of 
spontaneous body sway during quiet standing was considerably 
large, corresponding to an effective time delay of about 200 to 
380 ms, which considerably limited the stability of the postural 

control system. We concluded that the phase delay induced by 
the muscle dynamics is a more destabilizing factor in the control 
mechanism of standing than previously assumed. 

Plantarflexor Dynamics during FES in Standing 
In a second step, we identified the plantarflexor dynamics 
during FES in standing posture [2]. The plantarflexors were 
stimulated bilaterally through surface electrodes, with the pulse 
amplitude modulated at five frequencies. The stimulation-
torque relation was modelled via a critically damped, second 
order system that successfully modelled the muscle dynamics. 
The identified system was close to the one for the 
abovementioned physiological dynamics (twitch contraction 
time: 0.11±0.02 s). We concluded that the muscle dynamics 
during FES are similar to the physiological ones, inducing a 
large delay in the closed-loop FES system and destabilizing it. 

Closed-Loop FES Controller with Plantarflexor Dynamics 
In a final step, the identified muscle dynamics were 
incorporated into the design of the closed-loop FES controller 
for regulating standing posture [3]. We designed a closed-loop 
FES controller using the muscle dynamics as well as a PID 
control strategy identified in our previous studies. To evaluate 
this controller, we used a custom-made, human-size inverted 
pendulum apparatus with able-bodied participants. The closed-
loop FES controller successfully stabilized the human-size 
inverted pendulum, suggesting that the FES controller 
involving the PID control strategy and the muscle dynamics is 
appropriate for standing balance therapy. 

Conclusions 
The muscle dynamics cause a delay in the physiological control 
system, which destabilize the body during standing. This 
destabilizing factor needs to be considered when designing the 
FES controller. We successfully incorporated the muscle 
dynamics into the controller that can regulate standing posture. 
We have developed a balance training tool using this closed-
loop FES controller, and are now testing its effect on restoration 
of standing balance in individuals with incomplete SCI. 
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Summary 

Three-dimensional (3D) finite element (FE) models using 
subject-specific kinematics during a single-leg landing task 
were created for a person with patellar tendinopathy (PT) and 
a healthy control. Maximum principal stress (MPS) in the 
patellar tendon was the primary dependent variable of interest. 
Peak MPS in patellar tendon was 25.6% greater in the person 
with PT compared to the healthy control. This result suggests 
that subject-specific FE modeling may be capable of 
differentiating those with PT from those without symptoms.   

Introduction 

The PT is common among athletes who perform repetitive 
jumping and landing activities. Excessive patellar tendon 
loading has been considered the primary cause of PT [1]. 
Although altered lower extremity biomechanics may 
contribute to PT, few studies have comprehensively examined 
the influence of lower extremity biomechanics in the context 
of patellar tendon stress. Using 3D subject-specific FE 
modeling, the purpose of this study was to compare peak MPS 
in the patellar tendon during single-leg landing task between a 
person with PT and a person without PT. It was hypothesized 
that peak MPS would be higher in the person with PT 
compared to the healthy control. 

Methods 

Participants underwent biomechanical and MRI assessments. 
3D subject-specific FE models of the tibiofemoral and 
patellofemoral joints were created, simulating the knee flexion 
at the time of the peak knee extensor moment during the 
single-leg landing task. Figure 1 shows the subject-specific 
input parameters including 1) bony geometry, 2) tibiofemoral 
joint kinematics during the single-leg landing task, and 3) 
quadriceps muscle forces as estimated using the knee extensor 
moment and musculoskeletal modeling methods [2]. 

 
Figure 1: 3D subject-specific finite element model framework. 

Quasi-static loading simulations were performed using a 
nonlinear FE solver (ABAQUS). The patellar tendon was 

modelled as a homogeneous elastic and transversely isotropic 
material. Elastic constants for patellar tendon were determined 
based on previous literature [3]. Patellar tendon stress was 
quantified as peak MPS which reflects the tensile stress that 
elongates the tendon. Peak MPS was identified within the 
region of interest. Elements that represented the bone-tendon 
interface were disregarded. 

Results and Discussion 

The peak MPS for the person with PT was 57.4 MPa and 
located at posterior, proximal and medial part of the tendon. 
This is a common area of symptoms in persons with PT [4]. 
For the control subject, peak MPS was 45.7 MPa and located 
at anterior, middle and medial part of the tendon (Figure 2). 

 
Figure 2: Maximum principal stress distribution in the tendon and 

location of peak maximum principal stress in the person with patellar 
tendinopathy (a & c) and the control (b & d).   

Conclusions 

3D subject-specific FE models that take into consideration 
lower extremity kinematics appears to be capable of 
differentiated those with PT from healthy controls. Future 
research will focus on determining the underlying 
biomechanical and anatomical predictor(s) of elevated patellar 
tendon stress in persons with PT. 
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Summary 

Due to the anatomical structure of the Achilles tendon, it has 
been hypothesized that a muscle force imbalance within the 
triceps surae (TS) muscle group may play a role in the 
development of Achilles tendinopathy. The aim of this study 
was to determine if the sharing of force production between 
the three heads of the TS differs between a healthy and a 
pathological populations [Achilles tendinopathy (AT)]. 
Twenty-one participants presenting AT and 21 healthy 
controls participated in the study. Participants attended two 
experimental sessions in which we measured gastrocnemius 
medialis (GM), gastrocnemius lateralis (GL) and soleus 
(SOL) force production using (i) activation [surface 
electromyography (EMG)] and (ii) force-generating capacities 
indicator [using physiological cross-sectional area (PCSA)]. 
Results showed that people with AT tend to activate their GL 
significantly less within the whole TS, when compared to 
healthy controls. This leads to a significant reduced 
contribution of the GL to the plantarflexion torque.  

Introduction 

Achilles tendon is composed of the merging of the three 
subtendons of each heads of the triceps surae [TS; 
gastrocnemius medialis (GM), gastrocnemius lateralis (GL) 
and soleus (SOL)]  [1]. It has been hypothesized that a muscle 
force imbalance within the (TS) muscle group may play a role 
in the development of Achilles tendon problems [2]. This is 
because different contribution from each synergist to produce 
an overall plantarflexion force may create non-uniform strain 
pattern within the Achilles [3], leading to [or protecting from] 
pathology. The aim of this study was to determine if the 
sharing of force production within the TS differs between 
healthy and pathological populations. 

Methods 

The study was conducted with 21 participants presenting 
Achilles tendinopathy and 21 healthy controls. Subjects in the 
two groups were matched in age, body mass index, volume 
and type of physical activity. Participants attended two 
experimental sessions. The first session consisted of 
performing a series of maximal and submaximal (40% of their 
maximal) isometric plantarflexion tasks while activation of 
GM, GL and SOL was evaluated using surface 
electromyography (EMG). For analysis, EMG data were 
normalised to maximal values. During the second session, 
muscle force-generating capacity of each TS head was 
estimated through the measurement of physiological cross-
sectional area (calculated as volume divided by fascicle 
length). The volume was measured using 3D-ultrasound; the 

fascicle length was measured using ultrasound images (mode 
extended field of view). An index of force produced by each 
head of the TS muscle was calculated as follow: 

Index of force i = EMG i (normalized) x PCSA i 

With i being either GM, GL or SOL.  

Results and Discussion 

During the submaximal contractions, statistical differences 
were observed between groups when comparing GM/GL and 
GL/TS ratios for EMG amplitude ratios (both p<0.05). The 
ratios (mean ± standard deviation) of GM/GL and GL/TS force 
indexes were 56.7±11.6% and 28.3±8.4% respectively for 
controls; they were 62.1±12.9% and 22.9±9.1% respectively 
for patients. GL/TS force index ratio was significantly lower 

for people with AT (e.g. 
Figure 1). Taken together, 
these results suggests that 
people with AT tend to 
activate their GL less 
(within the whole TS) 
when compared to healthy 
controls. This leads to a 
significant reduced 
contribution of the GL to 
the overall plantarflexion 
torque. This may impact 
the intra-tendinous load 
and contribute to the 
development of the 
tendinopathy. Further 
investigations are needed. 

 
Figure 1: Control and Achilles Tendinopathy (AT) group results for 
ratios of activation (top panel), ratios of physiological cross-sectional 
area (PCSA, middle panel) and ratios of force index (bottom panel). 
GM, gastrocnemius medialis; GL, gastrocnemius lateralis; SOL, soleus; 
TS, triceps surae. * indicates significant difference between groups 
(p<0.05). 

Conclusions 

People with AT have different force production contributions. 
This finding supports the hypothesis of a force imbalance 
being associated with tendon problems.  
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Summary 

Immediate mobilization shows neuromuscular benefits, but 

lengthening of Achilles tendon (AT) could be a devastating 

problem. Here we describe the AT angle of clinical failure 

(CF) during cyclical mobilization in human cadaveric 

specimens that were repaired using the Dresden technique. 

Eight lower limbs were repaired following complete AT 

rupture. A basal tension of 10 N at 30° of plantarflexion was 

placed. Ankle angle during CF (separation >5 mm) was tested 

via cyclical mobilization (100 cycles of plantarflexion 

between 30° and 15°; 15° and 0°; 0° and 15° of dorsiflexion; 

and 15° of dorsiflexion and full dorsiflexion). CF was 

determined using a Laplacian edge filter, and the angle was 

obtained using a rotatory potentiometer. Descriptive statistics 

was applied. The CF was 12.5° and the limit was 14.0° of 

plantarflexion. After 14.0° of plantarflexion, the technique 

was found insecure for cyclical mobilization exercises. 

Introduction 

Mid-substance AT ruptures in men are increasing and have an 

incidence between 5.5 and 18 cases per 100,000 inhabitants 

each year [1]. This rupture compromises propulsion and 

landing tasks, such as gait, running, and jumping. To promote 

better outcomes after Achilles tenorrhaphy, repair designs 

have been recommended since it offers appropriate 

mechanical stability during rehabilitation by providing better 

gapping resistance and greater ultimate tensile strength [2]. 

However, lengthening of AT could happen during 

physiotherapy interventions. Therefore, the primary aim of 

this study was to describe the angle of clinical failure during 

cyclical mobilization exercises in the AT of human cadaveric 

specimens that were repaired using the Dresden technique and 

FiberWire® No. 2.  

Methods 

Experimental procedures were performed in lower limbs 

amputated from eight fresh-frozen male cadavers (mean age: 

60.3 ± 6.3 years) obtained from the Anatomy Laboratory of 

the Universidad de Chile (Santiago, Chile). The specimens 

were stored at −20°C and thawed 14h before being 

manipulated in dissection and biomechanical tests. A partial 

percutaneous section was made on the AT of each specimen 

with a No. 21 stainless steel surgical scalpel 5 cm from the 

central aspect of the calcaneal tuberosity identified by 

palpation. Each incision was contiguously located at the lateral 

border of the AT. Dorsiflexion was then used to stress the AT 

until a palpable gap was generated. To corroborate a complete 

disruption of the paratendon and longitudinal fibres of the 

Achilles tendon, the generated gap was assessed with a 7.5 

MHz musculoskeletal ultrasound transducer. After that, a 

surgical repair with Dresden technique was performed. A 

basal tension of 10 N at 30° of plantarflexion was placed on 

each specimen. The angle of the ankle during CF (tendon ends 

separation >5 mm) was then tested via cyclical exercises (i.e. 

100 cycles between 30° and 15° of plantarflexion; 100 cycles 

between 15° of plantarflexion and 0°; 100 cycles between 0° 

and 15° of dorsiflexion; and 100 cycles between 15° of 

dorsiflexion and full dorsiflexion). CF was determined using 

the Laplacian edge detection filter, and the angle of CF was 

obtained using a rotatory potentiometer. The type of failure 

and apposition were determined. Descriptive statistics were 

used to obtain the mean, standard deviation, 95 % confidence 

interval, 1
st
, 25

th
, 50

th
, 75

th
, and 100

th
 percentiles, and the 

standard error of the mean for angle data. Proportions were 

used to describe the type of failure and apposition. 

Results and Discussion 

The clinical failure was found at 12.5° of plantarflexion, the 

limit was 14.0°, tendon failure type, and non-termino-terminal 

apposition appeared in all specimens. The most important 

finding of the present study was that percutaneous Dresden 

tenorrhaphy presented CF at 14.0° of plantarflexion. Since the 

angle at clinical failure was previously unknown for cyclical 

mobilization exercises during immediate rehabilitation after 

mid-substance AT tenorrhaphy with a percutaneous approach, 

the present study assessed this parameter through experimental 

biomechanical testing on fresh-frozen human cadaveric AT 

specimens repaired with the Dresden technique. This study 

represents the first report on mechanical parameters for 

therapeutic exercises in early rehabilitation models following 

percutaneous repair of the AT. 

 

Figure 1: Biomechanics experiment over specimens. 

Conclusions 

Clinical failure was found at 12.5° of plantarflexion, but after 

14.0° of plantarflexion, the technique was found insecure for 

cyclical mobilization exercises, with a 5 % range of error.  
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Summary 

Platelet-rich plasma (PRP) and matrix metalloproteinase 

inhibitors (MMPIs) have been used as therapeutic options for 

tendinopathy. However, mixed results have been reported 

regarding their efficacy. We posited that the combination of 

these two treatment strategies would be more beneficial for 

healing tendons than each treatment alone. Rat tail tendons 

were harvested and cultured without mechanical stress for 0, 

4, or 10 days. Single and combination treatment with PRP and 

MMPIs was administered to 4-day stress-deprived (SD) 

tendons, over 6 days. The results showed better biomechanical 

and histological features for the PRP+MMPI group compared 

to all individual treatment modalities. Moreover, higher fiber 

density, more elongated nucleus shape, smaller space between 

fibers, and a trend toward higher mechanical strength were 

noted for PRP+MMPI group compared to 10-day SD tendons. 

This study shows that the combination of PRP+MMPI is a 

potentially effective treatment approach for tendinopathy. 

Introduction 

Tendinopathy, a general condition of tendon disorder, is a 

common problem, particularly for athletes and workers. 

Modeling the tendon mechanobiological response (TMR) as 

TMR = Repair – (Mechanical degradation + Enzymatic 

degradation)[1], highlights that the combination of Platelet-

rich plasma (PRP) and matrix metalloproteinase inhibitors 

(MMPIs) might be beneficial by enhancing tendon repair (via 

PRP) while inhibiting the proteolytic degradation of 

connective tissues (via MMPI). 

Some studies have shown that broad-spectrum MMP 

inhibition (BI) impairs tendon healing, since some MMPs play 

a fundamental role in remodeling and healing[2]–[4]. 

Therefore, it would be beneficial to target specific MMPs that 

are detrimental to tendon healing without affecting those being 

considered valuable in the process. Such targeting could be 

achieved by applying narrow-spectrum MMPIs (NI) instead of 

BI. Our objective was to investigate whether combination of 

PRP and MMPIs provides better results than PRP or MMPIs 

alone using the SD ex vivo model of moderate 

tendinopathy[5]. 

Methods 

Rat tail tendons (RTTs) were harvested and cultured without 

mechanical stress for 0, 4, or 10 days. Single and combination 

treatment with PRP and MMPIs with either broad- or narrow-

spectrum (MMP-13 selective), was administered to 4-day 

stress-deprived (SD) tendons, an ex vivo model for moderate 

tendinopathy[5]. This treatment was applied to the damaged 

tendons over 6 days. At the end of their culture time, the 

tendons were subjected to traction testing and pathohistology, 

immunohistochemistry, and viability assays.  

Results and Discussion 

The results showed better biomechanical (Figure1) and 

histological features for the PRP+NI group compared to all 

individual treatment modalities. Moreover, higher fiber 

density, more elongated nucleus shape, smaller space between 

fibers, and a trend toward higher mechanical strength were 

noted for PRP+NI group compared to 10-day SD tendons.  

 

Figure 1. Changes in maximum stress at failure. 

Conclusions 

THIS STUDY SHOWS THAT TH COMBINATION OF 

PRP+NI IS A POTENTIALLY EFFECTIVE 

TREATMENT APPROACH FOR TENDINOPATHY.  

References 

[1] P. Cousineau-Pelletier and E. Langelier, “Relative 

contributions of mechanical degradation, enzymatic 

degradation, and repair of the extracellular matrix on the 

response of tendons when subjected to under- and over- 

mechanical stimulations in vitro,” J. Orthop. Res. Off. 

Publ. Orthop. Res. Soc., vol. 28, no. 2, pp. 204–210, Feb. 

2010. [2] M. Kjaer, “Role of extracellular matrix in 

adaptation of tendon and skeletal muscle to mechanical 

loading,” Physiol. Rev., vol. 84, no. 2, pp. 649–698, Apr. 

2004. [3] A. E. Loiselle et al., “Remodeling of murine 

intrasynovial tendon adhesions following injury: MMP 

and neotendon gene expression,” J. Orthop. Res. Off. 

Publ. Orthop. Res. Soc., vol. 27, no. 6, pp. 833–840, Jun. 

2009. [4] B. Pasternak, M. Fellenius, and P. 

Aspenberg, “Doxycycline impairs tendon repair in rats,” 

Acta Orthop. Belg., vol. 72, no. 6, pp. 756–760, Dec. 

2006. [5] Jafari L, Savard M, Gobeil F, Langelier E., 

“Characterization of moderate tendinopathy in ex vivo 

stress-deprived rat tail tendons,” J. BMC (Conditionally 

accepted), 2018.

Saturday, August 03 2019: Morning 3 (1145-1245) 1502

Tendinopathy



 

 

Ultrasound Echogenicity is Associated with Fatigue Damage of Achilles Tendon in a Cadaveric Loading Model 
Elaine C. Schmidt, Todd J. Hullfish, Michael W. Hast, Josh R. Baxter 

Department of Orthopaedic Surgery, University of Pennsylvania, Philadelphia, PA 

josh.baxter@uphs.upenn.edu 

 

Summary 

Achilles tendinopathy is an overuse injury that is associated 

with increased risk of tendon rupture. There is an urgent 

clinical need to identify predicting risk of injury. Using a 

combined biomechanical loading and ultrasound imaging 

model, we mechanically fatigued cadaveric Achilles tendons 

and found that changes in mean echogenicity measurements 

increase under tendon tension with increased tendon damage. 

These findings suggest that ultrasound imaging is sensitive to 

changes in Achilles tendon fatigue damage, which may serve 

as such a predictor of Achilles tendon failure. 

Introduction 

One in twenty patients with tendinopathy sustain an Achilles 

tendon rupture [1]. Clinical diagnoses currently rely on 

patient-reported symptoms of pain, a reduction in ankle range 

of motion, and tendon swelling. However, by the time 

Achilles tendinopathy becomes symptomatic, many 

degradative changes to the tendon have already been initiated 

[2]. Detecting markers of pre-symptomatic tendinopathy may 

lead to better treatment and improved outcomes for patients. 

This study sought to determine the efficacy of quantitative 

ultrasound imaging to explain in vitro fatigue-induced 

degradation of Achilles tendon mechanical properties.  

Methods 

Achilles tendons were harvested from 3 fresh-frozen 

cadaveric feet. The calcaneus was potted in PMMA and the 

tendons were cut into dog-bone shapes to ensure failure at the 

mid-substance. Tendons were tested with a universal test 

frame and a custom tank that included a temperature 

controlled PBS bath (Figure 1). Tendons were cycled between 

10-20 MPa at 1 Hz until complete mid-substance failure. An 

ultrasound probe was fixed in place and images were acquired 

were recorded every 500 cycles. At these times, 2 cycles were 

performed at 0.25 Hz to allow for thorough image analysis. 

images were post-processed using custom MATLAB image 

analysis algorithm. 

 
Figure 1: Tendon specimens were cyclically loaded in water bath 

while images were acquired using an 18MHz ultrasound probe. 

Results and Discussion 

Mean echogenicity decreased when tendon fatigue damage 

increased. This decrease in ultrasound image intensity was 

most apparent after 95% of fatigue life (Figure 2A). For all 

three specimens, mean echogenicity plateaued during the 

second phase before decreasing rapidly proceeding tendon 

failure. From 50% fatigue life to failure, mean echogenicity 

decreased by 2.5 ± 0.4%. In two of the three specimens, 

changes in mean echogenicity increased with increased 

fatigue damage (Figure 2B). 

Figure 2: Change in strain and mean echogenicity during the three 

phases of fatigue life for Specimen 1 (A). Change in mean 

echogenicity during one cycle at different points of fatigue life (B).  

Conclusions 

Mean echogenicity is a promising marker for quantifying 

fatigue damage in Achilles tendons. Our ongoing work is 

focused on developing computer-based predictive tools to 

assess Achilles tendinopathy risk in physically active adults. 
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Summary 

High knee flexion postures (>120º) result in intersegmental 
contact of the lower limb. The purpose of this study was to 
quantify the effect of including 3D intersegmental contact on 
proximal tibia contact force estimations. Sixteen participants 
performed six high knee flexion postures while kinematics of 
the lower limb were recorded synchronously with 
intersegmental pressure and ground reaction forces. These data 
were used as inputs to a 3D musculoskeletal static optimization 
model of the lower limb to estimate proximal tibia contact 
forces. Including intersegmental contact as additional external 
forces in the model resulted in a significant root mean squared 
difference up to 0.42 BW in posterior shear and up to 0.08 BW 
in lateral shear but had no effect on tibial compression. These 
findings suggest that the estimation of shear forces during high 
knee flexion postures require intersegmental contact parameters 
for accurate representation. 

Introduction 

High knee flexion postures (>120º) result in intersegmental 
contact of the lower limb [1] but the effect of these external 
forces on knee joint forces has not been assessed in 3D. The 
purpose of this study was to quantify the effect of including 
intersegmental contact on proximal tibia contact force 
estimations. Based on prior work [2], we hypothesized that the 
inclusion of intersegmental contact would reduce tibial 
compression (Comp), medial-lateral (ML) shear, and anterior-
posterior (AP) shear. 

Methods 

Sixteen participants (8M/8F) performed six high knee flexion 
movements [1] while motion data (Optotrak, NDI, Waterloo) 
were synchronously recorded with intersegmental pressure 
(3005E, Tekscan F-Scan, Boston) and force plate data. Pressure 
data were recorded from a sensor attached to a 4 mm thick 23 x 
19 cm polycarbonate sheet inserted in the popliteal fossa 
providing the 3D orientation of the intersegmental force vector. 
Inverse dynamics were used to calculate external joint moments 
about the functional knee joint centre with and without 
considering intersegmental contact forces. Knee joint moments 
were input to a 161 muscle element [4] 3D MSK static 
optimization model—containing a 4 DoF knee—to estimate 

muscle forces and tibial contact forces. Root mean squared 
differences (RMSD) between tibial contact solutions during the 
static phase of high knee flexion movements were assessed 
using three 2-way RM ANOVA (𝛼 = 0.05) with fixed effects of 
movement  and intersegmental contact. 

Results and Discussion 

Tibial contact force estimates are reported in (Table 1). Tibial 
AP shear had an interaction effect that incorporating 
intersegmental contact decreased posterior shear 0.25 BW 
during a heels-up squat, 0.21 BW during a plantarflexed kneel, 
and 0.42 BW during two unilateral kneels. Similarly, tibial ML 
shear also had an interaction effect such that incorporating 
intersegmental contact increased lateral shear of 0.05 BW 
during a dorsiflexed kneel and 0.08 BW during a unilateral 
dorsiflexed kneel.  

This is the first report of ML shear during high knee flexion 
postures, but the low relative magnitude suggests limited 
biological relevance when compared to AP shear. Given the 
robustness of knee joint tissues to compression but sensitivity 
to shear loading [4], our results suggest that considering 
intersegmental contact reduces estimates of shear loading while 
providing insight for knee joint disease mechanisms in 
habitually kneeling populations. 

Conclusions 

The inclusion of intersegmental contact reduced AP shear to 
approximately 0 N in some movements, which may suggest that 
accurate representation of tibial contact forces during high knee 
flexion postures require these parameters.  
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Table 1: Mean RMSD of tibial contact force estimates (in BW) for each high knee flexion movement when intersegmental contact was included 
in MSK model calculations. Brackets indicate 1 SD. * indicates a main effect of movement with letters denoting differences. † indicates an 

interaction of posture and intersegmental contact with simple main effect differences bolded by axis (row). 

Axis HS FS DK PK DUK PUK 

Comp* 0.27 (0.26)  0.17 (0.25)a 0.17 (0.23) 0.11 (0.09) 0.16 (0.15)  0.18 (0.12)b 

AP† 0.29 (0.19) 0.10 (0.12) 0.22 (0.19) 0.36 (0.22) 0.42 (0.22) 0.43 (0.26) 
ML† 0.04 (0.05) 0.03 (0.03) 0.05 (0.06) 0.03 (0.04) 0.08 (0.10) 0.05 (0.06) 

Saturday, August 03 2019: Afternoon (1500-1600) 1506

Prediction of Muscle and Joint Contact Forces



 

 

A 12 Degrees of Freedom Musculoskeletal Model Combined with a Muscle Force Driven Fibril-Reinforced Poroviscoelastic 

Finite Element Model   
 

Amir Esrafilian1, Lauri Stenroth1, Mika E. Mononen1, Petri Tanska1, Sam Van Rossom2, Ilse Jonkers2, Rami K. Korhonen1 

1Department of Applied Physics, University of Eastern Finland, Kuopio, Finland 
2Department of Movement Sciences, Human Movement Biomechanics, KU Leuven, Leuven, Belgium 

Email: amir.esrafilian@uef.fi  

 

Summary 

We present a novel multiscale modelling approach for 

investigating knee joint tissue mechanics during dynamic 

activities. Based on a musculoskeletal model with 12 degrees 

of freedom (DOF) knee joint (tibiofemoral and patellofemoral 

joints), muscle forces, knee joint contact forces and moments, 

and the knee flexion angle during gait were estimated and 

used as inputs to a 12 DOFs muscle force driven fibril-

reinforced poroviscoelastic finite element model to estimate 

cartilage mechanics. The resulting joint contact forces, 

maximum principal stresses and fibril strains of tibial cartilage 

were compared to outputs calculated when using a 

musculoskeletal model with a 1 DOF knee joint. Although the 

maximum joint contact force was increased at ~25% of the 

stance phase, the maximum tissue stress was not increased 

when using the novel model.  

Introduction 

Numerous musculoskeletal (MS) and finite element (FE) 

models have been developed to analyse the joint response 

under different loading conditions. However, there are no 

studies that included a 12 degrees of freedom (DOF) knee 

joint, accounting for secondary knee joint kinematics in 

estimation of muscle forces, to calculate cartilage stresses 

during gait while accounting for the fibril-reinforced 

poroviscoelastic (FRPVE) properties of soft tissues. 

Therefore, our aim was to develop a multiscale model of the 

knee joint in which an MS model with a 12 DOFs knee was 

combined with a muscle force driven FE model that accounted 

for the FRVPE material properties of cartilage and menisci. 

Methods 

MS model: A walking trial including ground reaction forces 

(Vicon MX and AMTI systems) of a healthy subject were 

used as inputs in two MS models. First, the standard Gait2392 

MS model of the OpenSim software [3] with a one DOF knee 

joint was used. Second, a previously developed MS model [1] 

including a 12 DOFs knee joint was used to evaluate the effect 

of increasing knee joint DOFs on the calculated muscle forces 

and tissue mechanics. 

FE model: The model geometry consisted of femoral, patellar, 

and tibial cartilage and menisci, which were modelled using 

the FRPVE material model [2]. Ligaments were modelled as 

nonlinear spring bundles and muscle forces and moment arms 

were defined from the MS models. The estimated knee joint 

flexion angle, muscle forces, joint contact forces (JCF) and 

joint moments of both MS models were input to the 12 DOFs 

FE model.  

 

Results and Discussion 

An increase in the knee joint DOFs in the MS model caused a 

moderate increase in the JCF (~30%) of the FE model at 

~25% of the stance phase (Figure 1). This is consistent with a 

previous study [4]. In contrast, the maximum principal stress 

and fibril strain of cartilage were not noticeable changed at the 

same time point. The new model predicted lower JCFs from 

the midstance to the toe off which could be due to lower 

residual moments on ligaments. This was reflected in lower 

cartilage stresses and strains.  

 
Figure 1: (A) JCF, (B) residual varus/valgus moment on ligaments, 

and average (C) maximum principal stress and (D) fibril strain within 

the tibial cartilage. Average stresses and strains were calculated from 

the cartilage-cartilage contact area. 

Conclusions 

The FE model driven by the 12 DOF MS model produced a 

greater maximum JCF compared to the FE model driven by 

the one DOF MS model. However, this difference was not 

reflected in an increased maximum principal stress of 

cartilage. This model could be applied to understand better 

biomechanical factors and muscle forces in aetiology of 

cartilage degeneration and optimizing rehabilitation protocols. 
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Summary 

Forces in the gastrocnemii, quadriceps, and hamstrings and 
tibiofemoral axial contact forces estimated by a deterministic 
model are compared to instrumented prosthesis measurements 
and EMGs and demonstrate reliable results. 

Introduction 

Before the introduction of musculoskeletal models based on 
numerical optimisation, simple deterministic models have 
been proposed. The principle was to consider only one flexor 
or extensor muscle group at the time to equilibrate the inter-
segmental moment. Such deterministic models are still used in 
the biomechanical community, typically for the analysis of 
osteoarthritic patients. While the more complex 
musculoskeletal models have been extensively validated using 
instrumented implants [1], these deterministic models have 
not. The objective of this study is to evaluate muscle and 
contact forces estimated by a deterministic model using the 
reference data provided by the ‘Grand challenge competition 
to predict in vivo knee loads’ [1]. 

Methods 

Five gait cycles of four subjects with an instrumented 
prosthesis (Competitions #1, #2, #3, #5 [1]) were analysed. 
The ankle, knee, and hip flexion-extension moments were 
computed by inverse dynamics. Then, the force of the 
gastrocnemii, quadriceps, and hamstrings muscle groups, and 
the tibiofemoral contact forces were estimated using the 
deterministic model proposed by DeVita and Hortobagyi [2]. 
Root mean square errors (RMSE) and coefficients of 
determination (R2) were computed between estimated and 
measured contact forces. Concordance coefficients (C) [3] 
were computed between estimated muscle forces and 
measured EMGs. 

Results and Discussion 

The errors between estimated and measured contact forces 
varied from 0.4 to 0.7 body weight (BW) and a good to strong 
correlations were found between them (Table 1). However, the 
second peak of contact forces was overestimated in 
comparison to the first one (Figure 1). The concordance 
coefficients were about 60-70%. Gastrocnemii force, and 

quadriceps and hamstrings forces appeared less coherent at 
initial stance and initial swing, respectively. 

 
Figure 1: Normalised estimated forces (in blue) and experimental 

measurements (in read) for subject GC#5. Results for the other 
subjects present similar patterns 

The errors in the tibiofemoral contact forces were in the range 
of RMSEs reported in the literature with generic models [4]. 
The muscle forces also match the ones reported in another 
literature review [5]. Although obvious limitations exist (e.g. 
grouped muscles, only flexion-extension moments), it seems 
that deterministic models can provided quite reliable results. 
Yet, they can hardly be adapted to the subject geometry and 
personalized. 

Conclusions 

As a first approach, deterministic models can represent a 
simple and pedagogical approach to estimate muscle and 
contact forces during gait. 
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Table 1: Comparison of estimated forces and experimental measurements: mean (SD) of errors, correlation and concordance 

GC #1 GC #2 GC #3 GC #5 
RMSE (in BW) 0.67 (0.08) 0.58 (0.17) 0.48 (0.07) 0.42 (0.06) 
R2 0.73 (0.06) 0.73 (0.13) 0.73 (0.08) 0.82 (0.06) 
C (in %) 66 (4) 71 (3) 66 (5) 62 (3) 
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Summary 

Landing is considered a high-risk movement. Understanding 

lower extremity muscle contributions to three-dimensional 

ground reaction forces (GRF) may give insight to 

redesigning safe landing techniques. Five females completed 

an unanticipated stop-jump task. Musculoskeletal modeling 

was used to estimate muscle force contributions to three-

dimensional GRF. The vasti and soleus muscle forces 

contributed the most to all three GRFs across all phases of 

the landing task. Future retraining programs for landing may 

want to target these muscles specifically. 

Introduction 

It is well established that during landing, females use a 

landing technique that may increase their risk of lower 

extremity injuries, especially that of the knee [1]. Females 

typically land with a more erect posture, and a more 

extended knee, compared to their male counterparts [1]. This 

creates higher impact forces which act upon the lower 

extremities, thus increasing risk of injury [2]. The 

musculature of the lower extremities plays a critical role in 

energy absorption during landing [1]. Understanding how 

specific muscle groups contribute to the ground reaction 

forces (GRF) may offer valuable insight to creating more 

advanced landing retraining protocols. Therefore, the 

purpose of this study was to observe how lower extremity 

muscle groups contribute to GRFs during the landing phase 

of an unanticipated stop-jump task.  

Methods 

Three dimensional musculoskeletal simulations of 

unanticipated stop-jump tasks were completed for five 

healthy, recreationally active female participants (26.2 ± 

1.5 yrs, 65.5 ± 10.2 kg; 1.66 ± 5.1 m). A 12-camera motion 

capture system (200Hz, Vicon) and a force platform 

(2000Hz, AMTI, Inc) were used to collect marker coordinate 

and GRF data, respectively. Participants were asked to 

complete five trials of an unanticipated stop-jump task that 

was randomly selected via a computer stimulus using a 

custom LabVIEW program (v17.0, National Instruments 

Corporation). Two timing gates (Lafayette Instrument) were 

placed 2 meters and 1 meter before the force plate to trigger 

the visual stimulus and to monitor a participant entrance 

speed of 3.75-4.25 m/s, respectively. Inverse kinematics and 

inverse dynamics were used to calculate joint angles and 

moments from a participant-specific scaled musculoskeletal 

model (modified gait2392). Static optimization was used to 

decompose joint torques into net muscle forces. Next, a 

pseudo-inverse induced acceleration analysis using a five-

point foot-ground contact model [3] was used to decompose 

the GRF into individual lower extremity muscles. Individual 

muscles of the quadriceps, hamstrings, gluteus maximus, 

gluteus medius, adductors, gastrocnemius, and soleus were 

then summed together for each respective muscle group.  

Means and standard deviations were then calculated for each 

muscle group during four different phases of the landing 

phase: early contact (EC), late contact (LC), early take-off 

(ET), and late take-off (LT).  

Results and Discussion 

It was observed that the vasti, soleus, and the gluteus 

maximus muscle groups were most responsible for 

bodyweight support (vertical GRF) during all phases of the 

of the stop-jump task (Figure 1). The vasti were the largest 

contributors (375.84 ± 88.64 N), and peaking during LC 

(~25% of the landing phase). The soleus was the second 

largest contributor (267.39 ± 103.70 N), peaking during ET 

(~60% of the landing phase).  The vasti group (165.63 ± 

74.94 N) were primarily responsible for braking and 

propulsion (anteroposterior GRF), peaking during ET (~55% 

of the landing phase). Finally, the gluteus maximus, gluteus 

medius, and vasti group were the major generators in 

producing a medially-directed GRF. Again, the vasit group 

played the biggest role (118.05 ± 32.83 N), peaking during 

ET (~50% of the landing phase).  

 

Figure 1: Ensemble averages of muscular contributions to vertical 

GRF. GMAX, gluteus maximus, GMED, gluteus medius, HAM, 

hamstrings, VASTI, vasti, ADD, adductors, GAS, gastrocnemius, 

SOL, soleus, GRF, ground reaction force. 

Conclusions 

The vasti, soleus, and gluteus maximus appears to be the 

largest contributors to 3D GRFs. Landing retraining 

protocols may want to consider targeting these muscle 

groups specifically to improve landing performance and 

decrease injury risk.  
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Summary 

Optimization techniques solve the muscle redundancy 

problem assuming some performance criterion, such as 

muscle activation, force, stress, metabolic energy or joint 

contact forces determines muscle coordination. However, it is 

not yet clear which criterion describes muscle coordination 

and contact forces the best. Hence, this study aimed at 

thoroughly evaluating previous hypotheses on performance 

criteria by validating both predicted muscle coordination and 

contact forces for multiple subjects. Muscle activity and 

stress-based criteria with a power of 3 to 4 resulted in the best 

agreement between predicted and measured values. 

Introduction 

Joint contact forces are an important parameter influencing 

osteoarthritis. Since non-invasive measurement of contact 

forces in intact knees is impossible, computer simulations are 

commonly used to assess contact forces. Contact forces are 

too a large extent determined by muscle forces. These muscle 

forces are computed using optimization techniques that solve 

the muscle redundancy problem by assuming that muscles are 

coordinated in a way that optimizes a performance criterion. 

Many different criteria have been proposed: 1) muscle force, 

2) muscle stress (force normalized by physiological cross 

sectional area to take into account muscle strength), 3) 

muscle activation (a measure that accounts for both muscle 

strength and dependence of force on length and velocity), 4) 

muscle activation scaled by muscle volume, 5) muscle 

metabolic energy, and 6) joint contact forces. However, a 

comprehensive study comparing all the different criteria is 

lacking. In addition, previous studies compared simulated 

muscle activity and electromyography (EMG) but more 

insight can be gained by comparing estimated contact forces 

to experimental measures obtained from instrumented knee 

implants. Hence, the main aim of this study was to identify 

the performance criterion that best describes muscle 

recruitment and knee contact forces based on the Grand 

Challenge Competition dataset [1].  

Methods 

Motion capture data (marker trajectories and ground reaction 

forces) for four trials of over-ground walking at self-selected 

speed from four older adults with instrumented knee implants 

(third, fourth, fifth, and sixth “Grand Challenge Competition 

to predict in vivo Knee Loads” [1]) was used in this study. 

For each subject, the gait2392 OpenSim musculoskeletal 

model [2] was scaled to the subject’s anthropometry and used 

to estimate joint kinematics and kinetics. An optimization 

method accounting for muscle dynamics [3] was then used to 

solve the muscle redundancy problem based on six different 

groups of performance criterion formulations, including 

muscle activation, volume-scaled activation, force, and stress 

(each formulated with powers of n=1, 2, 3, 4, and 10), as well 

as muscle metabolic energy, and joint contact forces. 

Correlation coefficient between predicted muscle excitations 

and EMG signals, and the root mean square (RMS) error and 

correlation coefficient between predicted and measured 

contact forces were used to evaluate the proposed criteria.   

Results and Discussion 

Muscle activity-based performance criteria (either unscaled 

or scaled by muscle volume), and muscle stress formulations 

with a power of 3 to 4 estimated muscle activations and 

contact forces most accurately (Figure 1). Criteria based on 

metabolic energy and contact forces both failed to predict 

muscle activation patterns accurately, although they resulted 

in small RMS errors for the contact force (Figure 1).  

 

Figure 1: Comparison between measured and predicted values 

averaged over all subjects. Areas with the highest correlation 

coefficients and lowest RMS error values are highlighted in grey. 

Better performance of activity- and stress-based criteria 

compared to force-based criteria suggests that the force 

generating potential of muscles might be a key determinant of 

muscle coordination. Our results also questions the validity of 

minimizing metabolic energy or contact forces as the sole 

criteria to determine muscle coordination.  

Conclusions 

We suggest minimizing activations to the third power when 

solving the muscle redundancy problem. 
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Summary 

Pressure-based auditory feedback training (PBFT) from a 

clinically-appropriate wireless shoe insole was employed to 

facilitate the skill acquisition for subjects with medial knee 

osteoarthritis (OA).  The goal of the PBFT was for subjects 

to learn a gait modification that targets knee load 

distributions in the frontal plane by medially shifting their 
foot center-of-pressure. The initial kinetic responses and 

kinematic strategies that subjects implemented to attain the 

medial shift during PBF were assessed. They reduced knee 

adduction moment (KAM) and knee adduction angle during 

midstance, and altered their shank and rearfoot kinematics in 

the sagittal and transverse plane. 

Introduction 

PBF has been used to induce a medial shift in foot center-of-

pressure to redistribute knee loads by lowering the KAM [1], 

a surrogate measure of knee load distribution. An ongoing 

study is trialing a clinically-appropriate, wireless shoe insole 

to retrain subjects with medial knee OA to improve loading 
conditions at their affected knee. It is unclear how the gait 

modification induced by the PBFT alters their lower limb 

kinematics. The purpose was to describe kinematic 

differences before and after the initial gait retraining to gain 

insight into how subjects modified their gait following PBF 

to redistribute knee loads. 

Methods 

In this IRB-approved study, subjects with mild to moderate 

medial knee OA were given a wireless shoe insole (OpenGo) 

fitted in a flexible shoe and paired with a smartphone. The 

initial, baseline visit began with a recording of plantar 

pressure and level walking at a comfortable pace (Normal).  
Subjects then followed pressure-based auditory feedback to 

medially shift foot center-of-pressure. The training goal was 

to avoid eliciting auditory signals generated when real-time 

pressure detected in two selected sensors were above 75-

95% (depending on individual capability) peak plantar 

pressures recorded earlier. The two sensors, one under the 

lateral rearfoot and another under the fifth metatarsal, were 

selected due to their close proximity with the peaks of the 
KAM in midstance (KAM1) and terminal stance (KAM2), 

respectively. After the training, subjects walked with the 

modified gait pattern. For this study, only trials without 

eliciting auditory signals were considered (Feedback). 

A modified Helen Hayes marker set was used. The knee 

joint center was defined as the midpoint of the medial and 

lateral joint line marker. Additional markers on the shank 
and rearfoot were applied following Levinger et al. [2]. The 

rearfoot was described by markers on the shoe but with 

respect to anatomical landmarks.  Data were collected using 

12 optoeletric cameras (Qualysis) and one force plate 

(Bertec) and processed in Visual 3D and Matlab. Statistical 

analysis was performed in SPSS and ɑ = 0.05 indicated.  

Results and Discussion 

Data of 7 subjects (6F/1M, 65±6.4 yr, BMI 26.5±5.7 kg/m2, 

4 KL-II/3 KL-III) were analysed.  The group reduced KAM1 

by 16.3±10.1% (0.70±0.41 %BW*HT, p = 0.004) after 
PBFT.  No differences were found in KAM2. Also, sagittal 

and transverse plane knee moments were unaffected. Speed, 

stride, and cadence, potential contributors to the KAM1 

difference, were not different. At KAM1, the knee adduction 

angle reduced significantly by 1.65±1.67° (Table 1) and 

correlated with the KAM 1 reduction (r = 0.763, p = 0.046).  

The shank relative to the lab oriented more anteriorly.  The 

rearfoot relative to the lab did not differ.  The shank relative 
to the rearfoot was more anteriorly tilted, less medially tilted 

(trend), and less internally rotated after PBFT.  The rearfoot 

relative to the shank showed more dorsiflexion, less 

eversion, and less internal rotation.   

Table 1: Joint and segment angle at KAM1 before and after gait 
retraining using feedback. → indicates a sign change and ↑↓ 
indicate direction of change. Significant findings are in bold. 

Coordinate Normal Feedback p -value Interpretation

Thigh-X -6.31  (15.23) 3.67  (5.73) 0.166 Extention → Flexion 

Thigh-Y -4.08  (4.64) 2.43  (4.15) 0.040
Adduction→ 

Abduction

Thigh-Z -2.31  (5.95) -2.88  (5.64) 0.780 ↑Internal Rotation

Lab-X -1.19  (5.56) 15.59  (6.88) 0.006
Posterior Tilt → 

Anterior Tilt

Lab-Y -6.11  (2.28) -6.06  (2.54) 0.775 ↓Lateral Tilt

Lab-Z -2.13  (5.78) 0.85  (3.68) 0.072
Interal Rotatoin → 

External Rotation 

Lab-X -34.54  (51.84) -33.27  (45.00) 0.683 ↓Dosiflexion

Lab-Y 3.53  (8.66) 4.07  (8.10) 0.257 ↑Abduction

Lab-Z 0.72  (5.52) 2.53  (4.78) 0.228 ↑Exteranal Rotation

Rearfoot-X 87.29  (4.38) 97.02  (2.87) 0.005 ↑Anterior Tilt

Rearfoot-Z 10.33  (7.13) 7.72  (7.60) 0.056 ↓Medial Tilt

Rearfoot-Y -10.03  (3.98) -7.49  (3.60) 0.008 ↓Internal Rotation    

Shank-X -46.88  (1.81) -53.45  (20.2) <0.001 ↑Dorsiflexion

Shank-Y 6.97  (7.00) 4.52  (5.89) <0.001 ↓Eversion

Shank-Z -4.44  (5.88) -3.23  (4.91) 0.001 ↓Interanal Rotation

Knee 

Angle

Shank

Shank

Rearfoot

Rearfoot

 

Conclusions 

While PBFT elicited relatively robust KAM1 reduction, the 
other knee moments were unaffected. Concomitantly, shank 

and rearfoot kinematics differed in the sagittal and transverse plane 

leading to a change in the knee adduction angle. 
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Summary 

In the lab setting, individuals with lower limb amputation 

(LLAs) have slower walking speed and cadence than non-

amputees. However, these measures only represent a small 

portion of the person’s mobility during daily life. We collected 

walking data during the daily lives of LLAs and able-bodied 

controls using inertial measurement units. Preliminary data 

show that controls not only walk faster with a higher cadence, 

but also have a different distribution of walking speeds and 

cadences. Daily-life walking data could be beneficial for 

evaluating rehabilitation schemes and prosthetic prescription. 

Introduction 

Amputations of the lower extremity typically lead to a 

decrease in functional mobility, which can lead to co-

morbidities and a lower quality of life [1]. Walking speed is a 

robust indicator of functional mobility [2]. Measurements of 

walking speed and cadence of LLAs are predominantly done 

in well-constrained lab settings, and only represent a snapshot 

of their walking behaviour. Observing daily life walking speed 

and cadence over an extended period provides a more 

representative spectrum of walking ability. However, there is a 

lack of published data on such walking characteristics during 

daily life due to the low accuracy of accelerometer-based step 

detection methods [3]. In contrast, foot-mounted inertial 

measurement units (IMUs) can be used to reliably calculate a 

large range of walking speeds and cadences [4]. The purpose 

of this study was to quantify the range of daily-life walking 

speeds and cadences for LLAs and compare them to 

individuals without LLA. 

Methods 

14 LLAs (13 males, ages 50 ± 15 yrs) and 3 able-bodied 

controls (2 males, ages 31 ± 7 yrs) participated in the study. 

Inertial measurement unit data were collected using an 

ActiGraph GT9X monitor attached to the top of the prosthetic 

foot (non-dominant foot for controls), over two weeks. 

Stride-to-stride walking speed and cadence were calculated for 

each bout of movement. We defined a bout as a period of time 

when the accelerometer signal exceeded a pre-determined 

threshold at least once in a 1-minute epoch. Gravity-corrected 

acceleration signals were integrated twice to yield position 

estimates. Zero velocity updates at every foot-flat during gait 

minimized integration error [4]. We detected heel strikes by 

finding local peaks in the acceleration data. We included only 

strides where consecutive heel strikes were between 0.5-m and 

2-m and occurred between 0.5-s and 3.5-s apart. Strides with 

an elevation change greater than 0.178-m were excluded to 

remove stair steps. To address the unequal sample sizes 

between LLAs and controls, Welch approximation t-tests were 

used to compare average walking speed and cadence between 

groups, and histograms were probability-normalized. 

Results and Discussion 

LLAs walked significantly slower than controls (LLA: 0.83 ± 

0.32 m/s; CON: 1.26 ± 0.35 m/s; p < 0.001) and with a 

significantly slower cadence (LLA: 43.3 ± 8.37 strides/min; 

CON: 57.2 ± 9.89; p < 0.001). LLAs had a walking speed 

distribution that skewed right, while that of controls skewed 

left. This suggests that even though LLAs may have the ability 

to walk over a similar range of speeds, they primarily choose 

to walk at slower speeds. Thus, LLA comfortable walking 

speeds are not necessarily their average walking speed. 

 

Figure 1: Probability-normalized histogram for walking speed (top) 

and cadence (bottom) of all strides 

Conclusions 

Prosthetic prescription relies heavily on clinicians’ in-clinic 

observations to gauge patient mobility. Our data shows a more 

representative characterization of functional mobility during 

daily life and can even quantify factors such as variable 

cadence, which can otherwise be difficult. These types of 

objective outcome measures could be used to aid prosthetic 

prescription or assess rehabilitation schemes [1]. 
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Summary 
Aged or knee osteoarthritis gait is commonly assessed via 
optical motion capture (MoCap). However, tracking changes 
or identifying deficits in gait in the real-world setting is 
difficult to accomplish with MoCap. In this study, we tested 
the ability of inertial measurement units (IMUs) to capture gait 
kinematics similarly to MoCap, and we examined correlations 
between MoCap joint powers and IMU segment velocities in 
groups differing by age and knee osteoarthritis. IMU and 
MoCap kinematics were not different and both identified 
between-group differences. Correlations between MoCap 
powers and IMU angular velocities were moderate to strong. 
These results suggest that IMUs may be suitable to assess gait 
or track changes in joint powers from a baseline assessment. 

Introduction 
Aging or knee osteoarthritis (OA) are associated with gait 
decrements including slower speed, shorter steps, decreased 
knee range of motion (ROM), and a distal-to-proximal shift in 
joint kinetics [1,2]. Optical motion capture (MoCap) is 
standard for gait analysis but its use is not practical in the real-
world setting. Inertial measurement units (IMUs) may allow 
for assessment of gait and identification of gait deficits in the 
free-living setting. Before IMUs are used in the free-living 
setting however, the association between standard MoCap 
outcomes and novel IMU outcomes must be determined. 
Therefore, this study tested the agreement between MoCap 
and IMU gait outcomes, and the association between MoCap 
joint powers and IMU angular velocities. 

Methods 
29 adults completed this study: 10 young (age 27.9±4.7, BMI 
24.1±2.1), 10 healthy older (age 72.3±3.3, BMI 24.6±4.1), and 
9 with knee OA (age 69.2±4.5, BMI 25.0±2.8, KL grade 2+). 
MoCap and IMU data were collected for the pelvis and right 
or more-affected limb thigh, shank, and foot during preferred, 
faster, and slower overground gait. MoCap data were 
processed using standard kinematic (segment relative 
orientations) and kinetic (inverse dynamics) methods. IMU 
accelerometer and gyroscope data were calibrated to world 
vertical, and gyroscope data were further calibrated to align 
one axis to the primary rotation during gait (≈sagittal) [3]. 
MoCap and IMU gait speed, step length, and knee ROM were 

compared via MANOVA with p<0.05. Pearson correlation 
coefficients were calculated between MoCap joint powers and 
IMU  segment peak angular velocities across all gait speeds.  

Results and Discussion 
Gait speed, stride length and ROM differed between groups 
but not between MoCap and IMU (MANOVA p-values 0.01 
and 0.98, Figure 1). Correlations between IMU segment peak 
angular velocities and MoCap peak joint powers  were 
significant at p<0.01 with coefficients of 0.62-0.90 (Table 1).  

 
Figure 1: MoCap vs. IMU outcomes from preferred speed walking. 

Means ± SE. * indicates significant difference between groups. 

Conclusions 
Spatiotemporal measures and knee ROM can be captured 
accurately with IMUs. Moderate to strong correlations 
between joint powers and segment angular velocities suggest 
that IMUs could be used to track changes in MoCap-assessed 
joint powers. These results suggest that IMUs could be used to 
track progress in interventions between MoCap study points. 
With further development, similar IMU analyses may enable 
detection of select gait deficits without MoCap gait analysis. 
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Table 1: Pearson correlation coefficients for comparisons between IMU peak segment angular velocities (ω, °/sec) and MoCap peak joint powers 

(W/kg). LS: late stance, ES: early stance. All correlations significant at p<0.01. 

 Positive thigh ω & LS 
positive hip power 

Positive thigh ω & LS 
negative knee power 

Negative thigh ω & ES 
negative knee power 

Negative shank ω & LS 
positive knee power 

Positive foot ω & LS 
positive ankle power 

correlation 
coefficient 0.76 -0.90 0.62 -0.69 0.82 
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Summary 
We evaluated inter-limb movement variability from wireless 
sensor data captured during treadmill walking and jogging 
gait.  Using  machine learning algorithms, gait features were 
extracted and analysed to classify patients with Anterior 
Cruciate Ligament reconstructed (ACLR)knees from healthy 
subjects with >90% accuracy.  All patients were studied at a 
time following surgery when decisions are made regarding 
return to unrestricted physical activity. This study is a step 
towards using sensor-based gait features to guide healthcare 
decisions. 

Introduction 

Altered movement patterns during physical activity and sport 
are nearly ubiquitous in ACLR patients and have been shown 
to persist for decades after surgery.  Early identification of 
subtle, sub-clinical, aberrant motion characteristics will inform 
intervention strategies, return to sports decision making and 
long term monitoring. Wearable sensors can characterize 
movements in native sport and activity environments.  The 
purpose was to determine the ability of a machine-learning 
algorithm to accurately classify participants as ACLR or 
healthy control subjects using inter-limb movement variability 
from the sensor data during walking and jogging. 

Methods 

We evaluated 131 total participants (Age=20.9±10.4yrs, 
Height=167.8±16.4cm; Mass=70.1±4.3kg) 109 with primary, 
unilateral and uncomplicated ACLR at a median of 6 [range 4-
379] months from index surgery.  All participants walked for 5 
minutes at 3 mph and jogged for 3 minutes at 6mph on a 
treadmill. Subjects were fitted with 5 wireless sensors 
(Shimmer3 IMU, Dublin, Ireland) secured on the wrists, 
ankles and around the waist.  Accelerations were continuously 
monitored during walking and jogging trials. The multi-
dimensional time-varying biomechanical data captured by the 
sensors were processed to generate a graphical model and 
matrixes to represent the cause-and-effect relationship in inter-
limb movement. The matrixes extracted from the sensor data 
were used to train machine learning algorithms (e.g., Auto 
Multilayer Perceptron, Decision Tree, Logistic Regression, 
Random Forest, Support Vector Machines).  The accuracy of 
these trained algorithms to classify participants as either 
healthy or ACLR was evaluated..  

Results and Discussion 
The trained algorithms were able to accurately classify 
patients with ACLR 93.5% of the time using inter-limb 
movement variability from walking data, 92.9% using jogging 

data and 91.8% using a combination of walking and jogging 
data.   Figure 1 illustrates the individual accuracy in 
classifying patients with ACLR (red marks) and healthy 
controls (blue box). The algorithms trained from the features 
extracted from the multidimensional sensor data based on 
cause-and-effect relationships of inter-limb movement are 
average higher than 95% confidence to identify the patients 
with ACLR but with lower confidence to identify healthy 
controls. The results implicated that inter-limb movement 
features in ACLR were captured by the algorithms while the 
variability of healthy control confused the algorithms.  

  
Figure 1: Confidence of the classification algorithms trained from 

the features extracted from the multidimensional sensor data based on 
cause-and-effect relationships of inter-limb movement 

Conclusions 

Cause-and-effect analysis of inter-limb movement variability 
demonstrated promising results in classifying patients with 
ACLR. Specifically, the variability of the healthy controls 
confused the algorithms trained from the sensor data but the 
patients demonstrated similar patterns in inter-limb 
coordination enabling highly accurate classification. 
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Summary 

Severe Traumatic Brain Injury (sTBI) commonly leads to gait 

and balance impairments, but motor strategies adopted by 

people who suffered of a sTBI have not been characterized yet. 

Therefore, the aim of the study was to objectively characterize 

a sTBI population using a set of inertial sensors to describe 

their motor strategies. Ten people with a sTBI and 15 healthy 

controls were asked to perform a 10 Meter-Walking-Test and 

an instrumented Fukuda-Stepping-Test while wearing 5 

inertial sensors. Results show that sTBI are less able to 

attenuate accelerations from the lower to the upper body 

levels, display gait asymmetry and less repeatable trunk/pelvis 

angular velocity patterns during stepping than healthy controls. 

Results support the adoption of an instrumented assessment 

with this population, with the aim to support clinicians, 

towards the development of personalized rehabilitation 

treatments based on patient’s personal needs. 

Introduction 

People who suffered of a severe Traumatic Brain Injury (sTBI) 

commonly show gait and balance deficits, which could lead to 

falls risk. Some studies have previously reported imbalance 

and instability in TBI [1]: however, an overview of motor 

strategies adopted when performing tasks that involve dynamic 

balance has never been reported. The development of an 

instrumented protocol, able to describe these strategies, could 

be an added value in the clinical environment, helping 

clinicians in designing personalized rehabilitation treatments. 

Therefore, the goal of this study was to objectively 

characterize a sTBI population using a set of inertial sensors, 

aiming at obtaining additional and detailed information about 

individual motor strategies.   

Methods 

Ten people with a sTBI (Glasgow Coma Scale < 8; 8 males 

and 2 females, 35±10.1 years, 406±360 days from the TBI 

event), able to walk independently, and 15 healthy controls 

(HCs) (11 males and 4 females, 31±9.5 years) were asked to 

perform a 10 Meter-Walking-Test (10mWT) and an 

instrumented Fukuda-Stepping-Test (iFST) [2] while wearing 

5 inertial measurement units (Opal APDM Inc.): 2 positioned 

on both distal tibiae and used for step segmentation, and 3 

located at the pelvis (P), sternum (S), and head (H) levels. 

From sensors data, the root mean square (RMS) values of each 

acceleration component (antero-posterior AP, medio-lateral 

ML, cranio-caudal CC), the attenuation coefficients (ACs) 

between each level pair [3], and a stepping symmetry index 

(iHR) [4] were obtained. In addition, for the iFST, the angular 

velocity (ω) about the CC axis was plotted for each upper body 

level pair and the regression line of each scatterplot was 

computed. The coefficient of determination (R
2
) of this line, 

providing information about the repeatability of the step-by-

step ω profiles, was then obtained [2]. Differences between 

sTBI and HCs were analyzed through a Mann-Whitney U-test 

for all mentioned parameters (α=0.05). 

Results and Discussion 

The 10mWT results show that sTBI people exhibit higher 

RMS values at the three body levels (P, S, H), especially in the 

AP (p < 0.026) and ML (p < 0.012) directions, lower ACs in 

the CC direction when considering P-S (p = 0.002) and S-H (p 

= 0.007) level pairs, and reduced iHR in all directions (p < 

0.008) when compared to HCs. Similar results were reported 

for the iFST: sTBI people exhibit higher RMS values in the 

AP direction when considering H (p = 0.002), lower ACs 

between the three level pairs, especially in the AP direction (p 

< 0.025) and reduced iHR (p = 0.000) compared to HCs. In 

addition, sTBI people present lower step-by-step repeatability 

(R
2
) in the P-H comparison (p = 0.030) than HCs (Fig. 1). 

These results evidence higher accelerations at the three body 

levels and the inability of people with sTBI to attenuate 

accelerations from lower to upper body levels, suggesting a 

deficit in stabilizing the head, especially in the AP direction, 

both in the 10mWT and the iFST. Furthermore, sTBI present a 

reduced gait symmetry, which could lead to an increased risk 

of falls. Another interesting result is about the low 

repeatability of the stepping task in terms of angular velocities: 

since high step-by-step repeatability has been associated with a 

more efficient balance control, it is possible to state that sTBI 

patients put in place less efficient balance strategies.  

 
Figure 1: Step-by-step repeatability (R2) for sTBI and HC. 

Conclusion 

These results suggest the adoption of an instrumented 

approach to describe motor strategies and quantify dynamic 

stability in sTBI in the clinical routine. The knowledge of 

these motor behaviors, as support of the tradition clinical 

approach, could help clinicians in designing personalized 

rehabilitation treatments based on individual needs.  
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Summary 

Acceleration-based exercise (e.g. running, jumping) during 

growth in an avian model increases bone strength, and 

influences bone shape in a way that is suggestive of larger 

Achilles tendon (AT) moment arms. 

Introduction 

It is well established that loading stimulus influences bone 

strength during growth [1].  However, whether bone shape is 

similarly plastic during growth is less clear, although previous 

work in mice has shown scapula [2] and femoral head (i.e. hip 

structure) [3] shape changes as a result of exercise during 

growth. Indirect evidence from human populations suggests 

that joint structure might be affected by exercise stimulus; 

sprint trained athletes have been shown to have smaller AT 

moment arms compared to untrained individuals [4]. 

The purpose of this study was to test whether loading stimulus 

during growth influences bone shape in addition to bone 

strength.  Specifically, we hypothesized that additional high-

acceleration exercise would result in a decreased hypotarsus 

width, a proxy for AT moment arm (Figure 1). 

Methods 

Thirty guineafowl (Numida meleagris) were split evenly into 

exercise (EXE) and sedentary (SED) groups at 4 weeks of age.  

The EXE group were housed in a large pen to promote running 

and jumping, while the SED group were housed in small pens 

to restrict movement.  EXE birds were also trained 30 minutes 

per day, 5 days per week, during which they performed short 

bursts of high-acceleration running.  The SED group received 

no training.  The protocol lasted until birds were 14 weeks of 

age, when they were sacrificed for morphological analyses. 

Specimens were first scanned using dual-energy X-ray 

absorptiometry to measure bone mineral content (BMC), and 

bone mineral density (BMD).  Right limbs were removed and 

the tarsometatarsus (TMT) was scanned with a microCT 

scanner.  Bone CT scans were processed in Avizo  software.  

Cross-sectional properties were analysed at 50% diaphysis 

length in ImageJ with the BoneJ plug-in. To characterize overall 

bone shape, 159 landmarks and semilandmarks were created in 

ViewBox.  Landmarks were used to calculate simple TMT 

dimensions related to function. A principal components  

analysis will be run to determine overall shape differences.  T-

tests were used to test for significant differences, with ⍺ = 0.05.   

   

Figure 1. A: Sagittal view of TMT, with red arrow showing 

hypotarsus. B: Landmarks and semilandmarks for TMT. 

Results and Discussion 

EXE birds had smaller body mass and shorter TMT compared 

to SED (Table 1), while whole-body BMC and BMD were not 

different (not shown).  Measures of rigidity (Imax, Imin, J) and 

strength (Zmax, Zmin, Zpol)  were significantly greater in EXE 

(Table 1), indicating stronger bones overall. Imax/Imin (not 

shown) was not significantly different, suggesting no difference 

in diaphysis cross-sectional shape.  EXE also had wider 

hypotarsi (AT insertion) in the A-P direction (Table 1), 

suggesting a larger AT moment arm, contrary to the findings in 

human sprinters [4]. 

Conclusion 

Acceleration-based training during growth has the capacity to 

alter not only bone strength, but also bone shape. The wider 

hypotarsus in EXE birds may increase the AT moment arm, 

possibly an adaptation for increase elastic energy storage. 

This study was supported through NIH Grant R21AR071588. 
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Table 1: Variables of size, strength, and shape that show significant (p < 0.05) differences between groups. Significantly larger measures are 

bolded.  † indicates normalization to body mass.  * indicates normalization to leg length. # indicates normalization to leg length x body mass.   

 
Body 

Mass (kg) 
TMT Length 

(mm) 
† CSA 

(mm^2/kg) 

# Imax  
(mm^3/kg) 

# Imin 

(mm^3/kg) 

# J 
(mm^3/kg) 

# Zmax 

(mm^2/kg) 

# Zmin 

(mms^2kg) 

# Zpol 

(mm^2/kg) 

Hypotarsus 

Width 

EXE 1.29 74.35 11.43 0.63 0.34 0.97 0.19 0.13 0.27 0.0555 

SED 1.38 76.28 10.66 0.55 0.31 0.86 0.17 0.11 0.24 0.0501 
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Summary 
We compared posturography and Achilles tendon shear wave 
speed measures during quiet standing in healthy young adults. 
We found that wave speed closely tracks fluctuations in the 
center of pressure, an observation attributable to the direct 
relationship between wave speed and tendon loading. Both 
tendon wave speed and center of pressure fluctuations 
increased when standing with eyes closed. This sensitivity 
suggests that tendon wave speed measures could be used to 
probe the musculotendon actuation and control of balance. 

Introduction 

Standing balance is often characterized by sway, as measured 
via center of pressure (COP) fluctuations under the feet. COP 
metrics can effectively delineate changes in balance under 
altered sensory conditions, such as quiet standing with eyes 
closed [1]. However, COP is a global metric of whole-body 
dynamics and thus does not necessarily lend insight into the 
underlying musculotendon control [2]. We have recently 
shown that tendon shear wave speed provides a metric of 
tissue loading during dynamic movement [3]. The objective of 
this study was to investigate if Achilles tendon shear wave 
speed could characterize tendon actuation during quiet 
standing. We hypothesized that, in healthy young adults, wave 
speed would track the center of pressure (COP) since the 
Achilles tendon is the primary determinant of ankle torque. 
Our second hypothesis was that summary metrics of wave 
speed would distinguish between standing with eyes open and 
closed, similar to COP metrics. 

Methods 
Sixteen (8M/8F) healthy young adults (26±5 years) 
participated in the study. Subjects stood barefoot on a pair of 
force plates with a shear wave tensiometer placed over the 
right Achilles tendon. We recorded COP, ankle kinematics, 
and shear wave speeds for 10s, with subject’s eyes open and 
closed. We collected at least two trials for each condition. We 
computed ankle torque using inverse dynamics, and low-pass 
filtered all signals (10 Hz). To simplify comparisons, we only 
considered COP under the right foot. 
To address our first hypothesis, we calculated the correlation 
between the COP in the anterior-posterior (AP) direction and 
Achilles tendon wave speed using a Pearson’s correlation. To 
address our second hypothesis, we used the standard deviation 
of both the COPAP and Achilles tendon wave speed as our 
summary measures of standing balance. Measures for repeated 
trials were averaged together for each subject. We compared 
eyes open and closed conditions using a paired t-test. 

Results and Discussion 
In support of our first hypothesis, Achilles tendon wave speed 
was highly correlated with the COPAP (r = 0.958 ± 0.037) 
(Figure 1). We observed similar correlations between wave 

speed and ankle torque (r = 0.956 ± 0.037), which is due to 
COP fluctuations being the primary determinant of ankle 
torque when vertical force under the foot remains relatively 
constant. We did note subtle differences between the dynamic 
wave speed and COP trajectories (Fig. 1). This would suggest 
that shear wave speed could provide insight into the muscular 
control of balance that is not discernible in sway metrics. 
In support of our second hypothesis, we observed a significant 
increase (p = 0.04) in tendon wave speed fluctuations when 
subjects closed their eyes during standing (Fig. 2). The 
magnitude of the increased wave speed variance (+49%) was 
comparable to the increase in variance of the COPAP (+40%, p 
= 0.01). Thus, Achilles tendon wave speed measures can 
delineate changes in standing balance arising from altered 
sensory conditions.  

Conclusions 
Achilles tendon shear wave speed can track dynamic 
musculotendon actuation in standing balance. This finding 
suggests that wave speed metrics could be useful for probing 
disrupted control patterns underlying balance disorders. 
 

 
Figure 1: Achilles tendon wave speed and COPAP were highly 

correlated during quiet standing. 

 
Figure 2: Similar to force plate posturography, wave speed 
measurements can discern changes in vision during standing 
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Summary 

Cosimulation of glenohumeral dynamics employing contact at 

the glenohumeral interface predicted glenohumeral head 

displacements during shoulder elevation similar to those 

reported in cadaveric studies.  

Introduction 

Nearly 25% of people will experience a rotator cuff tear (RCT) 

within their lifetime; almost 33% of older adults are affected by 

shoulder osteoarthritis (OA) [1,2]. Although mechanical 

loading of bone and soft tissues is known to be an important 

contributor to OA development in the knee and hip [3], the 

mechanics of injury initiation in the shoulder is unclear. 

However, humeral head translation is thought to be related to 

OA initiation by altering tissue stress and centre of pressure, 

and increases following RCT [4]. 

Computational models can provide insight to joint translations 

and contact forces that are challenging to measure 

experimentally, but current shoulder models [5,6] are limited 

by a simplified glenohumeral joint that rotates without 

translation. Therefore the goal of this study is to create a novel 

tool for simulating upper extremity motion that captures 

translations and contact at the glenohumeral joint. 

Methods 

An existing upper-extremity model [6] with a ball-and-socket 

joint was modified to allow humeral head translation in 

Opensim (v.3.3) (Figure 1). Contact surfaces for the glenoid 

fossa and humeral head were defined from MR images and 

implemented using a bed of springs approach. Passive spring 

elements representing the coracohumeral ligament and the 

major portions of the glenohumeral ligament were included 

with mechanical properties and attachment points derived from 

prior anatomical and tensile strength studies [e.g. 7].  

  

Figure 1: Upper extremity model, depicting muscle lines of action 

(red), ligaments (green), and contact surfaces (cyan). Some structures 

omitted to allow visualization of contact surfaces. 

Simulations of upper limb elevation in the scapular plane were 

achieved using a forward dynamic simulation approach 

designed to mimic experimental measures of shoulder 

translation made with disarticulated and dissected shoulder 

girdles [8]. A constant 0.3 activation was applied to rotator cuff 

muscles with a starting shoulder elevation of 30°. Deltoid 

muscle activation was linearly increased over ten seconds until 

90° of abduction was reached. All other muscles had activations 

of 0.01 throughout the trials. 

Predicted humeral head translations from 30° to 70° elevation 

in the reference frame of the glenoid were compared to 

translations from cadaveric studies using analogous loading 

paradigms with 4 muscle stimulation protocols [8,9]. 

Results and Discussion 

Figure 2: Humeral head displacements from 30° to 70° elevation in 

the scapular plane. 

Predicted translations were 1.61mm, 1.60mm, and 1.05mm in 

the anterior, superior, and lateral directions, respectively. 

Comparison of predicted values to cadaveric studies (Figure 2) 

shows the simulation predicted translations of similar 

magnitude in all three anatomical directions. Ongoing work will 

assess model predictions of humeral head translations for other 

tasks and with rotator cuff deficient shoulders. 

Conclusions 

Humeral head translations predicted using contact-based 

glenohumeral articulation matched well with experimentally 

measured translations under similar loading conditions. This 

work represents a critical first step towards a computational 

framework for understanding the interactions between muscle 

and joint loading during functional shoulder movement that 

may have implications for initiation of OA. 
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Summary 

Animals easily navigate complex terrain and can rapidly and 

safely reject unexpected perturbations. However, the 

underlying mechanism at the muscle-tendon level of this 

behaviour is unclear. To study this, we attached a real muscle-

tendon unit to a novel bio-robotic interface that emulates 

interaction with a mass in gravity to generate stable feedforward 

hopping. We then suddenly drop the height of the ground. We 

show that real muscle-tendon units can rapidly and safely reject 

perturbations within two hops across a large range of drop 

heights. This shows muscle-tendon units are robust against 

perturbations that span an order of magnitude in drop height 

during cyclic tasks without relying on closed loop feedback. 

Introduction 

Legged locomotion research has primarily been focused on 

studying steady state behaviours on flat ground and at constant 

speeds. However, humans – and animals in general – do not 

locomote in a flat world. Previous studies of uneven terrain 

locomotion have shown that purely feedforward strategies (i.e., 

clock-based muscle activations) are able to reject 

environmental perturbations. However, these studies were in 

freely moving whole animals with multiple joints [1] or 

multiple legs [2]. Therefore, it is unclear if this stability arises 

from joint level features or fundamental intrinsic properties of 

muscles. Thus we use a novel bio-robotic interface [3] to study 

hopping in a simple single joint context and we pose the 

question: Can purely feedforward driven hopping strategies 

rapidly and safely recover from a broad range of perturbations? 

Based on previous modelling studies [4], we hypothesize that 

muscle-tendon units will require larger number of cycles to 

dissipate energy with increased drop height while maintaining 

muscle lengths within a safe operating range. 

Methods 

We cyclically stimulated the muscle to generate hopping [3]. 

Once the hopping settled to a stable cycle, we suddenly dropped  

 

the height of the ground by one of three heights (0.01m, 0.05m 

and 0.1m). We measured the amount of energy dissipated in the  

 

 

first three steps after the perturbation and normalized it by the 

additional potential energy injected into the system due to the 

drop. 

Results and Discussion 

Excess energy from the drop in ground height was rapidly 

dissipated within two hops (p0 and p+1) across an order of 

magnitude of drop heights (Fig. 1B). Contrary to expectations,  

a larger proportion of the injected energy is dissipated in the 

first cycle after the drop as drop height increased – 

demonstrating that muscle-tendon units get better at dissipating 

energy with increasing heights. Muscle fascicle were shorter 

during the perturbed cycle compared to cycles prior to the 

perturbation indicating safe operation.  

Conclusions 

Contrary to models that use Hill-type muscle tendon units in 

silico, we found that biological muscle-tendon units in vitro can 

rapidly and safely reject perturbations across an order of 

magnitude range of drop heights. Given that in our preparation 

the neural control signals were invariant, implicating that 

intrinsic muscle properties enable this behaviour. Studying the 

mechanical properties of real muscles in unsteady conditions 

will allow for the development of wearable and legged robots 

with lower bandwidth control and better stability properties. 
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Figure 1: (A) Biorobotic interface setup. The muscle-tendon unit is cyclically stimulated with a feedforward signal to generate hopping 

and we suddenly dropped the height of the ground (B) As drop height increased, a larger proportion of the energy injected by the drop is 

dissipated in the first cycle (p0) after the drop. All of the injected energy is rejected within two cycles for all drop heights. 
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Summary 

We have engineered the first animal models to study Freeman-

Sheldon Syndrome (FSS) by expressing transgenic myosin 

containing FSS-causing point mutations Y583S and T178I in 

Drosophila [1]. We studied the mutations’ effects on indirect 

flight muscle (IFM) and jump muscle mechanical properties to 

elucidate possible mechanisms of disease. We found that 

increased muscle stiffness leads to diminished power 

production.  

Introduction 

Freeman-Sheldon syndrome is the most severe form of distal 

arthrogryposis and is characterized by facial and distal muscle 

contractures, paired with increases in muscle stiffness. These 

ailments lead to immobilization of patients’ extremities, 

resulting in a negative impact on their lives.  

Methods 

We performed skinned muscle mechanical analysis on 

Drosophila IFM and jump muscles dissected from 

heterozygous FSS mutant flies. Sinusoidal analysis and work 

loop experiments were used to measure maximum power 

generation, stiffness and overall muscle kinetics in IFMs by 

oscillating the muscle fibers at various frequencies and muscle 

length amplitudes.   

To investigate mechanistic changes of a single cross-bridge 

cycle step, we varied [ATP] and performed IFM sinusoidal 

analysis to assess how ATP response varied in the FSS mutants.  

Activation and relaxation experiments were performed on the 

jump muscles. Muscles underwent repetitive activation events 

using a rapid bath exchange system, while tension was 

continuously recorded. Data were fit with a logistic curve to 

calculate rates.  

Results and Discussion 

The most striking alterations were the 70% and 77% increases 

in elastic moduli for the Y583S and T178I IFM fibers, 

respectively, which coincides with the human disease 

phenotype of increased stiffness (Figure 1). Increased stiffness 

impaired maximum power production, as it decreased by 45% 

and 62% due to an increased amount of work being absorbed 

by the muscle during lengthening. A contributing factor to both 

decreased power and increased stiffness was a slowing of at 

least one cross-bridge cycle transition. This was inferred from 

17% and 31% decreases in the frequency that generated 

maximum power (fmax).  

 

Figure 1: FSS mutations drastically increase muscle stiffness. 
Dashed line at 500 Hz is where percent increases were calculated.  

fmax vs. [ATP] data were fit with a Michaelis Menten curve, 

which revealed that the T178I myosin has a lower affinity for 

ATP, as shown by a larger Km value. Therefore, T178I myosin 

spends a prolonged period of time bound to actin, contributing 

to the increase in stiffness.  

This prolonged binding also impedes T178I muscle’s ability to 

relax as shown by a 16% decrease in relaxation rate. 

Additionally, Y583S and T178I activation rates slowed by 21% 

and 15%, respectively. We speculate that the rate of Pi release 

is influencing these changes in activation rates since it has been 

shown to influence force generating steps of the cross-bridge 

cycle [2]. It could be valuable to examine the rate of Pi release 

in the Y583S mutant since no difference in ATP affinity was 

observed.  

Conclusions 

Understanding the disease mechanisms behind FSS will help 

improve research for treatment options in patients currently 

suffering from its symptoms. Our work suggests that FSS 

myosin spends prolonged periods of time bound to actin due at 

least in part to low ATP affinity. We conclude that contractures 

seen in Freeman-Sheldon Syndrome likely result from elevated 

muscle stiffness and decreased ability to power limb movement.  
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How the interdisciplinary nature of biomechanics positions us to tackle the problem of spine dysfunction and low back pain  
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Summary 
Low back pain (LBP) is often researched from isolated points 
of view, but real advancements in understanding require 
multidisciplinary perspectives. Biomechanics is an essential 
element of this, but requires careful integration with other 
disciplines. Here I highlight the utility of this approach and 
recent advancements it has enabled, and how it can be fostered 
by societies like the CSB and ISB. 

Introduction 

Biomechanics is fundamentally an interdisciplinary scientific 
field; by name combining the fields of biology and mechanics. 
As such, it is elementally rooted as means to understand 
structure/function relationships of biological organisms and 
systems. Biomechanics is also closely linked to motor control 
through the inherent relationship between muscles and the 
skeleton. Muscles have distinct structural (passive) properties, 
and at their most basic level, are active contractile machines 
that generate and control human movement via interaction 
with the central nervous system.  

My graduate research training was embedded in classic human 
movement biomechanics and biomechanical modeling. Much 
of this work focused on how the spine and abdominal wall 
muscles act to control trunk motion and stabilize the spine. A 
limitation of the ideas was a lack of knowledge in regard to 
the specific characteristics of the muscles we were studying. 
This led me to a postdoctoral fellowship in muscle mechanics 
and physiology. My research career since has attempted to 
integrate these fields to address fundamental questions related 
to spine and low back (dys)function and pain. 

Biomechanics as a Tool to Understand Low Back Pain 

LBP is the number one source of worldwide disability [1]. 
However, for more than 90% of people with chronic LBP, a 
clear patho-anatomical source of their pain cannot be provided 
[2]. This is a limitation of both diagnostic capabilities and our 
understanding of structure/function relationships related to 
low back function and pain generation, and is obviously a 
major problem for both prevention and rehabilitation of LBP. 
Excellent science, rooted in biomechanical principles, is 
needed. Furthermore, because of the diagnostic limitations, 
movement (ie how people move and control motion of their 
backs) is often considered the critical link to identifying [e.g. 
3] LBP sources, and is again where biomechanics becomes an 
essential pathway to solutions. 

During my postdoctoral fellowship, we discovered a causal 
relationship between the experimental induction of 
intervertebral disc (IVD) degeneration and a subsequent 
stiffening of the back musculature [4]. Histology was used to 
provide the insight to the source of the muscle stiffness; a 
fibrotic phenotype (extra collagen) had developed. This 
spurred new research in other labs to confirm this finding via 
molecular pathways [5]. Our hypothesis for the mechanism 

that triggered the collagen-based increase in muscle stiffness 
was a necessity to counterbalance the loss in spine stiffness 
due to IVD degeneration; to test this we wanted to reverse the 
experiment and see what would happen if the stiffness of the 
spine was increased. To do this we sought collaboration with a 
cell biologist who worked on a genetically modified mouse 
model characterized by a progressive mineralization of the 
spine’s soft tissues. This collaboration confirmed part of our 
hypothesis; the mineralization resulted in a stiffer spine and 
less stiff muscle [6]. However, the reduced muscle stiffness 
did not arise from a change in the extracellular collagen 
content or structure but rather from the cells themselves. 
Future work, requiring interdisciplinary means, is being 
designed to determine the source of this cellular level change. 

Movement and motor control related to LBP are often studied 
in a search for ‘aberrant’ movement patterns that predispose to 
back injury and/or develop as maladaptive responses to injury 
or pain. However, what actually constitutes an ‘aberrant’ 
pattern is unclear. The spine has a very high number of 
movement degrees of freedom that determine its curvature. 
Recent work in our lab has explored these degrees of freedom 
to better understand the complexity and multitude of options 
healthy people use to move their backs, even during simple 
tasks [7,8]. The reality is that there is a great deal of variability 
in spine curvature even during quiet standing. This standing 
curvature is partially predictive of how a person will move 
his/her back, but there are a number of other natural sources of 
variability that ultimately determine these movement patterns. 
These sources of variability could be central in determining 
what really should be considered ‘aberrant’ and potentially 
predisposing or maladaptive to injury/pain. 

Studying isolated aspects of complex biological systems and 
then attempting to piece them back together is limiting. 
Instead, these systems should be investigated as integrated 
wholes whenever possible.  Doing this requires a variety of 
perspectives and interdisciplinary science. Societies like the 
Canadian Society for Biomechanics and International Society 
of Biomechanics are essential in promoting the field of 
biomechanics and its interdisciplinary nature. It is paramount 
that these societies build their network to include scientists 
and researchers from a wide spectrum of fundamental fields. 
We at the CSB have made that one of our mandates over 
recent executive terms, and I hope that this continues. 
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Thank you Canada (and CSB)!  
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Summary 

In January 2005, I came to the University of Waterloo (and 

Canada) with little appreciation for the breadth and depth of 

biomechanics research in Canada. Over the last nearly decade 

and a half, I have seen this excellence persist and expand in 

dramatic ways. Most markedly, a transition from historic 

topical foci to incorporate other topics (personally, the upper 

limb!) is underway and promises practical and exciting 

contributions of biomechanics to Canada…and beyond! In this 

mercifully brief talk, I will highlight the unique culture and 

character of biomechanics in Canada, discuss how I have seen 

it grow and mature, and speculate on what the future may 

hold! 

Introduction 

Canada’s unique strengths provide a fertile environment to 

advance biomechanics as a discipline. Individual virtuosos of 

days gone by have propelled Canada to a disproportionately 

influential position in international biomechanics. It is crucial 

to thoughtfully appreciate and strategically leverage successes 

of the past to continue our national excellence. 

Methods 

Following a Biomedical Engineering PhD in Michigan, I 

began as an Assistant Professor 2 weeks later. I was quickly 

immersed in the Canadian biomechanics culture, and often 

identified important advantages and nuances of the national 

landscape. The exposure continued over the next 14+ years 

continually increased my appreciation and recognition of the 

Canadian context. 

Results and Discussion 

I was nurtured and enabled by Canadian biomechanics and a 

supportive environment at Waterloo, leading to results 

including the 2010 CSB Promising Young Investigator 

Award, and Ontario Early Researcher Award (also 2010), the 

Liberty Mutual Research Institute for Safety Visiting Scholar 

(2013), the Canada Research Chair in Shoulder Mechanics 

(2014), President of CSB (2015) and promotion to Professor 

in 2017. I have had the pleasure of personally supervising 37 

graduate and postdoctoral trainees, inviting over 150 

undergraduates to actively contribute to research activities, 

and representing Canada internationally in both shoulder and 

occupational biomechanics. All of this was enabled by the 

particular brand of biomechanics we have in Canada. 

Conclusions 

Canada is a special place to be a biomechanics researcher. 

Opportunities for success are plentiful, and with dedication 

and continued effort, Canada can continue as a prime 

contributor to international promotion and expansion of 

transformative and innovative biomechanics research. 
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Summary 

Canada has a long standing history of producing an impressive 
depth and breadth of highly impactful biomechanics research 
that has influenced and led our field worldwide. Many of these 
major researchers have relentlessly championed for 
biomechanics, and demonstrated their commitment to 
fostering a supportive CSB community. In this talk I will 
describe the impact CSB has had on my journey, and my 
perspective on what we as a society should fight to continue 
doing as we move forward.   

Introduction 

Canada has continued to play a disproportionally large role in 
producing impactful biomechanics research and researchers. 
Many ‘generations’ of Canada’s highly influential 
biomechanics researchers have consistently engaged with CSB 
and invested in selflessly mentoring the next ‘generation’ of 
trainees. The influence of my interaction with these engaged 
renowned biomechanists through CSB early in my PhD 
emphasised to me the importance of contributing to our 
community and training.  

A potentially unintended side effect, as we expand our breadth 
and further develop depth across our discipline, is migration 
away from our CSB community.  While the enrichment value 
of these multidisciplinary groups and subsets of biomechanical 
research cannot be denied, they do present challenges.  I think 
it is important that CSB deliberately continues to foster a 
sense of community and support by consciously trying to 
engage biomechanists across our field.  We can continue to 
enhance the excellence of our Canadian biomechanics 
community, and training of the next ‘generation’ by 
incorporating new strategies, in addition to continuing the 
organic approach used by our many champions.  

Methods 

After completing my BSc degree from the University of 
Guelph, I worked for over 2 years as a Kinesiologist and 
Ergonomist performing Functional Abilities Evaluations, 
Disability Assessments, and on-site job analyses, primarily for 
people with work related injuries or injuries due to vehicle 
collisions. I returned to Guelph to complete my MSc with Dr. 
Jim Dickey, and realized my joy for research. Dr. Jack 
Callaghan encouraged me to pursue my PhD and I attended 
my first conference, CSB 2004 in Halifax. Immediately, I was 
impressed by the strength of the sense of community, and 
genuine support and interest that the established researchers 
showed me during and after my podium. I continued to attend 
CSBs, but after my first international conference I was struck 
by how unique the combination of biomechanics excellence 
and engagement of the people in the CSB community. 

 

In 2007, a year before completing my PhD in Biomechanics 
from the University of Waterloo, I started a faculty position at 
the University of Windsor. After two years I moved to York 
University, where I established the Drake Biomechanics Lab 
in the new Sherman Health Science Building. My early years 
as a faculty member benefited from my PhD and CSB mentors 
excellent example of community and training. I also benefited 
in ways I had not anticipated, such as helpful guidance on 
navigating the many non-research aspects of a faculty 
position. Simply put, the CSB community wants their fellow 
biomechanists to thrive, in research and in everything else.  

Results and Discussion 

Evidence of my belief in the value of CSB can be seen in my 
involvement in the community over the last 15 years; first as a 
member and conference participant, reviewer, Executive 
Member-at-Large (for 4 years), Session Chair, Women-in-
Science Mentor, and recently as Secretary in 2018. CSB 
conferences are always the target conference for my trainees 
to share our work.  

At York I have taught between 600-900 students every year in 
one of the largest Kinesiology programs in Canada, which has 
its advantages in terms of advocating for biomechanics but 
also for recruitment. I have worked hard to develop a 
biomechanics micro community at York. I have supervised 
and mentored 28 undergraduate research students (60% went 
on to MSc) and 52 volunteers (70% continue to research). 
Also, I have supervised/am supervising 3 PhDs (Alison 
Schinkel-Ivy - Assistant Professor at Nipissing; Brian Nairn -
University Educational Developer at McMaster and now 
York; Heather Johnston –candidate) and 18 MSc who have 
gone on to PhDs and biomechanics-related fields (including 
equipment sales, Research Coordinators, and Occupational 
Health and Safety Technicians). I have tried to emulate the 
environment of support I was exposed to through my graduate 
training and the unique culture of biomechanics I experienced 
through CSB.  

Conclusions 

Understanding that there are many demands on our time as we 
each strive for excellence in research and training, I think we 
also need to continue to invest in the quality and strength of 
our CSB community. So that we in turn can help develop our 
future champions for biomechanics. 
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The Research Breadth, People and Sense of Family is what Defines the Canadian Society for Biomechanics! 
 

Scott C. Landry1 
1School of Kinesiology, Acadia University, Wolfville, NS, Canada 

Email: scott.landry@acadiau.ca 
  

Summary 
Attending almost two decades of CSB meetings, beginning 
with CSB 2000 in Montreal after undergrad and more recently 
as Co-chair for CSB 2018 in Halifax, there are two primary 
themes that stand out to me and make our society very special. 
These themes include the wide breadth of world class 
biomechanical research taking place within Canada, and just 
as important, the respectful and caring people who provide a 
“strong sense of family” within our society. In his invited CSB 
2018 lecture titled “A Historical Perspective of CSB”, Dr. 
Walter Herzog articulated so well that “it is all about people” 
who make our society so special. As I reflect on my career, I 
will emphasize the strong sense of family within our society 
and highlight how the people within our society, who continue 
to shape the future of biomechanics within Canada and 
beyond, significantly impacted my life and career. 

Introduction 
My passion for understanding knee injuries was fuelled by a 
cycling injury in high school and seeing a couple of fellow 
varsity soccer teammates sustain a non-contact anterior 
cruciate ligament injury in the early 1990s. After completing a 
B.Sc.H. from Acadia University (1997) and a B.Eng 
(Mechanical) in 2000, I was generously provided the 
opportunity by my future PhD supervisor at the time, Dr. 
Kevin Deluzio, to attend my first CSB meeting in Montreal.  It 
was here that I received my first introduction to the amazing 
breadth of research taking place within Canada and it was also 
immediately evident just how supportive all the CSB members 
were of one another.  

Methods 
I had the opportunity of helping to design and setup the 
Dynamics of Human Motion laboratory during my PhD at 
Dalhousie. As Lab Manager, I also oversaw the develop of a 
gait and neuromuscular testing protocol, that continues to be 
used to this day, and has led to over 40 published manuscripts 
on knee osteoarthritis coming out of the lab. Our Dalhousie 
research group (led by Cheryl Kozey, Kevin Deluzio and John 
Kozey) hosted CSB 2004 and I was a student volunteer and a 
finalist for the 2004 CSB New Investigator Award for our 
knee OA research. I had the honour of being awarded the New 
Investigator Award at CSB 2006 in Waterloo for our ACL 
injury risk factor research and had the pleasure of meeting the 
“infamous” Dr. David Winter, a founding member of CSB and 
the first CSB Career Award Winner. Upon this meeting with 
Dr. Winter, it was further reinforced to me that CSB is as 

much about the “people” and strong sense of family, as it is 
about the science. 
Results and Discussion 
During my post doctorate fellowship in Calgary at the HPL, I 
established dozens of lifelong friendships and benefitted 
greatly by working within the same research environment as 
world class biomechanists such as Walter Herzog, Reed 
Ferber, Janet Ronsky, Darren Stefanyshyn and Benno Nigg. 
My faculty appointment started in the School of Kinesiology 
at Acadia University in 2008 and since then I have established 
the John MacIntyre motion Laboratory of Applied 
Biomechanics (Twitter: @mLAB_Acadia) and was promoted 
to Professor in 2016. Because Acadia does not have a 
Kinesiology graduate program, it has been primarily 
undergraduate honours students contributing and driving my 
research program, which focuses on improving our 
understanding of injury risk factors and how athletic 
movement tasks of young athletes change throughout the 
various stages of puberty. Many of my undergraduate honours 
students have had an opportunity to present their research at 
CSB, ISB or WCB and last year while serving as Co-chair for 
CSB 2018 in Halifax, our volunteer team of mostly 
undergrads played a significant role in helping us successfully 
host our society’s biennial conference. What defined CSB 
2018 for many was not only learning about the wide breadth 
of world class biomechanics research (basic and applied) that 
has and continues to take place within our vast country, but 
also the strong sense of family and community within our 
society, which was clearly evident by the success and 
atmosphere of the social events attended and enjoyed by 
students, faculty, sponsors and exhibitors. 

Conclusions 
Within the Canadian Society of Biomechanics, “it is all about 
the people” and the wide breadth of highly impactful research 
being carried out by these people and their respective research 
teams across our diverse and very welcoming nation.   
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Summary 

The windlass mechanism is thought a key part of human foot 

form and function. Previously considered a passive tensioning 

of the plantar aponeurosis, we provide evidence that ankle 

plantar flexor, and plantar intrinsic foot muscles actively 

mediate the windlass mechanism and metatarsal-phalangeal 

joint (MTPJ) stiffness. 

Introduction 

The windlass mechanism describes that extending our toes 

winds the plantar aponeurosis (PA) around the ball of the foot 

and tensions the PA [1]. This passive tensioning causes the 

long arch (LA) of the foot to rise, and is said to stiffen the 

foot, enhancing our capacity for bipedal gaits. 

However, the elastic nature of the PA means that tensioning it 

depends on resistance at the calcaneal end, presumably by 

contraction of ankle plantar flexors (PF). Furthermore, plantar 

intrinsic foot muscles (PIMs) influence toe mechanics [2], and 

could actively modify the windlass mechanism. We aimed to 

show that the windlass mechanism in human feet is influenced 

by active contraction of PF and PIM muscle groups. 

Methods 

10 participants with no leg or foot injuries sat with their knee 

flexed and ankle in slight dorsiflexion. A linear actuator 

applied controlled loads to the distal thigh, compressing the 

lower leg and foot. The ball of the foot was atop a platform 

and the heel was unsupported. A hinge placed under the MTPJ 

was winched via a cord, to extend the toes after the thigh was 

loaded. Participants resisted ankle dorsiflexion due to loading 

at Low, Mid, and High compression forces (0.5, 1.0, 1.5 BW). 

Toes were rotated (extended) until the same force was 

measured in the winch cord. Kinematics of a multi-segment 

foot model were generated from motion capture data, and PA 

length was modelled. Intramuscular EMG signals were 

recorded from abductor hallucis (AH) and flexor digitorum 

brevis (FDB), and surface EMG from soleus. A force platform 

recorded ground reaction forces that were used to estimate 

quasi-static joint moments for the MTPJ. 

Results and Discussion 

Leg loading caused proportional initial compression of the 

LA, which then recoiled when the toes were extended, as 

predicted by the windlass mechanism (Fig 1). However, toe 

extension and LA recoil were restricted as loading increased 

(Fig 1), despite the fact that MTPJ extension moments were 

unchanged. Thus, the MTPJ stiffened (Fig 2) with increased 

loading magnitude, despite there being reduced stretch of the 

PA. We thought a-priori that PF contraction would strain the 

PA before toe extension creating greater resistance, but initial 

loading did not increase PA strain (Fig 1). Instead, greater 

stiffness of the MTPJ under high loading occurred 

concurrently with greater activation of intrinsic foot muscles 

(Fig 1C). Because MTPJ extension was restricted in the High 

loading condition, stretch of the PA was least. Active 

contraction of the intrinsic foot muscles appears to be able to 

shield the PA from strain. 

 

Figure 1. Group mean MTPJ angle change (A), PA length (B), RMS 

FDB EMG (C), and LA angle (D). Data are plotted from onset of 
loading to release.  

 

Figure 2: Group mean MTP moment-angle relationship for the 

period of toe extension (A). Box-plot of average MTPJ joint stiffness 
(KMTP) during toe extension (B). 

Conclusions 

The windlass mechanism can be mediated by active muscular 

contractions, and is not the only contributor to foot stiffness in 

response to loading. 
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Summary 

The flatfoot and cavus foot can affect the physical 

performance of athletes and increase the appearance of 

musculoskeletal disorders. The arch of the foot behaves as an 

elastic structure connecting the forefoot and hindfoot. The 

purpose of this work was to analyze the morphology of the 

soles of the feet in young athletes and find the prevalence of 

these pathologies through the Chippaux-Smirak index. It was 

found that women have the highest percentage of cavus foot 

and both genders have a low percentage of flatfoot. 

Introduction 

The flatfoot is a medical condition where the medial 

longitudinal arch collapses when the person support the whole 

body on standing position [1,2]. On the other hand, the cavus 

foot is the opposite morphology, the contact with the ground 

of the medial part of the foot diminishes. The objective of this 

work was to determine the degree of flatfoot and cavus foot in 

young athletes between 9 and 20 years of age participating in 

the national programs of the Municipal Commission of 

Physical Culture and Sport.  

Methods 

One hundred and ninety-one young athletes participated in the 

study (58.6% women and 41.4% men), average mass of 57.99 

± 12.86kg and average height of 1.61 ± 0.11m. As an 

inclusion criterion, it was reviewed that all the participants 

executed their corresponding sports activities and excluded 

those who presented motor problems, amputations or neuronal 

problems. Then, the soles of the feet were digitized with a 

PodoScan and the Chippaux-Smirak index was obtained [1,2].  

The digitized images of the soles of the feet were analyzed in 

MATLAB R2015a version 8.5.0.197613. Tools (ginput, GUI, 

imread) belonging to Matlab were used to locate the 

coordinated points in the plane of the image.  

Results and Discussion 

The results clearly show that flatfoot in adolescents and young 

adults is a condition with a low prevalence level [3]. For the 

right pelvic member, flatfoot in women ranges between 1.9% 

and 3.8% and for men it varies from 1.4% to 8.2%. For the left 

pelvic member, flatfoot in women ranges from 0.9% to 4.7% 

and for men this is around 5.5%, Figure 1. These results show 

that the prevalence of flatfoot is higher in men than women, as 

indicated by other authors [4].  

One of the most outstanding results found in the study is the 

high index of cavus foot in athletes, where women are the 

most affected by this alteration. This finding coincides with 

other studies that have found a tendency of cavus foot in 

athletes and that could have an effect on the structure of the 

foot. A high prevalence index of cavus foot could be related to 

the mechanical exigencies of the foot towards the movement 

of plantar flexion [5].  

 

Figure 1: Anatomy of the right and left foot. 

Conclusions 

The present work found that women have the highest 

percentage of prevalence of cavus foot and confirms that the 

prevalence of flatfoot in young adults is low. 
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Summary 

We examined the effects of the ankle and metatarsophalangeal 

(MTP) joint angles on the length, thickness and stiffness of the 

human plantar fascia (PF) using magnetic resonance imaging 

and ultrasound shear wave elastography. We revealed that the 

ankle and MTP joint angles affected the length of PF, which 

became stiffer at the certain joint configurations without 

measurable changes in thickness. 

Introduction 

Ultrasound shear wave elastography (SWE) is a relatively new 

technique that quantitatively evaluates soft tissue stiffness. We 

recently showed that PF thickness and shear wave velocity 

(SWV: an index of longitudinal stiffness) had clear 

proximodistal site-differences, but the effects of angles of the 

joints that the PF crosses on the measurements have not been 

reported. In this study we aimed to investigate the effects of 

ankle and MTP joint configurations on the morphological and 

mechanical properties (length, thickness and stiffness) of PF. 

Methods 

Eight healthy males (age: 23.6 ± 3.0 years; mean ± SD) 

participated. A series of sagittal magnetic resonance images of 

the right foot were obtained, and the changes in PF length was 

measured. The ankle was secured at 20°, 0° and -20° (+: 

plantar flexion, -: dorsiflexion), with MTP joint set at 0° 

(neutral position), 20°, 40° and 60° of extension. An SWE 

apparatus (Aixplorer, Supersonic Imagine, France) was used 

to measure PF thickness and SWV. Scanning of PF was 

performed in the longitudinal direction at the following three 

sites: proximal (calcaneal attachment), middle (the level of 

navicular tuberosity) and distal (proximal to the second 

metatarsal head). The ankle was secured at every 10° between 

40° and -20° with MTP joint set at 0° and 40°. Separately, 

another session that the MTP joint was positioned at 0°, 10°, 

20°, 30°, 40°, 50° and 60° with the ankle being set at the 

neutral position was performed. 

Results and Discussion 

The PF length was significantly larger in the ankle dorsiflexed 

position than the plantar flexed position (ankle 20°: 15.9 ± 0.7 

cm, -20°: 16.6 ± 0.8 cm, p < 0.05), and related with MTP joint 

angles (MTP joint 0°: 16.2 ± 0.8 cm, 60°: 17.0 ± 0.8 cm, p < 

0.05). There was no significant difference in the PF thickness 

over the ankle and MTP joint angles (p > 0.05). The SWV was 

significantly higher when the ankle was dorsiflexed at and 

above -10° (distal site, 0° and above) than the ankle was 

positioned at 40°-20° (Figure 1).  In addition, SWV values 

were significantly higher at 40° of MTP joint compared with 

the neutral position (Figure 1). Furthermore, SWV was 

significantly higher at all measurement sites when the MTP 

joint was extended at and above 30° than the neutral position 

(p < 0.05). 

 

Figure 1: Changes in SWV at each measurement site of PF at ankle 

was positioned from 40 to -20° with and without MTP joint 40° 

extension (*: vs. ankle 40° plantar flexion, p < 0.05). 

The SWV is related with the elongation of soft tissues [2, 3]. 

Higher SWV values with the ankle positioned at and above 

10° suggest existence of the slack length of PF at the ankle 

angle of 20-10°. A previous study reported that the slack 

lengths of the passive Achilles tendon and medial 

gastrocnemius correspond to 44° and 24° of ankle plantar 

flexion, respectively [4]. It is likely that the calcaneus is pulled 

by the passive lengthening of the triceps surae muscle-tendon 

unit beyond 24° of the ankle, which matches our findings. 

Moreover, SWV was higher with the MTP joint at 30° than at 

the neutral position, suggesting that the windlass mechanism 

[5] works around this angle. Taken together, this study showed 

that PF is stretched and becomes stiffer at certain joint angle 

configurations of the ankle and MTP. 

Conclusions 

We revealed that the ankle and MTP joint angles affected the 

length of PF, which became stiffer at the certain joint 

configurations without measurable changes in thickness. 
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Summary 

The aim of this study was to identify differences in plantar 

pressure patterns in Dutch military recruits with lower leg 

complaints compared to recruits without any physical 

complains during their basic military training. Baseline plantar 

pressure measurements were performed in 1142 military 

recruits. During basic training, recruits filled out a weekly 

complaint card indicating the severity and location of the 

lower body pain they experienced. Recruits with lower leg 

complaints showed a different plantar pressure pattern 

compared to recruits without any complaints. Moreover, the 

difference in plantar pressure pattern was related to the 

location of complaint. Hence, gait patterns can be identified as 

a risk factor for the development of lower leg complaints. 

Introduction 

Overuse injuries of the lower extremities frequently occur in 

both athletes and military recruits. Many studies have been 

performed to identify biomechanical risk factors. However, 

most of these studies are cross-sectional studies and, thus, are 

not suitable for determining cause and effects. Subjects with 

foot complaints might alter gait pattern to reduce pain and as a 

result differences in the biomechanical measures may be due 

to avoidance of pain instead of pathology. Therefore, a 

longitudinal study assessing the gait pattern prior to any sign 

of complaints would be more appropriate. As military recruits 

have a high incidence of lower leg injuries due to strenuous 

physical activity in basis training [1], they are a suitable 

population in which the development of musculoskeletal 

injuries can be studied.  

The aim of this study was to identify differences in 

gait patterns between Dutch military recruits with and without 

lower leg complaints.  

Methods 

In total 1142 military recruits performed a plantar pressure 

measurement and filled out weekly complaint cards during 

their basic training. Plantar pressure measures were obtained 

at the first day of their training. Plantar pressure distribution 

was measured during barefoot walking over a 1m pressure 

plate (RSscan Inter-national®, Olen, Belgium) on top of a 

force plate at military marching speed. Plantar pressure was 

analyzed at a sensor level using the normalization method 

developed by Keijsers et al. [2] 

At the start of every week, recruits filled out a 

complaint card in which they indicated complaints in their 

lower back, upper leg, knee, lower leg and ankle/foot, using 

NRS pain scores between 0 (no pain) and 10 (unbearable 

pain). When a complaint was present, recruits specified the 

exact region of their pain on charts of different lower body 

parts. A complaint was considered relevant when a person 

rated a NRS pain score of 3 or higher at any of the locations. 

The following three lower leg complaint groups were studied: 

pain at the anterior side of the lower leg (tibia and M. tibialis 

anterior region), pain at the posterior side of the lower leg (M. 

gastrocnemius, M. soleus and Achilles tendon region) and 

pain at the lateral side of the lower leg (M. peroneus region 

region). Recruits who reported NRS pain scores below 2 at 

any of their complaint cards were considered as recruits 

without complaints and were used as reference population. 

Recruits who did not met the criteria of the reference group or 

one of the three lower leg complaint groups (e.g. NRS pain 

scores of at least 2 in lower back, upper leg, knee or 

ankle/foot)  were not analyzed in this study.  

Results and Discussion 

A total of 167 recruits reported no complaints (NRS pain <2) 

at any of their complaint cards. The ‘anterior group’ consisted 

of 30 recruits, the ‘posterior group’ of 40 recruits and the 

‘lateral group’ of 29 recruits. One-way ANOVA revealed no 

significant differences in age (p=0.14), length (p=0.90) and 

weight (p=0.22) between the groups. 

Figure 1 shows the differences in plantar pressure 

patterns between the groups with and without lower leg 

complaints. The anterior group had lower pressures under 

Metatarsal II to IV and increased pressures under Metatarsal I 

and V and the heel. The posterior group showed only a clear 

increase in pressure under the hallux and a slight increase in 

the midfoot. The lateral group showed an increase in pressure 

under the heel and lateral midfoot/forefoot, and a decrease in 

pressure under Metatarsal I and hallux. 

 

Figure 1: Left panel shows the mean plantar pressure pattern of the 

recruits without complaints. The three right panels show the 

difference in plantar pressure patterns between each of the lower leg 
complaint group and the recruits without complaints. 

Conclusions 

Plantar pressure patterns were associated with lower leg 

complaints and their location, indicating that gait pattern is a 

risk factor for the development of lower leg complaints.  
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Summary 

This study assessed the effects of an intrinsic foot muscle 

(IFM) strengthening program on biomechanical factors 

associated with the development of plantar fasciitis. Following 

an 8-week, periodized IFM strengthening protocol, rearfoot 

and midfoot eversion, medial longitudinal arch deformation, 

and plantar fascia strain all decreased. This supports the 

hypothesis that IFM strengthening could be an effective 

intervention for treatment of plantar fasciitis. 

Introduction 

It has been reported that patients with plantar fasciitis display 

weak IFM [1]. Thus, strengthening these muscles may be an 

effective intervention for treating this common condition [2]. 

However, at this time, it is unknown whether IFM 

strengthening positively impacts foot mechanics associated 

with the development of plantar fasciitis [3]. Therefore, the 

purpose of this study was to evaluate the effects of an 8-week 

IFM strengthening program on foot kinematics and plantar 

fascial strain during walking and running.  

Methods 

Six participants (sex: 3M/3F; age: 24.0 ± 6.1 years; height: 

1.75± 0.08 m; mass: 68.5 ± 9.0 kg) have completed this on-

going pilot study. All participants were physically active with 

no lower extremity injuries in the 3- months preceding testing. 

Participants performed three walking trials and three running 

trials while lower body kinematics were recorded using a 10-

camera motion capture system. Foot kinematics were 

measured using the Rizzoli multi-segmented foot model [4].  

Following baseline trials participants were taught two IFM 

strengthening exercises: the short foot (doming), and the toe 

spread. To ensure exercises were performed correctly, mini 

EMG electrodes were placed on the abductor hallucis and 

abductor digiti minimi and participants received real-time 

biofeedback of the EMG signals. Following training 

participants completed an 8-week exercise program where 

volume and intensity of the two exercises were systematically 

progressed. Walking and running gait assessments were 

repeated after 4 and 8 weeks.  

Foot kinematics were calculated in Visual 3D using standard 

conventions [4]. Dependent variables included rearfoot 

eversion range of motion (ROM), midfoot eversion ROM, and 

medial longitudinal arch (MLA) deformation during stance 

phase. Plantar fascia strain was calculated using a detailed 

Opensim foot model [5]. Dependent variables within 

participants were averaged across trials. Given the small 

sample size and preliminary nature of this study, data were 

analysed using descriptive statistics and effect sizes (η
2
). η

2
 

values > 0.14 were considered clinically relevant. 

Results and Discussion 

During walking, large effect sizes were associated with 

reduced midfoot eversion ROM, MLA deformation, and peak 

plantar fascia strain (Table 1). The largest changes were 

between baseline and four weeks (average: 12.5%), with 

diminished improvements from four to eight weeks. During 

running, large effect sizes were associated with all variables 

(Table 1) and improvements continued from baseline to 4-

weeks (average: 4.3%) and from 4 to 8-weeks (average: 

7.6%). The variables assessed in this study are common 

deficits observed in individuals with plantar fasciitis [3]. That 

IFM strengthening positively impacted these variables 

supports previous hypotheses that IFM strengthening could be 

a tool for treating plantar fasciitis [2].  

Conclusions 

Eight weeks of IFM strengthening positively impacts 

biomechanical factors associated with development of plantar 

fasciitis. Further research is required to determine whether 

similar results are observed in clinical populations.  
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Table 1: Mean (± standard deviation) values for the four dependent variables at baseline, and after 4 and 8 weeks.  

 Walking   Running  

Variable Baseline 4 weeks 8 weeks η2 
 Baseline 4 weeks 8 weeks η2 

Rearfoot eversion ROM (°) 5.78 (± 1.75) 5.44 (± 2.28) 5.68 (± 1.54) 0.03  7.91 (± 3.93) 6.78 (± 2.21°) 7.63 (± 2.68°) 0.185 

Midfoot eversion ROM (°) 6.07 (± 2.05) 5.94 (± 1.93) 5.33 (± 2.26) 0.187  7.98 (± 3.18) 7.90 (± 2.47) 6.75 (± 1.50) 0.186 

MLA deformation (°) 6.46 (± 2.80) 5.22 (± 2.60) 4.41 (± 2.42) 0.299  12.71 (± 2.78) 11.89 (± 4.99) 11.68 (± 4.27) 0.154 

Peak plantar fascia strain (%) 1.64 (± 0.12) 1.26 (± 0.15) 1.25 (± 0.34) 0.519  3.98 (± 0.77) 3.16 (± 0.39) 2.86 (± 0.28) 0.580 
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Summary 

One premise underlying the use of home-based neurogames is 

that motion data collected through gaming sensors in the field 

(i.e., Microsoft KinectTM) accurately represent client 

outcomes. We evaluate that premise through secondary 

analysis of kinematic data from a federally-funded project in 

which a neurogame was developed for use in clients’ homes 

[1,2]. Changes in post-stroke kinematics with game use were 

seen when biomechanics methods of data treatment were 

applied, but not when Microsoft-recommended or artificial 

intelligence methods were used. 

Introduction 

Advances in commercially available motion capture 

technology have revolutionized our ability to quantify 

dynamic, therapeutic movement. Critical barriers remain, 

however,  to using such technology in the field. One such 

barrier involves cleaning data. To date, high quality cleaning 

of kinematic artifacts is best accomplished by an expert who 

visually reviews the data, cuts non-physiologic points from the 

time series, and spline fills resulting gaps in data 

(BIOMECH101). This process has been described as “the 

bane of motion capture operators”[3] because the process is 

time-consuming with no validated, automated alternative. 

Others have suggested to use data science methods to 

automate the process, or to skip the BIOMECH101 step, 

instead applying a moving average to smooth data [4]. 

To illustrate the consequences of data treatment other than 

BIOMECH101 on kinematic outcomes of interest, we present 

a case study. We compared concurrent validity of hemiparetic 

arm motion outcomes when data analysis involved: 

• Biomechanics methods (BIOMECH101) 

• Microsoft-recommended methods (MS)  

• Support Vector Machine algorithm (AI). 

Hypothesis: Kinematic outcomes from BIOMECH101 would 

be matched by AI but not by MS methods. 

Methods 

As part of an IRB approved study conducted at The Ohio State 

University Wexner Medical Center, individuals with post-

stroke hemiparesis played a neurogame in their own home for 

up to 3 hours a day over several weeks. The current project 

represents a stand-alone IRB approved project that closely 

examined 6 days of in-home data, from one randomly selected 

participant in the larger study. Skeletal data were sampled 

using the Microsoft KinectTM camera, at a rate oscillating 

around 80Hz. Using skeletal tracking algorithms provided by 

Microsoft, 3D coordinates of upper extremity and hip 

landmarks were identified. Data were treated per MS 

recommendations using a Jitter filter (median filter) followed 

by an exponential filter [5]. Three-dimensional helical angles 

were calculated for the hemiparetic shoulder. One unilateral 

gesture was analyzed [2], representing sagittal plane activity 

of the paretic arm (row). MS: row gestures were identified 

from MS filtered data. BIOMECH101: MS filtered data were 

subjected to cleaning. Using custom matlab code, we 

generated 2D trajectory plots and 3D motion replay plots per 

gesture, manually examined the plots, and categorized 

gestures as physiologically valid/invalid AI: A subset of the 

BIOMECH101 data, categorized as valid vs. invalid, was 

applied to train a variety of algorithms (e.g. Support Vector 

Machine with Radial Basis Function [6] and others).  

Results and Discussion 

BIOMECH101 identified 1929 valid gestures performed over 

6 days. AI and MS identified 4372 (127% overcounting) and 

4459 (131% overcounting) gestures performed, respectively. 

BIOMECH101 detected changes in hemiparetic arm motion 

with game play, as defined by changes exceeding the standard 

error of the mean on day 1 (95% CI) in a direction desired per 

the treatment plan: Shoulder flexion ROM increased and mean 

shifted toward neutral. In contrast, when treated using MS and 

AI methods, shoulder flexion showed a reduction  in ROM 

and little change in mean with game play (Figure 1). 

 

Figure 1: Shoulder flexion A. mean and B. range of motion 

calculated from data treated in 2 ways: BIOMECH101 and 

MS. Note: AI (not shown) performed equivalently to MS. 

Conclusions 

The hypothesis was proven wrong.  Kinematic outcomes 

differed when alternate methods were used to treat data 

without the data cleaning step of BIOMECH101.  
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Summary 

In this case study, we sought to determine whether undesired 
muscle coactivation limits the upper limb workspace, and 
whether the coactivation varies with stroke severity. During a 
voluntary reaching task with different supporting forces on 
upper limb, changes in muscle activation levels were recorded 
and then compared with healthy subjects. A chronic 
hemispheric stroke survivor did not show the undesired 
coactivation between shoulder abductor and elbow flexor 
during elbow extension to reach targets, which implies that the 
occurrence of undesired activation might vary in stroke 
survivors, and depend on the severity of their brain lesions.  

Introduction 

When upper limbs were supported against gravity, 
hemispheric stroke survivors showed extended reaching 
distances on the 2-dimensional plane compared with the 
unsupported condition [1]. This implies that motor 
performance might depend on loading conditions. 

Earlier published studies have reported undesired coactivation 
between shoulder abductors and elbow flexors during the 
reaching task in stroke survivors, which can limit the elbow 
extension [2]. Conversely, a different study could not find any 
significant differences in patterns of muscle activation [3]. 
According to those contradictory results, it might be possible 
that the occurrence of undesired coactivation depends not only 
on the loading condition but also on the severity or location of 
the brain lesion. In this study, we sought to determine whether 
undesired patterns of muscle activation vary with loading 
conditions and hemispheric stroke survivors.  

Methods 

Eight healthy and one chronic hemispheric stroke survivor 
were asked to reach three different targets using our planar 
haptic device with low-friction. The supporting force against 
gravity was determined as 0, 50, and 100% of weight of upper 
limb that was measured from the load cell sensor in the haptic 
device, and was implemented using Helparm (Follo Futura 
AS, Norwegen). The subjects conducted 30 reaching trials for 
each supporting force condition. Motion capture data and 
surface electromyography data were collected at 120 and 1111 
Hz, using Optitrack V120:Trio (NaturalPoint, US) and Trigno 
(Delsys Inc., US), respectively. Notably, the affected side of 
stroke survivor started with 50% of the supporting force for 
safety reason.   

To determine whether and when undesired coactivation 
occurred, the activation level of upper limb muscles were then 
categorized into two groups; a lifting (before movement 
onsets) and volitional (after movement onsets) period. The 
activation levels in Medial Deltoid (MED DEL), Biceps (BI), 

and Triceps (TRI) were then compared between the healthy 
groups and stroke survivor as the supporting forces varied.   

Results and Discussion 

The reaching velocity in the stroke survivor slightly increased 
when supported. Unlike previous studies that reported 
coactivation between MED DEL and BI, a stroke survivor did 
not show any trends in BI, though MED DEL increased as the 
supporting force decreased.  

 
Figure 1: Reaching velocities from intact (left) and affected (right) 

side of stroke survivor for different supporting forces. 

 
Figure 2: Muscle activation levels in a stroke survivor before (left) 
and after (right) the movement onset for different supporting forces. 

Conclusions 

Although further experiments with more stroke survivors is 
ongoing, this limited result implies that the undesired 
coactivation in upper limb may vary with stroke survivors, and 
also may depend on severity or location of the brain lesion.  
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Summary 
Our purpose was to examine the effects of combined pelvic 

corrective force and non-paretic leg resistance force on paretic 

leg muscle activity during treadmill walking in individuals 

with stroke. Nine subjects with stroke participated. A 
corrective force to the pelvis toward the paretic leg and a 
resistance force to the non-paretic leg were applied when 
subjects walked on the treadmill at self-selected speed. Paretic 

leg muscle activities significantly increased after the 

application of pelvic corrective force and non-paretic leg 

resistance force. Our training protocol may be used to induce 

forced use of the paretic leg in individuals with stroke. 

Introduction 
Gait asymmetry after stroke is associated with reduced weight 

shifting toward the paretic leg, which may be due to a “learned 

nonuse” and can be reversed by forced use of the paretic leg. 
Research has applied the concept of constraint induced 

movement therapy to force use of the paretic leg during 

walking. Increased weight shifting and muscle activations of 

the paretic leg were observed after applying pelvic corrective 

force toward the paretic leg [1] and resistance force to the non-

paretic leg [2]. 

Our purpose was to examine the effects of combined pelvic 

corrective force and non-paretic leg resistance force during 

treadmill walking on paretic leg muscle activity in individuals 

with stroke. We hypothesized that applying pelvic corrective 

force and resistance force to the non-paretic leg would 

improve paretic leg muscle activity. 

Methods 
Nine subjects with stroke enrolled. Subjects walked on the 

treadmill for 9 mins: 1-min baseline, 7-min training, and 1-

min post-training. The treadmill speed was set at subjects’ 

self-selected speed.  

A mediolateral corrective force was applied to the pelvis 

toward the paretic leg from initial contact to mid-stance [1]. 

The magnitude of corrective force was set at 9% of body 

weight and was adjusted if subjects could not tolerate [1]. 

A resistance force was applied to the non-paretic leg during  

 

early swing phase [2]. The magnitude of the resistance force 

was set at ~20% of maximal voluntary contraction of non-

paretic leg hip flexors.  

Surface electrodes recorded the electromyograms (EMG) from 

paretic leg muscles: gluteus medius (GM), adductor longus 

(ADD), medial hamstrings (MH), medial gastrocnemius (MG), 

soleus (SOL), rectus femoris (RF), and tibialis anterior (TA). 

The normalized EMG signals were averaged across the last 5 

strides at baseline (BASELINE), first 5 strides at training 

(EARLY ADAPTATION), and first 5 strides at post-training 

(POST ADAPTATION). Integral of the EMG activity was 

calculated during activation periods throughout the gait cycle 

of each muscle.  

Results and Discussion 

Integral of GM (p=0.017), ADD (p=0.024), MH (p=0.006), 

MG (p=0.008), RF (p=0.002) and TA (p=0.01) significantly 

increased from BASELINE to EARLY ADAPTATION. 

Integral of RF (p=0.014) significantly increased from 

BASELINE to POST ADAPTATION. 

Combined pelvic corrective force and non-paretic leg 

resistance force facilitated weight shifting toward the paretic 

leg during stance. Improvements in weight bearing on the 

paretic leg enhanced activation of load-sensitive afferents, 

which increased activations of leg extensor muscles during 

walking. 

Conclusions 
Applying pelvic corrective force and resistance force to the 

non-paretic leg may effectively induce forced use of the 

paretic leg and potentially overcome the learned nonuse in 

individuals with stroke. 
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Table 1: Average integrated EMG in BASELINE, EARLY ADAPTATION, and POST ADAPTATION. Mean (SE). 
 GM ADD MH MG SOL RF TA 

BASELINE 11.74 (1.35) 3.33 (0.39) 8.31 (1.18) 7.09 (1.11) 
 

7.08 (1.02) 8.75 (0.61) 6.89 (0.72) 

EARLY 
ADAPTATION 

16.36 (2.56) 4.05 (0.46) 
 

11.69 (1.51) 
 

12.4 (2.34) 
 

7.80 (0.91) 
 

11.17 (0.97) 
 

9.57 (1.17) 
 

POST 
ADAPTATION 

15.59 (2.04) 4.51 (0.78) 
 

9.97 (1.88) 
 

9.13 (2.24) 
 

8.43 (1.30) 
 

11.25 (0.97) 
 

11.35 (2.76) 
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Summary 

Current strength training interventions post-stroke appear to 
provide limited benefits to improving gait function. One 
potential reason is the focus on muscle groups that provide 
small contributions to propulsion during gait. This study 
aimed to determine the impact of muscle strength and balance 
on gait after stroke. Strength of the ankle plantarflexor and hip 
flexor muscle groups provided the largest contribution to gait 
velocity, and ankle plantarflexor strength had an association 
with ankle power generation during gait. Balance also had 
significant relationships with gait velocity, with this 
relationship independent of strength. Future research may 
wish to refocus strength assessment and treatment to target the 
ankle plantarflexors and hip flexors after stroke. 

Introduction 

Stroke is a leading cause of disability worldwide and often 
results in acute and long-term impairments, such as decreased 
muscle strength and balance ability. One of the main goals of 
rehabilitation after stroke is the restoration of walking at 
speeds that allow for community ambulation. Identification of 
how impairments relate to gait can provide important 
information to develop targeted interventions to improve gait 
function.  

Previous work has suggested that strength training in 
neurological rehabilitation provides little benefit to gait [1]. 
However, the focus of strength assessment and treatment 
appears to have been on the knee extensors [1,2], despite their 
limited role in producing forward propulsion during gait [3]. 
Muscle groups that provide joint power generation during gait 
(e.g. ankle plantarflexors) may provide a stronger link 
between muscle strength and gait after stroke. 

Other impairments, such as reduced balance ability, may also 
impact upon post-stroke gait. Previous studies have examined 
the relationships between balance and gait [4], however these 
studies are often limited by the use of subjective rating scales 
to assess balance. 

The primary aim of this study was to compare various lower 
limb muscle groups in their relationship with gait velocity and 
joint power generation during gait post-stroke. The secondary 
aim was to compare balance and strength in their relationship 
with gait. 

Methods 

Post-stroke adults were recruited from outpatient services at 
two hospitals. Included participants were ≥3 months post-

stroke and were able to walk at least 10m unassisted. 
Exclusion criteria involved cerebellar stroke, cognitive issues, 
or other medical comorbidities (e.g. severe arthritis) that 
would impact upon measures. 

All participants underwent assessments at their hospital that 
included measuring: gait velocity (10m walk test), static 
standing balance (Wii Balance Board), and isometric muscle 
strength of seven lower limb muscle groups (hand-held 
dynamometry). A subset of participants returned for 
assessment of joint power generation during gait (three-
dimensional (3D) gait analysis). 

Statistical analysis involved examining bivariate associations 
using Spearman’s correlations, whilst regression models with 
partial F-tests were used to compare measures in their 
contribution to gait. 

Results and Discussion 

63 participants were recruited (60±13yrs, 34 male and 29 
female, 39±51 months post-stroke) with a subset of 27 
returning for 3D gait analysis. The strength of all muscle 
groups had significant associations with gait velocity (ρ = 
0.40-0.72). However, partial F-tests revealed that ankle 
plantarflexor and hip flexor strength had the largest 
contribution to gait velocity. Ankle plantarflexor strength was 
also the only muscle group to have a significant association 
with joint power generation (ρ = 0.65). Balance had a 
significant association with gait velocity (ρ = -0.57), with 
partial F-tests showing this relationship was independent of 
muscle strength. 

Conclusions 

Ankle plantarflexor and hip flexor strength demonstrated the 
largest relationship with gait velocity after stroke, while ankle 
plantarflexor strength was related to ankle power generation 
during gait. Balance is another measure that had a significant 
relationship with gait. Future research should examine how 
increased ankle plantarflexor and hip flexor strength impacts 
upon post-stroke gait.  
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Summary 

We compared joint kinetics among three footwear types in 
inexperienced and experienced runners. Minimal footwear 
increased plantarflexor involvement while highly cushioned 
footwear increased knee extensor involvement. Experienced 
runners ran with greater plantarflexor involvement than 
inexperienced runners, but running experience did not 
influence the observed footwear effects. 

Introduction 

Minimal cushion footwear tend to produce higher 
plantarflexor kinetics compared to neutral cushion footwear 
[1] and high cushion footwear [2]. Since high cushion 
footwear reduce strike index (i.e., promote a rearfoot strike 
style) compared to minimal footwear [3], they would be 
expected to increase knee extensor involvement during 
running. More experienced runners might have more deeply 
engrained motor patterns than inexperienced runners and 
therefore, novel footwear effects might not influence their 
running biomechanics as much as inexperienced runners. The 
purpose of this study was to compare ankle and knee kinetics 
among neutral, minimal, and high cushioned footwear in 
inexperienced and experienced runners.  

Methods 
Six inexperienced (2 women; 1.3±0.8yrs of running; 30±7 yrs 
old; 17.3±7.4 miles·week-1) and six experienced runners (2 
women; 13.7±4.3yrs of running; 27±6 yrs old; 25.8±22.2 
miles·week-1) attended three laboratory testing sessions 
separated by 24-48hrs. Participants performed five over-
ground running trials at 3.5 m·s-1 (±5%) in one of the 
randomly selected footwear conditions: 1) minimal (MC; 
KSO, FiveFinger, Vibram), 2) neutral cushion (NC; 1080, 
New Balance), and 3) highly cushioned (HC; Bondi 5, HOKA 
ONE ONE). A 9-camera 3D motion capture system (240Hz, 
Qualisys AB) and a 3D force platform (1200Hz, AMTI, Inc.) 
were used to collect kinematic and GRF data during over-
ground running, respectively. Visual3D software (C-Motion) 
was used to compute all biomechanical variables. Repeated 
measures analyses of variance with footwear as the within-
subject factor and experience level as the between-subject 
factor were completed for all dependent variables (p<0.1).  

Results and Discussion 
No footwear by experience interactions were observed for any 
joint kinetic variables. A smaller plantarflexor torque in HC 
was accompanied by smaller positive ankle power compared 
to NC (p<0.001), and smaller negative ankle power compared 

to MC (p=0.004) and NC (p<0.001) footwear. The smaller 
knee extensor torque in MC was accompanied by smaller 
positive knee power compared to NC (p=0.061) and HC 
(p=0.016), and smaller negative knee power compared to NC 
(p=0.008) and HC (p<0.001) footwear. Strike index was larger 
in MC (65±54%) compared to HC (25±45%; p=0.015) but not 
NC (37±36%; p=0.13). Experienced runners ran with larger 
plantarflexor torque (p=0.017), negative ankle power 
(p=0.081), and positive ankle power (p=0.032) compared to 
inexperienced runners. Inexperienced (37±48%) and 
experienced (47±47%) runners had similar strike indices 
(p=0.21). 

 
Figure 1: Peak plantarflexor torque (left) and knee extensor torque (right) in 
all footwear conditions in both experience groups. *: significant difference 

Conclusions 
Findings from this study confirm that minimal footwear 
increase plantarflexor involvement while highly cushioned 
footwear increase knee extensor involvement, and that these 
footwear effects are unaffected by experience level. These 
appears to be the result of a more anterior strike pattern 
employed in the minimal compared to high cushioned 
footwear. Further, experienced runners ran with greater 
plantarflexor involvement compared to inexperienced runners. 
As we include more participants in both experience groups 
these findings might change considering the small sample 
included in the current analyses.  
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Summary 

Several biomechanical variables have been linked to running 

economy, in addition to extrinsic factors such as footwear. 

Experienced runners performed treadmill running on separate 

days and in different footwear: minimal, neutral cushion, and 
highly cushioned. Running kinematics and running economy 

(RE) were recorded. No footwear effects were observed for 

RE, vertical oscillation and cadence. Therefore, lower limb 

kinematic adjustments at initial contact are likely to be behind 

the greater loading rates and impact forces previously reported 

in highly cushioned footwear. Data for more experienced 

runners will be collected in the coming months, in addition to 

inexperienced runners to understand if experience level 

influences the footwear effect on RE and related kinematics. 

Introduction 

Several biomechanical variables have been linked to running 

economy, in addition to extrinsic factors such as footwear[1]. 

Whilst there is plethora of literature on the effects of the 

removal of footwear on RE and biomechanics, there is limited 

understanding regarding the effects of changes in cushioning 

and the effects on RE and running biomechanics. Therefore, 

the aim of this study was to examine the effect of footwear on 

RE and stride characteristics in experience runners. 

Methods 

5 experienced runners (3 males; 27±5 yrs; 1.76±0.01m; 

68.8±13.9 kg; 29.0±18.2 miles∙week-1) attended 3 testing 

sessions separated by 24-48hrs. Participants performed a 

warm-up in their own footwear and then completed the rest of 

the session in one of the randomly selected footwear 
conditions: 1) minimal (MIN; KSO, FiveFinger, Vibram), 2) 

neutral cushion (NC; 1080, New Balance), and 3) highly 

cushioned (HC; Bondi 5, HOKA ONE ONE). Reflective 

markers were placed on the pelvis and right lower limb. A 9-

camera 3D motion capture system (240Hz, Qualisys AB) 

collected kinematic data during the final 10 seconds of each 

minute during a 10-minute treadmill run (Excite+ RUN 900, 

TechnoGym). Participants then completed a sub-maximal 12-

minute treadmill run consisting of 3 separate 4-minute 

stages[2], starting at the runner’s preferred pace (PP), followed 

by speed increases of 5% in the subsequent stages (PP+5% 

and PP+10%). RE was assessed using oxygen consumption 

(VO2; ml∙kg-1∙min-1) collected via a facemask and analyzed 

using a metabolic system (TrueOne 2400, ParvoMedics) 

during the final minute of each stage for statistical analysis. 

Pelvic oscillation was calculated by measuring COM vertical 

displacement during the kinematic treadmill run. Cadence 

represents the number of steps taken during the 5th minute of 

the kinematic treadmill run. 

Results and Discussion 

We found no footwear effects in RE, vertical oscillation, or 

cadence in this small sample of experienced runners. The lack 

of significant change in cadence and vertical oscillation 

indicates that the greater vertical impact forces and loading 

rates found when running in highly cushioned footwear[3]  is 

likely due to lower limb kinematic adjustments at initial 

contact rather than stride characteristic changes. 

 

Figure 1: Running economy (mL/kg/min) for individual runners and 

for the group mean (bold) (+/- SD).  

Conclusions 

From the preliminary analysis of five experienced runners, it 

appears that minimal, traditional and highly cushioned 

footwear do not influence running economy, cadence, and 

vertical oscillation during treadmill running. Data for more 

experienced runners will be collected in the coming months, in 

addition to inexperienced runners to understand if experience 

level influences the footwear effect on RE and kinematics.  
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Table 1: Mean (± SD) of vertical oscillation and cadence for minimalist (MIN), neutral cushion (NC) and highly cushioned (HC) conditions. 

Stride characteristics MIN NC HC p-value 

Oscillation (m) 0.14±0.02 0.13±0.01 0.13±0.01 0.363 

Cadence (steps/min) 168±9 167±8 167±7 0.963 
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INTRODUCTION  

As the strongest tendon in the human body, the Achilles 

tendon (AT) has particularly high overuse injury rates (e.g., 

Achilles tendinopathy: a 52% lifetime incidence in male 
runners [1]). The transition to run in minimalist shoes with 

forefoot strike pattern has been considered as a method to 

decrease the risk of the running injury in recent years [2]. 

Nevertheless, evidence is still limited regarding chronic 

adaptation in AT by a minimalist running style. The purpose 

of this study was to investigate the effect of a 12-week 

transition program with simulated barefoot running (SBR) 

on AT adaptation. 

METHODS 

Seventeen recreational male athletes without minimalist 

shoe running experience were randomly assigned to SBR 

group (n=9, age: 33.4±6.4 yrs) and minimalist shoe group 
(MIN group, n=8, age: 27.4±5.9 yrs). Each participant was 

distributed an appropriately fitted pair of minimalist shoes 

(INOV-8 BARE-XF 210 v2). The SBR group was involved 

in a 12-week transition program to forefoot strike pattern [3]. 

The MIN group was asked to continue running with existing 

foot strike habits.  

Before and after the intervention, AT lengths and cross-

sectional area (CSA) were acquired with ultrasound imaging. 

The participants were instructed to complete a maximal 

volitional isometric plantarflexion contraction (MVIC) on 

the dynamometer. Mechanical characteristics (FAT_MVIC, BW) 

and material properties (stress, MPa and strain, %) were 

obtained combining the MVIC torque with AT elongation. 

Then, all participants were asked to run along a runway at 

3.33 m/s (±5%) in normal running shoes (NIKE AIR ZOOM 
PEGASUS 34). The AT force (FAT_RUN, BW) was recorded 

during running. 

A 2 × 2 repeated-measures ANOVA was used to quantify 

the effects of time and groups on the FAT_MVIC, CSA, stress, 

strain, and FAT_RUN (21.0, SPSS Inc., USA).  

RESULTS AND DISCUSSION 

There were significant increases in FAT_RUN (Figure 1), 

FAT_MVIC, stress and strain (Table 1) after a 12-week 

transition program, regardless of groups. Specifically, 

FAT_RUN significantly increased 12.8% in SBR group than 

MIN group during running after training.  

Compared to normal footwear, minimalist footwear would 

largely promote a forefoot strike pattern, which suggested a 

greater ankle plantarflexion at an initial contact and might 

require greater AT force. 

       

 

Figure 1: Comparison of AT force during running (FAT_RUN) 
between pre- and post-training in in simulated barefoot running 
group (SBR group) and minimalist shoe group (MIN group). 

CONCLUSION 

The material properties and mechanical characteristics of 

AT changed significantly after a 12-week running transition 

program. Specifically, greater FAT_RUN was observed in SBR 

group than MIN group. Future studies are needed to confirm 

if this increased loading is beneficial to reduce the risk of 

Achilles tendinopathy. 
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Table 1: Comparison of cross-sectional area (CSA), AT force (FAT_MVIC), stress, and strain between pre- and post-training in simulated 

barefoot running group (SBR group) and minimalist shoe group (MIN group). 

Group 
CSA (mm2) FAT_MVIC (BW) Stress (MPa) Strain (%) 

pre- post- pre- post- pre- post- pre- post- 

SBR 60.2±10.4 63.2±9.8 2.68±1.08 3.43±1.41* 30.1±10.3 37.2±15.6* 0.16±0.08 0.22±0.09* 

MIN 62.1±7.6 64.2±9.7 2.51±0.99 3.31±0.95* 31.1±14.9 39.7±16.3* 0.17±0.05 0.24±0.1* 
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Summary 

This study investigated the displacement within the Achilles 
tendon during running with traditional shoes, minimalistic 
shoes and barefoot. Displacement was calculated using 
ultrasound speckle tracking for three different portions in the 
tendon: deep, mid and superficial. The deep layer displaced 
significantly more than the superficial layer for all conditions 
and foot strike patterns. 

 Introduction 

Shoes with little or no shock-absorbing capacity, flexible soles 
and little drop from the heel to the toes are termed 
minimalistic shoes. Running in minimalistic shoes has been 
shown to increase the force transmitted by the Achilles tendon 
as compared to running in traditional, damped shoes [1] and 
minimalistic shoes may increase the risk of developing 
Achilles tendon pain [2]. It has furthermore been proposed 
that large Achilles tendon forces lead to overuse injuries [3].  

Ultrasound speckle tracking has become an established 
method for determining deformation in the Achilles tendon. 
Previous results indicate that the deeper portions of the tendon 
displace more during activity than the superficial, dorsal 
portions and that this non-uniform displacement is less in 
previously operated tendons [4], indicating decreased 
functional viability when non-uniformity is compromised. 

Methods 

Seven healthy subjects participated in this study and ran on a 
treadmill while ultrasound data were collected. A 9L linear 
array transducer (GE Healthcare) with 10 MHz frequency 
connected to a Vivid-q ultrasound was attached to a custom-
made holder over the midportion of the right free Achilles 
tendon.  

The conditions analysed were running with traditional shoes, 
minimalistic shoes and barefoot. The subjects started with a 
warm up of 10 minutes followed by 15 s running trials at 12 
km/h. The running was performed with fore foot strike, rear 
foot strike and habitual foot strike. This was repeated two 
times for each condition. The trials were conducted in 
randomized order for each subject. 

Deep and superficial Achilles tendon displacement were 
determined for the different conditions using an in-house 
automated speckle tracking algorithm. 

Results and Discussion 

In support of results presented in previous studies, the 
difference in displacement was significantly greater in the 
deep vs the superficial tendon portions in all cases (p<0.01) 

(table 1). The deep displacement was greater with a rearfoot 
strike in all shoe conditions. Furthermore, the most commonly 
described running conditions (forefoot strike in minimalistic 
shoes and rearfoot strike in traditional shoes) provided the 
extreme values for both Δ displacement (1.3 mm and 1.7 mm 
respectively) and deep displacement (1.9 mm and 2.4 mm 
respectively).  

Table 1: Mean peak Achilles tendon displacement during rearfoot 
running with different shoe types and footstrike patterns. 

Decreased non-uniform behaviour in the Achilles tendon in 
minimalistic shoes with a forefoot strike is proposed as a 
possible etiological factor in chronic Achilles tendon injury. 
This behavior may be explained by a decreased ankle joint 
range of motion forefoot strike running affecting excursion of 
the deep tendon more than that of the superficial tendon. 

Conclusions 

Less non-uniform Achilles tendon behaviour was described in 
forefoot running and in minimalistic shoes. Further research is 
required in order to identify whether this may relate to the 
occurrence of chronic tendon injuries.  
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Condition 
Deep disp. 

[mm] 
Superficial disp. 

[mm] 
Δ disp.  [mm] 

Barefoot 
forefoot 

2.0 0.7 1.3 

Barefoot 
rearfoot 

2.2 0.8 1.4 

Minimalistic 
forefoot 

1.9 0.6 1.3 

Minimalistic 
rearfoot 

2.3 0.7 1.6 

Traditional 
forefoot 

2.1 0.8 1.3 

Traditional 
rearfoot 

2.4 0.7 1.7 

Total 
forefoot 

2.0 0.7 1.3 

Total 
rearfoot 

2.3 0.7 1.6 
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Summary 

Minimal and partial minimal running shoes were both 

developed to mimic barefoot running.  However, different 

kinematics and kinetics have been reported between these 

shoes.  The purpose of this study was to determine whether 

peak ground reaction forces (GRFs) and loadrates (LR) 

during early stance differ between these shoes compared 

with barefoot running. Results suggest that habitual running 

in minimal shoes generally increase peak forces and 

loadrates above habitual BF running. 

Introduction 

Minimal shoes were developed to mimic barefoot running 

(BF) [1]. They are highly flexible, have no arch support and 

no midsole. Partial minimal shoes have recently emerged 

that incorporate some arch support and some midsole. 

However, studies have shown that the less the cushioning, 

the closer the joint kinematics and kinetics are to barefoot 

running [2]. These studies did not include ground reaction 

force data. The incidence of running injuries has been 

correlated to excessive impact loading (vertical impact 

ground reaction forces (GRF) and load rates) during running 

[3]. Studies have shown that landings are soft when 

cushioning is low [4]. Thus, (BF) running is associated with 

reduced loading rates compared with shod running [5]. 

Given this context, it would be expected that impact loads 

would be lower in partial minimal shoes (PMS) compared to 

the full minimal shoes (FMS). The aim of this study was to 

compare impact loading variables between habituated 

runners in FMS with habitual runners in PMS, compared 

with habitual BF runners. We hypothesized that BF runners 

would exhibit the lowest impact variables and the PMS 

runners would exhibit the highest. 

Methods 

A total of 83 injury-free runners from an ongoing study were 

included (73M, 10F; 38,4±10.1 yrs). Running GRFs for each 

participant were collected on an instrumented treadmill in 

their habitual shoe condition (20BF; 38FMS; 25PMS) and 

foot strike pattern (51 forefoot strikers; 32 non-forefoot 

strikers) at self-selected speed (2.69±0.53 m/s). 

Instantaneous loadrates including posterior (PILR), medial 

(MILR) and vertical (VILR) were calculated. Peak forces 

including posterior (PGRF) and medial (MGRF) were also 

calculated. These variables were chosen as the ones shown to 

be different between footwear groups in Rice et al [6]. All 

variables were calculated within the first 25% of stance. 

GRF was normalized to body weight. Following outlier 

analysis [7], a one-way ANOVA, with Bonferroni post-hoc 

adjustment, was used to assess group differences (p<0.05). 

Effect sizes were used for descriptive comparisons. 

Results and Discussion 

VILR: No sig. differences, however, there was a moderate 

increase (ES =0.48) between BF and PMS.   

PILR: No sig. differences, however, there was a mod 

increase (ES =0.50) between FMS and PMS.  

MILR: FMS sig. higher (p=0.039) than BF, there was a 

moderate increase between BF and PMS (ES=0.53).  

PGRF: PMS sig. higher (p=0.028) than BF, there was a 

moderate increase between FMS and PMS (ES=0.46).  

MGRF: FMS sig. higher (p=0.002) than BF, there was a 

moderate increase (ES = 0.63) between FMS and PMS  

Figure 1: Group mean (SD) for vertical ILR, components ILR, and 

anteroposterior and medial GRF peaks. *Significant difference 

between groups, p<0.05. 

Conclusions 

Based upon both statistical and descriptive comparisons, 

habituated BF runners generally exhibited lower impact 

values than both the FMS and PMS runners. There was a 

clear expected trend in the VILR and PGRF variables with 

BF lowest and PMS highest.  PMS was moderately higher in 

the PILR as well. However, this was not as clear in the 

MILR and MGRF. This variable has been shown to be 

related to footstrike pattern [6] and this cohort is a mixture of 

differing footstrike patterns. This may have differentially 

influenced the medial force variables. The PMS runners 

demonstrated harder landings in 3/5 variables. With 

increasing subject numbers, this finding may be further 

clarified by further subdividing the groups by footstrike 

pattern. 
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Summary 

Old vs young adults had lower ankle plantarflexor but not hip 

extensor strength. They also showed biomechanical plasticity 

(BP) through higher hip/ankle ratios of peak joint torques & 

powers in level & inclined walking. BP ratios were not 

correlated however with the relative strengths of hip vs ankle 

muscle groups in either gait.  

Introduction 

Gait biomechanics vary among human populations. The causes 

of this biomechanical plasticity (BP) are known in some but not 

all groups. While BP with age is well established as a distal to 

proximal shift in muscle function in level and incline walking 

[1,2], the causes of this adaptation remain elusive. These may 

include localized, altered musculotendon properties [3] or more 

systemic reductions in muscle strength [4] or overall physical 

capacity [5]. Lower strength in the entire lower extremity was 

associated with a greater amount of BP but individual muscle 

groups were not assessed [4]. We now hypothesize that one 

causal factor of BP with age is that hip extensor muscles are 

more similar in strength in young and old adults than are ankle 

plantarflexor muscles in young and old adults thus enabling old 

adults to walk with larger mechanical contributions from hip 

muscles as compensation for reduced contributions from ankle 

muscles. The purposes of the study were 1) compare muscle 

strengths of hip extensors and ankle plantarflexors between 

young and old adults, 2) verify BP in old adults by comparing 

hip and ankle joint torques and powers between age groups in 

level and incline walking & 3) examine the relationship 

between the relative strength in hip vs ankle muscles and the 

magnitude of BP in old adults during these gaits. 

Methods 

Hip extensor and ankle plantarflexor muscle strengths were 

measured in isometric contractions in 14 young (age 20 yrs) and 

25 old (76 yrs) healthy adults with a HUMAC isokinetic 

dynamometer after giving written informed consent to 

University approved procedures. Hip strength was measured 

while standing with balance support with hip flexed 20° & ankle 

strength while seated with ankle dorsiflexed 15°. Age-based 

comparisons of muscle strength were made with t-tests, p<0.05. 

GRFs and 3D kinematics were obtained from same participants 

in level and incline (10°) walking at 1.3 ms-1 and entered into 

inverse dynamics to calculate joint torques and powers. Torque 

and power comparisons between ages were assessed through 

ratios of peak hip-to-ankle extensor torques & positive powers 

[5], larger ratios indicating greater reliance on hip vs ankle 

mechanical output. Ratios were compared between age groups 

with independent t-tests for each gait (p<0.05) with significant 

differences indicating BP. Correlations between the torque & 

power ratios (i.e. BP ratios) and ratios of hip to ankle muscle 

strengths in old adults were evaluated (p<0.05).   

Results and Discussion 

Hip and ankle muscles were 14% and 36% weaker in old vs 

young adults but only the ankle comparison was significant 

(Table 1). It is possible the hip comparison has a Type II error. 

Hip vs ankle muscles were 8% and 44% stronger in young and 

old adults, respectively. 

 

Age-based comparisons of the torque and power ratios showed 

old adults exhibited BP in both level and incline walking and in 

both joint torques and powers (Figure 1, all p<0.05). Ratios 

were on average 40% and 30% higher in old than young adults 

for level and incline walking indicating a greater reliance on hip 

vs ankle mechanics to perform the tasks compared to young 

adults. Torque and power ratios were ~50% higher in incline vs 

level for both groups indicating a higher demand for hip torque 

and power in incline vs level gait. 

 

Figure 1. Hip/Ankle ratios for peak torques & powers, *p<0.05. 

Correlations between ratios of hip/ankle strength and hip/ankle 

peak torques and powers were however low and non-significant 

for both gaits (r ranged from 0.13 to 0.28).  

Conclusions 

Hip muscle strength in old adults was more similar to hip 

muscle strength in young adults compared to ankle muscle 

strengths in old and young adults. Old adults also walked with 

a greater contribution from hip vs ankle muscles compared to 

young adults suggesting greater preservation of hip but not 

ankle muscle strength is a possible mechanism for BP with age. 

Within old adults however we could not identify a relationship 

between the precise magnitudes of hip and ankle strength ratios 

and BP gait ratios.  
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Table 1. Mean (± sd) Muscle strengh (Nm/kg)

Joint Young Old p value

Hip 3.24 ± 0.79 2.77 ± 0.74 0.075

Ankle 2.99 ± 0.56 1.93 ± 0.44 0.001
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Summary 

The aim of this study was to quantify 3D hip, knee, and ankle 

joint work during incline and decline slope walking. While the 

majority of work occurred in the sagittal plane, substantial 

contributions were also seen in the transverse and frontal 

planes, especially for declines. At the hip, transverse and 

frontal work accounted for 46% of the total hip joint work 

during decline walking. This greater demand on hip 

ab/adductors and rotators may be related to the greater risk of 

falls observed when descending versus ascending [1]. 

Introduction 

Different slopes require changes in our gait characteristics and 

postural control to ensure stability and forward motion. The 

adaptation for slope walking will result to changes in lower 

limb kinematics and kinetics [2], but little is known about how 

work in the sagittal (S), frontal (F), and transverse (T) planes 

change with slope. During level walking, 23% of the total hip 

work is done in the frontal plane [3]. It is reasonable to expect 

that slope walking will place greater demands on the hip in the 

frontal plane to control the pelvis and trunk against gravity 

force in downslope walking, and to help lift the trunk in uphill 

walking. Therefore, the purpose of this research is to describe 

the change in 3D joint work during uphill and downhill 

walking.  

Methods 

Ten healthy male adults (23.9±1.1years) with Helen Hayes 

Marker Set completed three walking trials at each of seven 

grades (±20°, ±12°, ±6°, 0°) at a self-selected speed. Kinetic 

data and kinematic data were captured with a mounted force-

platform and an 8-camera 3D Optical Capture system. Positive 

(P) and negative (N) work were calculated in each trial by 

integrating the power curves over one stride [2]. A mixed 

model ANOVA (α ≥0.05) was used to assess the effect of 

gradient, with Tukey post hoc tests. 

Results and Discussion 

Significant changes in joint work are presented in Figure 1. 

All positive and negative (dotted, Fig. 1) work were compare 

with 0° at each joint in each plane, separately. In the sagittal 

plane, gradient significantly affected positive work at hip, 

knee, and ankle joints (p<0.001). Negative work was affected 

at the hip, knee, and ankle joints (p<0.001). In the frontal 

plane, gradient significantly affected positive work at the hip 

and ankle (p≤0.016). Negative work was affected at the hip, 

knee, and ankle (p≤0.033). In the transverse plane, gradient 

significantly affected positive work at the hip and ankle 

(p<0.001). Negative work was affected at the hip and knee 

(p≤0.006) (Figure 1). The largest changes were observed in 

the sagittal plane with up to 417% increase in work relative to 

level gait. In frontal and transverse planes, large changes were 

also observed, with up to 282% increase observed relative to 

level gait. The number of significant changes were higher in 

the frontal and transverse planes for downhill walking (7 

significant changes) than uphill walking (2 significant 

changes). When expressed as a function of total 3D joint work 

at the hip, the transverse and frontal planes contributed 46% 

for downhill walking. 

 

Figure 1. Joint work at hip (top), knee (middle), and ankle (bottom) 

as a function of plane and slope. P=positive work, N=negative work, 

S=sagittal, F=frontal, T=transverse. Blue bars indicate incline, red 

bars indicate decline, with darker shades indicating steeper slopes. * 

p<0.001, # p<0.05, between slope conditions and level gait. 

Conclusions 

To accommodate inclines and declines, changes to joint work 

were not limited to the sagittal plane; up to 46% of the total 

joint work occurred in the transverse and frontal planes 

combined. These results provide insight into the role of 

ab/adductors and rotators for controlling gait on declines, and 

may shed light on higher risk of falls for descent [1].  
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Summary 

Efficiency plateaus during incline walking at slopes above 

20%, and is equal to that of concentric muscle activity. We 

believe that a non-linear increase in leg swing naturally results 

in the necessary increase in knee angle at heel strike to lift the 

body as slope increases and minimizes leg swing maintaining 

an efficiency of uphill walking equal to that of concentric 

muscle activity at inclines above 20%. 

Introduction 

The efficiency of incline walking increases with slope until 

about 20%, after which it plateaus equal to that of concentric 

force production [1,3]. McIntosh, et al, (2006) determined that 

hip and knee angles increased at heel strike with increasing 

inclines, but they only walked up to 10 degrees (17.6%) [2]. 

This slope is below the incline at which efficiency plateaus, so 

it is unclear if the kinematics of incline walking could help 

explain the efficiency plateau. Therefore, the purpose of this 

project was to determine if joint and segmental kinematics 

could explain the efficiency plateau seen in incline walking 

above 20%. 

Methods 

Twelve males (25.2±2.3 years, 1.82±0.08 m, 79.8±15.5 kg) 

walked on a treadmill (Nordic Track X11i) at 2 mph, for three 

minutes, at 5% incline increments from 0% to 40%. Oxygen 

consumption (VO2) was measured, and the last minute of each 

stage was averaged to determine the VO2 at that incline. 

Efficiency was determined by vertical work to lift the center 

of mass divided by the metabolic work [1]. Markers were 

placed on the acromion, greater trochanter, lateral epicondyle 

and the lateral malleolus of the right leg. Markers were 

recorded with digital video (240 Hz) during the last minute of 

each stage. The torso (HAT), thigh, and shank angles and the 

hip and knee joint angles were determined using Kinovea® at 

heel strike for 7 consecutive strides. Correlations and 

regressions were used to determine relationships of the 

kinematic variables to incline, VO2 and efficiency. Repeated 

measure ANOVA was used to determine any differences 

between inclines within a variable. Alpha was set at .050. 

Results and Discussion 

VO2 increased linearly with incline (R2=.998, p=.000). 

Efficiency increased until 15% (p=.000), but from 15% to 

40% there was no change in efficiency (p>.050). The average 

efficiency was 0.21, which falls within the literature values for 

concentric force production [3]. Hip, knee, HAT, thigh and 

shank angles were all highly correlated with incline and VO2, 

and only slightly less correlated with efficiency (Table 1).  

 

Thigh (r=.826) and knee angle (r=.-.788) were the most 

correlated to efficiency (p<.010). An increasing thigh flexion 

angle at heel strike as slope increases indicates greater forward 

leg swing; a mechanism utilized on the 0% to 15% slopes 

(Table 1). From 20% to 40%, thigh angle increased noticeably 

less between each stage, ultimately resulting in thigh angles at 

35% and 40% that were not significantly different from each 

other (p>.050). This thigh swing pattern is accompanied by 

less shank swing due to the constraint between the thigh angle 

and the increasing slope. This constraint lead to a larger knee 

flexion angle at heel strike, which was necessary to raise the 

body more at each incline increase. The positive energetic 

effect on incline walking efficiency of this leg swing pattern 

which naturally caused the increased knee flexion angle at 

heel strike is further supported by the fact that thigh and knee 

angles together are significant predictors of efficiency 

(R2=.898, p=.001).  

Conclusions 

Therefore, we conclude that the non-linear leg swing pattern 

above 15% incline resulted in metabolically effective knee 

flexion angles necessary to lift the body as incline increased 

and minimized the cost of thigh and shank swing, which 

significantly contributed to the efficiency plateau of walking 

at inclines greater than 20%. 
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Table 1: Joint and segment angles at each incline.  Bolded angles are not significantly different from each other. The final three columns are the 

correlation (r) results (p-values) of each variable to incline, oxygen consumption (VO2) and efficiency across the inclines.  

 0 5 10 15 20 25 30 35 40 Incline r VO2 r Efficiency r 

Hip 157.3 152.8 143.9 136.9 131.1 124.7 120.0 114.0 110.3 -0.994 (.000) -0.996 (.000) -0.779 (.013) 

Knee 172.9 170.0 159.2 149.2 142.7 136.4 131.8 128.0 124.0 -0.986 (.000) -0.989 (.000) -0.788 (.012) 

HAT 89.5 88.4 86.2 84.7 82.8 80.1 77.2 73.8 71.3 -0.990 (.000) -0.987 (.000) -0.682 (.043) 

Thigh 111.7 115.5 122.5 128.2 132.6 135.8 138.2 140.9 141.9 0.977 (.000) 0.980 (.000) 0.826 (.006) 

Shank 105.0 105.6 101.4 97.6 95.6 92.4 90.5 88.3 85.8 -0.991 (.000) -0.993 (.000) -0.723 (.028) 
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Summary 

3D gait analysis provides insight into the lower limb 
biomechanics of knee osteoarthritis. We hypothesized that 
stressing the locomotor system through walking on an incline 
would amplify biomechanical differences in gait between 
participants with osteoarthritis and asymptomatic controls. 
Nineteen participants with osteoarthritis and 21 controls 
performed walking trials on a level and a 10% inclined 
treadmill. A musculoskeletal model was used to estimate 
lower limb kinematics and kinetics and knee contact forces in 
OpenSim. Principal component analysis was used to analyse 
the resulting waveform data. Group differences were similar to 
those found in previous studies. Inclined walking affected gait 
biomechanics, but differences between osteoarthritis and 
control groups were not amplified. A different task may have 
more success in stressing the locomotor system to reveal 
additional biomechanical differences. 

Introduction 

3D gait analysis has provided valuable data on the differences 
in lower limb kinematics and kinetics between people with 
osteoarthritis and asymptomatic controls. A previous study 
attempted to amplify the subtle group differences by stressing 
the locomotor system through increased walking speed [1]. 
While gait speed affected kinematics and kinetics, group 
differences were unaltered. Therefore, in the current study, we 
aimed to stress the locomotor system through inclined 
treadmill walking in a group of participants with osteoarthritis 
and asymptomatic controls. We hypothesized that larger 
differences in lower limb biomechanics would be observed in 
inclined versus level walking. 

Methods 

Nineteen participants with medial knee osteoarthritis (median 
KL=4) and 21 asymptomatic controls were recruited for this 
study and provided written informed consent. Participants 
were fitted with reflective markers and performed both level 
walking and 10% inclined walking trials on an instrumented 
treadmill. For level walking, the treadmill speed was set to the 
self-selected speed from an initial overground walk; the speed 
was 0.2 m/s slower for the inclined condition. A generic 
musculoskeletal model was scaled for each participant, then 
medial and lateral tibiofemoral contact forces were estimated 
based on a static optimization in OpenSim [2]. Resulting knee 
contact forces and hip, knee, and ankle angles and moments 
were analysed using principal component analysis. Principal 
component (PC) scores were examined using repeated 
measures ANOVAs and post hoc pairwise comparisons with a 
Holm-Sidak correction. 

Results and Discussion 

Differences were identified in gait biomechanics between the 
osteoarthritis and control groups. The inclined treadmill also 
affected gait biomechanics for all groups (Fig. 1). However, 
no interactions between group and treadmill condition were 
found to be significant (p>0.05). Therefore, no differences in 
the hip, knee, and ankle moments and angles or lateral and 
medial tibiofemoral contact forces were significantly 
amplified by the inclined treadmill. 
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Figure 1: PCA results for the medial contact force (MCF) and knee 

flexion angle. There was a significant difference in PC2 scores for the 
MCF between groups (p=0.006) and a significant effect of treadmill 

on PC1 for the knee flexion angle (p<0.0001). 

Conclusions 

While walking at a 10% incline induced kinematic and kinetic 
gait changes, it did not have the desired effect of amplifying 
biomechanical differences between the osteoarthritis and 
asymptomatic groups. A different task to stress the locomotor 
system may be required to achieve this goal. 
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Summary 

After lateral lengthening of the calcaneus patients have different 
gait patterns during uphill walking compared to healthy 
subjects. Push-off phase was particularly altered with a more 
extended knee joint than healthy subjects and a lower ground 
reaction force compared to the contralateral leg. 

Introduction 

A possible surgical treatment option for adult acquired flatfoot 
deformity is a lengthening osteotomy of the lateral column 
(LLC). This calcaneal osteotomy aims to rotate the foot around 
the talonavicular axis to correct the deformity [1]. A previous 
study reported improved foot kinematics after LLC during level 
walking [2]. Uphill walking might require additional flexibility 
in the foot and hence be more challenging for patients after 
LLC. The aim of this study was to compare gait kinematics 
during uphill treadmill walking between patients after LLC and 
healthy subjects. 

Methods 

Passive ankle range of motion was determined using a handheld 
goniometer. Instrumented 3-dimensional gait analysis on a 
treadmill with integrated pressure mat and 15% inclination was 
performed by 15 patients (6 male; age: 40±13 years; body mass 
index (BMI): 26.3±3.5 kg/m2) with a follow-up of 6.7±2.3 years 
after surgery and 15 age- and sex-matched healthy subjects (6 
male, age: 40±14 years; BMI: 23.0±2.8 kg/m2) with a speed of 
1.0 m/s. Markers were placed bilaterally on the feet and lower 
body according to the Oxford foot model [3]. For each subject 
mean joint angles of 20 steps were used for further analysis.  

Differences in the joint angles were analysed using statistical 
parametric mapping (SPM, www.spm1d.org) with independent 
sample t-tests for comparing the affected leg of the patients and 

the left leg of the controls, and with paired t-tests for comparing 
the affected with the contralateral leg of the patients (P<0.05). 

Results and Discussion 

Passive ankle dorsiflexion was 8° smaller in the affected leg of 
patients than in control subjects (P<0.001). Compared to the 
healthy controls, patients had significantly more knee flexion 
around toe off and more forefoot-hindfoot supination 
throughout most of the gait cycle on their affected side (Figure 
1). Additionally, the patients had a significantly lower ground 
reaction force on the affected compared to the contralateral leg 
around the second peak (Figure 1). 

Conclusions 

This retrospective study revealed differences in uphill gait 
patterns in patients several years after LLC. The greater 
forefoot-hindfoot supination angle might be due to the surgical 
correction. Moreover, patients seem to be limited during push-
off with a lower ground reaction force peak and more extended 
knee likely representing compensation for limitations in passive 
ankle flexibility, especially in ankle dorsiflexion. Post-
operative rehabilitation should focus on improving passive 
dorsiflexion in these patients. 
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Figure 1: Upper row: Mean (± standard deviation) joint angles during a gait cycle and mean (± standard deviation) of the ground reaction force 

during stance of the affected leg (red), contralateral leg of the patients (blue) and healthy controls (black). Lower row: Results of the SPM 
statistics using t-tests. Grey areas indicate significant differences between groups. 
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Summary  

Sensory feedback is thought to improve task performance for 

upper-limb prosthesis users, however its effects are difficult 

to quantify. We used a haptic device to measure the 

influence of prosthesis type (body-powered, myoelectric) 

and feedback type (visual, vibration, force) on performance 

during a grasp-width matching task in five upper limb (UL) 

prosthesis users. All forms of feedback improved 

performance over the no feedback condition for each limb 

type. However, the difference between body-powered and 

myoelectric prosthetic performance was not significant in the 

studied population.  

Introduction 

Upper limb prostheses are broadly categorized as body-

powered (BP) or myoelectric (MYO). These prostheses 

provide limited sensory information compared to an intact 

hand, which may affect task performance [1]. There are 

multiple ways feedback can be provided with these devices, 

however it is difficult to compare between devices as they 

also differ in how they are actuated: the BP through a 

Bowden cable and the MYO through muscle activation. 

Previous studies have investigated how performance is 

impacted by augmented sensory feedback, usually provided 

by a wearable device.  Findings are mixed, with some 

studies showing the benefit of vibrational feedback in the 

absence of visual feedback [2], and others showing that 

vibrational cues have little to no impact on performance [3]. 

However, the former study used gross measures of 

performance on physical tasks (e.g. time to completion, 

number of blocks moved) [2] while the latter study used an 

all-virtual setup [3]. To better compare across feedback 

conditions, we used a haptic device which delivered 

feedback directly to a participant’s own prosthesis [4]. The 

purpose of our study was to measure grasping accuracy 

across different types of feedback to determine how BP and 

MYO prostheses users process feedback differently. 

Methods 

Five adults with unilateral limb loss below the elbow 

participated in this study. Three participants used MYO 

prostheses, one used a BP, and one was tested with both his 

BP and MYO devices. Participants completed a grasp-width 

matching task using a haptic device [4]. In this task, 

participants were visually shown a target aperture, then they 

squeezed two motorized paddles on a linear track to match 

the target. Different forms of feedback (no feedback, visual, 

vibration, force) were delivered through the haptic device to 

indicate when the participant’s hand position was smaller 

than the target aperture. Participants repeated the procedure 

with both their intact and prosthetic hands for each feedback 

type. We measured absolute error between the target 

aperture and grasp width. A two-way repeated measures 

ANOVA tested for differences in error between limbs 

(intact, BP, MYO) and feedback conditions (no feedback, 

visual, vibration, force) (α = 0.05). 

Results and Discussion 

There was a significant main effect for limb type (p = 0.002) 

and feedback type (p < 0.001) on accuracy. Limb type and 

feedback type interaction effects were not significant (p = 

0.386). Post-hoc testing found that movements with intact 

limbs were more accurate than those made with BP (p = 

0.034) or MYO (p = 0.001) prostheses. There were no 

significant differences between prostheses (p = 0.116).  

Post-hoc testing also showed that participants made smaller 

errors when any type of feedback was provided compared to 

the no feedback condition visual (p ≤ 0.005).  However, 

there were no significant differences between feedback 

conditions (visual, vibration, force). 

 

Figure 1: Mean error for grasp-width matching for intact, 

BP, and MYO limb types across four different types of 

feedback. 

Conclusion 

The presence of visual, vibration, and force feedback 

improves performance during grasp-width matching tasks 

for intact, BP, and MYO limbs. The use of a prosthesis 

decreased accuracy in grasp-width matching tasks across 

feedback types compared to intact limbs. However the 

differences in accuracy between BP and MYO were not 

statistically significant in this small sample.  Future work 

will include a larger sample size (particularly BP users) to 

further explore differences in prosthetic type and duration of 

prosthetic use. 
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Summary 

The purpose of the study was to develop and examine a new 
functional skill test with an upper extremity prosthesis, 
involving fundamental upper limb motor functions such as 
reaching, grasping, carrying, placing, releasing, and retrieving 
an object. The test scores (total time, accuracy, and efficiency) 
were distributed in a wide range in intact adults using body-
powered simulated prosthesis. The scores improved after a 
practice session with or without transcutaneous vagus nerve 
stimulation and one day after the practice. The results 
provided a proof of concept and demonstrated the feasibility 
of the new motor skill test with upper limb prosthesis. 

Introduction 

There are various types of amputees and upper extremity 
prostheses, and their motor skill with a prosthesis depends on 
the interaction between the amputee and the prosthesis. 
Fundamental upper limb motor skills include reaching, 
grasping, carrying, placing, releasing, and retrieving an object. 
Currently, there is no standardized test that quantifies these 
essential motor skills using an upper extremity prosthesis. The 
purpose of the study was to develop a motor skill test for using 
an upper extremity prosthesis and demonstrate its proof of 
concept and the feasibility using body-powered simulated 
prosthesis in intact adults. 

Methods 

We developed a platform and an object that may be used for 
assessing motor skill when a person uses an upper extremity 
prosthesis (Figure 1). The object consisted of a foam block 
with a thin sheet of plastic projecting out of one side of the 
block. The platform had a home position, a center target, and 
perimeter targets distributed to five locations. Each target had 
three circles and three lines, one depicted the target angle and 
the two other lines depicted acceptable angles for the 
orientation of placing the object.  

Twenty-four intact young adults (23.8 ± 6.2 years old, 14 
women) wore a custom-made simulated prosthesis that 
mimicked the standard body-powered upper extremity 
prosthesis for amputees. Starting from the home position every 
time, the task was to pick up, move, and place an object 
between the center target and the perimeter targets in clock-
wise order as quickly as possible while attempting to position 
the object on each target in the depicted orientation (Figure 1, 
inset). Subjects performed an initial test, a practice session, a 
re-test immediately after the practice, and another re-test on 
the next day. Half of the subjects received transcutaneous 
vagus nerve stimulation during practice because there are 
reports in which motor recovery was facilitated with vagus 

nerve stimulation during rehabilitation in rats. In each test, 
total time to complete the task was measured (total time). 
Accuracy of placing an object was quantified by providing 
various points depending on the location and orientation of the 
placed object (placement score). Efficiency was determined by 
dividing total time by placement score (efficiency score). 

 
Figure 1: Skill test platform and object to be handled with prosthesis. 

Results and Discussion 

In the initial skill test, total time ranged 2.2 folds from 137-
364 s (236 ± 69.9 s), placement score ranged 3.5 folds from 
34-118 points (73.4 ± 22.3 points), and efficiency score ranged 
7.9 folds from 0.09-0.71 points/s (0.33 ± 0.13 points/s) across 
subjects. Immediately after practice, total time decreased by 
30% (166 ± 61.2 s), placement score increased by 23% (90.0 ± 
20.0 points), and efficiency score increased by 84% (0.61 ± 
0.24 points). On the next day, compared with the initial test, 
total time was shorter by 31% (163 ± 58.0 s), placement score 
was higher by 24% (91.3 ± 17.4 points), and efficiency score 
was higher by 86% (0.62 ± 0.23 points). The improvement of 
efficiency tended to be greater in the subjects who received the 
nerve stimulation both immediately after practice (104% vs. 
63%) and next day (95% vs. 77%) on average. 

Conclusions 

Our new motor skill test with a body-powered simulated upper 
limb prosthesis resulted in test scores with a wide distribution 
range and the scores were improved with practice session and 
one day after the practice in intact adults. The study provided 
a proof of concept and feasibility of the new motor skill test 
with upper limb prosthesis for assessing fundamental upper 
limb function. 
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Summary 
While body-powered prostheses are the preferred devices 
following transradial limb loss, the compensatory strategies 
they elicit are currently not well understood. This study aims 
to identify at which upper body joints compensation occurs. 
Based on the findings, body-powered prosthesis users 
compensate primarily at the trunk and maintain near normal 
range of motion at the shoulder. This could be explained by 
the harness system, restricting movement at the shoulder.  

Introduction 
In the last decade, a great deal of technological advances and 
research on prosthesis users’ upper body kinematics has 
occurred for myoelectric devices. At the same time, body-
powered prostheses are still the preferred device of many 
individuals and the standard of care [1]. Yet, it remains 
relatively unknown how upper body kinematics change with 
the use of body-powered prostheses. A clear understanding of 
compensatory movements and how they differ from 
myoelectric users is needed to assess if there are compensatory 
strategies that are specific to body-powered users that could 
potentially lead to overuse injury. The aim of the current study 
was to investigate the specific joints at which body-powered 
transradial prostheses users compensate for missing degrees of 
freedom (DOFs). We hypothesized that the majority of 
compensation occurs at the trunk DOFs, with the shoulder 
displaying reduced movement due to the harness used to 
support the prosthesis and associated cable system. 

Methods 
3 transradial body-powered prosthesis users were recruited for 
this study (3 males; age: 46.7 ± 16.6 years; height: 175.3 ± 0.6 
cm). Two standardized functional tasks, the Pasta Box and 
Cup Transfer tasks were performed by the participants [2]. 
The tasks required movement of (1) a box of pasta in all three 
planes of motion; and of (2) two compliant cups filled with 
beads over a partition.  
A 12-camera motion capture system was used to collect three-
dimensional (3D) marker trajectories at 120 Hz. 3D-printed 
rigid plates with 11 mm reflective markers were attached to 
the pelvis, trunk, upper arm, forearm, and terminal device. 
Marker data were filtered and used to calculate 3D joint 
kinematics. Ten DOFs (three for the trunk and shoulder; two 
for the elbow and wrist) were included in the analysis. Each 
joint’s range of motion (ROM) was extracted from angular 
joint trajectories and compared to a normative dataset [2].  

Results and Discussion 
Transradial body-powered prosthesis users displayed 
increased compensation at all three trunk DOFs for both tasks, 

with most of the ROM values being outside of two standard 
deviations of the norms (Figure 1). As opposed to myoelectric 
prosthesis users [3], body-powered users displayed reductions 
in shoulder flexion/extension ROM (Figure 1) and, for 
shoulder abduction/adduction, a ROM within the normative 
range. This is most likely due to the restricting effect of the 
harness required to suspend the prosthetic device. Moreover, 
users did not display any shoulder extension, which is likely a 
result of the functionality of the cable mechanism.  

 
Figure 1: ROM results for 3 transradial body-powered prosthesis 
users in comparison to norms (Pasta Box task with three separate 

movements). Horizontal black lines represent the normative average, 
with the grey shading representing two standard deviations. Single 

markers represent each prosthesis user with their standard deviation. 
These results highlight the importance of understanding how 
specific prosthetic devices affect compensatory movements. If 
the bulk of the compensation for body-powered users occurs at 
the trunk, this could lead to overuse of respective DOFs and 
put users at an increased risk for overuse injuries.  

Conclusions 
Body-powered prosthesis users compensate mainly with trunk 
motion in all three planes. Understanding the increased burden 
the trunk has in facilitating activities of daily living will allow 
us to tailor specific therapeutic interventions for mitigating the 
risks of sustaining an overuse injury.  
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Summary 

A 5-finger myoelectric hand prosthesis of 7 different hand postures 
was successfully controlled using ANN with an armband-type 
multi-channel EMG module. The classification accuracy was 
evaluated for 10 normal volunteers, considering the independence 
of the EMG feature groups, donning and doffing training data size, 
and whether or not majority voting was applied. The results 
revealed an optimized accuracy of 97.49 3.87% when majority 
voting was applied for the high independence feature group (HIFG) 
to perform classification training for 7 or more sessions. Confusion 
matrices and separability indexes of ANN classifiers showed that 
the major misclassifications, in spite of a good accuracy, were 
found to be lateral pinch vs. palmar pinch, and index vs. thumb-up 
However, with the classification training for seven or more sessions, 
the probability of misclassification significantly decreased. 

Introduction 

EMG signals were mainly used to control the electric hand 
prostheses. However, commercial electric hand prostheses 
classified only a few simple postures due to the limitation of the 
classification algorithm based on the threshold of EMG signals.1 
Many studies have been made to define feature vectors and pattern 
classifiers for EMG signals generated by finger postures. Currently, 
due to the less reliability of posture recognition, EMG-based 
systems are only about 25% among the hand prostheses.2 EMG 
signals are known to be affected by changes in arm position, 
electrode movement, and the strength of force.3-4 In this study, an 
armband-type multichannel EMG module with the ANN-based 
classification algorithm for 7 different hand postures was developed 
for the 5-finger electric hand prosthesis. The algorithm was 
evaluated according to the independence of the EMG feature group, 
the training data size due to changes of electrode position and the 
effect of majority voting. 

Methods 

The armband module comprised of 8-channel sEMG sensors, an 
urethane strap embedded with a FPC line, and a mainboard. The 
EMG classification system was connected to the 5-finger electric 
hand prosthesis (Korea Orthopedics and Rehabilitation Engineering 
Center) using a bluetooth module (FBL7700BC, Firmtech, Korea). 
10 normal right-handed volunteers performed 3 grasping functions 
(lateral pinch, palmar pinch, and cylindrical grasp) and 4 hand 
postures (rest, V, index, and thumb-up). Root mean square (RMS), 
mean absolute value (MAV), variance (VAR), Wilson’s amplitude 
(WAMP), and zero crossing (ZC) were used as EMG features for 
the best classification accuracy and the computation speed. Pearson 
correlation analysis was conducted to determine the independence 
of EMG feature vectors. If Pearson correlation coefficient between 

EMG features was larger than 0.7, then the independence was low, 
but if it was smaller than 0.7, then the independence was high. The 
ANN structure used in this study consisted of 24 input layers (3 
EMG features × 8 channels) and 7 output layers. Training of the 
classifier was conducted using the Matlab Neural Network Toolbox 
with a scaled conjugate gradient backpropagation algorithm.5 

Results and Discussion 

Table 1 shows the classification accuracy for HIFG and LIFG with 
and without applying majority voting. The classification accuracy 
increased and the standard deviation decreased, as the number of 
training sessions increased. Classification accuracy of more than 
97% was obtained after at least seven sessions in HIFG with 
majority voting. The signal similarity increased in the order lateral 
pinch > palmar pinch > index > thumb-up. 

Table 1 Classification accuracy with majority voting 

Training sessions 1 2 3 4 5 6 7 8 9 

LIFG 
+ MV 

Mean 87.10 89.76 90.51 92.52 93.74 94.67 96.35 96.05 96.14 

SD 15.57 13.91 14.77 10.29 9.27 6.64 6.34 5.60 5.27 

HIFG 
+ MV 

Mean 91.16 92.88 94.34 95.82 96.90 96.80 97.49 97.71 97.51 

SD 15.42 12.14 8.94 6.78 5.37 5.02 3.87 3.93 3.62 

(unit: %) 

Conclusions 

A 5-finger myoelectric hand prosthesis of 7 different hand postures 
was successfully controlled using ANN with an armband-type 
multi-channel EMG module. The independence of the EMG 
feature groups and the change in electrode position significantly 
affect the classification accuracy. Classification accuracy of 97.5 

3.9% was obtained when majority voting was applied for HIFG 
to perform classification training for 7 or more sessions. 
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Summary 

We compared movement accuracy and smoothness during goal-
directed reaching movements in myoelectric prosthesis users 
and able-bodied controls. We measured movement accuracy as 
the distance error in matching a virtual target and quantified 
trajectory smoothness as the spectral arc-length (SPARC). 
Movements made with prostheses were less smooth and but 
similar in accuracy to those made with intact limbs. Future work 
with varying prostheses will allow us to further explore how 
prosthetic type and training influence reaching movements. 

Introduction 

Upper limb (UL) prosthesis users often face significant 
functional limitations leading to device dissatisfaction [1]. 
However, little is known about how these individuals make 
reaching movements with prosthetic limbs. Reaching 
movements made with intact limbs are characterized by 
“invariant” features, such as the accuracy of the hand position 
at the target [2] and the smoothness of the movement [3]. It is 
likely that prosthesis users would perform these movements 
differently since reaching movements require both feedforward 
and feedback control [4], both of which can be affected by 
prosthetic use. In particular, prosthesis users may have 
difficulty planning movements (feedforward control) since the 
prosthesis is not fully integrated into the body or difficulty 
making adjustments during the movement (feedback control) 
since they have limited or no proprioceptive feedback from the 
prosthesis. The goal of this study was to determine to what 
extent prosthesis use affects the accuracy and quality of goal-
directed reaching movements. 

Methods 

Three female myoelectric prosthesis users with congenital UL 
loss below the elbow (ages 55, 66, 26) and six non-amputee 
controls (21.8±1.2 yrs, three females) performed constrained 
planar, goal-directed reaching movements using a two-link 
robotic arm. They were instructed to match the handle position 
to a target location shown on a computer screen with both their 
intact and prosthetic limb. For each trial, participants received 
two seconds to match the handle with the target. After a 
minimum of 20 practice movements, participants completed 
100 goal-directed reaches. Position data was collected at 80Hz. 

The first ten trials were omitted for analysis to account for any 
learning affects. After low-pass filtering the data at 15Hz, 
position error was quantified as the distance between the target 
center and the handle center at the end of each trial. Movement 
smoothness was quantified as the spectral arc-length (SPARC) 
of each trial, which measures the negative arc length of the 
Fourier magnitude spectrum of movement speed profiles [5] 
(reported as absolute value in results). Data for both limbs of 
control participants were averaged for comparisons. Given the 
small sample size, we compared accuracy and smoothness 

statistically using Cohen’s d, which provided a measure of the 
effect of the difference between limbs (prosthetic/intact) and 
groups (prosthetic/control). 

Results and Discussion 

There was a small effect size (d=0.39) for movement 
smoothness (SPARC) between prosthetic and intact limbs of 
prosthesis users. There was a large effect size (d=0.85) for the 
difference in SPARC between prosthetic limbs and controls. 
Movements made with prostheses were less smooth compared 
to those made with intact limbs of controls. 
With a small effect size (d=0.19), prosthesis users had similar 
position error for their prosthetic limb (0.65±3.9mm) with their 
intact limb (0.091±1.30mm). Likewise, movements made with 
prostheses had marginally greater error compared to controls 
(0.026±0.037mm) with a small effect size (d=0.30). A larger 
sample size is needed for further statistical analysis. 

 
Figure 1: Smoothness of the movement trajectory represented as 
SPARC (left) and the position error relative to the target (right). 

Conclusions 

Prosthesis users made less smooth movements but with similar 
accuracy during constrained goal directed reaching movements.  
The participants in this study were all myoelectric prosthesis 
users who had congenital limb loss.  Thus, further work with a 
more heterogeneous sample will enable comparison across 
devices and training times. 
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Summary 

Recent studies [3] demonstrated that transverse loading (FG) 
of a muscle resulted in a considerable reduction of maximum 
isometric muscle force (ΔFim). Here we tested if a Hill-type 
muscle model assuming an identical gearing G between both 
ΔFim and FG as well as lifting height of the load (Δh) and 
longitudinal muscle shortening (ΔlCC) can reproduce 
experimental changes in ΔFim and Δh for increasing transverse 
loads (0.64 N, 1.13 N, 1.62 N, 2.11 N, 2.60 N). The model 
seems applicable to account for effects of muscle deformation 
within a range of transverse loading when using a linear load-
dependent function for G. 

Introduction 

Muscles are surrounded by other muscles, connective tissue, 
and bones. These neighbouring tissues may transfer forces to 
the muscle, modifying muscle architecture [6] and the force 
generation in the longitudinal (in the direction of the line of 
action) direction. Recent studies restricting muscle 
deformation by elastic bandages [5], rigid tubes [1], and 
plungers [3] in transversal direction showed changes in muscle 
architecture and performance e.g. in muscle force, shortening, 
and work. In this study, the influence of muscle compression 
induced by increasing transversal muscle loading was 
examined and modelled. 

Methods 

We performed isometric experiments on isolated rat M. 
gastrocnemius medialis (n=9) with increasing transverse loads 
(0.64, 1.13, 1.62, 2.11, 2.60 N). Loads were applied by a 
plunger which was able to move freely in vertical direction. 
The muscle force was measured at the distal tendon and the 
vertical movement of the plunger was determined using a 
high-speed camera during supramaximal muscle stimulation. 
To simulate the interaction of a muscle with a transverse load 
we used a Hill-type muscle model [4] with a geometric lever 
mechanism accounting for the influence of transverse load on 
longitudinal force. We tested if this model can reproduce 
experimental changes in ΔFim and Δh for increasing transverse 
loads. Three different gearing ratios were tested: (I) constant 
Gc, representing the idea of a muscle specific gearing 
parameter (e.g. predefined by the muscle geometry), (II) Gexp 
determined in experiments with varying transverse load, and 
(III) Gf that reproduced experimental ΔFim for each transverse 
load. 

Results and Discussion 

Experimental muscle force decreased almost linearly with 
increasing transversal loads (0.64N: 4.9±1.4%, 1.13N: 
7.0±1.4%, 1.62N: 8.9±1.7%, 2.11N: 10.4±2.2%, 2.60N: 
12.8±2.0%) compared to the unloaded reference contractions. 

Simulations using Gc overestimated ΔFim (up to 59 %) and Δh 
(up to 136 %) for increasing load. Although the model 
assumption (equal G for forces and length changes) held for 
the three lower loads using Gexp and Gf, simulations resulted in 
underestimation of ΔFim by 38 % and overestimation of Δh by 
58 % for the largest load, respectively. To simultaneously 
reproduce experimental ΔFim and Δh for the two larger loads, 
it was necessary to reduce Fim by 1.9 % and 4.6 %, 
respectively (Figure 1).  Influence of transversal loads on 
muscle force may be highly relevant to better understand force 
generation of tightly packed muscles (e.g. in the leg). Upon 
contraction, muscles deform and exert pressure on each other. 
A recent study [2] showed a reduction of 20% in muscle 
package force compared to the sum of forces generated by the 
isolated muscles. 

 
Figure 1: Comparison of representative transversely loaded 

experiments (a) of one muscle [4] and simulations using Gexp (b). Fim 
was reduced additionally by 1.9 % and 4.6 % for loads of 2.11 N and 
2.6 N, respectively. Forces and lifting heights were shown as straight 

and dotted lines, respectively. 

Conclusions 

The study clearly shows that a Hill-type muscle model using 
an identical lever to convert transverse force and length 
change into longitudinal force and length change is not valid 
for all transverse loads tested. However, using a linear, load-
dependent function for G, the model holds for transverse loads 
up to about 15 % Fim and may be applicable as a simple 
expansion of Hill-type muscle models to account for muscle 
deformation effects.  
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SUMMARY

The  mechanical  impedance  of  active  muscle  affects  the
stability  of  musculoskeletal  systems  to  perturbations.
Following a recent experimental finding, we have developed a
three filament muscle model in which myosin loads titin when
shortening  and  clutches  onto  titin  during  lengthening.  A
virtual  active  lengthening  experiment  indicates  that  this
mechanism can  explain  the  steady  increase  of  force  during
muscle stretching but that the model is missing terms related
to residual force enhancement.

INTRODUCTION

Active muscle exhibits positive stiffness both when stretched
modestly  [1]  and  when  stretched  beyond  actin-myosin
filament overlap [2], which neither a Hill nor a Huxley muscle
model can replicate. Following the work of DuVall et al. [3],
we developed a model with a titin-myosin interaction.

METHODS

We  model  the  musculotendon  as  a  scaled  half-sarcomere
composed of actin, myosin, titin, and an extracellular matrix
(Fig. 1a). The passive elastic component of the fibre has been
partitioned into a 60% extracellular matrix component and a
40% titin  component  [4].  Titin’s  elasticity  has  been  further
decomposed  into a  lumped proximal  Ig and PEVK section,
and  a  distal  Ig  section,  which  maintain  the  relative  passive
strains observed by Trombitás et al. [5]. 

The model has two kinematic degrees of freedom: the length
(ℓM) of the fibre, and the length (ℓ1) of the proximal lumped
section of  titin.  We formulated  the state  derivatives  so that
during  active  shortening  the  cross-bridges  within  the  actin-

myosin  overlap  (ℓW)  pull  on  titin  (Fig.  1b).  During  active
lengthening,  the  cross-bridges  continue  clutching  titin  (Fig.
1c). We evaluated the model by simulating an active stretch
[1] using both the proposed model and a Hill model [6].

RESULTS AND DISCUSSION

The proposed model exhibits positive stiffness during active
lengthening while the Hill model exhibits a region of negative
stiffness (Fig. 2). It is interesting to note that while the Hill
model’s  force-velocity  curve  allows  it  to  follow  the  initial
force transient of the experimental data, this transient may not
be  due  to  damping:  after  the  ramp  ends  the  Hill  model’s
damping  forces  vanish  but  in  the  experimental  data  these
forces persist. The consistency of the error from the proposed
titin-myosin model (Fig. 2, pink region) suggests that the same
phenomena  might  be  responsible  for  short-range-stiffness,
residual-force-enhancement, and passive force enhancement.
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Figure 1: A three-filament half-sarcomere model

Figure 2: Simulation of an active lengthening experiment.
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Summary 

A methodology to decompose three-dimensional (3D) muscle 

geometries in lines of action (or fibres) is presented and applied 

to models of hip-spanning muscles segmented from magnetic 

resonance imaging (MRI). Kinematic simulations of functional 

movements of the hip joint were performed and the fibres’ 

moment arms computed. The proposed approach produced 

ranges of moment arms comparable to validated, but 

computationally more demanding, finite element models.  

Introduction  

Accurate geometries of anatomical structures can be segmented 

from MRI scans and used to build subject-specific models of 

the musculoskeletal (MSK) system [1]. In these models, each 

muscle is currently represented as a series of line segments, 

limited in representing lengths and moment arms of complex 

geometries, for example around the hip joint. In these MSK 

workflows, segmented muscle geometries are employed for 

qualitative validation of the muscle paths, without accounting 

for their 3D geometry in the simulations. Conversely, accurate 

estimation of muscle deformations and fibre geometries have 

been obtained using finite element simulations [2]. However, 

this approach is computationally demanding and has not been 

coupled with dynamic simulations of human motion yet [3]. 

The purposes of this abstract are: a) describing a technique to 

automatically generate lines of action from 3D muscle 

geometries, b) simulate functional tasks at the hip joint, and c) 

compute the moment arms of the hip-spanning muscles, 

comparing them against the results of a validated finite element 

model [2].  

Methods 

The muscle geometries of gluteus maximus, gluteus medius, 

gluteus minimus, psoas and iliacus segmented from MRI scans 

of a cadaveric specimen and available in the LHDL dataset [4] 

were used in this study. The quality of the smoothed muscle 

geometries is consistent with that normally obtained from in 

vivo imaging. The muscle lines of action were generated by 

mapping a fibre template to each muscle geometry, similarly to 

[2], so producing an arbitrary number of fibers, each consisting 

of a polyline with user-specified resolution. The methodology, 

detailed in [5], requires definition of the muscle attachment 

areas, which are available from dissection in this dataset. A 

complete hip flexion (-10° to 90°), hip adduction (-40° to 40°) 

and hip rotation (-40° to 40°) were simulated in steps of 2° using 

a kinematic OpenSim model created from the same dataset [4] 

and the fibres’ geometries recalculated at each frame using a 

weighted function of the bone kinematics. Finally, moment 

arms were computed for each line of action using the tendon 

excursion method, and their ranges compared to those reported 

by Blemker and Delp [2].  

Results and Discussion 

Realistic lines of action were obtained decomposing the muscle 

geometries in up to 100 fibres of 15 points each (Fig. 1 A). 

Completing each simulation took less than five minutes on a 

standard laptop. For the hip flexion simulation (Fig. 1 C), the 

peak extension moment arms ranged from 3.7 to 8.6 cm for 

gluteus maximus (Fig. 1, B) (1.0 to 7.0 cm in [2]), -1.0 to 3.9 

cm for gluteus medius (-2.0 to 2.0 cm in [2]), -1.8 to 0.8 for 

gluteus minimus (not included in [2]). The flexion moment arms 

ranged from 1.7 to 2.8 cm for psoas (2.0 to 3.0 cm in [2]) and 

2.3 to 4.8 cm for iliacus (2.5 to 5.2 cm in [2]).  

 

Figure 1: OpenSim model with muscle fibers at 0° (A) and 90° hip 

flexion (C). Moment arms of gluteus maximus for hip flexion (B). 

Considering the differences in age (51 years) and 

anthropometry (10 cm in height, mass unreported in [2]) of the 

simulated subjects, the range of computed moment arms can be 

considered comparable to [2]. Muscle attachment areas are 

generally unavailable in vivo but can be estimated using 

registration approaches or statistical shape models. 

Conclusions 

This is a promising approach to automate the geometrical 

definition of muscle actuators in subject-specific MSK models 

created from MRI scans.  
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Summary 

Notwithstanding decades of research, predictions from the 

existing muscle models on eccentric contraction remain elusive. 

This study aimed to test the possibility that a relatively simple 

phenomenological muscle model, based on an adapted Hill-

type muscle model with some novel assumptions, can capture 

the mechanics of eccentric contractions. The result of the 

simulations, although preliminary, support the potential of the 

proposed model in predicting the mechanics of eccentric 

contraction. 

Introduction 

Unlike its odd name, eccentric contraction—the lengthening of 

an active muscle due to excessive external force—is one of the 

common contractile scenarios that muscles undergo during 

normal everyday functioning. The classic Hill-type Muscle 

Model (HMM) [1], a phenomenological representation of the 

cross-bridge model, is widely used in upper-layer studies,  such 

as musculoskeletal modelling and simulation, but the 

performance of the HMM in predicting eccentric contractions 

has not been satisfactory. Alternative models have been 

proposed to expand the explanatory scope of the cross-bridge 

model to include eccentric contractions [2, 3], but these models 

suffer from high parametric complexity, which makes them 

unsuitable for practical applications in upper-layer studies.  

For this reason, our study was focused on testing if a simple 

phenomenological model, whose complexity is similar to that 

of the HMM, can predict representative mechanics of eccentric 

contractions. In contrast to most previous models, we assumed 

that (1) the Force-Velocity (FV) relationship is multiplied with 

the total (i.e. active plus passive) Force-Length (FL) function, 

while FV in previous models had been assumed to be multiplied 

with the active FL relationship only, and that (2) a certain length 

of the Passive-elastic Element (PE) is clamped upon activation 

and the stiffness of the passive FL curve is enhanced around the 

clamped length. 

Methods 

We used isokinetic force profiles of in-situ cat soleus. Details 

of the experimental methods used for data collection can be 

found in Lee et al [4]. Data analysis was performed in Matlab. 

Result and Discussion 

 

Figure 1. Residual and dynamic force enhancement of cat soleus [4] 

We focused on the force enhancement patterns during and after 

eccentric contractions: dynamic Force Enhancement (dFE) and 

residual Force Enhancement (rFE) highlighted in Fig-1 right 

(dotted boxes). We first focused on the temporal profiles of dFE 

that show an interesting transition from convex to concave (Fig-

1 right, inset) as length increases. When these patterns are re-

plotted in the force-length space by combining length (Fig-1 

left) and force (Fig-1 right) profiles, we found that dFE patterns 

(Fig-2 left, orange curves) become similar to the total FL curve 

(Fig-2 left, blue curve). 

 

Figure 2. dFE patterns (data and prediction) plotted with FL curves 

Inspired by this similarity, we assumed that dFE patterns 

originate from the total FL relationship multiplied with the 

viscosity determined by the FV relationship. For constant speed 

isokinetic stretches, this viscosity is assumed to be constant. 

Next, we assumed that rFE (Fig-2, red circles compared to blue 

circles) occurs due to the enhancement of the PE by clamping 

(Fig-2 right, grey branches from the black curve). Linking these 

assumptions, we finally hypothesized that dFE patterns are 

produced by the multiplication of the total FL curve with the 

enhanced PE (Fig-2 right, grey branches from the blue curve) 

and the viscosity determined by the FV relationship. 

Simulated dFE patterns using our model are shown in Fig-2 

(right, purple curves). Our suggested model shows an excellent 

performance in predicting the pattern of dFE (R2 = 0.960). Note 

that the simulation has only one free parameter, which is the 

constant FV value. 

Conclusions 

This preliminary study shows the potential of the presented 

simple phenomenological model in predicting the mechanics of 

eccentric contraction. Further validation of the proposed model 

under varying mechanical scenarios are ongoing. 
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Summary 

We introduce a multiscale muscle spindle model that 
provides a framework to simulate the effects of altered 
muscle properties, neural dynamics, and descending drive on 
muscle spindle sensory feedback. Our recent work shows 
that muscle spindle stretch responses in relaxed muscle have 
a unique relationship with history-dependent muscle fiber 
force and its first time derivative, i.e. dF/dt, or yank, but not 
with imposed stretch kinematics (1). Our muscle spindle 
model simulates cross-bridge population cycling kinetics 
where pseudolinear combinations of intrafusal fiber force 
and yank simulate neuron driving potentials. Ours is the first 
muscle spindle model to exhibit history-dependent firing 
caused by prior movement. Further, classical and 
paradoxical muscle spindle firing properties are emergent 
from the model, including changes in muscle spindle 
sensitivity due to gamma motor neuron activation.  

Introduction 
Muscle spindles are complex sensorimotor organs in skeletal 
muscles that provide critical information regarding the 
interactions of the body and its environment for movement 
control. While some steady-state muscle spindle firing rates 
may be described in terms of muscle length and velocity, a 
variety of studies show non-unique relationships between 
muscle spindle firing rates and muscle kinematics, even in 
passive conditions. Current phenomenological muscle spindle 
models based on highly-controlled experiments cannot 
predict muscle spindle firing across all of these conditions. 
Muscle spindle afferent signals are also under central 
regulation where motor commands to intrafusal muscle fibers 
in the muscle spindle create nonmonotonic relationships 
between muscle kinematics and muscles spindle firing rates. 
By simulating cross-bridge dynamics and the physical 
arrangement of intrafusal muscle fibers, our model provides a 
unifying mechanism for a broad range of muscle spindles 
firing properties. 

Methods 
Two half-sarcomeres were simulated in parallel to represent 
one “bag” and one “chain” intrafusal muscle fiber. We used a 
two-state acto-myosin interaction scheme where the force in 
each half sarcomere was calculated as a sum of an active 
component generated by the cycling activity of a population 
of myosin heads and a passive component generated by a 
simulated linear spring modelling contributions of titin. The 
force and yank of the bag fiber, defined as the fiber with faster 
myosin kinetics, were used to simulate more dynamic firing 
responses. The force of the chain fiber, defined as the fiber 

with slower myosin kinetics, simulated the more static firing 
responses. Activation state of the intrafusal muscle fibers was 
controlled by changing the number of activated thin filament 
binding sites on which myosin heads could attach.  
 
Results and Discussion 
Diverse muscle spindle firing responses to ramp-and-hold 
stretches of muscles were predicted by differentially 
weighting contributions of bag and chain fibers to  firing rate. 
The model also predicted fractional power scaling to stretch 
velocity as well as linear scaling of the initial burst to 
acceleration, both reported decades ago. Simulated activation 
of bag and chain fibers predicted increasing the ramp versus 
hold response to stretches, consistent with prior literature.  

 
Figure 1: A multiscale muscle spindle model predicts diverse 

muscle spindle firing properties 

Conclusions 
Our multiscale model may facilitate more realistic simulations 
of proprioceptive feedback in normal and impaired 
sensorimotor control. Effect of altered active and passive 
muscle properties, neural properties, and central regulation of 
muscle spindle sensitivity can also be investigated. 
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Summary 

We investigated the effect of physiological loading 

(compression vs. tension) on the morphology, mineral content 

and compressive stiffness of secondary osteonal bone in the 

proximal humerus of white-tailed deer. Cortical bone cubes 

were prepared from the cranial and caudal aspects (loaded 

physiologically in tension and compression respectively), and 

their histology was recorded. Next, cubes were tested in 

compression and then were ashed to measure their mineral 

content. Our results revealed significantly larger secondary 

osteons in the cranial region. Nevertheless, Young’s moduli 

and ash content were not significantly different between the 

cranial and caudal regions. These results indicate that while 

the type of physiological loading affects bone remodelling 

(larger secondary osteons under tension), bone mineralization 

does not differ. Consequently, cortical bone compressive 

stiffness is unaffected by the type of physiological loading. 

Introduction 

During physiological loading, the cranial and caudal aspects of 

white-tailed deer humerus are subjected primarily to tension 

and compression, respectively [1]. These stresses have been 

shown to induce bone remodelling [2]. This process of 

resorption and deposition forms concentric lamellae, resulting 

in structures known as secondary osteons or Haversian 

systems. The aim of this study was to determine whether 

cortical bone subjected to physiological tensile vs. 

compressive loading would demonstrate differences in 

secondary osteon morphology and mineralization, and 

consequently differences in compressive stiffness. 

Methods 

Cortical bone cubes (36 and 39 from the cranial and caudal 

aspects respectively) were prepared from seven proximal 

humeri of white-tailed deer. Bone histology (transverse cross-

sections) was recorded using scanning electron microscopy. 

Compressive stiffness was measured within the samples' 

elastic region along the three principle axes (axial, radial and 

transverse) using an Instron 5942 machine. Finally, all cubes 

were finely ground, weighed, and ashed to determine their 

mineral, organic material and water content. 

Results and Discussion 

Average secondary osteons diameter in the cranial aspect was 

significantly larger (172%) than the caudal aspect. Both 

cranial and caudal aspects revealed transverse isotropic 

compressive stiffness. Yet compressive stiffness did not differ 

significantly (P>0.05) between the cranial and caudal aspects 

for the axial (17.2±4.2 GPa and 18.5±3.2 GPa), radial  

 

(10.7±2.4 GPa and 10.0±2.1 GPa) and transverse orientations 

(11.0±2.4 GPa and 10.9±1.8 GPa), (Figure 1). Thus, our 

results suggest that compressive stiffness is equal for cortical 

bone loaded physiologically in compression and tension. The 

amounts of water, organic material and mineral content were 

also not significantly different when comparing the cranial and 

caudal aspects (Table 1).  

 

Figure 1: Boxplot comparing stiffness values for all three 
orientations (Cr = cranial; Ca = caudal). 

 

Table 1: Average mineral, organic material and water content. 

Conclusions 

Our results indicate that while the type of physiological 

loading affects secondary osteons morphology, secondary 

osteons mineralization does not differ. This implies that the 

stress type and its magnitude affect bone remodelling by 

stimulating osteoclasts resorption (secondary osteonal size), 

but it does not alter osteoblasts action of osteoid deposition 

and inducing mineralization. Consequently, secondary osteons 

compressive stiffness is not affected by the type of 

physiological stresses. 
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Region Mineral % Organic % Water % 

Cranial 25.8±1.2 62.9±2.0 11.3±1.3 

Caudal 24.8±1.6 63.7±2.1 11.5±1.8 
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Summary 

In Western riding competitions horses have to walk backward. 

Therefore, they change its gait pattern, which is clearly visible 

in the kinematics of the lower limb. This might have some ef-

fects on the damping function of the pastern at the lower limbs. 

Introduction 

Western riding is popular style of horseback riding, which has 

its roots in the work ship of the cowboys in the American West. 

Today’s competitions require precise executed movements of 

horse and its rider. E.g. in Reining, an international competition 

discipline accepted by the International Federation of Eques-

trian Sports, the horse has to perform well defined movements, 

e.g. circles in fast and slow lope, but also spins, sliding-stops, 

rollback, and back-up (walking backwards for 3m). In the vari-

ous movement styles (walk, trot, gallop) a horse uses its pastern 

(hoof and proximal bones) as damping element [1], but during 

a back-up movement it may occurs in a different way. Further 

is the forward walking rhythm a four-beat gait with a “diagonal-

lateral” leg movement pattern but the backwards rhythm is a 

two-beat gait with an almost diagonal leg movement pattern. 

The goal of this pilot study was to analysis the variation in the 

movement pattern of the front and back limb during forward 

and backward walking.  

Methods 

A movement analysis (Vicon MX, 100Hz, full-body-marker 

setup, adapted to [2] [3] (Fig. 1)) was performed with an expe-

rienced Western Rider (30 years of competition) and a well-

trained American Quarter Horse (5 years of competition)  

Figure 1: American Quarter Horse with overlaid stick-figure. 

They were walking forward and backward over a distance of 

10m in an indoor arena. The movement in the middle of the 

distance were recorded. The kinematics in the sagittal plane of 

the right front and back leg during one gait cycle were averaged 

over 3 trials and compared between forward and backward 

walking.  

Results and Discussion 

The range of motion during one gait cycle was similar between 

an averaged forward and backward gait cycle for the right front 

and back limb. The duration for a gait cycle was slightly longer 

for backward walking (forward: 1.17sec SD: 0.03; backward: 

1.28sec SD: 0.04). The biggest variation in the movement pat-

tern occurred between the front and back limb in the lower limb. 

(Fig. 2), and additional in the back limb in the hip joint. It has 

to be noted, that movement might vary compared to measure-

ments done on a hard surface or tread mill, due to the sandy 

ground [4]. 

Figure 2: Wirst-Angle front limb walking forward and backward. 

Note: Gait cycle Forward: Hoof touches ground to touches ground 

Gait cycle Backward: Hoof leaves ground to leaves ground 

Conclusions 

It seemed that during backward walking the loading of the pas-

tern occurred in a different way compared to forward walking, 

where the ligaments work as energy storage and the pastern acts 

as damping element. In backward walking it appeared that each 

gait cycle might be newly initialized similar to the beginning of 

continues walking movement and therefore the backward 

movement looks often less smooth. 

References 

[1] Hodson E. et.al. (2001). Equine vet. J., 33 (1) 38-43 

[2] Dutto DJ. et.al. (2006), J Exp Biol. Oct;209:3990-9. 

[3] Clayton H.M. et.al. (2013) Equine locomotion, Elsevier 

[4] Weller R. et.al, (2006) Equine vet. J. 38 (7) 610-615 

 

Saturday, August 03 2019: Posters (1600-1800) 1566

Animal Comparative 3



 

 

Effects of Exercise During Growth on Bone Strength and Morphology 

 

Matthew Q. Salzano1, Timothy M. Ryan2, Suzanne M. Cox3, Stephen J. Piazza3, & Jonas Rubenson1,3 
1Integrative & Biomedical Physiology, The Pennsylvania State University, University Park, PA 

2Department of Anthropology, The Pennsylvania State University, University Park, PA 
3Department of Kinesiology, The Pennsylvania State University, University Park, PA 

Email: salzano@psu.edu  

 

Summary 

Acceleration-based exercise (e.g. running, jumping) during 

growth in an avian model increases bone strength, and 

influences bone shape in a way that is suggestive of larger 

Achilles tendon (AT) moment arms. 

Introduction 

It is well established that loading stimulus influences bone 

strength during growth [1].  However, whether bone shape is 

similarly plastic during growth is less clear, although previous 

work in mice has shown scapula [2] and femoral head (i.e. hip 

structure) [3] shape changes as a result of exercise during 

growth. Indirect evidence from human populations suggests 

that joint structure might be affected by exercise stimulus; 

sprint trained athletes have been shown to have smaller AT 

moment arms compared to untrained individuals [4]. 

The purpose of this study was to test whether loading stimulus 

during growth influences bone shape in addition to bone 

strength.  Specifically, we hypothesized that additional high-

acceleration exercise would result in a decreased hypotarsus 

width, a proxy for AT moment arm (Figure 1). 

Methods 

Thirty guineafowl (Numida meleagris) were split evenly into 

exercise (EXE) and sedentary (SED) groups at 4 weeks of age.  

The EXE group were housed in a large pen to promote running 

and jumping, while the SED group were housed in small pens 

to restrict movement.  EXE birds were also trained 30 minutes 

per day, 5 days per week, during which they performed short 

bursts of high-acceleration running.  The SED group received 

no training.  The protocol lasted until birds were 14 weeks of 

age, when they were sacrificed for morphological analyses. 

Specimens were first scanned using dual-energy X-ray 

absorptiometry to measure bone mineral content (BMC), and 

bone mineral density (BMD).  Right limbs were removed and 

the tarsometatarsus (TMT) was scanned with a microCT 

scanner.  Bone CT scans were processed in Avizo  software.  

Cross-sectional properties were analysed at 50% diaphysis 

length in ImageJ with the BoneJ plug-in. To characterize overall 

bone shape, 159 landmarks and semilandmarks were created in 

ViewBox.  Landmarks were used to calculate simple TMT 

dimensions related to function. A principal components  

analysis will be run to determine overall shape differences.  T-

tests were used to test for significant differences, with ⍺ = 0.05.   

   

Figure 1. A: Sagittal view of TMT, with red arrow showing 

hypotarsus. B: Landmarks and semilandmarks for TMT. 

Results and Discussion 

EXE birds had smaller body mass and shorter TMT compared 

to SED (Table 1), while whole-body BMC and BMD were not 

different (not shown).  Measures of rigidity (Imax, Imin, J) and 

strength (Zmax, Zmin, Zpol)  were significantly greater in EXE 

(Table 1), indicating stronger bones overall. Imax/Imin (not 

shown) was not significantly different, suggesting no difference 

in diaphysis cross-sectional shape.  EXE also had wider 

hypotarsi (AT insertion) in the A-P direction (Table 1), 

suggesting a larger AT moment arm, contrary to the findings in 

human sprinters [4]. 

Conclusion 

Acceleration-based training during growth has the capacity to 

alter not only bone strength, but also bone shape. The wider 

hypotarsus in EXE birds may increase the AT moment arm, 

possibly an adaptation for increase elastic energy storage. 

This study was supported through NIH Grant R21AR071588. 
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Table 1: Variables of size, strength, and shape that show significant (p < 0.05) differences between groups. Significantly larger measures are 

bolded.  † indicates normalization to body mass.  * indicates normalization to leg length. # indicates normalization to leg length x body mass.   

 
Body 

Mass (kg) 
TMT Length 

(mm) 
† CSA 

(mm^2/kg) 

# Imax  
(mm^3/kg) 

# Imin 

(mm^3/kg) 

# J 
(mm^3/kg) 

# Zmax 

(mm^2/kg) 

# Zmin 

(mms^2kg) 

# Zpol 

(mm^2/kg) 

Hypotarsus 

Width 

EXE 1.29 74.35 11.43 0.63 0.34 0.97 0.19 0.13 0.27 0.0555 

SED 1.38 76.28 10.66 0.55 0.31 0.86 0.17 0.11 0.24 0.0501 
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Summary 
Disuse induced by botulinum toxin indicates that tendon 
remodeling during growth is different from that in skeletally 
mature animals. 

Introduction 

Little is understood about how varying loading environments 
during growth affects tendon properties. In skeletally mature 
animals, increased loading has been shown to result in greater 
tendon stiffness and modulus [1,2]. Tendon remodelling 
during growth, however, may exabit a different response 
compared to mature animals. It has shown that botulinum 
toxin-induced disuse during growth in rats does not change 
tendon stiffness, but results in decreased hysteresis [3]. To 
better understand the developmental plasticity of tendon, we 
have adopted an avian model that exhibits a much larger 
growth span compared to rodent models (30x increase in body 
mass). Specifically, this study investigates the effects of 
botulinum toxin-induced disuse on the Achilles tendon (AT) 
in growing guinea fowl. 

Methods 
One-day old guinea fowl (Numida meleagris) were obtained 
from a regional breeder (Guineafarm, OH), and were divided 
into two groups, a control group (CON, n = 16) and a disuse 
group (DIS, n = 16), at four-weeks of age (~0.2 kg).  All 
animals were pen reared. DIS animals received bilateral 
botulinum toxin-A (BTX-A) injections into the lateral (LG) 
and medial gastrocnemius (MG) (4 units /kg per leg) starting 
at 7-8 weeks and continued once every five weeks for a total 
of 4 injections over 20 weeks. The CON group received saline 
injections. At the end of the BTX-A administration period, all 
animals had reached skeletal maturity.  
At 27-28 weeks of age, animals were sacrificed for tendon 
analyses. Tendon volume and cross-sectional area (CSA) were 
assessed with high-field MRI imaging (Bruker, 7T). Muscle 
was dissected for architectural analyses while the AT 
remained attached to the hypotarsus of the tarsometatarsus 
(TMT). Mechanical properties of the tendons were measured 
using a material testing system (MTS Bionix 858 Mini Bionix 
II) using custom clamps. Tendons were loaded cyclically to 
0.05 strain at 0.1 Hz for 20 cycles. Force and displacement 

were sampled at 120 Hz. Tendons were kept hydrated 
throughout the duration of the test. 

Results and Discussion 
Preliminary force and displacement data were analysed for the 
last 5 loading cycles for tendons from six animals (2 CON; 4 
DIS) (Figure 1). A linear fit was applied to the loading curve 
to determine stiffness (N/mm). Additionally, hysteresis was 
determined for each tendon (Table 1). Stress-strain curves for 
four of the tendons (2 CON; 2 DIS) were calculated using 
MRI data. LG (n = 16) and MG (n = 16) muscle masses were 
only minimally affected by the treatment (p = 0.012).  

 
Figure 1: Main graph shows force-displacement curves for all tested 
tendons. Inset graph shows stress-strain curves for subset of tendons. 

Conclusions 
These preliminary results indicate that mechanical properties 
of Achilles tendons are only minimally influenced by load 
stimulus during growth, a finding similar to those of earlier 
studies on growing rat tendon [3]. It remains possible, 
however, that the effect of BTX-A in a growing biped is 
overcome due to maintenance of limb loading. 
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Table 1: Mean values of properties for Achilles tendons from control group and disuse group. 

 Stiffness (N/mm) Hysteresis (%) CSA (mm2) Modulus (MPa) LG & MG Mass Normalized Sum 
CON 65.1 ± 0.34 17.3 ± 0.1 5.77 ± 0.02 418.7 ± 52.9 1.18 ± 0.06 
DIS 56.5 ± 0.37 22.0 ± 0.1 4.47 ± 0.26 402.2 ± 64.6 1.36 ± 0.1 
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Summary 

The present study analyses how climate change aspects affect 

morphological and biomechanical features of bivalve shells, 

specifically the Chilean oyster Argopecten purpuratus. 

Specimens were raised in a controlled environment and 

exposed to different pH and temperature conditions. 

Morphological and micromechanical evaluations were 

conducted. As a result, it can be concluded that altering 

environmental conditions affects the mechanical performance 

of shells in a deleterious manner. 

Introduction 

Recent studies have shown that climate change patterns might 

have a strong impact on the sustainability of the aquaculture 

industry worldwide [1]. Marine calcifiers constitute one of the 

most vulnerable taxa to climate environmental changes, as 

observed in terms of their microstructural, morphological and 

survival characteristics, which affect their biomechanical 

performance [2]. It has been previously reported that changes 

in the mineral composition lead to variations in the 

biomechanical behavior which can be quantified with 

microhardness in tissues such as bone and seashells. In order to 

provide a deeper understanding of the interplay between 

environmental climate change features and mineral aspects of 

bivalves, the purpose of the present study was to characterize 

the morphological and micromechanical properties of 

Argopecten purpuratus valves subjected to different climate 

change scenarios. 

Methods 

Materials: Argopecten purpuratus (Fig. 1A) were cultured in 

laboratory and exposed to 4 conditions, namely 2 levels of pH 

(380 or 1200 ppm of CO2) and 2 levels of temperature (14 or 

18 °C). Four groups were analyzed for their mineral fraction: 

G1 (control): 380 and 14°C; G2: 380 and 18°C; G3: 1200 and 

14°C; and G4: 1200 and 18°C. Both external and internal 

seashell sides were analyzed (Fig. 1B).  

Morphological Properties and Elemental Composition were 

investigating by scanning electron microscopy (SEM) with 

energy dispersive X-ray spectroscopy (EDS). Specimens were 

embedded in an epoxy resin and subject to a metallographic 

process by sanded and polished them (Fig. 1B). Mechanical 

properties were evaluated by Microhardness testing using a 

Zwick Rowell hardness tester with a Vickers indenter 

following the ASTM standards for advanced ceramics (ASTM 

C1327–15). Testing was conducted at room temperature using 

a test load of 300 gf and a hold time of 10 seconds. A two-way 

ANOVA was performed considering a 95% confidence level. 

 

 

 

 

 

 

Figure 1: A) Representative image of the model used in the study; 

Argopecten Purpuratus, B) Example of a sample embedded in resin 

C) Representative SEM micrograph of a Vickers indentation in the 
control condition (magnification 500X).  

Results and Discussion 

A representative indentation taken by SEM is shown in 

Fig.1C. A lower hardness and apparent brittleness in those 

conditions exposed to a decreased pH and lower temperature, 

namely 1200 ppm CO2 and 14°C (Figure 2). Comparing 

between locations, there was a significant difference in 

microhardness only on the external face (p<0.001). This is 

expected to be closely related to the phase constituent of calcite 

which might be altered mainly in the external but not in the 

internal side of the seashell. 

 

Figure 2: Average values (n=8 indents per group) of indentation 

hardness among the different treatments in both external and internal 

sides of the specimens. Values are expressed as average ± standard 
error in MPa. 

Conclusions 

Temperature and pH alterations lead to different levels of 

calcification that in turn resulted in differences in 

microhardness that might be related to a biomechanical 

adaptation process due to climate change scenarios. Other 

factors related to climate change need to be evaluated in further 

studies. 
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Summary 
We compared posturography and Achilles tendon shear wave 
speed measures during quiet standing in healthy young adults. 
We found that wave speed closely tracks fluctuations in the 
center of pressure, an observation attributable to the direct 
relationship between wave speed and tendon loading. Both 
tendon wave speed and center of pressure fluctuations 
increased when standing with eyes closed. This sensitivity 
suggests that tendon wave speed measures could be used to 
probe the musculotendon actuation and control of balance. 

Introduction 

Standing balance is often characterized by sway, as measured 
via center of pressure (COP) fluctuations under the feet. COP 
metrics can effectively delineate changes in balance under 
altered sensory conditions, such as quiet standing with eyes 
closed [1]. However, COP is a global metric of whole-body 
dynamics and thus does not necessarily lend insight into the 
underlying musculotendon control [2]. We have recently 
shown that tendon shear wave speed provides a metric of 
tissue loading during dynamic movement [3]. The objective of 
this study was to investigate if Achilles tendon shear wave 
speed could characterize tendon actuation during quiet 
standing. We hypothesized that, in healthy young adults, wave 
speed would track the center of pressure (COP) since the 
Achilles tendon is the primary determinant of ankle torque. 
Our second hypothesis was that summary metrics of wave 
speed would distinguish between standing with eyes open and 
closed, similar to COP metrics. 

Methods 
Sixteen (8M/8F) healthy young adults (26±5 years) 
participated in the study. Subjects stood barefoot on a pair of 
force plates with a shear wave tensiometer placed over the 
right Achilles tendon. We recorded COP, ankle kinematics, 
and shear wave speeds for 10s, with subject’s eyes open and 
closed. We collected at least two trials for each condition. We 
computed ankle torque using inverse dynamics, and low-pass 
filtered all signals (10 Hz). To simplify comparisons, we only 
considered COP under the right foot. 
To address our first hypothesis, we calculated the correlation 
between the COP in the anterior-posterior (AP) direction and 
Achilles tendon wave speed using a Pearson’s correlation. To 
address our second hypothesis, we used the standard deviation 
of both the COPAP and Achilles tendon wave speed as our 
summary measures of standing balance. Measures for repeated 
trials were averaged together for each subject. We compared 
eyes open and closed conditions using a paired t-test. 

Results and Discussion 
In support of our first hypothesis, Achilles tendon wave speed 
was highly correlated with the COPAP (r = 0.958 ± 0.037) 
(Figure 1). We observed similar correlations between wave 

speed and ankle torque (r = 0.956 ± 0.037), which is due to 
COP fluctuations being the primary determinant of ankle 
torque when vertical force under the foot remains relatively 
constant. We did note subtle differences between the dynamic 
wave speed and COP trajectories (Fig. 1). This would suggest 
that shear wave speed could provide insight into the muscular 
control of balance that is not discernible in sway metrics. 
In support of our second hypothesis, we observed a significant 
increase (p = 0.04) in tendon wave speed fluctuations when 
subjects closed their eyes during standing (Fig. 2). The 
magnitude of the increased wave speed variance (+49%) was 
comparable to the increase in variance of the COPAP (+40%, p 
= 0.01). Thus, Achilles tendon wave speed measures can 
delineate changes in standing balance arising from altered 
sensory conditions.  

Conclusions 
Achilles tendon shear wave speed can track dynamic 
musculotendon actuation in standing balance. This finding 
suggests that wave speed metrics could be useful for probing 
disrupted control patterns underlying balance disorders. 
 

 
Figure 1: Achilles tendon wave speed and COPAP were highly 

correlated during quiet standing. 

 
Figure 2: Similar to force plate posturography, wave speed 
measurements can discern changes in vision during standing 
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Summary 
Closed-loop tactile biofeedback (TBF), delivered during the 
stance phase of gait, created a change in local dynamic 
stability in people with Parkinson’s disease (PD) while 
walking. TBF decreased the rate of local divergence compared 
to baseline and open-loop cueing (metronome), but this effect 
was specific to the weight transfer phase of gait. 

Introduction 
Gait disturbances in PD are a major cause for functional 
dependence and have recently been shown to be the largest 
risk factor for falls, institutionalization and death in PD [1]. 
The use of external cues, visual (lines on the ground), auditory 
(metronome beeps), and tactile have been successful at 
improving gait in people with PD [2]. Cues have been 
predominantly used in an open-loop (constant rhythmical 
stimulus) rather than a closed-loop (intermittent stimulus set to 
individuals walking pattern) manner. However, more recently 
novel closed-loop system have been developed. To date, it is 
unclear how either open-loop or closed-loop cueing influences 
gait stability even when freezing episodes are not taking place. 
As it is possible, since some cueing strategies may involve a 
cognitive load to successfully work, we examined whether 
different forms of cueing (no cue vs. open-loop vs. closed-
loop) influenced the local dynamic stability of three critical 
phases of gait (weight acceptance, early stance, and mid 
stance). Based on our previous work [3], we expected weight 
acceptance to be most affected by cueing.  

Methods 
Forty-three adults with PD [mean (SD) age = 70 (7.3), MDS-
UPDS = 46 (11)] provided consent; all protocols were 
approved by the OHSU IRB. Subjects completed six, two-
minute long walking trials between lines marked 7.6m apart. 
The trials consisted of walking with: no cue (Baseline; B), 
open-loop cueing, fixed auditory cue through a metronome 
(M), closed-loop cueing, tactile feedback delivered to wrist 
when the ipsilateral foot contacted with the ground (TBF). 
Conditions were performed with and without a cognitive task 
(reciting every other letter of the alphabet). The metronome 
was adjusted based on participant preference before data 
collection, and the condition order was randomized. Kinematic 
data were recorded with 8 inertial sensors (Opal, APDM Inc.) 
placed over the sternum, lumbar spine, and bilaterally on the 
wrists, anterior distal portion of the shank, and dorsum of the 
feet using elastic straps. Data were collected at 128 Hz. The 
divergence exponent representing phase-dependent local 
dynamic stability, λ, was estimated as described in [3]. Linear 
mixed models were implemented to test the effect of feedback 
(B, M, TBF) and cognitive task (single vs. dual) on λ at each 
phase using a 0.05 significance level. 

Results and Discussion 
The divergence exponent λ was significantly smaller during 
TBF compared to B and M conditions (p < 0.001), but only 
during the weight transfer phase of gait (Figure 1). 
Additionally, λ was smaller during dual-task conditions 
compared to single task (p < 0.001) during the weight transfer 
phase; λ did not differ across cueing or cognitive tasks in any 
other phase (p > 0.433).  

Figure 1: Phase-dependent local dynamic stability during weight 
transfer, where TBF resulted in lower λ regardless of cognitive task. 

While closed-loop cueing significantly influenced λ during 
weight transfer, it remains unknown whether that is associated 
with more or less global stability. Here, λ during weight 
transfer was more similar to λ during dual-task walking 
without a cue, suggesting that TBF may have imposed a 
cognitive demand on subjects to process this kind of cueing 
stimulus which had onset precisely during the start of weight 
transfer. However, the effect of TBF may also be due to the 
closed-loop nature of the cueing. Since the TBF cue was also 
delivered precisely at initial contact, compared to inherent 
variability when subjects were instructed to match the 
metronome beat, the effect of TBF on λ during weight transfer 
may reflect the phase-locked nature of the cue. Future research 
will compare auditory- vs. tactile- biofeedback to further 
explore this question, and we will explore the clinical 
implication of changes in phase-dependent stability. 

Conclusions 
Closed-loop cueing reduced the phase-dependent local 
dynamic stability specific to the weight transfer phase, while 
open-loop cueing had no effect on any phase. 
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Introduction

Falls are a significant concern among people with MS 

(PwMS). Falls frequently happen during locomotor

activities, such as walking. Although dynamic gait 

stability has been examined for PwMS [1], no study has 

investigated if dynamic gait stability behaves differently 

or similarly between body sides (strong vs. weak) in 

PwMS. This is not a trivial issue given that most PwMS

show body side-related differences in gait spatiotemporal 

parameters [2]. A comprehensive examination of 

dynamic gait stability control in PwMS could provide 

more useful information for developing fall prevention 

program for this population. The purpose of this study 

was to inspect if and two what extent dynamic stability 

control differs between sides in PwMS. We hypothesized 

that PwMS is more stable at less-affected side 

touchdown than at more-affected side touchdown.

Method

Participants: Eight PwMS without other known 

neurological and musculoskeletal conditions (mean ±
standard deviation age: 47.87 ± 11.88 years, body height: 

1.63 ± 0.10 m, and body mass: 64.08 ± 15.99 kg) 

participated in this study. All participants signed an 

informed consent document prior to participation.

Experiment Set: Participants walked along a 14-m 

walkway at their preferred speed 3 times. An 8-camera 

motion capture system (Vicon, UK) was used to collect 

their full-body kinematics via 26 reflective markers. 

Outcome Variables: The body COM kinematics were 

computed using gender-dependent segmental inertial 

parameters [3]. The two components of the COM motion 

state (i.e., its position and velocity) were calculated relative 

to the rear of the BOS (i.e. the leading heel) and 

normalized by foot length (lBOS) and 𝑔 × 𝑏ℎ , respectively, 

where g represents the gravitational acceleration and bh the 

body height (Fig. 1).  Dynamic gait stability was calculated 

as the shortest distance from COM motion state to the 

threshold against backward balance loss [3] (Figure 1). 

Conclusion

Our results indicated that PwMS indeed demonstrate side-related 

difference in dynamic stability control. Specifically, they are less 

stable at the weak side touchdown. This finding aligns with our 

hypothesis. Such a difference could be resulting from the 

difference in muscle strength between sides. Despite the small 

sample size, our finding could provide some guidance for 

developing training paradigms to improve stability control in this 

population. More studies based on a larger sample size are 

needed to identify the mechanisms leading to more instability at 

the weak side.

References

[1] Peebles, A. T., Reinholdt, A., Bruetsch, A. P., Lynch, S. G., 

Huisinga, J. M., (2016). Dynamic margin of stability during gait 

is altered in persons with multiple sclerosis. J. Biomech. 49, 

3949-3955.

[2] Kalron, A., & Achiron, A., (2013). Postural control, falls and 

fear of falling in people with multiple sclerosis without mobility 

aids. J. Neurol. Sci. 335, 186-190.

[3] Yang, F., Pai, Y. C. (2014). Can stability really predict an 

impending slip-related fall among older adults? J. Biomech. 47, 

3876-3881.

Two events: the touchdowns of the strong side and weak side 

were determined from the foot kinematics. The COM 

position/velocity, and dynamic gait stability were calculated at 

both events.

Statistical Analysis 

Mann-Whitney rank-sum test was performed to compare COM 

position, velocity, and stability between the body sides (strong 

vs. weak). The definition of statistical difference was p<0.05 . 

SPSS software were used to conduct the statistical procedure.

Result and Discussion

For our participants, the COM is closer to the BOS at the weak 

side touchdown than at the strong side (p = 0.0635; Figure 2). 

The COM velocity is greater (or less) at the weak side 

touchdown in comparison than the strong side (p = 0.6558;

Figure 2). The COM move close to the forward BOS boundary 

at the weak touchdown than strong side. (p = 0.2408; Figure 2).

Figure 1: Feasible flexible region Figure 2: The Comparison of both sides

Summary

The study used the quantified assessment, feasible flexible 

region (Figure 1), to establish the relationship between the 

center of mass (COM) and base of support BOS). Eight 

subjects with MS were recruited. An 8-camera motion capture 

system (Vicon, UK) was used to collect their full-body 

kinematics via 26 reflective markers. The body COM 

kinematics were computed using gender-dependent segmental 

inertial parameters. The two components of the COM motion 

state were calculated relative to the rear of the BOS. Mann-

Whitney rank-sum test was performed. The COM is closer to 

the BOS at the weak side touchdown than at the strong side. 

Our results indicated that PwMS indeed demonstrate side-

related difference in dynamic stability control. Specifically, 

they are less stable at the weak side touchdown.
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Summary 
Controllability of posture in the medial-lateral direction is 
determined as a critical capacity for balance maintenance in 
step initiation. Eleven young healthy participants stood on the 
force platform and waited for the instruction of taking a step 
while experiencing a pendulum perturbation applied to the 
lateral side of the right shoulder. The COP displacements and 
body movements were recorded and analyzed. The postero-
lateral COP points on the swing and stance sides were marked 
and the two distances were calculated. The temporal events of 
COP and body movements were not significantly different 
between the experimental conditions. The COP distance on the 
stance side in the medial-lateral direction was significantly 
affected by the perturbation. The sequence of how the CNS 
initiated a step was not affected by the step side and 
perturbation. Changes in the medial-lateral COP distance from 
the swing to stance side were affected in response to the lateral 
perturbation. 

Introduction 
Prior to actually making a swing in step initiation, humans 
shift body weight from even distribution to the single loading 
side. This pattern has been well documented by the 
displacement of the center of pressure (COP) that could be 
divided into three phases COP moves to the initial swing side 
and backward, subsequently towards the initial stance side, 
and finally moves forward until toe-off of the swing side [1]. 
When handling two perturbations applied to the upper and 
lower body simultaneously, instead of compromising the 
acceleration of arm flexion movement, the CNS recruits 
additional muscle activity to stabilize posture and reduce the 
COP displacement for the translational perturbation from the 
lower limb [2]. The aim of the current study was to evaluate 
the effects of the external-lateral perturbations on COP 
displacement in step initiation.  

Methods 
Eleven young volunteers (5 males, 6 females, age=28.09±4.35 
years, height=1.67±0.07 m, mass=71.09±18.75 kg) with the 
right dominant sides participated in the experiment. Two 
accelerometers were attached 1) to the pendulum to determine 
the timing of the pendulum release and impact and 2) to the 
dorsal surface of the participant at the level of L5S1 to detect 
the temporal events of the body movement. Ground reaction 
forces and moments of forces were recorded using the force 
platform and used to calculate the COP displacement. Two 
posterolateral COP points were identified on the swing side 

and the stance side for COPML1/COPAP1 and COPML2/COPAP2, 
respectively.  

Results and Discussion 
The onset of COP in the medial-lateral then anterior-posterior 
directions suggested the right or left step would be decided 
first and followed with body weight shifting on the swing side 
in step initiation [1].  

 
Figure 1: Circles and squares represent COPML1/COP AP1 and 

COPML2/COP AP2 with (white) and without (black) 
perturbations. 

Changes in the COP distance from the swing side to the stance 
side were corresponding to postural adjustments in response to 
the perturbations [2, 3].  

Conclusions 
The CNS has a critical sequence for temporal events in step 
initiation and adjusts corresponding postural control for the 
external perturbations.  
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Summary 

Ankle and hip joins are identified as crucial segments for 

corrective movement in balance. The aim of this study was to 

assess the connection of COM, pelvis, hip, knee and ankle and 

gait ground reaction forces  with results of BIODEX LOS tests 

on stable/unstable surface. Kinematics was captured with 

VICON, modified Full Body Marker Set PlugInGait. COM 

kinematics was referred to base of stability as distance. Re- 

sults revealed the participation of all analyzed segments in 

stable conditions and in addition gait forces in unstable. 

Introduction 

According to WHO statistics fall risk increase in age over 65. 

Age, sex, base of support, eyes opened/closed conditions are 

predictors for sway velocity during balance tests [1]. The 

examination of kinematic strategies during multidirectional 

sway (stable and unstable surface) of people of age when first 

signs of imbalance appear seems to be recommended. The aim 

of the study was to assess the influence of COM, pelvis, hip, 

knee and ankle kinematics and gait ground reaction forces 

(GRF) on results of limits of stability tests. 

Methods 

17 healthy women aged 45-62 (avg. 53) without balance, 

neurological or orthopaedic problems were recruited to the 

study (systematically training sport activity). The kinematics 

was captured using Vicon system - PlugInGait model Full 

Body Marker Set with additional markers on feet: hallux 

(HLX) and head of V metatarsal bone (D5M) to assess base of 

stability. Limits of stability tests were performed on BIODEX 

Balance System SD using skill level: Full in two conditions 

stability level: solid (LOS) and 8 (LOS8). COM X,Y 

coordinates were referred to base of stability as the distance to 

markers: L,R_HLX, L,R_D5M, L,R_HEE and also to 

L,R_TOE marker (COM_dist). Segment’s kinematics was 

analysed as ranges. GRF calculations were performed to 

estimate feet forces generated to tilt platform. GRF is 

generally compatible with Shaulian’s [2] except the one 

medio-lateral component i.e. Fml is max of Fml2, Fml3, Fml4. 

Multiply regression analysis was calculated between all LOS 

parameters and segments kinematics, COM_dist and GRF.  

Results and Discussion 

Average values of Biodex mCTSIB results were normal 

(stable surface eyes opened 0.63, closed 1.01, foam eyes 

opened 0.98, closed 2.75), so were GRF components. Results 

of left and right sights were pooled (no differences) except 

COM-L,RD5M during LOS. Table 1 presents ranges of 

kinematics and COM_dist. Multiply regression revealed no 

relations of LOS results in model based on COM_dist, and 

some relations when kinematics or GRF were included, so 

final model was built on last two (Table 2). 

The corrective movements appear in all segments and all 

planes. On stable surface kinematics has strongest relations to 

LOS results, on unstable additionally forces generated by feet 

are important what results with decrease of COM motion 

range and increase of distances between COM and feet 

markers. Interesting finding is that frontal GRF affect sagittal 

balance results, COM is closer to LD5M then RD5M (only 1 

subject was left sided preferred) and COM is ejected forward 

the TOE markers during LOS (positive value of distance). 

Conclusions 

Pelvis, hip and ankle have important role in prompted sway in 

SEBT directions. Efficient gait GRF’s generation is important 

when that prompted sway is performed on unstable surface. 
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Table 1: Ranges of segments motion (sagittal/frontal/transverse planes) [°]. COM motion  (sagittal/frontal/vertical) [mm]. Distances of COM and 

feet markers as measure of base of stability [mm] in case of COM-D5M during LOS in convention left/right (avg. L,RD5M 370 mm). 

 Pelvis  Hip  Knee  Ankle  COM  COM-HLX COM-TOE COM-D5M  COM-HEE 

LOS 18/10/19 15/8/12 14/5/- 13/14/3 153/204/21 -17 40 -75/-92 -75 

LOS8 10/13/13 18/10/15 21/7/- 16/19/4 106/135/17 -63 -6 -124 -97 

Table 2: Multiply regression between LOS/LOS8 Biodex results and segments kinematics with GRF. Order according to p-values. Shortcuts: - 
planes: sagittal (s), frontal (f), transverse (t), - segments: pelvis (P), hip (H), knee (K), ankle (A) e.g. pelvis in sagittal (Ps), - GRF: FV, Fap, Fml.  

SEBT  Ant Post Left Right Ant/Left Ant/Right Post/Left Post/Right 

LOS  FV2 Hs/Ks Hf FV2/Ps Hf  Pt/As 

LOS8 Pt/Fml1 Fml/Pt/FV3/Fap1/As/Ks/Ht/Hs/Fml1/Ps/FV2 Pt/Ht/FV3   Ht/FV3/Af/At Fml1 Fml/FV3 
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Summary 

Task goals for walking like “stay on your path”, “keep moving 
forward”, and “maintain step width” are highly intuitive. How-
ever, these different individual goals cannot be enacted simul-
taneously.  Instead, humans choose multi-objective options that 
balance multiple goals across multiple consecutive steps, con-
sistent with stochastic optimal control principles [1-3]. 

Introduction 

Walking is inherently more unstable laterally [4]. Taking wider 
steps on average improves stability, but humans must also reg-
ulate movements from step to step to achieve stability. Here, 
we extend our prior computational framework [1-2] to identify 
how humans exploit redundancy to achieve specific task goals. 

Methods 

People usually walk on paths of finite width (sidewalks, store 
aisles, etc.). They have infinite choices for foot placement {zL, 
zR} at each step and multiple potential goals to achieve [1-3]: 
maintain lateral position of the body (zB), maintain direction or 
“heading” (zB), maintain step width (w). Here, we treat {zL, 
zR} as effectors that enact regulation of {zB, ∆zB, w}, and defined 
the exact relationships between each of these variables.   

We modeled step-to-step dynamics as discrete maps incorpo-
rating direct error correction [1-2]. We derived stochastic opti-
mal controllers based on pre-defined goal functions, as in [1-2]. 
We first derived uni-objective controllers that tried to maintain 
a pre-defined value of only one variable: q  {zB, ∆zB, w}. None 
of these controllers captured experimental behavior. We then 
derived multi-objective controllers that optimally trade off con-
trol between two variables simultaneously: q1,2  {zB, ∆zB, w}. 

We tested each candidate control model against human experi-
mental data. We calculated means, standard deviations, and 
DFA  exponents [1-3] for each relevant time series (Fig. 1). 
We computed the degree to which deviations in each variable 
were directly corrected on the next step [2] (Fig. 2). We con-
ducted extensive parameter sensitivity analyses across all mod-
els to determine which best replicated experiments. 

Results and Discussion 

Humans exhibited variability in all stepping variables. Thus, 
one cannot deduce how humans regulate motor noise from ex-
perimental data alone. All uni-objective controller models and 
all multi-objective models that tried to regulate heading failed 
to replicate experimental findings. Importantly, many failed 
predictions were feasible: humans could walk successfully in 
many ways, but do not do so. Multi-objective controllers that 
regulated position & step width (zB & w) did replicate experi-
mental findings, over a range of parameter values (Figs. 1-2). 

 
Figure 1: Model predictions of variability (A) and DFA scaling ex-

ponents (B) replicated human values (horizontal gray bands). No sim-
ulation exceeded path width (C) or step width (D) limits. 

 
Figure 2: Humans directly corrected deviations in step width (w) 

much more than position (zB) (A), as did our model (B). Model pre-
dictions of slopes (C) and R2 fits (D) replicated human values. 

Conclusion 

Humans regulate lateral stepping in a way that is redundant and 
that adapts to achieve specific multi-objective task goals. 
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Summary 
Longitudinal assessment of gait stability in populations with a 
higher risk of falling may enable novel fall prevention efforts. 
This study investigated the reliability of characterizing 
walking under different cognitive loads using gait stability 
measures. Within- and between-day reliability of short-term 
maximum Lyapunov exponents was assessed using inertial 
measurement units (IMUs) in a generally healthy population 
during varying numbers of short walking bouts of 20 meters 
for normal walking and two cognitive dual-task conditions. As 
a result, only marginal improvements in reliability were 
observed when including more than 15-20 bouts of walking 20 
meters. The methods of short bouts of gait and affordable 
IMUs create opportunities for future use in clinical settings. 

Introduction 
Dynamical system measures have been proposed to provide 
unique insight to gait stability, but the reliability of the 
measures, particularly for �analyzing dual-task walking is not 
as well identified [1, 2]. Everyday tasks require cognition that 
can influence basic locomotion. For this reason, cognitive 
tasks are used to simulate realistic cognitive-motor dual-task 
situations. However, different cognitive tasks may elicit 
varying responses in gait characteristics [4], which motivates 
the need to establish reliability across different cognitive tasks. 
Additionally, it is unknown how a simple cognitive dual-task 
that may ‘standardize’ cognitive load while walking may 
influence reliability relative to single-task, normal walking.  
The purpose of this project was to evaluate the reliability of 
gait stability for overground walking with varying levels of 
simultaneous cognitive challenge.  

Methods 

Healthy individuals (n=25; 9m/16f; 21.3±0.9yrs; 1.76±0.10m; 
74.6±14.7kg) walked down a hallway at a self-selected 
comfortable walking speed under the following conditions, 
randomized between participants: no cognitive task (normal), 
a simple task (counting up by 1’s), and a challenging task 
(counting down by 7’s). For each, there were 40 bouts of 
walking 20 meters. Each participant performed all tasks in 
each of 3 testing sessions, with an average time between 
sessions of 9.9± 2.6 days. 
Data were collected using two MetaMotionR 9-axis IMUs 
(mbientlab) placed on lower back and slightly proximal to the 
left lateral malleoli. Linear acceleration and angular velocity 
were collected at 100 Hz continuously. Strides were 
determined by identifying heel strike peaks from the ankle 
IMU acceleration signal. Bouts were determined using the 
time between strides and manual inspection. Analysis was 
restricted to the first 25 bouts due to indiscernible bouts within 
some subjects. Short-term maximum Lyapunov exponent 
(SLE) [2] was calculated as the primary measure of gait 
stability. For SLE, the data for each bout were normalized 800 

data points for the middle 8 strides, excluding the first and last 
strides in each bout, (i.e., nominal 100 samples per stride). A 
12D space was defined using 3D linear accelerations and 3D 
angular velocities and their copies delayed by a ¼ stride [2]. 
Intraclass correlations (ICC(1,k)) were used to indicate the 
within-day and between-day reliability of SLE estimates for 
each task. 

Results and Discussion 
The results from short bouts of gait indicate that SLE can be 
reliably assessed from multiple bouts, within-day reliability 
converges at 0.9 for all 3 tasks (Figure 1). This is consistent 
with the results a previous study with ICC values approaching 
0.6 for 15 bouts of normal walking [3]. The between-day local 
dynamic stability ICCs are above 0.6 for dual-task as 
compared to 0.4 for normal walking. This may indicate that 
SLE estimates between days tend to vary more than within a 
day, and that this greater variability is magnified in conditions 
without a ‘normalized’ cognitive load. 

 
Figure 1: Estimates of ICC(1,k) for SLE by number of bouts in 
analysis for within- and between-session reliability for all tasks. 

Conclusions 
Short bouts can yield reliable within-day estimates of short-
term maximum Lyapunov exponents across conditions with 
and without cognitive dual tasks, as long as a sufficient 
number of bouts are used. Variability in estimates between 
bouts remained lower but stabilized with at least 10 bouts.  
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Summary  

Foot placement is critical to balance control and is largely 

performed by muscles. Although gluteus medius activity has 

been associated with mediolateral (ML) foot placement, it is 

unknown how other muscles contribute to ML as well as 

anteroposterior (AP) foot placement. This study investigated 

muscle contributions to foot placement by quantifying the 

mechanical power delivered to the foot relative to the pelvis 

during swing. The ipsilateral gluteus medius, iliopsoas, rectus 

femoris and hamstrings, and the contralateral gluteus medius 

and plantarflexors contributed to both AP and ML foot 

placement. Thus, balance control impairments may be 

improved by focusing on appropriate coordination of these 

muscle groups. 

Introduction 

Dynamic balance during walking is maintained through the 

regulation of sagittal [1] and frontal [2] plane whole-body 

angular momentum (WBAM). Foot placement plays an 

essential role in regulating WBAM and is largely performed by 

active muscle control [3]. Gluteus medius activity has been 

associated with ML foot placement [3]. However, it remains 

unknown if other muscles significantly contribute to ML foot 

placement and if the same muscles influence AP foot 

placement. Thus, the purpose of this study was to identify the 

primary muscles that contribute to AP and ML foot placement 

during unimpaired walking.  

Methods 

Six unimpaired adults (54.2 ± 7.6 years, 79.6 ± 8.2 kg) provided 

written informed consent prior to performing 30s treadmill 

walking trials at their self-selected speed (0.8 ± 0.3 m/s) while 

kinematic and kinetic data were collected. The most 

representative gait cycle for each subject was identified for 

analysis by the functional median distance depth method [5]. In 

OpenSim 3.3 [6] the Gait2392 model [6] was scaled to the 

subject’s anthropometric data and inverse kinematics 

determined the model’s generalized coordinates that 

reproduced the experimental marker data [6]. A residual 

reduction algorithm slightly modified the model mass 

properties and joint kinematics to achieve more dynamically 

consistent kinematics and kinetics [6]. The muscle excitations 

were estimated using computed muscle control [7] and then 

used to determine the mechanical power delivered to each 

segment by each muscle (m) [8]. A segment power analysis 

determined the power delivered to the foot (calcaneus) relative 

to the pelvis in the AP and ML directions during swing as: 

Powerm
Calcaneus/Pelvis = Powerm

Calcaneus- Powerm
Pelvis       (1) 

The relative muscle power was integrated over swing in the AP 

and ML directions and normalized by body mass. The AP work 

was also normalized by walking speed. 

Results and Discussion 

The ipsilateral and contralateral gluteus medius were the 

primary contributors to lateral and medial foot placement (Fig. 

1), respectively, supporting the important role of gluteus 

medius activity in controlling ML foot placement [3]. The 

gluteus medius muscles are also important for decelerating the 

foot relative to the pelvis, which suggests altered gluteus 

medius activity could impair foot placement in both the ML and 

AP directions. The ipsilateral iliopsoas, rectus femoris and 

hamstrings, and the contralateral plantarflexors were also 

primary contributors to both AP and ML foot placement.  

 

Figure 1: Muscle work performed on the foot (calcaneus) relative to 

the pelvis in the A) AP and B) ML directions. Error bars represent 

one standard deviation. Bolded muscles contribute to both AP and 

ML foot placement. Abbreviations: adductors (ADD), erector spinae 

(ES), gluteus medius (GMED), hamstrings (HAMS), iliopsoas (IP), 

internal obliques (IO), plantarflexors (PF), rectus femoris (RF), 

tibialis anterior (TA), and vasti (VAS). ‘C’: contralateral muscle. 

Conclusions 

These results suggest that impaired balance control may be 

improved by focusing rehabilitation interventions on 

strengthening the coordination of the muscles crossing the hip 

joint and ankle plantarflexors. 
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Summary 
Taekwondo is a sport depending on foot techniques, the 
performances are not only influenced by the strength of lower 
limb, but also the ability in neuromuscular control of bilateral 
lower extremities. A good single-leg balance emphasizes the 
importance of the dynamic balance ability to a Taekwondo 
athlete. The Novel Foot Plantar Dynamometer (NFPD) device 
is a custom-made instrument in our laboratory for the 
assessment and training of intrinsic foot muscles (IFMs), such 
as maximal voluntary isometric contraction (MVIC) and force 
calculation. This study measured the spatial variables of 
centre of pressure (CoP) and electromyography (EMG) 
activity of abductor hallucis (AbdH) before and after the 
exercise intervention. A four-week MSFE training for the 
Taekwondo athletes may improve the dynamic balance 
control in the hooking kick, providing the better control in 
foot and ankle for forward reaching. 

Introduction 
Taekwondo is a sport using a lot of foot techniques, 90% of 
the game are using kick- attack techniques for offensive and 
defensive tasks. A good single-leg standing ability may 
reduce score lost [1]. The performances in Taekwondo athlete 
often influenced by not only the strength of lower limb, but 
also the ability in neuromuscular control of bilateral lower 
extremities [2]. The dynamic control of the foot from intrinsic 
muscles (such as AbdH) could provide a key role in the 
control of lower limb. The NFPD device is a custom-made 
instrument for assessment and training of IFM, developed in 
our laboratory. We have hypothesized that the intervention of 
MSFE could contribute to the increase in dynamic control in 
adolescent Taekwondo Athletes after four-week exercise 
training. 

Methods 
A total of 11 Taekwondo athletes (5 males and 6 females, 
mean age: 16.3 years, dominant leg: 9 right and 2 left) without 
any neuromuscular injury or surgery history was participated 
in this study. One wireless EMG sensor (TrignoTM Mini, Delsys 
Corp., USA) were used to collect the activity of AbdH during 
the training and different MVIC dosages (55%, 65%, 75%, 
and 85%) in the training each week, respectively. One session 
per week with NFPD device was instructed for the 
participants in 10 repetitions with holding 10 seconds each, 3 
sets per session. Moreover, the participants conducted five 
sessions of home program per week, which consisted of 
increasing holding time and changing position 
(sitting/standing) while training to increase the training 
intensity. 

Five different Taekwondo movements has been performed 
with both dominant and non-dominant leg (front kick, chop 
kick, turning kick, side kick and hooking kick) on the 
forceplate (ATMI, Inc., USA) for 5 times each. EMG activity 
of AbdH (during MSFE and MVIC) were recorded as pre- and 
post-training data. The outcome measures were the spatial 
variables of CoP and EMG activity of AbdH in the dominant 
and non-dominant legs. The Wilcoxon rank test (SPSS 24.0) 
were used to examine the difference between before and after 
intervention and the significant level were set up at 0.05.  

Results and Discussion 
For hooking kick, the dominant side of velocity CoP in 
medial-lateral (CoP-ML) direction was significant faster after 
MSFE training. Besides, the non-dominant side path of CoP 
in anterior-posterior (CoP-AP) direction and range of CoP-AP 
were significantly larger after MSFE training compared to 
pre-training (Table 1). These significant changes have implied 
better stability in ankle and foot with dominant side 
movement and better forward reach with non-dominant side 
movement during the hooking kick task. 
EMG activity (% of MVIC) of AbdH has shown the trend to 
improve in both dominant and non-dominant leg after MSFE 
training, however, no statistically significance was shown. 

 
Table 1: The spatial variables of CoP during the hooking kick 

Conclusions 
After MSFE training, improved dynamic balance control was 
found in Taekwondo athletes with hooking kick. Furthermore, 
there was a trend of improvement in EMG activity of AbdH 
after MSFE training during task.  
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Summary
The margin of stability (MoS) is often quantified relative to an
intended walking direction. This approach may not be suitable 
when the intended direction is altered, variable, or unknown. 
The purpose of this study was to describe and validate the 
approach of calculating the lateral minimum MoS relative to 
pelvic orientation. In straight-line walking, the pelvic-oriented 
MoS was smaller, yet more variable than the typical calculation. 
For curved-path walking, a condition representing an 
exaggerated trajectory departure, the pelvic-oriented MoS was 
different and less variable than that calculated in the global 
coordinates.

Introduction
The margin of stability (MoS) is often used to quantify dynamic 
stability during walking [1,2,3]. It is quantified as the horizontal 
distance between the edge of the base of support and the 
extrapolated CoM, which is defined by the position and scaled 
velocity of the whole-body CoM [1]. The minimum lateral MoS 
(Min Lat MoS) is altered in populations at risk of falling [5,6]. 
This measure is typically calculated relative to an intended 
walking trajectory [2]. A disadvantage of this approach is that 
it assumes that individuals adhere to a linear path, with 
deviations potentially mischaracterized as instability. 
Calculating the MoS relative to pelvic orientation, however, 
would not require assumptions about the walking trajectory. In 
addition, it would evaluate stability relative to lower-extremity
anatomy, an important consideration given distinct postural 
control strategies in the frontal and sagittal planes [4].

The purpose of this study was to describe and validate the 
approach of calculating MoS relative to pelvic orientation (i.e., 
in the pelvic coordinate system, or PCS). To describe this 
approach, we determined if, during straight-line walking, the 
Min Lat MoS in the PCS was different than the traditional MoS 
calculation. To validate this approach, we compared MoS 
calculations of gait with an exaggerated, curvilinear deviation 
from a straight-line path. We hypothesized that, compared to 
traditional calculations, the PCS method would be less variable.

Methods
Six unimpaired participants (1M/5F; mean (SD) Age: 21.0 (2.6) 
years; BMI: 20.6 (1.0) kg/m2) walked along a straight path and 
a curved path (1.5 m radius, Figure 1) at a self-selected, 
preferred speed. Twenty-five trials per condition were recorded.

Right and left Min Lat MoS were defined as the minimum 
lateral distance between the stance toe and the xCoM. For the 
traditional calculation, these points were evaluated assuming a 
walking trajectory parallel to the global y-axis (Figure 1A/C).
For the PCS-oriented MoS, these points were partially rotated 
into the PCS (so that gravity remained vertical), and the Min Lat 
MoS was evaluated along the mediolateral axis of that segment.

The mean and within-subject standard deviation of the right and 
left Min Lat MoS was calculated within each walking path 
condition. Between-method differences in these values were 
evaluated using paired t-tests and effect sizes (Cohen’s d).

Results and Discussion
For straight-path gait, the PCS-oriented Min Lat MoS was, on 

smaller (p<0.13, d>0.9), yet more 
variable (p<0.02, d>1.4) than that in the global coordinates.

For curved-path gait, the PCS-oriented Min Lat MoS of the right 
limb (inner edge of the path) was less negative (+24 cm, 
p<0.001, d=8.9) and less variable (-13 cm, p<0.001, d=6.1) than 
that calculated in the global orientation. The PCS-oriented Min 
Lat MoS of the left limb was more positive (+2.8 cm, p<0.01, 
d=2.2) and less variable (-2.4 cm, p<0.001, d>2.7). Less 
variability with curved-path walking suggests that pelvic-
oriented MoS is robust against path deviations.

Conclusions
The Min Lat MoS calculated relative to pelvic orientation leads 
to different results than that calculated relative to the intended 
walking direction. This new method may be appropriate when 
the walking direction is altered, unknown, or variable.
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A B Figure 1: The left 
(green) and right (red) 
toe, as well as the 
xCoM (black) 
horizontal trajectories 
of straight-path (A & 
B) and curved path (C 
& D) walking. 
Trajectories are 
displayed in the global 
coordinate system (A 
& C) and pelvis 
coordinate system (B 
& D).
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Summary 
Mounting evidence reveals deficits in dynamic gait balance 
control persist in individuals with acute mild traumatic brain 
injury (mTBI) when assessed with sensitive whole body center 
of mass (COM) kinematics and a dual-task (DT) paradigm [1]. 
In this preliminary study eight veterans with symptoms of 
chronic mTBI were compared to eight uninjured veterans. 
Veterans with chronic mTBI had a greater medial-lateral (ML) 
COM displacement and faster peak ML COM velocity when 
compared to healthy veterans in the DT condition. As no 
differences were detected in gait temporal distance metrics, 
these results suggest sensitive gait analysis should be included 
in the management of this population to both improve care and 
prevent the adverse effects of long-term balance impairment. 

Introduction 
Recent investigations suggest mTBI may result in persistent 
gait balance control deficits. Military veterans with symptoms 
of chronic mTBI often present with physical symptoms that 
may be associated with balance deficits [2]. Persistent gait 
imbalance can lead to prolonged recovery, difficulty 
performing activities of daily living, and increased disability. 
The purpose of this study is to objectively describe gait balance 
control in veterans with symptoms of chronic mTBI by 
employing a previously validated DT gait assessment. 

Methods 
Eight veterans with symptoms of chronic mTBI (1F/7M, age 
32.5±8.5yrs, height 177.9±9.7cm, weight 86.2±25.7kg, time 
since injury 3.5±1.7yrs) and eight matched  healthy veterans 
(1F/7M, age 33.3±3.7yrs, height 173.6±8.7cm, weight 
78.1±8.5kg) participated in the study. All subjects completed a 
single gait assessment consisting of eight trials of straight line, 
steady-state walking under both single-task (walking only) and 
dual-task (performing a concurrent auditory Stroop task) 
conditions. 3D motion analysis was performed using a 12-
camera system and whole body reflective marker set. COM was 
calculated as the weighted sum of a 13 segment linked rigid-
body system [1]. Gait temporal distance metrics (gait velocity, 
step-length, and step-width) and COM kinematics including the 
total ML displacement and peak ML velocity were collected 
during a single gait cycle. Outcome measures were assessed 
with individual two-way (group vs. walking condition) repeated 
measures analyses of variance (ANOVA), α = .05. 

Results and Discussion 
Veterans with chronic mTBI reported moderate subjective 
symptoms on the Rivermead Post-Concussion Questionnaire 
(34.0 ± 7.5). There were no interaction or main effects for gait 
temporal distance characteristics (Table 1). Veterans with 
chronic mTBI walked with a significantly greater ML COM 

Table 1: Gait temporal distance data for both groups of veterans in 
both walking conditions (mean±SD). 

displacement in both ST and DT (p = 0.18; Fig. 1). An 
interaction effect was identified for the peak ML COM 
velocity (p = .012), showing that the ML velocity of both 
groups is affected when performing a concurrent cognitive 
task. Healthy individuals had a reduction, indicating a 
conservative balance control, possibly as a result of allocating 
additional attentional resources in the more complex situation. 
Conversely individuals with chronic mTBI showed an increase 
in ML velocity in the DT condition suggesting their ability to 
control ML momentum may be diminished. This may be due 
to a reduced attentional capacity, rendering them incapable of 
accommodating the demands of multiple concurrent tasks. 

Figure 1: Total ML displacement and peak ML velocity for both 
groups in both conditions (mean±SD). † Interaction effect for peak ML 
velocity (p = .012). * Main effect of group (p = .018). 

These results could reveal a persistent deficit in gait balance 
control in veterans with chronic mTBI, multiple years 
following injury using sensitive whole body COM kinematic 
measures. Remarkably, DT ML displacement and velocity 
values for veterans were similar to those previously reported 
in acutely injured (within 72 hrs) young adults [1]. 

Conclusions 
We identified gait balance deficits in veterans with chronic 
mTBI, which is similar to patients with acute mTBI. This 
highlights the need for sensitive gait analysis in the 
management of these patients to improve recovery and prevent 
adverse long-term sequela related to impaired balance control. 
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Summary 
The purpose of the present investigation was to examine the 
influence of footwear on walking stability. Twenty healthy 
women walked at 1.3 m/s on an instrumented treadmill. One 
hundred steps (50-right, 50-left) were analyzed from two 
walking conditions (shod, unshod). The variability of the centre 
of pressure (COP) for each step was calculated for quadrants of 
the contact period. Significant differences in variability were 
seen between shod and unshod conditions in all quadrants as 
well as differences between left and right feet in quadrants one 
and four. Restricted foot motion while shod may explain the 
differences seen in COP variability.  

Introduction 
In 2015, over 60 million people were rushed to emergency 
rooms, accumulating more than $50 billion in medical costs, 
due to fall-related injuries [1]. The vast majority of studies on 
stability examine static stability, completely neglecting the 
dynamic stability required for thousands of steps taken by 
adults during a typical day [2]. Considering the fact that 25% of 
older adults prefer to be barefoot at home and some suggest that 
the risk of falling increases when barefoot, an investigation into 
gait stability with and without shoes is warranted [3,4]. 
Therefore, the purpose of this study was to examine the 
influence of footwear on dynamic walking stability by 
examining the variability of COP trajectories.  

Methods 
Participants (n = 20, healthy, non-smoking, physically-active 
adult females, 18-30 yr), were provided footwear for testing 
purposes. Anthropometric measurements were recorded prior to 
two, 5-min warm-up periods, shod and unshod, during which 
participants walked at a speed of 1.3 m/s. Test trials consisted 
of 10 min of walking during which force data (2000 Hz) were 
collected between the 8th and 9th minutes using an AMTI, force 
plate equipped, dual belt treadmill. Footwear conditions were 
randomized. COP trajectories for each step were examined in 
four quadrants based on the vertical ground reaction force 
(GRF, see Figure 1). 
Standard deviations of COP displacement for each quadrant 
were calculated in the medial-lateral (M-L) and anterior-
posterior (A-P) directions. 

Comparisons between right and left feet and between shod and 
unshod conditions were made with MANOVA (a = .05). 
Results and Discussion 
Significant differences were seen between left and right feet in 
the M-L direction in Q1 and Q4 and between footwear 
conditions in the A-P direction in all quadrants (see Table 1). 
Specifically, unshod walking resulted in greater variability in 
quadrants 2, 3, and 4. Reduced foot motion when shod may 
explain the difference in COP variability reported here during 
weight acceptance and push-off [6]. This has serious 
implications for older adults who prefer to be barefoot; although 
more comfortable, this may be less stable during gait. 

 
Figure 1: Vertical GRF partitioned into four analysis quadrants [5] 

Conclusions 
Footwear had a greater impact on the variability of COP in the 
A-P direction and unshod walking produced more variable COP 
trajectories. 
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Table 1: Standard deviations for all quadrants, all conditions.  

  Q1** Q2 Q3 Q4** 
  Shod Unshod Shod Unshod Shod Unshod Shod Unshod 
R, M-L 0.56 ± 0.15** 0.49 ±  0.17 0.28 ±  0.08 0.32 ±  0.16 0.34 ±  0.13 0.40 ±  0.14 1.86 ±  0.80 2.6 ±  1.4** 
R, A-P 1.84 ±  0.53* 1.31 ±  0.50 1.00 ±  0.30 1.20 ±  0.30* 1.03 ±  0.22 1.13 ±  0.38* 0.68 ±  0.30 0.92 ±  0.51* 
L, M-L 0.89 ± 0.57** 0.53 ±  0.25 0.31 ±  0.16 0.33 ±  0.14 0.37 ±  0.17 0.34 ±  0.15 2.81 ±  1.63 3.2 ±  1.35** 
L, A-P 1.77 ±  0.54* 1.26 ±  0.46 1.01 ±  0.24 1.26 ±  0.31* 1.06 ±  0.27 1.21 ±  0.42* 0.68 ±  0.29 1.14 ±  0.66* 

R=right, L=left. *shows significantly greater footwear condition; **M-L, L > R. 
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Summary 

A stability of the elderly population is considered as a major 

factor for fall risk assessment. A dynamic stability of the 

elderly population has not been extensively studied compared 

to a static one due to a technical difficulty. In this study, the 

zero moment point method (ZMP) is used for analysing a 

stability of the elderly. We found that the dynamic instability 

of the elderly is associated with medial-lateral movement 

rather than anterior-posterior one. 

Introduction 

A fall is one of main health problems in the elderly population, 

because it causes traumatic injury such as bone fractures [1]. 

Bone fractures in the elderly are associated with increased 

morbidity and mortality. A stability of the elderly population 

is considered as a major factor for fall risk assessment[2]. A 

dynamic stability of the elderly population has not been 

extensively studied compared to a static one due to a technical 

difficulty. Dynamic stability is guaranteed when ZMP is in 

BOS. While walking on a person's body, automatic control can 

prevent falls and achieve dynamic stability, but the elderly 

may not be sufficient to control dynamic stability. The 

purpose of this study was to analyse the dynamic stability of 

the elderly compared to the young population using a ZMP 

method.  

Methods 

Dynamic gait experiments were performed between young and 

elderly groups. In the young group (10 Males), 10 healthy 

subjects with a mean age of  33.6  2.3 years, a mean body 

height of 169.6 5.5cm, a mean body weight of 65.68.9 kg 

were recruited. In the elderly group (2 Males and 8 females), 

10 healthy subjects with a mean age of  67.4  4.2 years, a 

mean body height of 160.8 7.5 cm, a mean body weight of 

64.013.5 kg were recruited. Subjects were instructed to walk 

in 10 m distance at their usual speed. A 3D Motion Capture 

System (Raptor-12HS, Motion analysis INC) was used to 

analyze gait pattern. A dynamic stability was determined by a 

ZMP, base of support (BOS).  

Results and Discussion 

For the elderly walking, the ZMP in the sagittal were 

dynamically stable and 79.7±9.7% of the ZMP positions were 

located in BOS during the gait cycle. The ZMP in the frontal 

was dynamically stable on the double limb supports but not on 

the single limb supports. As a result the ZMP were 

dynamically unstable and 16.7±7.0% of the ZMP positions 

were located in BOS during the gait cycle. In the sagittal plane, 

the elderly walking was similar to that of the young by 98.8 ± 

25.7%, and walked more stable than the young. But in the 

frontal plane, the dynamic walking stability of the elderly was 

only 21.9 ± 9.2% (Table 1). 

Conclusions 

A dynamic walking stability of the elderly was quantitatively 

analysed. The ZMP of the elderly in the frontal plane (medial-

lateral direction) tended to be more unstable than that of the 

young one, and the ZMP of the elderly in the sagittal plane 

(anterior-posterior direction) tended to be more stable than the 

young one. This finding is consistent with the study of King et 

al (2016) [3]. Therefore, we may conclude that the dynamic 

instability of the elderly is associated with medial-lateral  

movement. 
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Table 1: The dynamic gait analysis of the elderly group 

Subject No. Sex Age 
Height 

[cm] 

Weight 

[kg] 

Out of BOS  

(Sagittal) [%] 
% Normal  

Out of BOS 

(Frontal) [%] 
% Normal 

1 F 77 157.1 79.2 26 35 90 13 

2 F 72 154.6 57.8 26 98 83 23 

3 F 68 158.6 56.4 31 90 85 20 

 4 M 67 174.5 87.8 8 121 76 32 

5 F 66 153.6 58.4 22 102 90 13 

6 M 66 173.4 81.2 7 122 73 36 

7 F 65 158.3 56.5 32 89 94 8 

8 F 64 157.9 52.7 24 100 86 18 

9 F 63 165.0 61.9 18 108 77 30 

10 F 63 155.6 48.6 7 123 80 26 

Average  S.D - 67.14.4 160.8676 64.113.5 20.11 98.8 25.7 83.41 21.99.2 
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Summary 

We aimed to clarify the speed and accuracy in center of mass 

(COM) control during anticipatory postural adjustment (APA) 

and step phases in a step task where different levels of accuracy 

were required. Twelve subjects stepped onto stayed on bars 

with 2, 4, 6, and 8 cm width. The ground reaction forces and 

moments and 3D motion data were measured. The duration of 

the APA and step phases, and the accuracy of the COM state at 

the end of each phase were analyzed. The SD of the COM 

position and velocity was smaller in the 2 cm condition than 8 

cm condition at the end of the APA, whereas the APA duration 

was not different between the conditions. The results suggest 

that the APA was controlled according to the required level of 

COM accuracy, however, this was not explained by the simple 

speed-accuracy tradeoff principle. 

Introduction 

In various sports and daily living, step accuracy and precision, 

as well as quickness, are essential element in postural control. 

Motor control in stepping task includes anticipatory postural 

control, a control of COM state prior to the takeoff, and limb 

control during the following swing phase [1]. A principle of 

speed and accuracy tradeoff was widely known in various 

motor tasks, including a forward step. In the previous study, 

Duarte and Latash (2007) reported that the movement time to 

step onto a small target was longer comparing with a large 

target [2]. This can be interpreted as a speed-accuracy tradeoff 

in a step task, however, they did not separately analyze the 

motor control during APA and the swing phase. In this study, 

we aimed to investigate the movement time and variation in 

COM state in forward step where different levels of COM 

accuracy were required. We hypothesized that an accurate 

COM control was performed during APA phase under the 

condition where a large COM variation was not allowed. 

Methods 

Experimental procedure was approved by the University’s 

ethics committee, and participants provided written informed 

consent before the experiment. Twelve healthy young male 

participants made a self-paced forward step (the right leg was 

the leading limb and the left leg was the trailing limb) on an 

aluminum bar and keep standing on the bar at least for 1 second. 

The bar was 4 cm high, placed at a distance of 40% of each 

subject's height. We used four different widths of the bar: 2, 4, 

6 and 8 cm to limit the anterior-posterior base of support, i.e., 

this restrict the variation in COM state allowed in the task. The 

participants repeated 20 trials for each width condition. The 3D 

stepping kinematics (250 Hz) and ground reaction forces were 

measured by using an 8-camera motion capture system and two 

force plates. The time to complete the step task was divided into 

APA phase and following step phase; APA phase was defined 

as an interval between the beginning of COP shift in the 

mediolateral direction and the takeoff of the leading (right) leg. 

The step phase was defined as the interval between the end of 

APA phase and the trailing (left) foot contact, i.e., the step 

phase includes the right swing, double support and the left 

swing sub-phases. We measured the duration of each phase and 

SD of COM position and velocity at the timing of the right 

takeoff and the left foot contact. These parameters for speed and 

accuracy were compared between the bar width conditions by 

using one-way repeated measures ANOVA. 

Results and Discussion 

The duration of the step phase was longer in the step onto the 

2-cm-wide bar than the 8-cm-wide bar. APA duration was not 

influenced by the bar width. The SD of COM position was 

smaller in the 2 cm condition than in the 8 cm condition at the 

timing of the right takeoff, whereas the difference was 

diminished at the timing of the left foot contact (Figure 1). The 

similar results were also observed in the COM velocity. 

 

Figure 1: The variation (SD) of the AP- COM position at the timings 
of right foot takeoff and left foot contact (*: p < 0.05). 

The results were inconsistent with the results of Duarte and 

Latash (2007). This might be because we measured the COM 

state instead of the foot position. The speed-accuracy tradeoff 

was not observed in the COM state for the forward step task, at 

least when the position and velocity of the COM were 

independently analysed. The future study would shed light on 

the combined effect of the position and velocity by dynamic 

stability analyses like margin of stability [3]. 

Conclusions 

In stepping task onto a bar with different width, the accuracy of 

COM state at the end of the APA was controlled according to 

the required level of COM accuracy. 
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Summary 

Maintaining stability in the presence of unexpected external 
perturbations is essential during walking. Systemic resilience, 
the capacity to timely recover from perturbations, is therefore 
achieved by suitable foot placement facilitating correction to 
the base of support relative to the body center of mass (COM) 
[1,2]. By evaluating the temporal evolution of COM velocity 
trajectories, we demonstrate how foot placement seems to 
depend on the state of previous steps (on average ~8s) and 
how different auditory stimulations regulate resilience, 
inviting a fundamental rethinking about our neuromuscular 
controller models used for predicting walking behavior.  

Introduction 

Maintaining balance or dynamic stability is fundamental to 
walking continuously. Any perturbation, intrinsic or extrinsic, 
might disrupt inherent motion patterns and thereby destabilize 
the individual. However, it is entirely plausible that the effects 
of a perturbation persist over extended periods [3]. Current 
indicators of stability, while being correlates of a continuous 
dynamic system recovering from perturbations from one step 
to another, do not provide an assessment of a system’s 
resilience. Without this understanding, it is impossible to 
reliably quantify the predictive aspects of walking behavior 
for assessing e.g. fall risk [2], but more importantly quantify 
the duration needed to achieve resilience. Here, assessment of 
movement time series in a manner that evaluates its dynamic 
behavior would not only help in objectively quantifying the 
inherent capacity as well as the duration required for recovery 
(i.e. resilience of the locomotor system), but also help in 
unraveling how locomotor tasks might be regulated [4]. 
Secondly, the study also investigated to what extent different 
auditory stimulations influence resilience.  

Methods 

Participants (N=33, 20 males and, 13 females aged 19-30 
years with mean±SD height 1.75±0.91m and weight 
71±0.1kg) were requested to walk for 45 min on a split belt 
treadmill, while secured with a harness. A short-term 
perturbation, emulating a trip by momentary blocking one of 
the treadmill belts was then induced around the 25th min at the 
instant at which the ankle of the dominant limb in mid-swing 
phase. In addition, all the participants were randomly assigned 
one of four different rhythmic auditory stimulus conditions 
(no noise, periodic, random and pink or 1/f noise), provided in 
the form of distorted metronome beats. COM was evaluated 
from the 3D kinematics of up to 2 minutes of walking both 
before and after the perturbation. COM velocity trajectory was 
calculated and used to identify the post perturbation stability 
and recovery time. Here, recovery time was defined as the first 

instant for the COM velocity trajectory of the perturbed states 
to attain the median of unperturbed walking states after 
perturbation.  

Results and Discussion 

The developed method is suitable to distinguish between 
different metronome conditions based on quantified recovery 
time. The participant group that received pink noise 
metronomes recovered faster compared to all other noise 
conditions (Figure 1). This tends to support the expectation 
that the temporal structure of natural gait might reflect 
statistical properties similar to a pink noise signal [5]. 
Recovery under natural walking (no noise condition) was 
worse: this probably hints that the mere availability of an 
auditory metronome (irrespective of the temporal structure) 
available to people under the periodic and pink metronome 
conditions might have helped them to recover faster. 
Meanwhile, the recovery of stability in people under the 
influence of white noise is similar to that of the natural 
walking condition, suggesting the need for future 
investigations involving large sample sizes. 

 
Figure 1: Recovery time under different metronome conditions  

Conclusions 

The possibility of evaluating resilience of a locomotor system 
as undertaken in this study is encouraging due to its high 
potential for characterizing individuals at risk of fall, but also 
the possibility to assess the time involved to recover from a 
fall event, in a novel manner. 
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Summary 

Cognitive load associated with dual-tasking while walking is 

known to affect balance and increase fall risk. The objective of 

this study was to quantify the effect of cell phone usage on 

head stability during walking.  

Introduction 

Cell phone usage is one of the most common activities of daily 

living involving dual-tasking while walking, and has been 

shown to increase risk of collision and falling [1]. At present, 

little is known about the independent effects of cell phone 

reading, texting and talking on balance and stability during 

walking, nor their influence on the head segment, which plays 

an important role in gaze stabilisation and postural control [2]. 

The aim of this study was to use local and orbital stability 

analyses to quantify the effect of cell phone talking, reading 

and texting while walking on balance of the body, considering 

stability of the head segments.  

Methods 

Nineteen healthy young adult males (28.4 ± 4.5 years) were 

recruited. Marker position data were acquired using an 11-

camera video motion analysis system sampling at 100 Hz 

(Vicon, Oxford, UK). Participants walked at their self-selected 

speed (baseline walking) as well as walking whilst 

simultaneously (i) reading on a cell phone (ii) texting, and (iii) 

talking on a cell phone. Text provided for reading comprised 

845 words and was designed to engage participants for over 

four minutes. For texting trials, participants were asked to 

manually enter text on their cell phone about a university-

related activity. For cell phone talking, a series of generic 

questions were asked. Each task was performed over a 

maximum four minutes, with rest periods between tasks.  

Maximum Lyapunov Exponents (LyE) and Floquet multipliers 

(MaxFM) were calculated by employing a reconstructed 5-

dimensional time-delayed state space of the linear velocity of 

the head CoM in the anteroposterior (AP), mediolateral (ML) 

and vertical (VT) directions. A general linear mixed model 

analysis of variance (ANOVA) was performed to investigate 

the influence of cell phone usage on head stability during 

walking. The dependent variables were LyE and MaxFM, 

while the independent factors were the test conditions and 

anatomical movement directions. Significance level was 

defined as p<0.05. All statistical analyses were performed 

using Minitab 17 (Minitab, Inc., USA). 

Results and Discussion 

LyE of the head in the ML direction was significantly smaller 

compared to that in the AP and VT directions during baseline 

walking and talking while walking (p<0.001). These findings 

suggest that talking on a cell phone during walking 

predominantly affects balance in the AP direction. However, 

texting while walking and cell phone reading tasks while 

walking resulted in a smaller LyE in the AP direction 

compared to that in the ML (p>0.05) and the VT directions 

(p=0.001). This may be associated with restricted movement 

of arms during cell phone usage while walking [3]. No 

significant difference was observed in LyE values between 

testing conditions. 

There was a significant increase in MaxFM of the head in the 

ML direction during cell phone reading while walking 

compared to texting while walking (p=0.014) and baseline 

walking (p=0.003), and in VT direction during reading 

compared to texting while walking (p=0.03). During texting 

and reading using a cell phone while walking, the head moves 

less to focus on a screen undergoing motion. This may 

contribute to reduced capacity of the vestibular and visual 

systems to provide the required visual feedback for balance 

control, and may ultimately compromise stability during 

ambulation [3]. No significant differences were observed 

between testing conditions in AP direction.   

Table 1: LyE and MaxFM values for each testing condition in 

AP, ML and VT directions. 

 Baseline Texting Reading Talking 

LyE_AP 0.80±0.20 0.81±0.27 0.75±0.27 0.77±0.19 

LyE_ML 0.70±0.21 0.87±0.27 0.81±0.27 0.71±0.20 

LyE_VT 1.06±0.14 1.10±0.14 1.07±0.13 1.12±0.13 

MaxFM_AP 0.81±0.08 0.78±0.11 0.83±0.08 0.80±0.07 

MaxFM_ML 0.80±0.09 0.82±0.06 0.90±0.08 0.83±0.09 

MaxFM_VT 0.82±0.07 0.78±0.09 0.86±0.09 0.83±0.08 

 

Conclusions 

The present study showed that cell phone usage during 

walking, including texting, talking and reading, affects head 

stability in a direction-specific manner. Talking on a cell 

phone during walking results in a lower head stability in AP 

direction may increase the risk of forward balance loss or 

tripping, while texting and reading increases the risk of side-

to-side balance loss through head instability in ML direction. 

These findings may be useful for developing strategies to 

change head position to better maintain stability while using a 

cell phone during walking.  
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Summary  

To quantify balance control during walking, different stability 

outcome measured based on the (extrapolated) centre of mass 

((X)CoM), base of support (BoS) and centre of pressure (CoP) 

have been proposed. Healthy controls (n=20) and patients with 

balance and gait problems (n=45) performed two times a two-

minute walk test (2MWT) on an instrumented treadmill. The 

test-retest reliability of six stability outcome measures in 

anterior-posterior and mediolateral direction was moderate to 

excellent. Since the XCoM-CoPML and CoM-CoPML-angle 

showed no differences between the measurements and smaller 

coefficients of repeatability (CRs) than the differences 

between patients and controls, the XCoM-CoPML and CoM-

CoPML-angle are the most promising stability outcome measures 

in monitoring and evaluating patients with balance and gait 

problems. 

Introduction 

Balance control is essential for many activities of daily living 

and is defined by the ability to control the extrapolated centre 

of mass (XCoM) relative to the base of support (BoS) [1]. 

Various stability outcome measures based on the (X)CoM 

trajectory, BoS, and centre of pressure (CoP) were 

significantly different between healthy controls and patient 

groups that often experience balance and gait problems, To be 

useful for monitoring and evaluation of interventions, these 

stability outcome measures should be reliable. Therefore, the 

purpose of this study was to investigate the test-retest 

reliability of six different stability outcome measures during 

treadmill walking in patients with balance and gait problems 

and healthy controls. 

Methods 

Healthy controls (n=20) and patients with balance and gait 

problems, such as incomplete spinal cord injury and stroke 

(n=45) performed two times a two-minute walk test (2MWT) 

on an instrumented treadmill in the self-paced mode in a 

virtual reality environment (GRAIL). Six different stability 

outcome measures were determined: dynamic stability margin 

(DSM) [2], margin of stability (MoS) [3], distance between 

XCoM and CoP in anterior-posterior (XCoM-CoPAP) and 

mediolateral (XCoM-CoPML) direction [4] and CoM-CoP 

inclination angle in anterior-posterior (CoM-CoPAP-angle) and 

mediolateral (CoM-CoPML-angle) direction [5]. Intraclass 

correlation coefficient (ICC) and Bland-Altman tests 

(Coefficient of Repeatability, CR) were used to evaluate  the 

test-retest reliability. A two way mixed ANOVA was 

performed to test the differences between groups (between 

factor) and measurements (within factor).  

Results and Discussion 

The ICCs of the  stability outcome measures ranged between 

0.51 and 0.94 (Table 1). The DSM, XCoM-CoPAP and CoM-

CoPAP-angle showed significant differences between the 

measurements (p<0.05). All stability outcome measures, 

except the MoS, differed significantly between the groups 

(p<0.001). For the XCoM-CoP distance and CoM-CoP angle 

in both AP- and ML-direction, the CRs were smaller than the 

differences between patients and controls.  

Table 1: ICCs, mean differences (mean ± SD) and CRs of all 
stability outcome measures for patients and controls.  

  ICC Mean diff CR 

DSM (mm)* Patients 0.77 6.1 ± 18.8 36.8 

Controls 0.60 4.4 ± 17.0 33.2 

MoS (mm) Patients 0.92 -0.6 ± 9.7 19.1 

Controls 0.51 3.4 ± 14.1 27.6 

XCoM-CoPAP 

(mm)* 

Patients 0.88 21.2 ± 71.2 139.5 

Controls 0.93 26.7 ± 49.7 97.5 

XCoM-CoPML 

(mm) 

Patients 0.84 -0.3 ± 16.2 31.7 

Controls 0.80 -6.0 ± 12.2 24.0 

CoM-CoPAP-

angle (°)* 

Patients 0.88 0.7 ± 2.3 4.4 

Controls 0.87 1.6 ± 1.8 3.6 

CoM-CoPML-

angle (°) 

Patients 0.94 0.00 ± 0.83 1.6 

Controls 0.88 -0.11 ± 0.77 1.5 
* Significant difference between measurement 1 and 2 (p<0.05) 

Conclusions 

Based on the ICCs, the reliability of all stability outcome 

measures for both patients and controls is moderate to 

excellent. Since the XCoM-CoPML and CoM-CoPML-angle 

showed no differences between the measurements and smaller 

CRs than the differences between patients and controls, these 

measures are the most promising stability outcome measures 

to evaluate and monitor balance control during walking.  
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Summary 

Tripping-related falls frequently occur at minimum foot 

clearance (MFC) and cause forward balance loss. In contrast, 

backward falls often result from slips at heel contact (HC). 

Previous studies have examined dynamic balance in isolated 

anteroposterior and mediolateral directions. The present study 

introduces a transverse plane Margin of Stability (MoS) 

analysis by considering the actual path of the Centre of Mass 

movement relative to the border of the base of support at MFC 

and HC. 

Introduction 

The likelihood of balance loss during walking has been 

previously quantified using margin of stability (MoS) [1]. At 

present, MoS is most commonly computed relative to the body 

centre of mass (CoM) location with respect to the 

backward/lateral BoS border at HC in either the fore-aft or 

lateral directions [2]. However, this approach does not 

consider the directions associated with balance loss. This 

study aimed to adopt a technique that evaluates dynamic 

balance during walking by assessing MoS in the transverse 

plane at MFC and HC, which are clinically relevant gait 

events associated with falling. 

Methods 

Gait experiments were performed on eight healthy older adults 

(age: 73.8±7.3yrs) and four young adults (age: 30.0±4.3yrs). 

Participants were instructed to walk on a treadmill at their 

preferred speed for five minutes. The trajectories of retro-

reflective markers placed on the body were sampled using an 

Optotrak motion capture system (NDI, Canada) at 100Hz, and 

were filtered with a low-pass, fourth-order Butterworth filter 

at 6 Hz.  

Since forward balance loss occurs along the direction of CoM 

velocity, MoS at MFC was defined in the transverse plane as 

the distance between the XCoM and the virtual anterior BoS 

boundary which was made by a line between the first distal 

phalange marker of the stance foot and projection of similar 

marker of the swing foot [3]. At HC, MoS was defined as the 

distance travelled by the XCoM relative to the posterior BoS 

border which was made by a line between two heel markers. 

Paired t-tests were performed to compare the MoS values at 

HC and MFC with those calculated using the method of Hof 

(2005) at HC as the minimum distance between XCoM and 

BoS mediolateral (the fifth metatarsal marker) and 

anteroposterior (a line between the two first distal phalange 

markers) boundaries [1, 2]. Significance level was defined as 

p<0.05. All statistical analyses were performed using Minitab 

17 (Minitab, Inc., USA). 

 

Results and Discussion 

At HC, the estimated transverse-plane MoS was significantly 

smaller compared to that obtained in the sagittal plane using 

the method of Hof (2005) in young (p<0.05) and older 

(p<0.001) adults. Similarly, the proposed transverse-plane 

MoS at MFC was significantly larger than that computed in 

anteroposterior direction using the method of Hof (2005) in 

young (p<0.001) and older (p<0.001) adults. In the 

mediolateral direction, significantly larger MoS values were 

also observed in older adults employing the method of Hof 

(2005) compared to that at MFC (p<0.001) and HC (p<0.001) 

via the proposed transverse-plane approach. Similarly, MoS 

estimated using the method of Hof (2005) was greater in the 

frontal plane compared to that at MFC via the proposed 

transverse-plane method in young adults (p<0.05). However, 

no significant differences were found between obtained MoS 

in frontal plane using the method of Hof (2005) and that 

calculated at HC using the proposed transverse-plane approach 

in young adults. There were no significant differences in MoS 

values calculated between young and elderly individuals. The 

observed differences between estimated MoS values via the 

proposed approach and the method of Hof (2005) could be 

attributed to smaller BoS area in the proposed method at HC 

and MFC compared to that in the method of Hof (2005) at HC. 

Table 1: Calculated MoS values at HC and MFC using the 

proposed MoS model, and by the method of Hof (2005) for 

Young (Y) and Older (O) adults.  

 Proposed Method Method of Hof (2005) 

 MoS @ HC 

(m) 

MoS @ MFC 

(m) 

AP MoS 

@ HC (m) 

ML MoS @ 

HC (m) 

Y 0.18±0.15 -0.11± 0.01 0.56 ± 0.04 -0.02± 0.04 

O 0.15± 0.05 -0.11± 0.04 0.6 ± 0.05 -0.003± 0.01 

 

Conclusions 

A new MoS model presented provides an alternative 

estimation of balance loss. The advantage of this approach is 

that it incorporates the direction of motion most commonly 

associated with falls at specific events in the gait cycle. A 

further advantage of this method is that it considers CoM 

velocity when calculating MoS relative to the BoS anterior 

boundary.  
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Summary 

The aim of the study was to investigate effects of bilateral 

subthalamic deep brain stimulation (DBS) on lower limb 

kinematics during sit-to-stand (STS) in patients with 

advanced Parkinson's disease (PD). Each patient performed 

STS in a standard gait lab and kinematic analysis were 

conducted.  Results showed that DBS reduced duration and 

altered joint angles of the lower limb joints of STS.  Results 

indicate that bilateral subthalamic DBS has a potential to 

improve STS movement in patients with advanced PD.  

Introduction 

PD is a neurodegenerative disorder that impairs postural and 

balance control. Postural and balance disability during 

functional transitional activities, such as rising from a chair, 

are highly correlated to fall. The STS movement is a 

complex transitional activity that requires sufficient 

propulsive force to accelerate the body forward and then 

upward. DBS has been shown to be an effective surgical 

procedure to improve the motor performance of PD. 

However, the influence of subthalamic DBS on STS remains 

unclear. The study aim was to investigate the lower limb 

kinematics in patients with advanced PD during STS before 

and following bilateral subthalamic DBS. 

Methods 

Five patients with advanced PD (63±8y/o, 63±17kg, 1.6±

0.7m) and six healthy controls (60±8y/o, 60±15kg, 1.6±0.5m) 

participated in the current study with written informed 

consent. All patients had undergone medication and received 

bilateral subthalamic DBS surgery.  Each subject performed 

STS at a self-selected pace while the kinematic data were 

measured. All subjects with PD were tested under two 

conditions: (1) medication on before DBS surgery (pre-DBS) 

and (2) medication on and 3-4 months after DBS surgery 

(post-DBS).  The STS was composed of three phases [1]: 

phase I (flexion-momentum phase), phase II (momentum-

transfer phase), and phase III (extension phase). Cycle time, 

relative phase duration, and peak values of the joint angles 

were obtained. Comparisons between pre-DBS and post-

DBS were performed using paired-t tests. Comparisons 

among pre-DBS, post-DBS and healthy adults were 

performed by using the Mann-Whitney U test with a 

significance level of 0.05. 

Results and Discussion 

Compared to control, post-DBS showed slight but significant 

reduction in the total cycle time, with different ratios in the 

three sub-phases (Table 1).  Compared to pre-DBS, post-

DBs showed increased phase I and III duration with reduced 

phase II duration.  This improvement appeared to be 

achieved by altered lower limb kinematics, with increased 

peak hip angle but reduced peak knee angle.  The current 

results imply that bilateral subthalamic DBS has a potential 

to improve STS movement in patients with advanced PD.  

Further fine-tune of the simulation parameters of the 

bilateral subthalamic DBS or physical therapy program may 

enhance the treatment effects of the bilateral subthalamic 

DBS.  The study is limited by small sample size, so further 

study is needed to clarify the observed effects in the study.  

Table 1: Means (standard deviations) of cycle time, phase duration 

and peak joint angles during STS.  Pp, PreC, and PostC are p values 

of difference between pre- and post-DBS, pre-DBS and control, and 

post-DBS and control, respectively.  

 Pre-DBS Post-DBS Control Pp PreC PostC 

Cycle (sec) 2.6±1.5* 2.3±1.3
#
 1.6±0.5 0.75 0.00 0.03 

Phase I (%) 8±0.2+* 12±0.5
#
 27±0.6 0.03 0.02 0.00 

Phase II (%) 22±0.5 +* 6±0.1
#
 20±0.3 0.00 0.04 0.03 

Phase III (%) 69±1.7 +* 82±2.7
#
 53±0.8 0.03 0.03 0.02 

Joint angle (0)      

Hip Major  84± 13.2 85.2±7.0
#
 87±8.7 0.16 0.58 0.45 

Hip Minor  84±10.5 + 84±7.5
#
 86±9.2 0.047 0.72 0.03 

Knee Major  87.6±6.7+* 84±5.8
#
 92±2.8 0.00 0.02 0.01 

Knee Minor  89.2±7.6+* 80±18.8
#
 91±4.2 0.049 0.04 0.04 

Ankle Major  14±6.3 13±5.6 18±2.7 0.8 0.2 0.2 

Ankle Minor  14±7.0 12±2.9
#
 17±2.6 0.3 0.7 0.02 

+: significance between pre-DBS and post-DBS.  *: significance 

between pre-DBS and Control.  #: significance between post-DBS 

and control.  

Conclusions 

Bilateral subthalamic DBS was found to improve the 

movement time with kinematic strategies still different from 

the healthy controls in patients with advanced PD.  

Nonetheless, the current preliminary results suggest that 

further refinement of the DBS parameters may be helpful in 

improving the movement efficiency and kinematic strategy.  
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Summary. The effect of diabetes on the ability of older adults 
to respond to external perturbations is not well documented. 
The purpose of this study was to determine if stepping thresh-
old (ST) could be quantified in a clinical setting in older adults 
with diabetes and if it provided unique information regarding 
fall risk in this population. We found that regardless of direc-
tion STs were lower in older adults with diabetes, but only 
anterior ST was affected by fall history. Moreover, anterior ST 
was an independent predictor of fall history after accounting 
for balance. Anterior ST may provide a unique, modifiable 
marker of fall risk in older adults with diabetes that can be 
easily measured in a clinic. 
 

Introduction. Older adults with diabetes are at increased risk 
of falling relative to age-match peers. Most fall-risk assess-
ments for patients with diabetes evaluate static balance. How-
ever, the majority of falls by older adults with diabetes are 
precipitated by extrinsic factors [1]. While small external per-
turbations may be countered by moving the center of pressure 
relative to the center of mass via muscle activation and/or 
counterrotation of segments, larger perturbations require ex-
tending the base of support by stepping or grabbing external 
objects. The minimum applied force that elicits a step, i.e. the 
stepping threshold (ST), decreases with age and with a history 
of falls [2] presumably as a result of sensorimotor and neuro-
muscular impairments [3]. Given that diabetes amplifies age-
related sensorimotor declines, it may also affect ST. However, 
most studies assessing ST have not included persons with dia-
betes and have required expensive equipment and special 
training. The purpose of this study was to: 1) determine if ST 
quantified with a simple, clinically implementable tool can 
provide information about fall history in patients with diabe-
tes; 2) determine if ST provides information about fall risk 
that is unique from static balance assessments. 
 

Methods. 36 older adults with diabetes (71.6±5.2 years; 16 

males) and 36 without diabetes (75.7±6.1 years; 16 males) 

participated. Participants were excluded for: use of assistive 

devices for gait, open foot ulcers, or neurocognitive diseases. 

Falls during the past 12 months were self-reported and a 5.07g 
monofilament was used to evaluate sensation at 10 points on 
the foot; ≥4 misses on one foot indicated substantial loss of 
protective sensation. ST was assessed using a spring scale 

mounted to a waist belt, and a modified version of a validated 

protocol [4]. Participants stood barefoot while the spring scale 

was slowly pulled to a 1 lb. load which was held while partici-

pants tried to keep their feet flat on the ground. After 2-5 s the 

load was released. Participants were told to step only if neces-

sary upon load-release. The load was successively increment-

ed by 1 lb (maximum of 26 lbs). ST was defined as the lowest 

load that elicited a step on two consecutive trials, expressed as 

a percent body weight (%BW). The examiner first pulled in 

the anterior direction to determine posterior ST (upon load-

release, if participants could not counter posterior-directed 

corrections enacted to resist the anterior pull then posterior 

steps occurred); anterior ST was next determined. The NIH 

Standing Balance Test was used to test balance.  

A 2 (group) x 2 (faller status) ANOVA was run for each 

pull direction after covarying for age (which was significantly 

greater in the diabetic group). In the event of a main effect of 

fall-history, we planned a logistic regression with fall-history 

as the dependent variable and ST, diabetes status and age-

normalized balance score as dependent variables. 
 

Results and Discussion. A greater proportion of participants 
in the diabetes group had substantial loss of protective sensa-
tion (39% vs. 17%; p=0.04) but a lower proportion were “fall-
ers”, i.e., reported ≥1 fall (38% vs 61%; p <0.01). The higher 
fall rate may reflect greater activity (risk exposure) for the 
control group.  ST in both directions was ~14% lower in par-
ticipants with diabetes (posterior: 8.3±2.1 vs. 7.1±2.1 %BW, 
p=0.03; anterior: 9.3±1.6 vs. 7.95±1.67 %BW, p=0.01). Fall-
ers exhibited a significantly lower anterior (7.9±1.6 % vs. 
9.4±1.6 %BW, p<0.01; Figure 1) but not posterior ST (p=0.6). 
There were no significant interactions. Although balance and 

anterior ST were associ-
ated (r=0.52, p<0.01), 
only the latter predicted 
fall status (Exp(B)=0.52; 
p=0.03). Several expla-
nations for lower anterior 
ST in diabetic fallers 
include: 1) weaker ankle 
plantarflexors in patients 
with diabetes that are 
even weaker in fallers 
[5]; 2) diabetic periph-
eral neuropathy may 
delay onset of corrective 

ankle torques. Given the complexity of the task (e.g., reactive 
responses needed to counter proactive ones) it seems plausible 
that coordination among agonists/antagonists rather than am-
plitude/timing of one alone explains changes in STs. Future 
work is needed to understand the mechanisms by which diabe-
tes impacts anterior ST.   
 

Conclusions. A waist mounted spring scale can safely asses 

ST in older adults with diabetes in the clinical setting, to pro-

vide a valid measure of fall-risk independent of balance. Fu-

ture work must establish specific cut-off scores for STs and 

quantify reliability of the test. Patients with diabetes who 

show impaired ST may benefit form protective step training. 
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Summary 

Children with developmental dysplasia of the hip (DDH) is 

often treated by osteotomy and avascular necrosis (AVN) 

remains one of the most severe complications of osteotomy.  

Further, how the osteotomy and AVN affects motion control 

remains unclear.  The purpose of the study was to investigate 

the differences in control of the motion of the body’s center of 

mass (COM) relative to the center of pressure (COP) between 

DDH children with or without AVN during obstacle-crossing.  

Children with or without AVN and age-matched healthy 

children performed crossed a height-adjustable obstacle at 10, 

20 and 30% of his/her leg length in a standard gait lab.  Both 

osteotomy and AVN may not influence the motion control in 

children with DDH. 

Introduction 

Developmental dysplasia of the hip (DDH) is characterized by 

a poorly formed acetabulum and a displaced femoral head [1]. 

The common way to treat DDH is performed the osteotomy. 

Unfortunately, avascular necrosis (AVN) remains one of the 

most severe complications of osteotomy, leading to premature 

osteoarthritis [2]. Further, how the osteotomy and AVN 

affects motion control remains unclear.  Obstacle-crossing 

requires higher motion control demands than level walking, 

thus has the potential to identify the balance differences 

between patients with or without AVN after osteotomy for 

DDH. This study aimed to investigate the differences in 

control of the motion of the body’s COM which relative to the 

COP between DDH children with or without AVN in terms of 

COM-COP IA and their RCIA during obstacle-crossing. 

Methods 

Five children with AVN and five without AVN (Non-AVN, 

age: 6±0.4 years; BMI: 21.2±6.4) after DDH osteotomy (AVN, 

age: 5.8±0.5 years; BMI: 21.2±4.8), and five age-matched 

healthy children (Control, age: 8.2±2.1 years; BMI: 24.2±4.3) 

were recruited in the study. Each subject walked at a self-

selected pace and crossed a height-adjustable obstacle at 10, 

20 and 30% of her leg length. Reflective markers were placed 

on the bony landmark of each subject, and trajectories were 

measured by motion capture system (200Hz). The COP 

position was calculated using the forces and moments 

measured by forceplates (2000 Hz). The body’s COM position 

was calculated as the weighted sum of all the body segments. 

The IA and RCIA in the frontal plane over a cross cycle were 

obtained. The key cross events, namely leading leg toe-off 

(LTO), leading leg heel-strike (LHS), trailing leg TO (TTO) 

and trailing leg HS (THS), were extracted. Comparisons of IA 

and RCIA between groups and obstacle height within each 

group was tested using Kruskal-Wallis H test (α=0.05).   

Results and Discussion 

No differences were found in sagittal IA and RCIA on 

obstacle height effects of affected limb within each group. At 

the frontal plane, compared to the AVN, the non-AVN had 

significantly decreased IA of affected limb at LHS when using 

affected limb as leading limb to cross the obstacle with 10% of 

their leg length (Fig.1a), but magnitude of this difference 

might not be clinically meaningful.  No differences were 

found in other condition between groups.  Results indicated 

that both osteotomy and AVN may not influence the motion 

control in children with DDH.  It should be noted that sample 

size was small in the study thus interpretation should be made 

with cautious. 

Table 1: Means (standard deviations) of the frontal COM-COP IA, 

and cross cycle events of affected limb when using the affected limb 

crossing obstacle of 10, 20 and 30% leg length among three groups. 
Asterisk mark indicates p < 0.05. 

 

Conclusions 

Both osteotomy and AVN may not influence the motion 

control in children with DDH.  Relationship between balance 

control and motion of the body’s COM in children with DDH 

with or without AVN need further study to clarify. 
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Summary 

Many industries are interested in using wearable displays (e.g., 
“smart” glasses) to enhance worker performance. Since 
diverse occupational tasks involve walking, however, it is 
important to evaluate walking safety while using this new 
technology. In an earlier study, participants complained about 
instability while using smart glasses. Thus, we aimed here to 
investigate the effects of this head-worn display on gait 
stability during dual-task walking, and compared the results 
with the effects of other traditional displays. Twenty 
participants performed four walking conditions, including 
single-task walking and three dual-task conditions using three 
information displays. The maximum Lyapunov Exponent was 
used to quantify local gait stability. Surprisingly, we found 
that participants had higher stability in the mediolateral (ML) 
direction when using the smart glasses, compared with the 
single task. The current results, together with earlier results 
imply that the subjects adopted conservative walking patterns 
while using the smart glasses.  

Introduction 

Head-worn displays are a new technology with many potential 
applications in industrial environments. This technology, 
however, may increase risk of falls. In a previous study [1], 
we found that using smart glasses did not compromise safety, 
based on gait variability in the anterior-posterior (AP) 
direction. Participants, however, complained about their 
instability while using the smart glasses. In this study, we 
aimed to understand the reason behind these perceptions of 
instability.  

Methods 

The current work is a secondary analysis of data from an 
earlier study [1]. Twenty participants (10 females and 10 
males) walked on a treadmill in four conditions; single-task 
walking, and three dual-task walking conditions. In the latter, 
participants used three different information displays (i.e., 
paper-based, smart phone, and smart glasses). A 7-camera 
Vicon system was used to capture 3D segmental kinematics 
during the walking tasks.  

To quantify local gait stability, we used a method similar to 
[2], and computed the maximum Lyapunov exponent (LyE) 
for a single trunk marker (i.e., 7th cervical vertebrae marker; 
c7) in three movement directions: AP, ML, and vertical (VT). 
The C7 marker data was first filtered, using a 4th-order 
Butterworth filter with cut-off frequency of 10 Hz. We 
analyzed the first 241 consecutive strides of each trial. After 
normalizing the time series to have 101 samples per stride, we 
used the Tisean package to calculate both the short-term (λS) 
and long-term (λL) LyE, based on Rosenstein’s algorithm. λS 

and λL are defined as the slopes of a linear least-squares fit to 
the mean logarithmic divergence curve between 0 and half 
stride, and between the 4th and 10th stride, respectively. Higher 
values of LyE indicate lower stability and vice versa.   

Results and Discussion 

Mixed-factor ANOVA models were used, which indicated 
significant effects of information display on λS in all 
directions, and on λL in the AP direction. In the AP direction, 
pairwise comparisons indicated that λS and λL using the paper-
based system were significantly higher than in the single-task 
condition. Also, λS in the ML direction when using the smart 
glasses was significantly lower than in the single-task 
condition (Figure 1). These results suggest that participants 
were less stable in the AP direction. Our earlier results [1] also 
indicated that the paper-based system was the most demanding 
condition. In the ML direction, however, the stability of 
participants when using the glasses in dual-task walking was 
higher than in single-task walking. Our earlier usability results 
[1] indicated that participants perceived that they were 
unstable due to use of the glasses. Based on the current and 
earlier results, we conclude that participants used a 
conservative strategy when they used an unfamiliar display 
during walking.  

 
Figure 1: Short-term (λS; top) and long-term (λL; bottom) finite-time 
Lyapunov exponents in in the AP, ML, and VT directions for single-
task walking (ST), and for dual-task walking while using the paper-

based system (DT-paper), the smartphone (DT-phone), and the smart 
glasses (DT-glass). Values in conditions not sharing same letters are 

significantly different. 
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Summary 
Participants, regardless of age, swayed more after fatigue 
during single-task walking. Increased cognitive demand 
during dual-task walking may alert an individual the potential 
balance threat and result in activation of more cognitive 
resource so that fatigue-induced imbalance is reduced. 

Introduction 
Prevalence of fatigue increases as a function of age. Fatigue 
induced by a repetitive movement has shown to impact gait 
spatiotemporal parameters [1], and its effect may become 
more substantial when cognitive demand increases [2]. 
Despite findings on each factor separately, only one study 
examined how fatigue and cognitive demand interact to affect 
mobility using a dual-task paradigm after a single-joint muscle 
fatigue [3]. Therefore, this study examined how fatigue, 
induced by a repetitive sit-to-stand movement, affects walking 
balance control in young and older adults with and without 
performing a concurrent cognitive task.  

Methods 
Ten young (age: 27 ± 5) and 10 older (age: 70 ± 6) adults were 
recruited.  Participants were asked to perform three tasks in a 
random order: 1) walking continuously with a self-selected 
speed for 2 minutes circling an oval shape loop, which 
includes a 15-m straight walkway, 2) performing a 3-back task 
while seated, and 3) walking and concurrently performing the 
3-back task. These tasks were performed again immediately 
after finishing a fatigue protocol (described below). A 12-
camera motion analysis system with a set of 40 markers was 
used to record the whole body movement during walking.  

The 3-back cognitive task lasted for two-minute and consisted 
of a sequence of random numbers played from a wireless 
headset every two seconds. Participants were required to 
identify the repeated number that was presented three digits 
before in the sequence. A repetitive sit-to-stand task was 
selected as the fatiguing protocol, which was guided by a 
metronome set at a comfortable pace for each individual. 
Participants were considered to be fatigued when 1) indicated 
unable to continue, 2) when the movement frequency fell 
below prescribed pace after encouragement, or 3) after 30 
minutes. Rating of perceived exertion (RPE) and maximum 
isokinetic voluntary contraction of right knee extension 
(MVC) were examined using Borg Scale 6-20 scale and 
isokinetic dynamometer, respectively, before and after fatigue.  

Outcome variables included 1) the range of medial-lateral (M-
L) center of mass (CoM) displacement, 2) the peak M-L CoM 
velocity, 3) gait velocity during a gait cycle and 4) 3-back 
accuracy. A 3-way (age, fatigue, task) mixed-effect ANOVA 
was used for statistical analysis. α = .05. 

Results and Discussion 
No significant differences were detected in sit-to-stand 
performance between two age groups (Table 1). The 3-back 
accuracy was not affected by age, fatigue or task. Gait velocity 
was significantly affected by task (dual: 1.12 m/s vs. single: 
1.19 m/s). Post-fatigue, participants demonstrated a 
significantly faster (16.8 m/s) peak M-L CoM velocity 
compared to that pre-fatigue (15.7 m/s) (η2G = 0.03). This may 
indicate a decline in momentum control post-fatigue. A 
significant fatigue * task interaction was detected for the M-L 
CoM displacement (η2G = 0.02; Figure 1). Pre-fatigue, a 
significantly greater sway was observed in dual-task than 
single-task walking. However, post-fatigue, participants only 
walked with an increased body sway in single-task condition 
but not in dual-task condition. The cognitive demand-induced 
balance perturbation seems to limit the effect from fatigue.   

 
Figure 1: Medial-lateral CoM displacement. Error bar: 95% CI 

Conclusions 
A greater body sway during single-task walking is observed 
post-fatigue when compared to pre-fatigue. However, such 
effect was not found in dual-task walking. Increased cognitive 
demand during dual-task walking may alert an individual the 
potential balance threat and result in activation of more 
cognitive resource so that fatigue-induced imbalance is 
reduced. 
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Table 1:  Sit-to-stand (STS) fatigue task performance in young and older adults 

Outcomes STS duration (s) Metronome 
frequency (bpm) 

RPE pre-
fatigue 

RPE post-
fatigue 

MVC pre-fatigue 
(N⋅m) 

MVC post-
fatigue (N⋅m) 

MVC at 
completion 
(N⋅m) 

Young 1115.2 ± 672.5 53.6 ± 7.2 6.8 ± 1.4 17.4 ±2.5 107.31 ± 53.8 103.21 ± 54.63 109.6 ± 56.73 
Older 801.7 ± 769.5 47.3 ± 8.7 7.0 ± 1.9 16.9 ± 1.9 91.79 ± 36.85 78.58 ± 38.45 87.24 ± 47.48 
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Summary 

The present work compares the anticipatory postural 

adjustments in forward and backward stepping, taking also 

into account the effect of wearing shoes while performing this 

task. Eighteen healthy subjects participated in the study, 

performing 10 trials on a forceplate for each of the four 

conditions. CoP displacement parameters as well as 

coefficient of variation were calculated to characterise the 

tasks. Statistical analysis supported the original hypothesis 

that FW and BW stepping differ in several parameters (i.e. 

ML/AP displacement and mean velocity) as well as in their 

variability. Although more research is needed, this work offers 

a first contribution to the characterisation of BW step in 

healthy people, as a necessary step towards the adoption of 

this motor paradigm in clinical assessments. 

Introduction 

Stepping is a fundamental task widely used in habitual 

activities to either start gait or recover from falls [1]. To limit 

the unbalance created during this action, stepping is very often 

preceded by specific anticipatory postural adjustments 

(APAs). APAs pattern in forward steps has widely been 

investigated: its action results in the displacement of the CoM 

forward and toward the stance limb, while the CoP moves in 

the opposite direction [2]. Despite the abundance of literature, 

only few articles have investigated the variability of the APAs, 

and only one focussed on the effect of shoes on its pattern. In 

addition, no previous study characterises the APAs pattern 

while performing this motor task backward, although it is an 

action performed in everyday life. The present research aims 

at comparing the APAs pattern in forward and backward 

direction, and at assessing its intra-subject variability. 

Methods 

Eighteen healthy participants were recruited for the study 

(M12 – F6; Age 26.78±4.44). They performed forward (FW) 

and backward (BW) single steps both in barefoot or shod 

condition. For each condition and task, they performed 10 

valid trials. While standing on a six-components forceplate 

(AMTI, MA, USA), the subjects were asked to perform the 

experimental tasks:  feet hip-distance apart they had to step 

(FW or BW) with their dominant leg. The step finished when 

both feet stood steadily on the floor. The following parameters 

were analysed: CoP displacement (AP and ML directions), 

CoP mean velocity (AP and ML) and APA duration. 

Furthermore, the coefficient of variation (CV) for each 

participant is also analysed. A RM-ANOVA was performed, α 

was set at 0.05.   

 

Results and Discussion 

Examples of CoP trajectories in FW and BW steps are 

displayed below (Figure1). Statistical analysis showed that 

APA duration is not sensitive to neither direction nor 

condition. Contrarily, ML CoP displacement is significantly 

different in the comparison between bare and shod conditions 

(p=0.03) showing also an interaction between conditions and 

directions (p=0.01). Furthermore, the AP displacement is 

showing a difference (p<0.001) in the directions, as well as for 

the mean velocity (p=0.016). Concerning the variability: CV 

for APA duration is larger in FW than BW condition (p=0.11); 

CV for ML CoP displacement is different in condition 

(p=0.023), specifically shod step is more variable than 

barefoot. No significant difference was found for CV of AP 

CoP displacement, nor in the CV related to mean velocity. Our 

results support the hypothesis that APA patterns in FW and 

BW steps exhibit some differences that require more attention. 

Although duration of the APA phase was not statistically 

different, ML and AP components of APAs are modified not 

only by shoes [3] but also by direction. The reasons behind 

this difference might be several, as for instance the absence of 

visual information in BW step or the absence of a structured 

internal model for BW. 

 

Figure 1: CoP trajectories in FW (left) and BW (right) stepping. 

Conclusions 

Despite the fact that more studies are necessary to thoroughly 

characterise the APAs involved in BW step, it may represent a 

useful starting point to bring the evaluation of BW step in 

clinic as recently suggested in the last few years. 
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Summary 

This study presents a novel approach towards balance 

assessment during continuous perturbed walking conditions 

with complex external perturbation profiles. Stability 

measures defined in this study are based on a seven-segment 

model of the human body in the sagittal plane. 

Introduction 

Falling is a significant source of morbidity and even mortality 

among the elderly population. 10 to 20% of these falls lead to 

severe injuries that require medical attention [1-2]. 

Understanding the mechanisms behind loss-of-balance and fall 

initiation can help preventing the consequences of falls by 

designing preventive strategies and training to help individuals 

maintain their balance. The biomechanical mechanisms behind 

loss-of-balance and falling during walking have been studied 

for a few simple perturbation conditions [3]. However, they 

have not been studied for complex perturbation scenarios. The 

main objective of this study is to introduce stability measures 

capable of balance assessment during complex perturbed 

walking trials. 

Methods 

We used a seven-segment model of the human body and 

presented a non-linear, optimization-based model of perturbed 

walking in the sagittal plane. We quantified the effects of 

various types of external perturbations of the base of support 

(BOS) on walking stability. To extend the use of the 

previously obtained Feasible Stability Regions (FSR) [3] to 

continuous perturbed or unperturbed walking, we introduced 

the concept of the “extended feasible stability region” 

(ExFSR), which includes the region between the leading foot’s 

lower FSR threshold and the swinging foot’s upper FSR 

threshold. Based on this concept, we introduced novel stability 

measures for the whole step duration in a walking trial.  

To experimentally validate our proposed stability measures, 

we collected experimental data from two groups during 

perturbed walking: 15 non-disabled individuals and 3 

individuals with disability. To this end, we used a Computer-

Assisted Rehabilitation Environment (CAREN) to create 

various perturbation conditions.  

Results and Discussion 

We evaluated the validity of the obtained ExFSR during whole 

step duration by investigating its specificity in predicting loss-

of-balance (i.e., false prediction of loss-of-balance). 89% and 

71% of experimentally collected swing phases were initiated 

inside the boundaries of the obtained ExFSR during trials with 

vertical and rotational perturbations in the sagittal plane for 

non-disabled individuals and individuals with disability, 

respectively. The specificity of the obtained feasible stability 

regions and ExFSR were comparable to those reported in the 

literature for other conditions. 

 

Figure 1: Extended Feasible Stability Region (ExFSR), along with 

the body’s centre of mass (COM) motion trajectory for the duration 

of one foot’s toe-off instant to the next foot’s toe-off instant (shown 

in red). g: gravitational acceleration; bh: body height; Fl: foot length; 

XCOM: COM position; VCOM: COM velocity. M is the defined margin 

of stability (M<0: instantaneous loss-of-balance). 

Conclusions 

This study introduced biomechanical measures to characterize 

the risk of loss-of-balance in the sagittal plane during 

perturbed walking as a function of perturbation conditions, 

body motion patterns, and gait parameters. These measures                                                                                                                                                                                                                                                                                                   

can be used for the physiologically and biomechanically 

meaningful assessment of walking stability for individuals 

with walking disorders. The outcome of this research can help 

us to understand the mechanics of human balance control for 

biped walking under the effect of external perturbations. 

Ultimately, this work will be beneficial for the development of 

rehabilitative programs for individuals with walking 

disabilities in interactive training environments such as the 

CAREN. 

Acknowledgments 

This study was funded by the Natural Sciences and 

Engineering Research Council of Canada. 

Reference 

[1] Engelhart D. et al. (2014). J. Am. Med. Dir. Assoc.  15: 1–6 

[2] Mackey D.C. & Robinovitch S.N. (2006) Gait & Posture. 

23: 59–68.  

[3] Yang F. et al.  (2008). J. Biomech. 4: 1823–1831
 

Saturday, August 03 2019: Posters (1600-1800) 1597

Balance Walking 3



 

 

Individual Limb Contributions to Anterior-Posterior Stability during Gait 

Yash Rawal1, Jonathan Singer1, 2, 3 

1Faculty of Kinesiology and Recreation Management, University of Manitoba. 
2Health, Leisure and Human Performance Research Institute, University of Manitoba.  

3Centre on Aging, University of Manitoba. 

Email: rawalyr@myumanitoba.ca  

Summary 

Older adults (OA) have challenges regulating stability during 

gait. This work sought to understand how aging influences 

anterior-posterior stability (AP), by examining ground reaction 

force (GRF) eccentricity generated by each limb. 28 younger-

adults (YA) (18-31 years) and 28 OA (>65 years) completed 

three walking conditions. Whole-body COM kinematics and 

individual-limb GRFs were quantified. The eccentricity of 

individual-limb GRFs relative to the COM were calculated 

(θd). The distance between the COM the anterior limit of the 

base of support (dmin) was quantified at the onset of single-

limb support as a measure of stability. Relative to YA, OA 

exhibited a significantly smaller dmin, a smaller step length, 

and no differences in θd. Although the COM was more 

centered in the BOS at the onset of single limb support, the 

lack of age-related differences in θd and the smaller dmin 

among OA may suggest a heightened risk of forward falls. 

Introduction 

Walking is an important aspect of everyday life, which poses a 

complex stability control challenge. During walking, healthy 

adults can maintain dynamic stability by regulating the GRF 

vector and/or by modifying foot placement [1, 2]. 

Research has shown that OA tend to walk with a smaller step 

length [3], which may place the COM nearer the anterior aspect 

of the BOS. Previous work examining compensatory stepping 

responses has also shown that OA exhibit challenges 

regulating the eccentricity of the GRF, which allows the COM 

to more closely approach the stability limits. This may 

increase the risk of instability [4].  

Similar mechanisms may also underlie AP stability control 

challenges faced by OA during walking. The present work 

sought to examine whole-body COM kinematics and the 

eccentricity of the GRF to understand how aging influences 

AP stability during three gait conditions. 

Methods 

28 younger-adults (YA) (18-31 years) and 28 OA (≥65 years) 

took part in three walking conditions each consisting of 10 

trials: normal walking (NW), ‘as fast as possible’ without 

running (FW) and modified tandem walking (TW). The FW 

and TW were performed to challenge the stability. 

Whole-body COM kinematics and the individual limb GRFs 

were quantified. At the onset of the single support phase for 

each limb, stability was quantified as the distance between the 

COM and the most anterior aspect of the base of support 

(dmin); the eccentricity of individual-limb GRFs relative to the 

COM were calculated (θd). Given age-related differences in 

step length, we also expressed the relative position of the 

COM within the BOS, by normalizing to step length.  

Results and Discussion 

Results from the three-way ANOVA revealed a main effect of 

gait condition for dmin and θd. There was a main effect of age 

for dmin but not for θd. There was an interaction between gait 

condition and age for dmin and θd. More specifically, OA 

exhibited a significantly smaller dmin for the FW and TW 

conditions. Further analysis of the θd revealed no significant 

differences. Secondary analysis revealed a smaller step length 

for both limbs among OA compared to YA across all gait 

conditions (Table 1.).  

Table 1: Comparison of Variables between YA and OA 

Mean (SD) Left Limb Right Limb 

 YA OA YA OA 

dmin  

(m) 

0.40 

(0.027) 

0.37 

(0.036) 

0.40 

(0.027) 

0.37 

(0.032) 

θd  

(deg) 

0.26 

(1.02) 

0.52 

(1.21) 

0.16 

(0.98) 

0.060 

(1.00) 

Step Length 

(m) 

0.87 

(0.068) 

0.78 

(0.077) 

0.87 

(0.075) 

0.78 

(0.090) 

dmin /step 

length 

0.46 

(0.023) 

0.48 

(0.026) 

0.46 

(0.025) 

0.48 

(0.024) 

The smaller dmin exhibited by OA and the lack of differences 

in the θd between OA and YA could suggest that OA are not 

regulating the GRF orientation to maintain stability. However, 

when normalizing dmin to step length, it appears that the COM 

position at the onset single-limb support is more centred in the 

BOS for OA, suggesting that this may be a strategy to 

maintain stability.  

Conclusions 

Analyses of GRF parameters are necessary to determine if 

altered temporspatial gait parameters are a cause or 

consequence of instability. While the reduced dmin suggests a 

more absolute anterior COM position among OA, the COM 

was more centred in the BOS at the transition from double- to 

single-limb support. Future work is necessary to uncover less 

variable kinetic measures of AP stability during gait. 
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Summary 

Stability is a key feature of posture plausibility in digital 

human models (DHM). Stepping is a behavioral mechanism to 

ensure the stability of the body. The aim of this study is to 

propose a novel stepping behavior in the presence or absence 

of external loads, which ensures the stability of a DHM. An 

inverse kinematic (IK) solver was used to autonomously 

predict the posture of a DHM while stepping, using only 

limited information about the target position of the hand(s). 

The model describes the condition that triggers the step, the 

step length and the final feet positions. The stepping 

parameters were derived from the instantaneous position of 

the manikin zero moment point (ZMP) with respect to a 

stability region inside the support polygon. Experimental trials 

confirmed the implemented step behavior. 

Introduction 

A DHM is assumed stable when the ground projection of the 

centre of gravity (COG) lies inside a functional stability region 

(FSR) inside the support polygon (i.e. the convex hull of both 

feet on the ground). To take into account the external loads, 

the COG is replaced by the ZMP, which represents a point 

where the tilting moments applied to the DHM due to the 

external loads and the gravity are zero [1]. In the absence of 

external forces, the ZMP coincides with the COG. As the 

ZMP approaches the limits of the FSR, the DHM gets more 

unstable. Our study presents a stability-based stepping 

behaviour using the ZMP, based on a FSR from the 

experimental data [2]. When the ZMP crosses the limit of the 

FSR, a stepping action is triggered. This action modifies the 

contralateral foot position to put back the ZMP at the centre of 

the FSR (CFSR) to recover maximum stability. This behaviour 

was based on the hypothesis that the ground projection of the 

ZMP would be close to the CFSR at the timing of two feet 

support. A preliminary validation of that hypothesis was 

performed using experimental data of a subject. 

Methods 

DHM posture prediction: A posture prediction method called 

Smart Posturing Engine (SPE) was developed to 

autonomously compute the final posture of a DHM, which 

minimize a target error. The inputs to the SPE consist of the 

DHM (50th percentile US citizen with 95 degrees of freedom 

[3]), end-effector targets, and IK solver. The IK solver was 

inspired from the pseudo-inverse methods with selective 

filtering and strict constraints priorities [4, 5]. The SPE finds 

the final values of the degrees of freedoms (DOF) of the 

manikin (i.e. final posture) for a given set of constraints. 

The stepping behaviour: The ZMP was estimated from the 

COG and the external loads [1]. The SPE decides the necessity 

to step by presolving the posture without constraining the 

ZMP: If the target is reached with ZMP projection leaving the 

FSR, a stepping is required. Given the current position of the 

ZMP, the ipsilateral foot will move to keep the ZMP at the 

CFSR. The contralateral foot is fixed at its position but is free 

to rotate along the vertical axis. If the target is reached without 

the ZMP projection leaving the stability region, no stepping is 

required. In either case, the SPE will regenerate the final 

posture starting from the initial posture with the position of the 

ZMP at the previous step as a constraint for the ZMP. 

Experimental validation: A motion capture system recorded 

the movement of a subject performing five trials of lifting a 

luggage placed one meter away. This data was used to 

examine the hypothesis that when the subject steps forward to 

reach the luggage, the ZMP is close to the CFSR at the 

moment of both feet full contact.   

Results and Discussion 

The SPE generated plausible postures reaching the target 

points around the DHM. Postures consisted of stepping when 

needed. An example of the generated postures is presented in 

the figure (1). The stepping behaviour was adopted to the 

external forces trying to keep the ZMP at the CFSR.  

The experimental trials showed that the ZMP was located 

3.3±3cm anterior and 4.4±4.2cm lateral with respect to the 

CFSR. This result showed that the ZMP stays close to the 

CFSR. More subjects are needed to confirm the hypothesis.  

 

Figure 1: Stepping strategy to reach a target with three different 

external forces +100 N (pulling), -100 N (pushing) and no force. 
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Summary 

A control optimization model predicts that an oscillating force 

perturbation can substantially influence the energetic cost of 

walking. Cost is decreased when peak ground reaction forces 

are aligned with positive perturbation forces (in-phase) but 

increased with the opposite alignment (anti-phase). To test this 

empirically, we built a novel mechatronics oscillator system to 

apply sinusoidal vertical force perturbations to subjects walking 

on a treadmill. Given the freedom to adapt gait in real time, 

subjects consistently converged on the optimal interaction (in-

phase), with force amplitudes ≥10% their own body weight. 

This indicates that individuals are sensitive to reduced cost 

opportunities available in their environment. 

Introduction 

Human walking is often described as an inverted pendulum, 

whereby the body traces an arc over the stance leg [1] and little 

mechanical work is done – the leg acts as a rigid strut. However, 

both legs must perform substantial work to redirect the body 

from falling at the end of one step to rising again in the next 

step, and this incurs a large energetic cost on the system [2]. 

Recent optimization models suggest that an oscillating impulse 

applied to the center of mass can alleviate a substantial portion 

of the cost of walking [3]. We built a machine oscillator to test 

this principle empirically. 

Methods 

The mechanical device uses two linear electromagnetic motors 

to provide oscillatory force perturbations with an open loop 

force controller. Oxygen consumption, ground reaction and 

interaction forces, and step frequency were measured with a 

metabolic cart, force transducers, and inertial sensors, 

respectively, while the subject walked on a treadmill at a 

moderate walking speed. The individual was instructed to walk 

to a metronome so as to control the phase relationship between 

the force perturbation and the body’s oscillation. Each trial was 

randomly assigned a fixed phase and force amplitude, to 

characterize the energetic cost of walking over a range of 

interactions. Trials lasted five minutes to allow the metabolic 

data to reach steady state, and measurements during the final 

two minutes were averaged. Additionally, subjects were 

allowed an exploratory session where they could freely choose 

a preferred phase relationship as force amplitude increased over 

time (1-30% body weight, increments of 1% every sixteen 

cycles). 

For comparison, a control optimization model with a point mass 

body and telescopic actuators for legs was used to characterize 

the mechanical cost of walking while interacting with an 

oscillating force impulse over a range of phase and force 

amplitudes similar to the experiments.  

Results and Discussion 

The model predicts that leg work is decreased when peak leg 

forces are aligned with upward machine forces (phase = 0) and 

increased when aligned with downward machine forces 

(phase = ±π; Figure 1). Force amplitude scaled the cost trends, 

but the general relationship was retained. When given the 

freedom to walk without the metronome, subjects preferred the 

energetically optimal phase interaction (phase ≈ 0), indicating 

that subjects were sensitive to external manipulations of their 

walking cost and adapted to reduce that cost over a range of 

force amplitudes (typically ≥10% their own body weight). 

 

Figure 1: Cost versus phase for 30% body force amplitude. Red 

arrows indicate alignment of perturbation forces in the gait cycle. 

Conclusions 

A machine oscillator system can manipulate the cost of human 

walking by aligning force perturbations either with (energetic 

reward) or against (energetic penalty) ground reaction forces. 

These results support existing evidence that redirecting the 

system mass between steps is a strong determinant of 

mechanical and thus, metabolic cost in human walking, and this 

cost can be manipulated by interactions with a machine 

oscillator system. 
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Summary 

The normative description of sit-to-stand (STS) enables 
biomechanists to objectively analyze this motion and to 
compare healthy and pathological patterns of movement 
against a common definition. When the participants in our 
study performed STS, they demonstrated the phases of STS 
but their timing did not match the standard set by Kralj et al. 
Our participants are younger than the ones from Kralj’s 
description of STS and it is proposed that the normative 
definition is adjusted for the speed of younger people. 

Introduction 

The first formal definition of the STS movement, based on 
experimental kinematic and kinetic data, was presented by 
Kralj et al. in 1990 [1]. The characteristic phases of STS as 
defined in that seminal work are widely accepted; however the 
timing of these phases as presented are not. This current study 
compared new experimental STS data with the original 
normative description of STS, and found good agreement 
between STS phase definitions, but temporal differences were 
present. This work proposes updated temporal data for use in 
describing normative STS of healthy, young people. 

Methods 

Fifteen healthy participants (8M7F, 24.9(3.6)y, 69.3(12.8)kg, 
1.73(0.11)m) completed a STS experiment. Kinematics and 
kinetics were collected simultaneously in the experiment. The 
locations of optical markers were captured by a system of six 
banks of Northern Digital Inc. Optotrak Certus cameras. 
Kinetics were collected from a pair of Advanced Mechanical 
Technology Inc. OR6-7 force platforms. 

A chair of standard (46cm) height [2] was placed on one force 
plate. Sitting in that chair, the participants placed their feet on 
the second force plate in a comfortable location. On cue, they 
crossed their arms on their chests and sat quietly. On a second 
cue, they stood up. Participants stood still while the collection 
was completed and then sat again. This STS task was 
completed a minimum of eight and a maximum of ten times. 

Trials were analysed for similarity to Kralj et al. in terms of 
existence and duration of STS phases: initiation, seat 
unloading, ascending, and stabilization, and overall STS 
duration. 

Results and Discussion 

Trials were synchronized to the beginning of standing up, and 
phase durations were calculated and compared with the 
findings of Kralj et al. from their study of twenty subjects 
(15M5F, 32.6(6.7)y) (Figure 1). 

There is consistency between the results of this study and that 
of Kralj et al. in the detection of the STS phases. However, 
there is marked inconsistency in the duration of STS phases. 

sit-to-stand phase

initiation seat unloading ascending stabilization

0

0.5

1

1.5

2

2.5

Kralj et al.

This study

p<10
-5

2
=0.52

p<10
-2

2
=0.23

p<10
-10

2
=0.92

 
Figure 1: Sit-to-stand phase durations reported by Kralj et al. [1] 

compared to those from this study.  

The participants in our experiments performed STS an average 
of 0.57s faster than the participants of the previous study, who 
took on average 3.33s (0.56s). This difference is because the 
participants in this study completed the ascending and 
stabilization phases of STS faster than the previous cohort.  

Conclusions 

This study identified a shorter duration of STS overall and 
considerably shorter time to stabilization than in the previous 
normative description of STS. Timing differences were not 
explained by seat height and no sex differences were observed. 
The participants in the first study are significantly older than 
in this study. Notably, the time-scale in this study is more 
consistent with the notion that healthy young adults take less 
than three seconds to stand from seated [3]. In light of these 
findings, it is proposed that the results of this study are more 
representative of normative STS for healthy, young adults, and 
should be used for this population when seat-height is within 
standard range.  
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SUMMARY 
We show that, following adaptation to split-belt walking, 
margin of stability of the slow and fast legs separately converge 
to their respective speed-matched margin of stability values in 
normal treadmill walking. The predicable steady-state margin 
of stability values in split-belt treadmill walking may represent 
a desired condition for dynamic stability at the critical step-to-
step transitions of walking.   

INTRODUCTION 
Walking is a complex task that requires precise control of the 
center of mass relative to the feet to maintain dynamic stability. 
The backwards margin of stability (MoS), a measure used to 
determine fore-aft gait stability, varies with changes in step 
length, frequency, and speed during walking [1]. In split-belt 
treadmill walking, where one belt moves faster than the other, 
the MoS changes gradually during the adaptation period before 
it settles at a steady-state value [2]. The fast leg adapts to a 
higher MoS value than the slow leg and the gradual changes in 
foot placement difference during the adaptation period has been 
suggested to drive the changes in MoS [2]. Here we examined 
whether the slow and fast leg’s adapted, steady-state MoS in 
split-belt treadmill walking are adapted to the belt speed-
matched MoS values in normal treadmill walking.  

METHODS 
We performed a secondary analysis on previously published 
data [3]. Ten subjects (9 male, 1 female; age 27.0±3.3 years) 
walked on a split-belt treadmill at 70% to 130% of their walk-
to-run transition speeds in four conditions in which the belt 
speed-difference was held constant at 0 m s-1 (normal, tied-belt 
walking), 0.5 m s-1, 1.0 m s-1 and 1.5 m s-1. We found transition 
speeds separately for each condition. Ensemble mean transition 
speeds were 2.16 m s-1, 2.09 m s-1, 2.23 m s-1 and 2.27 m s-1 (as 
average belt speed). Across subjects, split-belt treadmill 
walking speeds ranged from 0.30 m s-1 to 4.33 m s-1 and belt 
speed-ratios ranged from 1.19:1 to 6:1. We defined MoS as the 
difference between the extrapolated center of mass and the base 
of support (lateral malleolus) of the leading limb at leading limb 
heel strike, and trailing limb toe-off. The extrapolated center of 
mass was calculated for slow and fast legs, as the pelvis 
centroid’s position plus the sum of the limb’s belt speed and the 
pelvis centroid’s speed-changes, divided by the natural 
pendular frequency [4]. To find the relationship between MoS 
and normal walking speed, we fitted MoS in tied-belt treadmill 
walking to speed using linear regressions. We used model 
coefficients to find the predicted MoS of slow and fast legs 
across belt speeds covered in split-belt treadmill walking. We 
then used the predicted values of the MoS from the model to 
determine the fit with adapted MoS during split-belt walking. 

RESULTS AND DISCUSSION 
Slow and fast MoS changes gradually during split-belt treadmill 
adaptation towards normal speed-matched values and displays 
after-effects (Fig. 1A). MoS increased with normal walking 
speed (Fig. 1B) like previously reported [1]. Across the range 
of belt speeds covered in the three speed-difference conditions, 
there were strong associations between the actual MoS of the 
slow and fast legs in split-belt treadmill walking and the 
predicted MoS from speed-matched normal treadmill walking 
for both MoS at toe-off (Fig. 1C; r2 = 0.95) and MoS at heel-
strike (Fig. 1D; r2 = 0.93). This suggests that steady-state MoS 
of slow and fast legs in split-belt treadmill walking are driven 
to predictable values based on the speed-matched MoS values 
of normal treadmill walking. These predictable changes may 
represent desirable conditions for dynamic stability.  

CONCLUSIONS 
Here we show the dynamics of the step-to-step transition, 
indicated by the speed-matched MoS in tied walking, predicts 
steady state split-belt walking.  
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Figure 1: A. Adaptation of the slow (cyan) and fast (purple) 
MoS at 0.6 and 1.2 ms-1 during adaptation and slow washout. B. 
Speed-MoS relationship at heel strike (red) and toe-off (blue). 
Predictive ability of normal MoS at toe-off, C, and heel strike, 
D, for both slow (●) and fast (▲) limbs across conditions.  
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Summary 
The effects of hip arthroscopy on hip joint mechanics and 
cartilage health in patients with femoroacetabular 
impingement syndrome (FAIS) are not well understood. In our 
exploratory study, patients with FAIS exhibited abnormal hip 
joint mechanics both prior to and after hip arthroscopy, when 
compared to controls. Changes in hip joint loading predicted 
changes in cartilage T2 values (worse collagen structure) in 
patients with FAIS. Our study results suggest that hip joint 
mechanics remain altered 7 months after hip arthroscopy and 
is associated with alterations in cartilage composition. 

Introduction 
FAIS consists of abnormal hip joint morphology and clinical 
symptoms of impingement [1]. Hip arthroscopy corrects 
abnormal hip joint morphology and relieves symptoms in 
patients with FAIS. The effects of hip arthroscopy on hip joint 
mechanics [2] and cartilage composition [3] in the FAIS 
population are not well understood. The purpose of this study 
was to assess the effects of hip arthroscopy on hip joint 
mechanics and the relationship between hip joint mechanics 
and cartilage composition in patients with FAIS. 

Methods 
Thirteen patients with FAIS (39.4±7.9yrs, 9 males, 
24.5±3.8kg·m-2) underwent a gait analysis and magnetic 
resonance imaging (MRI) of the surgical limb both prior to 
and at ~7 months after hip arthroscopy. Twenty healthy 
controls (34.7±6.5yrs, 10 males, 22.4±3.2kg·m-2) with no 
clinical signs of hip joint impingement underwent gait 
analysis. Study participants did not exhibit radiographic signs 
of hip osteoarthritis. Gait trials were performed at 1.35m·s-1 
External sagittal, frontal and transverse plane hip joint 
moments, moment impulses and moment durations were 
computed during the stance phase of gait. Acetabular and 
femoral cartilage T2 relaxation times were estimated using 
previously established quantitative MRI techniques [4]. Group 
demographics were compared using independent t-tests and 
chi-square analysis. Hip joint mechanics between patients with 
FAIS (pre- and post-surgical) and controls were compared 
using an analysis of variance. Within group comparisons of 
the FAIS patients was performed using paired t-tests. Linear 
stepwise regression was used to determine the ability of the 
change in hip joint moment impulses and durations (post-
surgery – pre-surgery) to predict change in T2 relaxation 
times. Alpha was set a priori at the 0.05 level.  

Results and Discussion 
There were no differences in group demographics. Compared 
to controls, the FAIS group exhibited higher peak hip flexion 

(HFM), extension (HEM), adduction (HAM) and internal 
rotation (HIRM) moments, higher HFM impulse, HAM 
impulse, HIRM impulse and a longer duration of the HFM 
both prior to and after hip arthroscopy (Figure 1). The FAIS 
group also exhibited higher peak hip external rotation 
moments (HERM) and a shorter HEM duration after surgery.  
After surgery, the FAIS group ambulated with higher HEM 
impulse, longer duration of the HFM as well as trends of 
higher peak HEM, higher HFM impulse and a shorter duration 
of the HEM. The change in duration of the HFM, HEM, HAM 
and HERM impulse were significant predictors (p≤0.01) of the 
change in anterior and posterior femoral T2 values, while the 
change in duration of the HAM and HERM impulse were 
significant predictors (p≤0.01) of the change in superomedial 
acetabular T2 values. 

Figure 1: 3D Hip Joint Moments in FAIS and Control Groups 

Conclusions 
Hip joint mechanics remain abnormal at 7 months after hip 
arthroscopy and are associated with altered hip joint cartilage 
health. These loading parameters should be considered in post-
surgical FAIS-related interventions aimed at reducing hip joint 
symptoms and the potential onset/progression of hip OA. 
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Summary 

Subject-specific gait retraining is an effective method to 

reduce the knee adduction moment (KAM) for knee 

osteoarthritis but current methods of selecting the specific 

training target are time-consuming and the final selected new 

gait pattern may be too awkward to be used in daily life. This 

paper presents a real-time, self-selected, subject-specific gait 

retraining dosage selection method which enables quick gait 

retraining target selection. A specific KAM map with different 

gait modification dosages was generated and patients self-

selected their most acceptable strategy to reduce the KAM by 

15%. Three symptomatic knee osteoarthritis patients 

participated in a pilot study and all of them successful select a 

new gait pattern that reduced a markable knee adduction 

moment. The proposed real-time, subject-specific gait 

retraining dosage selection method could be used to inform 

future conservative, gait retraining treatment options for early 

stage knee osteoarthritis. 

Introduction 

Gait retraining is an effective method to reduce knee loading, 

typically represented by the first peak of knee adduction 

moment (KAM), and may be clinically used as a knee 

osteoarthritis conservative treatment option [1]. The foot 

progression angle (FPA) and step width (SW) have previously 

been reported as effective gait modification strategies to 

reduce the KAM [2]. However, previous research shows that 

the gait modification dosage should be subject-specific [3] and 

the determining a subject-specific dosage amount can be time-

consuming [4] and typically doesn’t consider whether 

patient’s will accept walking with the gait change. The 

purpose of this paper is to present a real-time subject-specific 

gait retraining dosage determination method to find the 

optimal FPA and SW changes to effectively reduce KAM in a 

way that is acceptable to knee osteoarthritis patients. 

Methods 

Exploration. Patients performed six different FPA and SW 

modification combination walking trials. Real-time visual 

feedback was performed to guide this exploration process. 

KAM, FPA, and SW data was collected to generate a KAM 

map (Fig. 1) that represents an estimation of the relationship 

between KAM changes with FPA, SW changes for each 

specific patient. 

Self-selection. A target area was marked in the KAM map that 

showed the target KAM of a 15% reduction threshold. Patients 

then tried to walk into the target area and self-selected their 

gait modification.  

Experimental validation. Three patients (3 female, age 

65.5±2.1 years, height 155.6±3.4cm, mass 63.6±7.8kg) 

participated in this pilot study. The total training session time 

was approximately 20mins for each patient. 

Results and Conclusions 

All three patients successfully selected a new gait pattern to 

reduce the KAM (Table 1). A typical example shows the 

KAM map in which toe-in and increased step width led to 

reduced KAM (Fig. 1). The new gait retraining dosage 

determination method effectively selected a gait modification 

method that could reduce the KAM consider patient’s 

acceptance and may be used in clinical in the future. 

 

 

Figure 1: Typical example of KAM mapping results for baseline and 

the self-selected gait conditions. 

 

Table 1: Baseline/self-selected FPA, SW and KAM. 

 Patient 1 Patient 2 Patient 3 

FPA (deg) 

(toe-out is positive) 
14.9/10.0 0.7/-7.1 15.7/14.3 

SW (mm) 186.4/191.7 226.2/275.3 230.6/221.6 

KAM (normalized) 1.86/1.37 3.98/3.47 4.33/2.62 
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Summary 

This study investigated the influence of sex on tibiofemoral 

cartilage response to running. Healthy adults completed MR 

imaging of their right knee immediately before and after 15-

minutes of treadmill running at a self-selected moderate pace. 

Pixelwise cartilage thickness maps were created from the 

segmentations. Each map was interpolated to the same 

physical space, then smoothed using a Gaussian kernel filter. 

Pixelwise F-statistics investigating the main effects of Sex and 

Running, as well as the interaction effect of Sex#Running 

were completed. Significant clusters of contiguous pixels were 

identified for the main effects of Sex and Running; there was 

no interaction effect. This work suggests that while women 

tend to have thinner tibiofemoral cartilage, sex does not 

influence how that cartilage responds to external load.     

Introduction 

Knee osteoarthritis (OA) is more prevalent in women [1]. As 

well, women experience greater symptoms related to knee OA 

than men [2]. Sex-differences have been documented in 

tibiofemoral cartilage morphometry, even after multivariate 

adjustment for bone size [3]. However, it is unknown if sex-

differences in the response of cartilage to loading exist. The 

purpose of this study was to determine the influence of sex on 

tibiofemoral cartilage thickness changes following running in 

young healthy adults.  

Methods 

Fifteen men (25.6±4.1 years, 23.7±2.7 kg/m2) and fifteen 

women (26.1±3.4 years, 23.1±3.1 kg/m2) absent of current 

musculoskeletal injuries and no previous surgery on the right 

lower limb consented to participate. Participants were asked to 

attend one visit in the morning (~8:30 am) to the Imaging 

Research Centre at St. Joseph’s Healthcare in Hamilton, ON, 

Canada. Following 30-minutes of supine rest, three-

dimensional fat-saturated fast spoiled gradient recalled 

(FSPGR) images were acquired using a 3T MR750 Discovery 

MRI scanner (GE Healthcare, Milwaukee, WI). Participants 

then completed 15 minutes of running at a self-selected pace 

on a commercial treadmill (5.1 AT, Advanced Fitness Group, 

Cottage Grove, WI). Another set of FSPGR images were 

acquired immediately following running.  

Tibiofemoral cartilage tissues were segmented from each 

volume (pre and post activity) using a convolutional neural 

network (NeuralSeg Ltd, Hamilton, ON), then manually 

verified in 3DSlicer. Weight-bearing femoral cartilage was 

calculated using established methods [4]. Pre and post activity 

volumes for all participants were warped to the same physical 

space then concatenated. Spatial correlation was added to the 

dataset by filtering with a Gaussian kernel filter with a sigma 

of 5.44 pixels (full width half maximum of 4 mm). Then, 

pixelwise F-statistic maps were generated for each the main 

effect of Sex, main effect of Running, and the interaction 

effect of Sex#Running. Resulting F-statistic maps were 

thresholded at an alpha level of 0.01, and clusters of 

contiguous pixels were identified. The probability distribution 

of cluster sizes was explored a posteriori using Monte Carlo 

simulations of the dataset [5]. For each simulation, the size of 

clusters with 1 or more contiguous pixels surpassing the alpha 

threshold (0.01) were recorded. The cumulative distribution 

function (CDF) of all recorded cluster sizes across all 

simulations was determined, and all clusters > 0.95 of the 

CDF (alpha level 0.05) were deemed statistically significant.  

Results and Discussion 
The minimum cluster size identified was 161 pixels. For the 

main effect of Sex, significant clusters were identified on all 

four cartilage regions (medial and lateral tibia, medial and 

lateral weight-bearing femur) suggesting women have thinner 

cartilage than men at the approximate locations of 

tibiofemoral articulation (Figure 1A). Cartilage thickness 

decreased following running in the lateral tibia, again at the 

approximate location of tibiofemoral articulation (Figure 1B). 

No interaction of Sex#Running was identified, suggesting sex 

does not influence cartilage response to running. 

 
Figure 1: Thickness difference maps highlighting significant clusters 

between: A) sex (men – women) and B) running (post – pre).  

Conclusions 

In young healthy adults, sex did not influence deformation 

patterns in tibiofemoral cartilage in response to fifteen minutes 

of treadmill running. Next, cartilage response to load should 

be extended to those at-risk or diagnosed with knee OA to 

explore how cartilage response changes with disease.  
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Summary 

Reinforcement learning (RL) can be used to optimise motion 

with respect to important biomechanical variables by searching 

over the space of kinematics and muscle excitations in 

predictive simulation. We used kinematic data obtained from 

patients with medial compartment osteoarthritis (OA) of the 

knee to initialise patient-specific models of motor control. From 

this starting point, kinematic constraints were removed and 

further training was performed to reduce the medial knee joint 

contact force, a well-established predictor of clinical severity. 

The final learned kinematic adaptations demonstrated features 

that accord with the targets of established physical retraining 

strategies but varied across patients, highlighting the utility of 

this personalised approach.  

Introduction 

Gait retraining is one of few treatments available to patients 

with early knee OA, but the optimal combination of physical 

interventions is unclear, and may vary across individuals. 

Predictive simulations are uniquely placed to provide insight 

into the effects of potential interventions but their generation 

through trajectory optimisation methods such as direct 

collocation [1] may be complicated by instability, resulting in 

part from stiffness of the system dynamics equations. As an 

alternative to trajectory optimisation, model-free RL dispenses 

with an explicit model of the dynamics and directly learns a 

policy determining the actions (muscle excitations) to be taken 

in a given sensory state so as to maximise some prescribed 

measure of cumulative reward. At every time step, the policy 

takes the system state as input and produces a probability 

distribution over actions, providing a compact representation of 

closed-loop control that offers improved generalisation over 

trajectory optimisation. By initialising learning using 

motion data it is possible to model pre-existing control on a 

subject-specific basis whilst at the same time mitigating one of 

RL’s major limitations, that of computational inefficiency.  

Methods 

For each of three patients with medial OA of the knee, an 80 

muscle, 19 degree of freedom 3D neuromusculoskeletal model 

was scaled using subject-specific data in OpenSim. The model 

contained a modified knee joint for the resolution of medial and 

lateral compartment loads and a Hunt-Crossley contact 

model with three spheres per foot for the computation of 

ground reaction forces. Matched-subject kinematic data 

describing three gait cycles of level-walking were processed by 

inverse kinematic analysis and Computed Muscle Control to 

derive trajectories of joint angles and speeds, and muscle states. 

These trajectories were used to support training of a deep neural 

network policy by Proximal Policy Optimization [2], in a data-

tracking simulation (phase 1). The policy took as input the full 

sensory state of the model, including proprioceptive inputs, 

muscle states and ground contact forces, and produced a 

distribution over muscle excitations, at each step. Upon 

convergence, the reward function was set to: 

𝑟𝑒𝑤𝑎𝑟𝑑𝑡 =  𝑒−∆𝑞𝑡 − 0.00005𝐹𝑡 

where ∆𝑞𝑡  represents the model’s divergence from the guiding 

trajectory’s pelvic translational position at time t (all other 

kinematic constraints were removed) and 𝐹𝑡 represents the 

magnitude of the medial knee contact force on the pathological 

side.  The weighting coefficient was chosen to induce 

approximate equivalence in the scales of the two terms. Further 

training was performed (phase 2) until significant modification 

of kinematic and muscle excitation patterns had occurred. 

Results and Discussion 

At the completion of phase 1, learned policies demonstrated 

kinematics and ground contact forces that matched well with 

experimentally measured data. Following phase 2, all patient 

models demonstrated reductions in medial knee loading 

(average 24%) while maintaining baseline walking speed. 

Learned strategies were robust to independent training runs and 

were in each patient composed of multiple adaptations, many of 

which have established use in clinical retraining routines, such 

as increased toe out. The relative magnitudes of these 

adaptations varied across subjects, suggesting that interventions 

should be tailored on a patient-by-patient basis. 

 

Figure 1: Relative percent changes from baseline of learned 

adaptations showed variation across patients. +TO = increased toe 
out;  +KF = increased knee flexion; -PT = decreased pelvic tilt 

Conclusions 

RL can be used to perform predictive simulations to personalise 

physical therapy for patients with knee OA. 
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Summary 
We report frontal plane knee and ankle angulations from a study 
of incremental lateral wedging on joint biomechanics during 
walking. Trends of increasing ankle eversion were apparent in 
higher speed walking, whereas knee joint angular changes were 
of smaller magnitude with only a slight trend toward valgus 
angulation at higher walking speeds. Results were more 
variable at the highest wedge angle, suggesting differing 
adaptive responses to high degrees of lateral wedging. 

Introduction 
Knee osteoarthritis (OA) is a leading cause of lost mobility. In-
shoe lateral sole wedging has been proposed as a low cost 
measure to address medial knee OA; however, clinical evidence 
for effectiveness is mixed. Biomechanical effects of lateral 
wedging have been explored; however, previous studies have 
most often investigated only one level of wedging. As part of a 
more comprehensive investigation, this study explored the 
effects of incremental increases of lateral wedging on frontal 
plane knee and ankle angulation. 

Methods 
We report results from 6 participants (4M, 2F, 60±7.6 years)1. 
Research procedures were approved by the Kessler Foundation 
Institutional Review Board. All participants presented 
symptomatic, predominantly medial knee osteoarthritis 
confirmed by physical examination and a standing frontal 
radiograph. Exclusions included advanced knee OA, more than 
minimal radiographic signs of lateral OA, and lower extremity 
joint replacement or osteotomy. One knee was assigned as the 
index knee based on the clinical and radiological severity.  

Experimental methods have been reported in more detail 
previously [1]. All participants were tested in standardized 
walking shoes with internal lateral wedging of 3°, 6°, and 9°, 
and a neutral insole. Standard motion analysis (Motion Analysis 
Corp., CA) and ground reaction force (Bertec Corp., OH) data 
collection and reduction methods were used. Two speeds, 
“stroll” and “brisk” were self-selected based on verbal cues 
indicating respectively ‘leisurely walking’ and a faster walk, as 
if to catch a bus. Testing order within walking speeds was 
randomized (N/3°/6°/9°). Walking trials were analyzed if (1) 
speed was within ±5% of the initially established speed; (2) 
kinetic data was recorded for the complete stance phase. Index 
limb knee ab/adduction and ankle in/eversion angles temporal 
mid-stance were analyzed. Individual analyses of variance were 
conducted with lateral wedge level as a repeated factor, and two 
                                                           
1 Data from a 7th participant is not reported due to absence of higher walking speed data 

tailed pairwise comparisons were used to test for outcome 
differences in wedged conditions from neutral. Significance 
level (α) was set at 0.05. 

Results and Discussion 
No main effects of wedging were observed; however a trend 
(p<0.1) of ankle eversion (reduced inversion) for the ‘brisk’ 
speed was observed. Pairwise trends of increased ankle 
eversion for ‘brisk’ with 6° and 9° wedges were also observed 
(Fig. 1). High variability with the 9° wedge suggest varying 
adaptive responses to high wedging levels, potentially related 
to severity. Knee joint angular changes were of smaller 
magnitude with some indication of increasing valgus angulation 
with lateral wedging for the ‘brisk’ speed. The contrast between 
the magnitude of changes at the ankle and the knee are 
consistent with overall higher joint mobility in the ankle. 

Conclusions 
These data partially support hypotheses that lateral wedging 
everts the ankle and causes valgus angulation at the knee. 
Further study will seek to elucidate individual variations in 
response, particularly at higher wedge angles. 
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Figure 1: Ankle inversion and knee abduction angles at Stroll and Brisk 
Speeds for neutral and three angles of lateral wedge (LW). † : trend of 
difference for wedged condition relative to neutral wedge (p<0.1). 
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Summary 

According to the World Health Organization, the North 
American population has the highest incidence of hip joint 
osteoarthritis (OA). Gait limitations are commonly observed 
in the context of hip OA. This study aimed at assessing the 
effect of an intra-articular (IA) injection of hyaluronic acid 
(HA) compared to a peri-articular injection of a placebo (PL) 
in gait mechanics of hip OA patients. Gait assessment using a 
fully instrumented gait lab was obtained before hip IA 
injections and at 3 different time intervals. The HA injections 
tended to favour higher cadences and longer steps than PL 
injections. These findings suggest the HA injections may have 
a therapeutic effect on walking pattern of individuals 
presenting unilateral moderate-to-severe hip OA. 

Introduction 

Recent evidence points to the efficacy of intra-articular (IA) 
injections of hyaluronic acid (HA) in dealing with pain and 
function in hip osteoarthritis (OA) [1]. Very few studies 
evaluated the potential benefits of this conservative strategy 
on restoring normal hip joint mechanics during gait [2] and 
none have included a control group to validate the effect of 
treatment. The aim of the present study was to assess the 
effectiveness of a single IA injection of HA on walking 
pattern of individuals suffering from moderate-to-severe 
unilateral hip OA. 

Methods 

A double-blind randomized controlled trial was conducted in 
40 patients with moderate-to-severe unilateral hip OA of both 
sex and aged between 35 and 75 years old.  Patients were 
randomly assigned to either the hyaluronic acid (HA) group or 
the placebo (PL) group. Participants underwent an ultrasound 
guided hip infiltration by an experienced physiatrist and were 
injected with intra-articular hyaluronic acid for the HA group 
or with peri-capsular Marcaine for the PL group. 

Gait assessments were performed 2 weeks prior to the hip 
infiltration (T0), 1-month (T1), 3-months (T2) and 6-months 
(T3) following the infiltration. Three-dimensional motion 
trajectories of markers attached on the lower limbs were 
recorded with 9 infrared cameras operating at 120Hz 
(Optitrack, NaturalPoint). Ground reaction force data were 
acquired at 1200Hz with two force plates (AMTI). Changes in 
the kinematics and kinetics of gait were compared between 
conditions. 

Results and Discussion 

Currently, data from 5 of the 40 participants has been 
processed and analyzed (n = 3 for the HA group and n = 2 for 
the PL group).  

HA patients at T1, T2 and T3 walked with higher cadence 
(Fig. 1) and step length (Fig. 2) compared to T0. No such 
trend in these variables was observed for PL group.  

 

Figure 1. Mean walking cadences of each group. 

 

Figure 2. Mean step length of the symptomatic (left panel) 
and healthy leg (right panel) of each group. 

These increased step lengths observed months after the 
infiltration may suggest an improvement in the hip range of 
motion during gait (e.g. the maximal hip extension on the 
symptomatic side). Similar kinematic modifications in 
walking pattern of OA patients induced by intra-articular 
injections of HA were also reported by Paoloni et al. [2]. 
However, in their study, there was no control group to validate 
the effect of treatment. Although the analysis is based on 
preliminary results, it seems at this stage that there is no trend 
for change in walking pattern with placebo injection. 

Conclusions 

These preliminary results suggest that kinematic changes of 
gait as observed may be the consequence of the therapeutic 
effect of a single intra-articular injection of HA in individuals 
with moderate-to-severe unilateral hip OA. 
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Summary 

This aim of this study is to use an infrared-assisted trunk 

accelerometer-based gait analysis system to real-time 

investigate and compare gait quality of chronic stroke patient 

with healthy participants in the teaching hospital. Compared 

with heathy participants, walking speed, cadence, step length, 

and trunk movement were significantly lower in stroke 

patients. In the sagittal plane, trunk movement symmetry and 

regularity decreased dramatically in the vertical direction. 

Introduction 

Trunk impairments are commonly reported in patients after 

stroke. In hemiplegic gait, acceleration of trunk diminishes, 

and trunk movement irregularity as well as asymmetry had 

been reported [1].  

However, most studies evaluating trunk kinematics used 3D 

motion capture systems which were not easily accessible in a 

clinical setting [2]. Few studies had used an accelerometer to 

measure post-stroke gait quality and trunk movement in a 

hospital. 

Methods 

An infrared-assisted trunk accelerometer-based gait analysis 

system [3] was used to measure ten chronic stroke patients and 

ten healthy participants. This system could real-time report 

gait parameters (walking speed, cadence, step length) and 

trunk kinematics [acceleration root mean square(RMS), 

symmetry, and regularity] in all axes. Trunk movement 

symmetry and regularity were calculated by the 

autocorrelation method. 

Participants were asked to walk for a total of 8 m, with 1.5 m 

each (3 m total) allocated for gait initiation and termination. 

Differences between the control and stroke groups for gait 

characteristics were analyzed using the Mann-Whitney U test. 

All participants agreed to participate in the study and signed 

an informed consent form prior to examination. 

Results and Discussion 

The median time of evaluation following stroke was 30.0 

months.  Table 1 shows the differences in trunk accelerometric 

profiles between stroke and control groups. Walking speed, 

step length, and cadence (p < 0.001, p < 0.001, and p =0.001, 

respectively) were significantly lower for the stroke group 

than for those in the control group. Trunk acceleration RMS in 

the AP, ML, and VT axes (p = 0.001, p =0.019, and p = 0.019, 

respectively) were significantly lower for the stroke group 

than for the control group. VT trunk movement symmetry and 

regularity (Figure 1) were significantly lower for the stroke 

group than the control group (p = 0.005 and p = 0.029, 

respectively).  

 

Figure 1: Trunk movement between-stride regularity. AP: anterior-

posterior; V: vertical. Asterisk: p < 0.05. 

Conclusions 

In chronic stroke patients, developing trunk movement 

asymmetry and irregularity in the vertical direction could be 

found via the infrared-assisted trunk accelerometer-based gait 

analysis system in the clinical setting. 
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Table 1: Trunk kinematics profile measured by the accelerometer (ADXL345)-based system. Asterisk: p < 0.05. 

median RMS AP* (g) RMS ML* (g) RMS ratio ML RMS VT* (g) Step symmetry VT* Stride regularity VT* 

stroke 0.07 0.08 0.58 0.10 0.53 0.45 

control 0.14 0.15 0.53 0.19 0.65 0.59 
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Table 1. Peak joint moments (Nm kg-1) of the contralateral limb no ROM restrictions (free) and with knee flexion set to zero (locked) 
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Summary 

A brace limiting knee flexion was used to isolate the 

contributions of stiff-knee gait on contralateral limb loading 

during walking. Our results suggest that a fixed knee condition 

during stiff-knee gait does not increase contralateral lower 

limb joint loading, supported by observations of reduced peak 

hip flexion, hip abduction and ankle plantarflexion moments. 

Introduction 

Post-stroke gait is characterized by reduced paretic propulsion 

(due, in part, to reduced ankle plantarflexion moments), and 

reduced paretic knee flexion, or stiff-knee gait [1]. These 

altered characteristics limit walking performance and are 

associated with changes in joint loading and secondary 

musculoskeletal disorders including osteoarthritis [2]. 

However, the specific influence of reduced ankle pushoff and 

knee flexion on joint loading are difficult to determine given 

that ankle plantarflexion contributes to knee flexion during the 

swing phase of gait [3]. To isolate the specific contributions of 

stiff-knee gait on contralateral limb loading, this pilot study 

was conducted on healthy individuals using a knee brace to 

limit knee flexion only, while allowing unrestricted ankle 

plantarflexion. We hypothesized that restricting knee flexion 

during walking will increase peak moments at the hip, knee, 

and ankle joints of the contralateral limb.  

Methods 

An eight-camera motion analysis system was used to record 

the 3D positions of 40 reflective markers placed on the pelvis 

and lower limbs. One healthy subject (F) was recruited to walk 

on a fully instrumented split-belt treadmill at 1.25 ms-1. A 

Donjoy knee immobilizer was worn unilaterally for two 

walking conditions: (1) without limits on knee range of motion 

(ROM) (free) and (2) with ROM limited to zero degrees of 

flexion or extension (locked). Modeling and simulation were 

performed in Opensim using a full-body model adapted to 

represent the lower limb and scaled to match the participant’s 

anthropometry [4]. Inverse kinematics and inverse dynamics 

were used to compute joint angles and moments, respectively; 

joint moments were calculated as an average of 10 consecutive 

strides. Peak joint moments were determined for the locked 

and free conditions; paired t-tests (p<0.05) compared the peak 

joint moments at the hip, knee, and ankle for both conditions.  

Results and Discussion 

Contralateral transverse plane peak hip rotation moment 

increased significantly in the locked condition when compared 

to the free condition (Table 1, Figure 1). This peak moment 

occurs early in single-support and appears to compensate for 

impaired swing limb progression of the braced limb. However, 

there were significant reductions in peak hip flexion, hip 

abduction, and ankle plantarflexion on the contralateral limb 

in the locked condition when compared to the free condition, 

suggesting reduced knee flexion does not increase peak 

contralateral lower limb moments at all joints (Table 1).  

Figure 1: Average contralateral hip rotational moment with the brace 

restricting knee flexion (locked) and without restriction (free)  

Conclusions 

Reduced peak hip flexion, hip abduction, and ankle 

plantarflexion moments in the fixed condition suggest that 

reduced knee flexion did not increase contralateral limb 

loading at all joints in this participant. A detailed analysis of 

joint reaction forces will be conducted with additional subjects 

to determine how muscle activations impact joint loading; 

ongoing analyses applies computed muscle control 

constrained by experimentally collected EMG. Future work 

will isolate the impact of reduced plantarflexion on joint 

loading by locking the ankle and leaving the knee free. 
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 Hip Flexion Hip Abduction Hip Rotation  Knee  Ankle 

Free 0.712 1.060 0.204 0.750 1.560 

Locked 0.577 0.808 0.251 0.727 1.476 

P-Value (paired t-test)  0.024* 0.001* 0.009* 0.399 0.012* 
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Summary 
Walking deficits are common following stroke, yet typically 
used clinical and functional assessments fail to adequately 
identify their source. We previously developed a 
Comprehensive Locomotion Index (CLI) that uses objective 
measurements and differentiates functional status among 
individuals with chronic stroke. Here we sought to validate the 
CLI in a larger sample. The CLI reveals high concurrent 
validity with several common clinical assessments and may 
help to detect subclinical pathology in individuals identified as 
healthy, community dwelling controls. Future work will assess 
performance of the CLI for treatment prognosis. 

Introduction 
Many individuals who have suffered a stroke face lifelong 
walking deficits [1]. Clinical assessments and observational 
gait analysis are widely used to study gait, but they often fail 
to adequately identify important contributions to either gait 
impairment or underlying neural control deficits.  
We previously developed a four-component scale to assess the 
key functions of bipedal locomotion: stability, propulsion, 
dynamic adaptation, and physical activity [2]. The original 
CLI differentiated functional status among individuals with 
differing levels of corticospinal efficacy [3]. Here we sought 
to validate the CLI using a larger, independent sample. 

Methods 
104 participants were retrospectively drawn from four studies 
with available gait data including spatiotemporal and kinetic 
parameters. 23 healthy controls (age 56±9 yrs) and 81 
individuals with chronic stroke (age 61±12 yrs, chronicity 
46±54 mos) are included in this analysis.  

The CLI incorporates four components, each scored on a 0-3 
scale, for a maximum of 12 points: self-selected walking 
speed [ll/s], walking speed change [ll/s], non-paretic step 
length change [ll], and peak concentric ankle plantarflexor 
power (A2) [W/kg]. Here “change” refers to differences 
between self-selected and fastest comfortable walking speeds. 
We assessed the SGI for concurrent validity against the: Fugl-
Meyer synergy score (FMS), Berg Balance Scale (BBS), and 
Dynamic Gait Index (DGI) using Spearman Correlations. 

Results and Discussion 
CLI scores ranged from 7-12 in healthy individuals, while 
individuals with stroke spanned a range of 1-12. The CLI is 
not correlated with age (p=0.18, ρ=-0.13) or time since stroke 
(p=0.93, ρ=-0.0098). The CLI is significantly correlated with 

FMS (p<0.001, ρ=0.59, n=80, Figure 1), BBS (p<0.001, 
ρ=0.55, n=80, Figure 1), and DGI (p<0.001, ρ=0.68, n=38, not 
pictured), thus reflecting good concurrent validity with 
common clinical assessments of motor function and mobility. 
Although related to other clinical assessments, the CLI 
provides more insight into specific, functionally relevant, 
aspects of bipedal locomotion. Gait speed is included because 
it is essential to daily living and an easily assessed aspect of 
physical activity. However, it alone is not sufficient to identify 
either the source of gait impairments or their recovery [4]. 

 
Figure 1: Correlation between SGI vs Fugl-Meyer Synergy (left) and 

Berg Balance Scale (right) scores. 

Consistent with our previous work, the control group revealed 
higher overall scores than the stroke group. However, some 
controls, assumed to be healthy individuals, received sub-
maximal scores, potentially due to the presence of subclinical 
gait pathology. Future development of the CLI will investigate 
both its reliability as a measure of gait performance and 
capacity to assess treatment prognosis. 

Conclusions 
The Comprehensive Locomotion Index is a valid, objective 
assessment of walking function in chronic stroke. Future work 
will determine the clinical utility of the instrument. 
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Summary 
This study investigated the relationship between joint angle 
variability and mean joint stiffness in two stroke patients who 
suffered different degree of impairment to lower extremity 
motor function. 

Introduction 
People who suffer a stroke and become hemiparetic afterwards 
demonstrate high gait variability [1]. Increased gait variability 
is detrimental to the stability [2] and safety [3] of the stroke 
patients during walking. Understanding how gait variability, 
characterized by joint angle variability (JAV) in this study, is 
modulated can be helpful to the treatment design to improve 
stability during gait.    
Joint stiffness, defined as the elastic response provided by 
muscle actuators at the joints to counter the change in joint 
kinematics, is considered a tool used by human motor system 
to regulate variability during gait. 

Methods 
There were two hemiparetic subjects post-stroke recruited for 
this study. The motor function of one subject (named high-
functioning subject, or HFS hereafter) was better than the 
other (named low-functioning subject, or LFS hereafter). The 
self-selected walking speed for HFS and LFS was 0.5 m/s and 
0.45 m/s respectively. A previous study built an EMG-driven 
framework to estimate muscle forces that would produce joint 
moments closely matched the ones from inverse dynamics [4]. 
From the EMG-driven framework, calibrated muscle-specific 
parameters, muscle activations, and forces were extracted and 
used as input to an analytical formulation of joint stiffness. 
The joint angle variability was computed as the standard 
deviation of joint angles and the mean joint stiffness as the 
mean of joint stiffness at each gait cycle percentage across n = 
10 trials. Each gait cycle (heel-strike to heel-strike of same 
foot) was divided into five phases: 1st double support (DS1), 
single support (SS), 2nd double support (DS2), 1st and 2nd half 
of swing phase (SW1 and SW2). Within each phase, the 
Pearson Correlation Coefficient, r between joint angle 
variability and mean joint stiffness was calculated. 

Results and Discussion 

 
Figure 1: Joint angle variability (JAV) vs mean joint stiffness in both 

HFS and LFS during DS2 phase of Gait. 

During gait, there was a strong linear relationship observed 
between JAV and mean joint stiffness (large number of r < -
0.9 or r > 0.9 in Table 1). In general, the HFS was able to keep 
JAV in a lower range while also sustaining less joint stiffness 
than the LFS did (Figure 1).  

Conclusions 
Both post-stroke subjects used joint stiffness to modulate joint 
angle variability, and hence gait variability. The high-
functioning subject was able to perform such modulation more 
effectively than the lower-functioning subject.  
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Table 1: Pearson correlation coefficient r between JAV and mean joint stiffness during five phases of gait for both post-stroke subjects. N.A. for 

non-paretic side of LHS during SW1 and SW2 due to abnormally short swing phase 

 HFS Non-paretic Side HFS Paretic Side LFS Non-paretic Side LFS Paretic Side 

Phase Hip FE Knee FE Ankle FE Hip FE Knee FE Ankle FE Hip FE Knee FE Ankle FE Hip FE Knee FE Ankle FE 

DS1 -0.14 -0.99 -0.78 0.10 0.77 -0.82 0.19 -0.38 -0.49 -0.92 -0.96 -0.64 

SS 0.75 0.76 0.96 -0.98 -0.74 -0.75 0.71 0.59 -0.90 0.04 0.98 0.13 

DS2 -0.99 -0.98 -0.95 -0.97 -0.98 0.92 -0.94 -0.98 0.97 -0.74 -0.80 -0.95 

SW1 -0.77 0.95 -0.98 -0.98 -0.96 1.00 N.A. N.A. N.A. -0.29 0.00 0.69 

SW2 0.94 -0.97 -0.96 1.00 1.00 0.43 N.A. N.A. N.A. 0.88 0.11 0.66 
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Summary 

We propose a data-driven technique to discuss the task-
relevant and task-irrelevant movement variabilities while 
estimating the relevance of the motion sequence to task 
performance. Our method can unify the advantages and 
overcome the disadvantages of previous methods. Further, we 
reveal a novel feature of motor variability based on our method.  

Introduction 

Our motor system tames motor variability for achieving 
desired movements. A possible way to overcome the variability 
is to decompose it into task-relevant and task-irrelevant 
variabilities and compensate for task-relevant variability [1,2].  

Several methods can evaluate task-relevant and task-irrelevant 
variabilities in limited conditions. The uncontrolled manifold 
(UCM) focuses on the kinematic parameters, such as the hip 
joint position in stand-and-sit motion [1]. The UCM considers 
motion sequence, but it does not consider task function to define 
the nonlinear relationship between kinematic parameters and 
task performance (e.g., parabola in dart throwing). In contrast 
to UCM, Goal-equivalent manifold (GEM) focuses on the task 
functions but has difficulty to consider motion sequence (e.g., 
it needs to define how the dart position and velocity 100 msec 
before the release are relevant to maximum height) [2]. Further, 
both UCM and GEM methods calculate the variability around 
the kinematics averaged across all trials, which causes the 
difficulty in considering the variability when the averaged 
kinematics change (e.g., before and after motor learning).  

Here, we propose a machine learning technique that can unify 
the pros and overcome the cons of previous techniques.  

Methods 

We focused on a goal-directed vertical jump while crossing 
arms in front of the trunk (Fig. 1A). All the motion data were 
recorded by a motion capture system. In each trial, subjects 
(N=13) performed a sub-maximum vertical jump according to 
a target height (50% of the maximum jumping height of each 
subject). At the end of each trial, the actual visual feedback of 
jumping height (the y-position of the marker attached to the 
back) was provided. By manipulating the feedback (i.e., by 
applying perturbation), it was possible to induce motor 
adaptation (i.e., subjects needed to change their movement 
patterns to achieve the desired movements) (Figs. 1B & C).  

For estimating the relation between performance y (i.e., 
jumping height) and motion sequence X (i.e., vectorized motion 
sequence of hip, knee, ankle, and toe joint angles and angular 
velocities), we utilized ridge regression that is robust against 
noise and applicable to data with multicollinearity [3]. The 
predicted performance h can be determined as h = Xw (w  is the 
optimally estimated weight coefficients). We determined X that 
yielded the lowest prediction error among possible candidates.  

Results and Discussion 

Figure 1: Summary of methods and results 
We decomposed the motion sequence X into task-relevant 
!"#$ = !&&'/|&|* and task-irrelevant components !+"" = ! −
!"#$. Because X and y were normalized so that those mean and 
standard deviations equaled to be 0 and 1, respectively, !"#$ and 
!+"" are task-relevant (!"#$& = ℎ) and task-irrelevant (!+""& =
0 ). The task-relevant and task-irrelevant variabilities were 
calculated by averaging the variability across all the elements. 

Our method found the smaller task-relevant variability than 
the task-irrelevant one, similar to UCM and GEM (Fig. 1D). In 
contrast to those methods, our method estimates how the motion 
sequence is relevant to the performance in a data-driven manner.  

Due to its linearity, our method can simultaneously compare 
the variabilities before and after motor adaptation. We could 
find a significant modulation in the task-relevant variability 
after adaptation to not a gradually increasing but a constant 
perturbation (Fig. 1E, Wilcoxon signed rank test, p = 0.0034). 
For task-irrelevant variabilities, there was no modulation (Fig. 
1F). To our knowledge, our study was the first to demonstrate 
that the perturbation schedule affected the modulation.  

Conclusions 

Our method can not only flexibly quantify task-relevant and 
task-irrelevant variabilities in a data-driven manner but enable 
to clarify a novel feature of motor variability.  
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Summary 

Individuals with a history of whiplash-associated dysfunction 
(WAD) possess sensorimotor disturbances and a disruption in 
dynamic standing balance. However, trunk sway reactions 
have not been carefully investigated between a WAD group 
and control subjects. The results of this study indicated that 
the WAD group demonstrated delayed reaction times at first 
perturbation, and there was a significant interaction between 
trunk velocity and repeated trip perturbations. 

Introduction 

Whiplash is a neck injury due to forceful, rapid, back-and-
forth movement of the head and cervical receptors, which 
provide information for general control of postural balance [1, 
2]. The cervical spine plays an important role in sensorimotor 
control. The sensorimotor control in relation to whiplash-
associated dysfunction (WAD) affects postural stability and 
neck pain. The purpose of this study was to compare trunk 
reaction time, as well as trunk sway angle and velocity 
changes, following three repeated trip perturbations between 
the WAD group and the control group.  

Methods 

Forty-eight participants enrolled in the study, which included 
23 control subjects (9 female, 14 male) and 25 subjects with 
WAD (14 female, 11 male). The outcome measures included 
trunk reaction time, trunk sway ROM, and velocities obtained 
by a miniaturized inertial measurement unit during repeated 
trips (duration 0.1 sec, velocity 0.37 m/sec, and displacement 
3.70 cm) on the treadmill (Figure 1). The kinematic data were 
collected for the spinal motions during the entire profile by the 
inertial measurement unit. 

Results and Discussion 

The WAD group demonstrated delayed trunk reaction time (t 
= 2.05, p = 0.04) at only the first trip. The trunk sway angles 
were compared between groups following repeated 
perturbations (Figure 2). Although trunk flexion increased 
more than the other measures (F = 121.28, p = 0.001), the 
groups did not demonstrate a significant interaction (F = 0.88, 
p = 0.35), nor did trials x angles (F = 3.91, p = 0.05), 
following the trip perturbations. However, the velocity 
changes did demonstrate a significant interaction with 
repeated perturbations (F = 4.16, p = 0.04). The results of this 
study indicated that the first reaction was delayed in the WAD 
group; however, their trunk sway velocity improved with 
repeated perturbations due to a potential adaptation strategy. 

 
Figure 1. An experimental protocol was utilized to produce treadmill-
induced trip perturbations in standing (A). Each subject was protected 
by a full-body safety harness during repeated trials. The angle and 
velocity changes were calculated following the trip. The subject with 
a history of whiplash-associated dysfunction (C) demonstrated 
greater angle and velocity changes compared with the control subject 
(B). 
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Figure 2. Comparison of trunk sway angle changes following 
repeated perturbations between groups. Although trunk flexion 
significantly increased in the WAD group (F = 121.28, p = 0.001), 
the groups did not demonstrate a significant interaction (F = 0.88, p = 
0.35) following the perturbations. The bar indicates standard error 
(WAD: whiplash-associated dysfunction group, ROM: range of 
motion). 

Conclusions 

The trunk sway ROM was not different between groups. The 
WAD group demonstrated delayed reaction times at first 
perturbation, and there was a significant interaction with trunk 
velocity and repeated trip perturbations. The adaptive postural 
strategies in the WAD group might be beneficial to avoid 
further injury or pain following the repeated perturbations. 
Further research is warranted to determine adaptations 
underpinning coping strategies by treadmill-induced trip 
perturbations. 

References 

[1] Bove M et al. The postural disorientation induced by neck 
muscle vibration subsides on lightly touching a stationary 
surface or aiming at it. Neuroscience. 2006;143:1095-103. 
[2] Bove M et al. Neck muscle vibration and spatial 
orientation during stepping in place in humans. J 
Neurophysiol. 2002;88:2232-41. 

Saturday, August 03 2019: Posters (1600-1800) 1619

Control 3



 

 

Mechanical and metabolic function of different fibre-types: coordination between muscles 
 

 Adrian K.M. Lai1, Andrew A. Biewener2, Taylor J Dick3, James M. Wakeling1 
1 Department of Biomedical Physiology and Kinesiology, Simon Fraser University, Burnaby, BC, Canada 

2 Concord Field Station, Harvard University, Bedford, MA, USA 
3 School of Biomedical Sciences, University of Queensland, St Lucia, Queensland, Australia 

Email: adrian_lai@sfu.ca  
 

Summary 
The intrinsic link between slower and faster muscle contractile 
elements in the musculoskeletal system can be generalised 
across scales from motor units within a muscle to synergistic 
muscles. At both scales, a unified plan should govern 
recruitment during movement across a range of mechanical 
demands. In this study, we used musculoskeletal simulations 
and a cycling paradigm to predict the coordination between 
synergistic muscles as well as the recruitment of motor units 
within an individual muscle. We found that across scales, only 
the simulations that allowed for independently activated 
elements and a metabolically-informed cost function predicted 
measured recruitment strategies across varying mechanical 
demands and deployed the contractile elements in a 
metabolically and mechanically effective manner.  

Introduction 
Muscles consists of intrinsically-linked contractile elements 
that, when activated, generate force to produce movement. 
Across scales, these contractile elements can be generally 
partitioned into slower and faster components ranging from 
motor units within a muscle to whole muscles that work as 
synergists and contain different proportions of slow- and fast-
twitch muscle fibres. Mechanical arguments suggest that the 
activation patterns of these components may depend on their 
mechanical efficiency and the mechanical demands of the 
task. Indeed, these relationships have been experimentally 
demonstrated across a number of species including the cat 
paw-shake and cycling at different demands in man. Recently, 
we showed that musculoskeletal simulations that use a 
metabolically-informed cost function can predict known 
recruitment strategies between different fibre types within a 
muscle. Here we test whether our simulations can additionally 
improve predictions of coordination between lower-limb 
muscles during cycling across a range of conditions.  

Methods 
We used a lower-limb musculoskeletal model adapted for 
cycling. This model consists of 2 degrees of freedom and 6 
muscle-tendon unit (MTU) actuators representing the vasti, 
hamstrings, soleus (SO), medial (MG) and lateral (LG) 
gastrocnemius and tibialis anterior. Each MTU was modelled 
as a Hill-type actuator with contractile elements modelled as 
slower and faster muscle fibres with independent excitations 
and a series elastic element that represented a common tendon. 
Maximum isometric forces (Fo

m) were partitioned between the 
fibre types according to their proportions for each muscle.  
Motion capture, pedal reaction forces and surface 
electromyography data from 20 participants (10M/10F) 

cycling at 9 conditions were extracted. We used OpenSim to 
obtain subject-specific properties, MTU dynamics, moment 
arms and net joint torques. Direct collocation methods were 
used to solve the muscle redundancy problem. We minimised 
two cost functions: (1) minimised activations squared (Jact), 
and (2) a mixed weighted function that minimised metabolic 
cost and activations (Jmetab). Metabolic cost weighting 
accounted for 80% of the total cost and was normalised by its 
Fo

m to account for the mechanical efficiency of muscle fibre 
types independent of its force-generating capacity. Predicted 
muscle fibre activations were scaled to the fibre type 
proportions and then summed to give the total muscle 
activation.  

Results and Discussion 

 
Figure 1: Total activation of the three plantarflexors across two cost functions and 9 
cycling conditions (torque: Tq, cadence: Cad). Total activation of all three muscles was 
represented by the relative size of each pie chart.  

A total of 5400 cycles were simulated. Recruitment between 
fibres within muscles was consistent with our previous 
simulated and experimental data. Muscle coordination 
between muscles was focused on the ankle plantarflexors, SO, 
MG and LG which are synergistic muscles with different fibre 
type proportions. Simulations that minimised Jmetab predicted a 
greater relative activation of the SO (80% slow-twitch fibres) 
at slower cadences across a range of torques when compared 
with simulations that minimised Jact. Yet at faster cadences 
at 100 RPM and beyond, both cost functions shifted to 
increasing the activation of the faster LG and MG (55% fast-
twitch fibres) illustrating a transition consistent with task-
dependent coordination and preferential recruitment.  
Conclusion 
A metabolically-informed cost function combined with 
independently activated contractile elements predicts motor 
recruitment both within an individual muscle and coordination 
between synergistic muscles. Thus, a unified plan can govern 
the sensible deployment of contractile elements to generate 
muscle force across scales matched to changing dynamics. 
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Summary 

High variability of gait motor output, such as stride time 

variability, occurs with aging and is a factor associated with 

falls in aging males and females. The mechanism is currently 

unclear but may be clarified by examining motor input 

variability. Males and females from 20 to 82 years of age 

completed gait trials at their preferred speed; Motor input 

variability was quantified as the electromyography (EMG) 

variability from stride-to-stride. This variability was extracted 

for several muscles and gait phases. Higher age was associated 

with higher EMG variability, independent of sex, except for 

mid-stance where higher age was associated with lower 

gastrocnemius lateralis variability in females. Results indicate 

sex-independent and sex-dependent associations of older age 

with motor input variability, which may contribute to sex 

differences in motor output variability during gait. 

Introduction 

As adults age, their risk of falling increases. This risk is further 

exacerbated in older females compared to older males [1]. A 

common factor associated with the risk of falling is stride time 

variability during gait [2], one characteristic describing the 

variability of gait motor output. While originally thought to be 

a result of a disease process [3], higher variability of gait motor 

output has since been observed in healthy older adults than in 

healthy young adults [4], suggesting that variability also 

changes in healthy aging. However, the source of the variability 

in motor output is not well understood. The variability in motor 

output likely stems from the collective inputs and feedback 

from the central and peripheral systems [2], which may be 

clarified by investigating the variability of neuromuscular 

activation in individual muscles (motor input variability). 

Therefore, the objective of this study was to determine the 

effects of older age and sex on motor input variability during 

gait. 

Methods 

Adults aged 20-82 y (N = 94, 55 females) completed six gait 

trials at their preferred speed over a 10m platform. Surface 

electromyography (EMG) sensors measured the muscle 

activation of the rectus femoris (RF), tibialis anterior (TA), and 

gastrocnemius lateralis (GL), and markers on the foot and shank 

were used to identify heel strikes to define each gait cycle. EMG 

signals were filtered and linear-enveloped to calculate root 

mean square values for several phases of gait. Motor input 

variability was quantified as the cycle-to-cycle variability 

(CCV) of these values. Mixed effect models were conducted on 

CCV to test for main effects and interactions of Age, Sex and 

Muscle. Decade-by-decade rates of change were estimated 

using β-coefficients from linear regression models. 

Results and Discussion 

There were significant sex-independent effects of age on CCV 

during loading (A*M: p = .036), terminal stance (A: p = .008), 

initial swing (A*M: p = .015), and mid-swing (A: p = .010). 

During these phases, there was a 0.7-1.6% increase in CCV per 

decade, driven principally by an increase in RF CCV.  

There was also a significant sex-dependent effect of age on 

CCV during mid-stance (A*S*M: p = .033). For females only, 

age was associated with a 1.8% decrease in GL CCV per decade 

(Figure 1), supporting our previous findings of a sex difference 

in the neuromuscular control of the ankle [5]. 

 

Figure 1. Gastrocnemius lateralis (GL) cycle-to-cycle 

variability (CCV) at mid-stance for males (blue circles) and 

females (red triangles). 

Conclusions 

Age is associated with higher motor input variability during 

gait, independent of sex. Sex-dependencies at mid-stance, 

however, point towards lower flexibility in the motor input to 

the ankle during single leg support for aging females, which 

may contribute to a sex difference in motor output variability. 
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Summary 

Motor control dysfunction in the lumbar spine may alter in the 

muscle function of deep muscles such as transverse abdominal 

(TrA) and multifidus (MF). Previous studies have shown that 

sub-sensory stochastic resonance (SR) stimulation may 

improves balance and the sensitivity of specific 

mechanoreceptors. However, there is a largely unknown 

whether this intervention over the torso may contribute to the 

control of local superficial and deep muscles or not.  In this 

preliminary study has demonstrated the increase in the control 

of deep muscles (TrA and MF), in contrast, not superficial 

muscles during abdominal drawing-in maneuver (ADIM). 

Introduction 

Motor control dysfunction in the lumbar spine may alter in 

muscle function, including increased superficial muscles 

activity to compensate the lack of stability [1] as well as 

smaller increase in thickness of the deep muscles [2] such as 

TrA and MF. ADIM is commonly used to assess and train the 

control of deep muscles in the torso. SR, the sub-sensory noise 

administered in the form of random has been presented to 

cause subthreshold sensorimotor signals to exceed threshold, 

allowing the weak signals to be detectable. The aim of this 

study was to examine whether giving vibration stimulus by 

using SR mechanism on TrA and MF muscle through skin 

may increase the control of these deep muscles during ADIM. 

Methods 

Twenty healthy collegiate students were participated in this 

study. Ten of them who kept swimming hobby 3 times per 

week, and spent at least 30 minutes each time were allocated 

as the swimming group (SG), and the others were allocated to 

healthy control group (HCG). There was no difference in age, 

height, and weight between two groups. A novel custom 

design vibrotactile stimulation device (VTSD) was used to 

produce vibration with SR or vibration. For both groups, three 

conditions were in the randomized order in the experiment: 

vibration with SR (VSR), vibration (V), and non- stimulation 

(N). Prior to the data collection, all participants were 

instructed to practice the ADIM for 3 trials. A pressure 

biofeedback unit (Stabilizer™ Pressure Biofeedback, 

Chattanooga Group, Australia) was placed under participants’ 

abdomen or low back to monitor the control of ADIM during 

practice and data collection. Data were collected at the rest 

and during ADIM in three conditions, with all participants 

instructed to “hold the breath out”.  

Outcome measures consisted of thickness of the TrA and 

thickness, cross-sectional area (CSA) of the MF using 

ultrasonography and superficial muscles (rectus abdominis, 

external oblique, and erector spinae muscle) activity 

monitored using electromyography. All statistical analyses 

were conducted with SPSS version 22.0 software (IBM 

Corporation, Armonk, NY). Repeated measures ANOVA was 

used to compare the variables between three different 

situations. As well, Independent-T test was used to compare 

the variables between groups. Significant level was setup as 

p<0.05. 

Results and Discussion 

The muscle thickness of TrA (Figure 1) and thickness, CSA of 

the MF at rest and during ADIM with VSR in both groups 

were significantly larger than that with V and N (p < 0.05) 

conditions. The muscle activity of superficial muscle in both 

groups were no significant between VSR, V, and N conditions. 

In addition, there was no significant difference in each 

variable between SG and HCG (p >0.05).  
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Figure 1: TrA thickness at rest and during ADIM. 

To sum up, more muscle activation of TrA and MF without 

superficial muscles has implied that the participants have 

better control of deep muscle.  

Conclusions 

Vibrotactile stimulus by using SR mechanism on TrA and MF 

may increase the thickness of deep muscles to imply the 

enhancement of deep muscle control of the torso during the 

ADIM in healthy people.  

Acknowledgments 

We would like to thank the contribution of all participants 

and financial support from the Ministry of Science and 

Technology, Taiwan (MOST 106-2410H320-005). 

References 

[1] Ghamkhar, L. and A.H. Kahlaee (2015). Pm r, 7(5): 519-

26. 

[2] Ferreira, P.H. et al. (2004). Spine, 29(22): 2560-6. 

 

Saturday, August 03 2019: Posters (1600-1800) 1622

Control 3



 

 

Between-Limb Symmetry in Movement Variability Structure in Healthy Individuals Hopping  

 

Abbigail L. Fietzer1,2, David Ortiz1, Kornelia Kulig1 

1Division of Biokinesiology & Physical Therapy, University of Southern California, Los Angeles, CA, USA 
2Department of Physical Therapy, Mount Saint Mary’s University, Los Angeles, CA, USA 

Email: afietzer@msmu.edu  

 

Summary 

In-depth exploration of movement variability provides a 

window into neuromotor control. This study examined 

movement variability differences between the preferred 

kicking and stance limbs in healthy persons performing 

unipedal hopping under typical and challenging conditions. 

Participants maintained movement variability symmetry 

across virtually the entire stance phase under both conditions. 

Introduction 

Typical self-selected hopping rate is 2.0-2.2Hz [1,2]. Altered 

mechanical demand is seen at slower, but not faster, rates 

[1,3]. These altered demands are likely accompanied by 

changes in neuromotor control strategy to maintain consistent 

hopping at slow rates [3]. 

The phenomenon of sided-preference (laterality) is well-

known and is demonstrated in both upper and lower 

extremities [4]. Laterality results in an unequal training and 

behaviour history between the lower extremities. A resulting 

asymmetry in neuromotor control strategy – particularly under 

difficult performance conditions – is plausible. 

Uncontrolled manifold (UCM) analysis provides a window 

into neuromotor control by determining the structure of 

movement variability [5]. UCM provides both a quantity and 

quality of variability. This study examined between-limb 

differences in the structure of movement variability in healthy 

adults hopping under typical (2.0Hz) & challenging (1.7Hz) 

conditions. 

Methods 

35 healthy volunteers (age 30 ±8yr, 15♂) performed ≥25 

unipedal hops at 2.0 & 1.7Hz on each limb. Preferred 

kicking/stance limb for kicking a ball for distance was 

queried. Only the stance phase – normalized to 100 frames – 

was analysed.  

Sagittal foot-to-floor, and ankle & knee intersegmental angles 

were examined across trials. Each of these angles has a 

straightforward mapping onto vertical leg length, which is 

similar to spring length in the spring-mass model of hopping. 

UCM analysis was used to determine the structure of 

movement variability with respect to leg length control at each 

1% of stance. UCM outputs 3 different variables: (1) 

performance-irrelevant variability (VUCM), performance-

destabilizing variability (VORT), & (3) the index of motor 

abundance (IMA) [5]. VUCM allows consistent vertical leg 

length across hops, while VORT hinders vertical leg length 

consistency [5]. IMA – the normalized difference between 

VUCM & VORT – measures the degree of vertical leg length 

stabilization [5]. 

One-dimensional statistical parametric mapping (SPM1d) was 

used to compare VUCM, VORT & IMA of the preferred kicking 

& stance limbs. The form of SPM1d used in this study is akin 

to a paired t-test performed across the entire stance-phase 

curve rather than a single time-point or time-bin average. 

Significance was set at α=0.05. 

Results and Discussion 

There was no difference between kicking & stance limbs in 

VUCM or VORT at either hopping rate, or IMA at 1.7Hz. 

Significance was approached for IMA at 2.0Hz only during 

the final 1% of stance (p = 0.050, Figure 1). 

 

Figure 1: Left: The index of motor abundance at 2.0Hz for the 

preferred kicking (red) and stance (black) limbs across 100% of the 

stance phase. Initial contact is at 0%, and takeoff to flight is at 100%. 

Right: The SPM(t) value for IMA at 2.0Hz across 100% of the 

stance phase. Significance is indicated by the SPM(t) line crossing 

above the dashed red line representing α=0.05. 

Conclusions 

Healthy subjects maintained between-limb symmetry while 

hopping under typical (2.0Hz) & challenging (1.7Hz) 

conditions. Demonstrating this symmetry across the entire 

time-series of the stance phase, rather than comparing time-bin 

averages, provides confidence in the mathematical soundness 

of pooling UCM measures bilaterally in healthy subjects for 

future comparison to injured subjects. 
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Summary 

We investigated role of biomechanical and neural constraints 
in the formation of the plantar covariation of hindlimb 
elevation angles during walking in the cat. Using experimental 
and computational methods we found evidence that neural 
spinal circuitry may be responsible for the planar covariation. 

Introduction 

Three dimensional plots of elevation angles of 3 leg segments 
(thigh, shank and foot) recorded during locomotion in humans 
and quadrupedal animals form loops in a plane [1]. This planar 
covariation of the segment elevation angles is thought to 
reflect neural constraints imposed by the nervous system on 
the angles to reduce the number of control variables from 3 to 
2 [1]. Alternatively, the planar covariation could originate 
from biomechanical constraints on the leg [2]. 

Here, we investigated potential roles of biomechanical and 
neural constraints in the formation of the plantar covariation of 
hindlimb elevation angles using a neuromechanical model of 
cat hindlimb locomotion. 

Methods 

We recorded hindlimb mechanics and EMG activity of major 
hindlimb muscles during overground walking in 5 cats. The 
experimental procedures were approved by the Institutional 
Animal Care and Use Committee of Georgia Tech. We tuned 
parameters of a neuromechanical model of cat hindlimb 
locomotion (Figure 1A) to reproduce recorded mechanics and 
EMG activity [3]. The elevation angles of hindlimb segments 
were defined as shown in Figure 1B.  
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Figure 1: A. Neuromechanical model of cat hindlimb locomotion. 

B. Definitions of segment elevation angles. 

Planarity of elevation angle trajectories was quantified by the 
percentage of total data variation (PV) accounted for by the 
first two principal components describing the data [4]. Thus, 
the complete planarity occurs when PV=100%; the least 
planarity occurs when each of the three principal components 
accounts for one third of the total variation, i.e. PV=67%.  

We determined planarity of elevation angle trajectories for 
recorded and simulated walking. We also tested the possible 
role of biomechanical constraints in planarity separately from 
neural constraints. That was done using numerical 
minimization of PV by manipulating hip, knee and ankle 
moments applied to the hindlimb model without muscles. 

Results and Discussion 

Hindlimb elevation angles demonstrated planar covariation 
during real and computer simulated walking (Figure 2A, B); 
PV values were 99% and 98%, respectively. Using 
optimization, we found elevation angle trajectories that were 
maximally non-planar with PV=68% (Figure 2C).  
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Figure 2: Mean (±SD) planar elevation angle trajectories during real 
(A) and simulated (B) walking. C. Non-planar elevation angle 
trajectories that minimize PV. 

It has been suggested that planar covariation of elevation 
angles could result from leg biomechanical constraints [2]. 
Our results do not support this conclusion – there are exist 
physiologically plausible joint moments that give rise to 
maximally non-planar angle trajectories (Figure 2C). Since 
neuronal models of basic spinal reflexes and the spinal central 
pattern generator were incorporated in the neuromechanical 
model, and the model reproduced planar angle covariation, we 
propose that the locomotor spinal circuitry is at the origin of 
planar covariation of the elevation angles.   

Conclusions 

The elevation angles of cat hindlimb have a high degree of 
planar covariation during walking. This planar covariation 
appears to originate from neural constraints imposed on the 
hindlimb by the spinal circuitry.  
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Summary 

The coordination and control of rhythmic, continuous 

movements are constrained by metabolic energy demands, 

but it is not known if coordination patterns during discrete, 

goal-directed tasks such as maximal-height vertical jumping 

are constrained by energetics. Accordingly, the purpose of 

this study was to determine the extent to which participants 

varied their inter-segmental movement patterns – as assessed 

by continuous relative phase – to exploit mechanical energy 

transfer (MET) between contiguous body segments during 

three different vertical jumping tasks. Participants exhibited 

significantly more MET at the ankle, knee and hip during 

Drop Jumps than Squat Jumps, and this was accompanied by 

a more in-phase shank-thigh coordination pattern. Thus, our 

preliminary analysis suggests that increased MET could be 

related to more in-phase inter-segmental movement patterns 

during vertical jumping. 

Introduction 

Humans exploit “energy-saving mechanisms” – including 

MET between adjacent segments – to supplement muscular 

work and decrease the metabolic cost of moving 

considerably [1]. When adjacent segments rotate in the same 

direction with unequal velocities, the length of articulating 

muscles changes and MET can occur [1]. Under conditions 

during which muscles have been pre-stretched, certain inter-

segmental coordination patterns that facilitate MET could 

emerge to better utilize available stored elastic energy. Squat 

(SJ), Countermovement (CMJ) and Drop (DVJ) vertical 

jump tasks vary with respect to the presence and velocity of 

knee extensor pre-stretch (least to most, respectively), giving 

different opportunities to use stored elastic energy. We 

hypothesized that, across all joints, increasingly out-of-phase 

inter-segmental coordination patterns (larger CRP angles) 

and more MET would result from jump conditions with 

greater knee extensor pre-stretch.  

Methods 

Seventeen participants (5 F, 12 M; Mean age= 23.4 years, 

height= 1.75 m, weight= 73.9 kg) completed five repetitions 

of maximum-height SJ, CMJ and DVJ. Bilateral three-

dimensional kinematics (100Hz; Opti-Trak, USA) and 

ground-feet interactive kinetics (1000Hz; AMTI, USA) were 

collected synchronously. These data were input into 

Visual3D (C-Motion, USA) to quantify segmental 

kinematics and mechanical work done due to inter-segmental 

energy transfers (W-MET) [1]. Segmental kinematics were 

then used in MATLAB (MathWorks, USA) to calculate 

Continuous Relative Phase (CRP) angles [2], which were 

interpreted as inter-segmental coordination patterns. W-MET 

(ankle, knee, hip and lumbar) and average CRP angles (foot- 

 

 

shank, shank-thigh, thigh-pelvis and pelvis-thorax couplings) 

were compared across the propulsive phases of the jumping 

tasks in a one-way repeated-measures ANOVA, with Jump 

Condition as the main effect and Repetition and Participant 

as random effects. Type I error rate was set at 5% and 

Scheffe pairwise comparisons were completed on any 

significant ANOVA results (R-Studio 2016, AUT).  

Results and Discussion 

Two-dimensional sagittal plane data from 5 participants are 

presented in this preliminary analysis. Significantly more 

total W-MET was done at the ankle (p<0.001), knee 

(p<0.001; Figure 1) and hip (p=0.03) during DVJ than SJ.  

 

Figure 1: Mean+SEM Total Work (white), Joint Force Work 

(black) and Muscle Moment Work (grey) at the knee during the 

propulsive phase of CMJ, DVJ and SJ. Total Work under 

conditions with the same letter are not significantly different. 

Interestingly, slightly (but significantly, p=0.007) more in-

phase shank-thigh coordination patterns were observed 

during DVJ than SJ (mean CRP angles of ~155o and ~160o, 

respectively). Perhaps this association is due to the 

overwhelming contribution of the joint force sources of 

energy transfer to total W-MET (Figure 1, black bars). Joint 

force sources rely on linear joint velocities, which could be a 

product of more in-phase segmental rotations about that 

joint. 

Conclusions 

Increased MET facilitated by greater and faster knee 

extensor pre-stretch could be related to more in-phase inter-

segmental movement patterns around joints during vertical 

jumping. 
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Summary 

Although the concept of coordination has received much 

attention, research on bilateral coordination between limbs 

has been focused on the upper extremity and reciprocal 

motion of the lower extremity. The bilateral occurrence of 

ground reaction forces presents an opportunity to investigate 

kinetic bipedal coordination. This would then lead to the 

characterization of typical force patterns and further the 

understanding of atypical movement due to altered demands 

or pathology. This preliminary study investigates how ground 

reaction force (GRF) coordination during sautés, a rate-

controlled dance jump, changes due to exertion.   

Introduction 

The minimal intervention principle for coordination states that 

the control system only adjusts variability if they will interfere 

with task performance [1]. Despite the large amount of 

research building upon this concept, coordination studies have 

only investigated reciprocal motion in the lower extremity and 

bimanual movement in the upper extremity. It is vital not to 

overlook the importance of bipedal coordination patterns at 

the whole limb level. A recent study delved into this area by 

looking at interlimb GRF coordination pattern differences 

between dancers and non-dancers [2]. Compared to non-

dancers, dancers displayed more tightly controlled 

coordination of the forces during the transition phase of the 

sautés which was critical to performance. This study builds 

upon those results by investigating how such bipedal kinetic 

coordination may change in dancers due to exertion.  

Methods 

A secondary analysis was performed on data collected during 

a study in which nine dancers (mean age = 21.4 years, mean 

dancing experience = 14.7 years) performed six series of 16 

sautés. Choreography separated the middle four series of 

sautés as a means of creating exertion through continuous 

movement as would be typical of a dance performance. Since 

a rest period of five minutes separated the first and last series 

of sautés from the others, the secondary analysis compared the 

middle four series. Specifically, the second and fifth series 

underwent analysis, as these would be most representative of 

coordination before and after exertion. The sautés were 

performed with each foot on an AMTI force plate.  

Vector coding was used to analyse interlimb force 

coordination [2]. After coupling angle between the bilateral 

ground reaction forces was determined, coupling angle 

variability (CAV) was then calculated as the circular standard 

deviation. In this analysis, CAV is the jump-to-jump 

variability of the relative magnitude of force between the 

limbs at successive time points. Therefore, it characterizes 

fluctuations in interlimb force coordination within each series 

of sautés. 

Ground contact was divided into three phases: weight 

acceptance (0-45%), transition (45-55%), and propulsion (55-

100%). The mean and standard error of CAV for each time 

point were calculated for visualization. In order to assess the 

effects of exertion, the time points within each phase of 

ground contact were averaged for each participant, resulting 

in a total of three values. Cohen’s d was used to calculate 

effect sizes (ES) for each phase.  

Results and Discussion 

The mean and standard error of CAV for each series are 

represented in Figure 1. A significant increase in CAV during 

weight acceptance was found for series five compared to 

series two (ES = 0.50). There was no difference in transition 

phase CAV (ES = 0.03) and propulsion phase (ES = 0.19).  

 

Figure 1: Mean and Standard Error of Coupling Angle Variability 

for Series 2 (black) and Series 5 (red). There was an increase in 

interlimb force coordination during weight acceptance but no 

changes for transition and propulsion. 

Conclusions 

After exertion, dancers demonstrated a more variable 

interlimb force coordination only during weight acceptance. 

The CAV in the transition phase has previously been found to 

be related to performance, such as lower variability in jump 

rate [2]. We suggest that the increased coordination variability 

during weight acceptance is tied to the need to retain 

consistency of the interlimb coordination in the performance-

determining transition phase.  

References 

[1] Todorov, E., & Jordan, M. I. (2002). Nat Neurosci, 5(11): 

1226-1235 
[2] Shih, H-J. S. et al. (2018). J Appl Biomech, 34(6): 462-

468. 

 

Saturday, August 03 2019: Posters (1600-1800) 1626

Control 3



 

 

Exploring musculoskeletal redundancy using null space projection for evaluation of knee reaction loads 

 

Dimitar Stanev1, Konstantinos Moustakas1 
1Department of Electrical and Computer Engineering, University of Patras, Patra, Greece 

Email: stanev@ece.upatras.gr  

 

Summary 

It is an undeniable fact that musculoskeletal systems are 

inherently redundant, i.e., there are more degrees of freedom 

than those required to perform certain tasks and each degree of 

freedom is actuated by multiple muscles. This over-availability 

poses numerous challenges in the process of modeling and 

simulation that can negatively affect the validity of the models 

and the obtained results, rendering their application frequently 

inappropriate for clinical practice. The projection from a low- 

to a high-dimensional space is not uniquely defined (e.g., 

muscle sharing problem), however, this indeterminacy can be 

captured mathematically using the notion of null space. This 

study presents a method for calculating the feasible muscle 

forces that satisfy the movement and physiological muscle 

constraints. Its importance is demonstrated in the context of 

joint reaction analysis, where it is shown that misinterpretation 

of the results is possible if the null space solutions are ignored.  

Introduction 

The muscle forces 𝒇𝑚 ∈ ℝ𝑚 are related to the generalized 

forces 𝝉 ∈ ℝ𝑛 through the moment arm matrix 𝑹. When the 

muscle forces are known, the generalized forces are calculated 

uniquely. Since the muscle forces cannot be measured non-

invasively, they are estimated from experimentally measured 

kinematics and externally applied forces. However, this 

approach results in an underdetermined set of equations, which 

is typically solved by formulating an optimization problem that 

minimizes some objective criterion. A particular solution will 

not only bias the results, but will also affect the calculation of 

other quantities that depend on the muscle forces [1]. Therefore, 

identification of the feasible solution space can help to properly 

interpret results obtained from the redundant musculoskeletal 

systems. 

Methods 

In a typical experimental setup the motion and externally 

applied forces are recorded. Given these recordings, inverse 

kinematics and inverse dynamics are performed in order to 

assess the model kinematics and kinetics that satisfy the 

experimental measurements. Instead of estimating the muscle 

forces by forming an optimization problem, one could find the 

family of solutions that satisfy the following equation for the 

known 𝝉 

 𝒇𝑚 = −𝑹+𝑇𝝉 + 𝑵𝑹𝒇𝑚0, 𝑵𝑹 = 𝑰 − 𝑹𝑹+ (1) 

where 𝑵𝑹 represents the null space moment arm matrix and 𝒇𝑚0 

an arbitrarily selected vector. Note that 𝒇𝑚 spans the entire ℝ𝑚 

for some arbitrary value of 𝝉 and 𝒇𝑚0, whereas in reality muscle 

forces are strictly positive (contraction) and bounded (limited 

force). However, the null space term can provide a suitable 

correction in order to satisfy the physiological muscle 

constraints. Assuming a linear muscle model 

 𝒇𝑚 = 𝒇𝑚𝑎𝑥 ∘ 𝒂𝑚, 𝟎 ≼ 𝒂𝑚 ≼ 𝟏 (2) 

where 𝒇𝑚𝑎𝑥 denotes the muscle strength and 𝒂𝑚 the muscle 

activation, one could observe that Eqs. (1) and (2) must be equal 

−𝑹+𝑇𝝉 + 𝑵𝑹𝒇𝑚0 = 𝒇𝑚𝑎𝑥 ∘ 𝒂𝑚, 𝟎 ≼ 𝒂𝑚 ≼ 𝟏  

 [
−𝑵𝑹

𝑵𝑹
] 𝒇𝑚0 ≼ [

−𝑹+𝑇𝝉
𝒇𝑚𝑎𝑥 + 𝑹+𝑇𝝉

]. (3) 

It can be shown that Eq. (3) is convex and bounded thus can be 

sampled for 𝒇𝑚0 using vertex enumeration techniques [1]. 

Therefore, the feasible muscle forces can be obtained by adding 

the solutions that satisfy Eq. (3) to the particular solution 

{𝒇𝑚} = {−𝑹+𝑇𝝉 + 𝑵𝑹𝒇𝑚0
𝑖 , ∀𝑖}. 

Results and Discussion 

The importance of evaluating the feasible muscle forces is 

demonstrated in the context of joint reaction analysis. An 

accurate estimation of the muscle forces is essential for the 

assessment of joint reaction loads. The normalized (with respect 

to body weight) reaction forces on the knee joint during walking 

are reported along with the heel strike and toe-off events (Figure 

1). The shaded area depicts the reaction force range as attributed 

to the null space solutions of muscle forces. The red dotted line 

represents the results obtained from OpenSim. The large range 

of possible values confirms that misinterpretation of results is 

possible if the null space solutions are ignored. Consequently, 

the null space contributions can significantly alter the reaction 

loads without affecting the movement.  

 

Figure 1: Comparison between feasible reaction forces on the knee 

(proposed method) and optimization-based obtained (OpenSim).  

Conclusions 

Null space solutions, although typically ignored in 

musculoskeletal system simulations, offer deep insights and 

provide a much broader framework for modelling, simulation 

and analysis of redundant musculoskeletal systems. 
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Summary 

Examining how different kinds of in-game special visual 

effects influence the performance of music game players. 

According to the results, the brightness of effects influenced 

more than the size of effects, and the influence could be 

reduced by promoting proficiency.  

Introduction 

Music games require players being highly concentrated and 

sensitive to stimulations to get well performance. However, 

visibility can influence the performance of people in visual-

related tasks [1], so the gorgeous in-game effects may bedazzle 

the players and lead to mistakes. However, at the same time, 

effects are also great condiments that can improve the 

experience of gaming. It becomes a dilemma to music game 

developers between reducing the interference or maximizing 

the entertainment.  

Therefore, this research was aimed at quantifying the 

influence of different kinds of in-game effects on music game 

players’ performance. 

Methods 

Music game《Lovelive! School idol festival》was chosen 

as the research platform, and ten experienced music game 

players were recruited as subjects.  

Four kinds of effect setups were used in this study:1. No 

effect (represented by N); 2. Middle effect, which has small 

size but high brightness (represented by M); 3. Large effect, 

which has large size but low brightness (represented by L); 4. 

Large+ effect, which has large size and high brightness 

(represented by L+). 

First, subjects played five assigned songs under their 

accustomed effect setup to have an overview of the test songs. 

Then they played the same songs under four different kinds of 

effect setups in a designated sequence. The performance 

records shown after plays were used as the performance of 

subjects, and these records were compared to determine how 

visual effects influence the game players’ performance. 

Results and Discussion 

Figure 1 shows the average percentages of mistakes (good, 

bad, miss) of subjects under different visual effects.  

 

 

Figure 2 shows the increased amount of mistakes 

(compared to no effect) of different proficiency subjects under 

each effect. 

 

Figure 2: Increased amount of mistakes of different proficiency subjects 
under each effect (Arranged in proficiency level from left to right). 

When subjects under L effect, the relative risk of making 

mistakes was 1.08, which means they performed almost the 

same as under no effect. M effect was much more influential 

on performance, with relative risk of 1.27. As for the large-

size and high-brightness effect L+, the relative risk was risen 

to 1.66. This result suggests that the brightness of effects 

influences more than the size of effects. 

The increased amounts of mistakes of proficient players 

were less than less proficient players (Figure2), indicating that 

the proficient players would be influenced less by visual 

effects. In other words, the influence of effect can be reduced 

by promoting proficiency.  

Conclusions 

The brightness of effects in music games deals more 

influence than the size of effects to players, so it may be a 

more efficient way for game designers to reduce the 

interference of effects by lower the brightness of effects. In 

addition, the influence can be reduced by promoting 

proficiency. Thus, for the player side, training might be a 

useful way to reduce the interference by visual effects. 
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Summary 

Understanding the mechanisms underlying human locomotion 

is a central question in biomechanical and motor control 

research. In this study, similarities in the modular control 

structure of different gait forms are examined. Results show 

for specific coordinative structures (e.g. anterior/ posterior 

swing of legs and arms) a strong relationship (cosine 

similarity > 0.84) between straight walking, walking turns and 

stair walking. Our findings indicate that the movement control 

mechanisms can benefit from a flexible combination of basic 

modules for a range of locomotion tasks. 

Introduction 

The true complexity of the control processes involved in 

human movements is masked by the ease of their execution. 

Gaining a deeper understanding has become a central topic of 

biomechanical and motor control research [1, 2]. There is a 

growing body of literature demonstrating that multi-segmental 

movements are highly coupled and correlated for a variety of 

tasks [1, 2]. This allows multi-segmental movements to be 

considered together as functional units that reduce the high 

dimensionality of whole body movements to a few relevant 

modes (usually three to five), hereinafter referred to as 

coordinative structures (CS) [1]. Despite many studies have 

shown that such functional units exist for different 

movements, little is known about how and to which extent 

they are shared across varying locomotion tasks. The purpose 

of this study was to examine similarities in the CS between 

varying tasks by means of investigating straight walking, 

walking turns and stair walking. 

Methods 

Thirteen male volunteers (age 26.1 ± 2.9 years; height 178.7 

± 5.5 cm; body mass 78.4 ± 5.9 kg) participated in this study. 

Full-body kinematics were recorded for one gait cycle of 

straight walking, walking turns and stair walking using a 

motion capture system (18 markers). Task-specific CS were 

extracted from the kinematic recordings by means of three 

principal component analyses (PCA) [3]. The task-specific 

ranking of the CS was assessed via the Eigenvalues. 

Subsequently, absolute principal component loadings, which 

represent the relationships between the principal components 

and the original data (x, y and z coordinates of the 18 

markers), were compared across the first five CS of the three 

tasks. The resemblances between the CS were quantified using 

cosine similarities (SIM), which are a vector based similarity 

measure ranging from zero (no similarity) to one (strong 

similarity). 

Results and Discussion 

 The first five CS explained 86.7% ± 3.6% of the variance in  

the kinematic data. Two CS were found to be very similar 

(SIM > 0.84) in all three tasks (Figure 1). Additionally, both 

walking turns and stair walking revealed three CS each, 

showing a high similarity value (SIM > 0.82) to one respective 

CS of straight walking. A task specific prioritization, which 

corresponds well to the demands of the individual task, was 

reflected by the varying ranking of similar CS [e.g. the whole 

body vertical movement ranks highest in stair walking, while 

it ranks lower (3) in the other two tasks]. Overall, our findings 

highlight that for alike movements, the human does not 

change its motor control strategy, but superimposes modules 

to adapt to the new task. 

 

Figure 1: Visualization of the first CS of straight walking (top left: 

anterior/ posterior swing of legs and arms) and stair walking (top 

right: whole body vertical movement), respectively. Corresponding 

similarity patterns across the three analysed tasks (W = walking 

straight; T = walking turn; S = stair walking; numbers refer to the 

belonging CS) are shown below. The bows indicate the SIM.  

Conclusions 

This study demonstrated two results. First, straight walking, 

walking turns and stair walking show high similarities in their 

coordinative structures and second, the arrangement of the 

coordinative structures varies between locomotion tasks. 
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Summary 

Humans can control their actions in unpredictable 
environments, such as adjusting a tennis serve on a windy day. 
Here we examined how our nervous system uses both predictive 
and feedback control in response to uncertain mechanical loads. 
Participants reached to a target in the horizontal plane. An 
exoskeleton applied loads perpendicular to the movement of the 
hand. Across blocks of trials, load magnitude was either 
constant or randomly drawn from a uniform probability 
distribution. A robust optimal feedback control (rOFC) model 
predicted hand trajectories and enhanced feedback gains with 
uncertain loads. We observed enhanced muscle feedback 
responses with uncertain loads. Our data suggests that the 
nervous system uses robust control by enhancing feedback 
gains when moving in an uncertain environment.  

Introduction 

How the nervous system deals with uncertain environments has 
been explored in a variety of motor tasks. There are conflicting 
reports as to whether the nervous system prepares for the worst-
case scenario (i.e., highest load) [1] or minimizes prediction 
error (i.e., mean load) [2] in an uncertain environment. Further, 
once the nervous system selects a predictive control strategy in 
an uncertain environment, little is known on how it then uses 
feedback control to compensate for prediction errors. Here we 
use an rOFC model to predict movement trajectories. Critically, 
rOFC models can converge on a desired final state (e.g., stop in 
a target) by using enhanced feedback gains, even with 
inaccurate a priori estimates of environment dynamics. 
Similarly, we expected participants in a random load condition 
to use enhanced feedback gains (i.e., long latency response) 
when they had uncertain estimates of environmental dynamics. 
Methods 
Twenty-four participants were seated with their arm supported 
in the horizontal plane by an exoskeleton (KINARM) robot. On 
each trial, participants reached from a home position to a target. 
Once a participant’s hand left the home position, the robot 
applied a step load (primarily an elbow extensor torque) that 
displaced the hand perpendicular to the intended movement. In 
the constant condition, participants experienced three blocks of 
trials where the load magnitude was either 3N, 5N or 7N. In the 
random condition, the load magnitude was drawn from a 
discrete uniform distribution (3N, 5N or 7N). Conditions were 
counterbalanced. A rOFC model predicted reach trajectories in 
both the constant and random conditions (not shown due to 
spatial constraints).  We averaged brachioradialis muscle 
activity prior to (-200 to 0ms) and following (long latency 
epoch: 45 to 105ms) load onset, which we used as metrics of 
predictive and feedback control, respectively.  

Results and Discussion 

Prior to the load perturbation, the brachioradialis activity in the 
random and constant conditions were aligned with resisting a 
5N load (Figure 1). This suggests that participants minimized 
prediction error by compensating for the mean load (5N) of the 
uniform distribution.  We also found enhanced brachioradialis 
activity in the long latency epoch (Figure 2). Note, p-values 
reflect significantly different slopes between the best-fit lines of 
the constant and random conditions. 

 
Figure 1: Brachioradialis muscle activity prior to perturbation. 

 
Figure 2: Brachioradialis muscle activity in the long latency epoch. 

Conclusions 

In the presence of mechanical load uncertainty, our data 
suggests that participants minimize prediction error. In-line 
with rOFC model predictions, participants enhanced their 
feedback response to compensate for load uncertainty.  
References 
[1] Hadjiosif A et al. (2015). JNeurosci, 35(24): 9106-9121. 
[2] Cashaback JG et al. (2017) JNeurophys, 117(1): 260-274. 

Saturday, August 03 2019: Posters (1600-1800) 1630

Control 3



 

 

Mechanical and metabolic function of different fibre-types: recruitment within a muscle 
 

James M. Wakeling1, Andrew A. Biewener2, Adrian K.M. Lai1 
1 Department of Biomedical Physiology and Kinesiology, Simon Fraser University, Burnaby, BC, Canada 

2	Concord Field Station, Harvard University, Bedford, MA, USA  
Email: wakeling@sfu.ca  

 

Summary 
Varying recruitment patterns between slow and fast motor 
units can be correctly predicted using musculoskeletal 
simulations that minimize a cost function that is 
metabolically-informed. The use and function of different 
types of motor unit allows contractions to be metabolically 
economic and mechanically effective. 

Introduction 
Muscle fibres and motor units range from slow-twitch to fast-
twitch and vary in both their mechanical and metabolic 
properties. Early neurophysiological studies on slow and 
isometric contractions described how motor units would be 
recruited in an orderly fashion from slow- to fast-twitch, based 
on the size of their a-motor neurons. However, this scheme 
would not allow for the optimal recruitment of faster motor 
units, particularly for faster velocities. 
Detecting recruitment of different types of motor units during 
fast voluntary contractions has been challenging, but this was 
partially resolved by the introduction of wavelet techniques 
for the time-frequency decomposition of EMG signals. These 
techniques allowed subsequent studies to show preferential 
recruitment of faster motor units for some muscles for the 
fastest contractions. 
Many muscle models ignore the heterogeneity of the fibre-
types of their motor units, and thus risk incorrectly predicting 
muscle forces. Even if muscle models were to incorporate 
different fibre-types, the typical cost-function of minimizing 
muscle (fibre) activations would always favour the recruitment 
of faster fibres that can develop higher forces for a given 
activation, even for slower velocities. 
We have previously shown that driving muscle models with 
experimentally determined recruitment patterns results in 
better predictions of muscle forces at the fastest speeds. 
However, it is necessary to understand what causes such shifts 
in recruitment in order to better predict muscle function in 
biomechanical simulations of movement. 
Here we test a musculoskeletal simulation framework that 
allows for heterogeneous fibre types and a cost function that 
strongly weights the minimization of the metabolic cost of 
contraction. We evaluate its effectiveness at predicting 
physiologically realistic recruitment between different types of 
motor unit within a muscle for contractions ranging from 
isometric to high-speed cycling. 

Methods 
We used a musculoskeletal model of the lower limb that was 
adapted for cycling. We created an ankle plantarflexor muscle 
that had parallel slow- and fast-fibres. We tested two different 
cost functions: (A) minimizing muscle fibre activation, and 
(B) minimizing a mixed cost-function that strongly weighted 

the metabolic cost of contraction, solved optimal control 
problems using direct collocation methods, and predicted 
time-varying muscle activations. To predict muscle fibre 
recruitment patterns for different cycling speeds, the model 
was driven to track the simulated dynamics of a typical 
ramped isometric contraction and experimental data collected 
across a range of conditions on a stationary bicycle. 

Results and Discussion 
The metabolically-informed cost function correctly predicted 
the varying recruitment that occurs across movement speeds 
(Figure 1). At the fastest speeds both the metabolically-
informed and the minimize-activation cost function favoured 
the recruitment of faster motor units. However, at slower 
speeds the minimize-activation function incorrectly favoured 
the faster motor units whereas the metabolically-informed cost 
function favoured the recruitment of the slower motor units. 

 

Figure 1: Recruitment between slow and fast motor units in a 
plantarflexor muscle, predicted for isometric and cycling simulations. 
During the ramped-isometric contraction the metabolically-
informed cost function predicted both recruitment and 
decruitment orders between 10 motor units that related to the 
activation level and were consistent with the orderly plan of 
recruitment for slower speeds (Figure 2). 

Figure 2: Simulated motor unit firing pattern for a ramped-isometric 
contraction. 

Previously we have shown that the use of populations of 
different types of motor unit within a muscle can result in the 
muscle generating the forces required for movements at lower 
levels of activation than muscles with solely one type of motor 
unit. Here we additionally show that the recruitment pattern 
between the different types of motor unit is consistent with 
experimentally measured EMG, and a scheme that reduces the 
metabolic cost of the muscle contractions. 
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Summary 

The effect of infant positioning on the neck, back and lower 
limb muscle activity (2-6 months) was explored. Surface EMG 
data while lying prone was compared to lying supine, held in 
arms, in a baby carrier, and in a car seat. Infants exhibited 
significantly lower muscle activity in the car seat, compared to 
prone, for all muscle groups. Erector spinae and quadriceps 
activity were significantly higher in the prone conditions 
compared to all other conditions. Our results indicate that 
infants’ musculoskeletal development may be impacted by 
inadequate exposure to prone time and prolonged periods of 
time spent in container type devices such as car seats.     

Introduction 

Prone positioning in infants during awake time has been 
linked to extensor muscle development, motor milestone 
achievements, and plagiocephaly prevention; yet, U.S. infants 
are not exposed to pediatrician recommendations of daily 
tummy time [1]. Spinal muscle forces in prolonged 
immobilization have been associated with spinal deformations 
such as hyperkyphosis [2]. Excessive supine lying has been 
associated with cranial asymmetry, torticollis [1], and 
idiopathic scoliosis [3]. Time spent in car seats has been 
associated with deformational plagiocephaly incidence [1] and 
reduced lower limb activity [4]. Conversely, babywearing 
offers many physical and physiological benefits to the infant 
[5]. Despite the evidence indicating that infant positioning in 
awake time, and in commercially-available baby gear may 
affect musculoskeletal development, infant positioning has not 
been evaluated from a biomechanics standpoint. We measured 
the neck, back, and lower limb muscle activity of infants in 
common positions, in a baby carrier, and a car seat. 

Methods 

Twenty-one healthy full-term infants (4.1±1.5 months, 12M) 
participated in this experimental study. Surface EMG (Delsys, 
1000Hz) was recorded from cervical paraspinal, erector 
spinae, adductors, quadriceps, biceps femoris and gluteus 
maximus muscle groups for five 30-second conditions: lying 
prone, held in arms, held in a soft-structured inward-facing 
baby carrier (Boba, inc.), lying supine, and in a standard car 
seat. The conditions were randomized, and data was 
considered valid and usable if the infants were awake, 
compliant, and not crying. Mean EMG signal and the percent 
time that muscles were active at two standard deviations above 
the mean of prone were calculated. Friedman test followed by 
post-hoc Wilcoxon signed-rank pairwise tests were used to 
compare each condition to the prone condition (p<0.01). 

Results and Discussion 

Infants’ significant inactivity in car seats, for all muscle 
groups, suggests that prolonged time spent in container-type of 

devices may be detrimental to musculoskeletal development 
(Figure 1). Higher erector spinae activity in the prone 
condition is indicative of the role of prone positioning in 
promoting active back muscles. Cervical paraspinal activity 
indicates that infants use their neck muscles in arms, in baby 
carriers and while supine. Lower hamstring and gluteal 
activity in baby carriers may indicate that the hip is kept in 
flexion and not allowed to extend, which may be favorable for 
proper hip development. Limitations include a 30 second data 
collection duration, which may not be ideally representative of 
prolonged exposure scenarios. 

 
Figure 1: Infant testing photos, and EMG results for all conditions. 

Conclusions 

EMG characteristics of healthy infants in these common 
positions support the importance of prone time in the neck, 
back, and lower limb musculoskeletal development. The likely 
contribution to neck muscle development through carrying 
infants in arms and in a baby carrier is indicated, as is the 
potential negative implication of infants spending prolonged 
time in passive containers such as car seats.  
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Summary 

Different intensities of a stimulus (shoe weights) were applied 

to sport shoes. Participants ran with the shoes on the treadmill 

and simultaneously, the vertical ground reaction force and the 

rate of the perceived exertion were measured. The sense of 

effort and the sense of force were shown to have the same 

upward trend unless they were close to the turning point. 

Introduction 

For the last 25 years, one of the important questions in 

neuromuscular research has been: ‘Does perception of force 

derive from centrally generated sensations or from peripheral 

sensations originating in the muscles? [1]’. The former is 

distinguished in the literature as ‘sense of effort’ while the 

latter, emanating in muscles, tendons and skin is referred to as 

‘sense of force’. At the same time, the sense of effort has also 

been used to describe the integration of sensations originating 

from peripheral organs [2,3]. The resulting confusion may 

come from Borg [4] who proposed ‘Ratings of Perceived 

Exertion’ to quantify a subjective feeling that would determine 

the sensation originating from the sum of all the body systems 

during exercise’. Thus, some researchers have tried to align 

these senses via weight discrimination. The aim of this study 

is to measure the sense of effort and sense of force among 

various shoe weights in a short-term running. In addition, this 

paper contributes to clearer understanding of sense of effort. 

Methods 

Twenty-one participants were recruited for the two-day 

experiment from Triathlon clubs around Munich, Germany. 

Five pairs of shoes each of sizes 42- 45 were used in the 

experiment. To increase the weight of four shoes, lead tape 

was attached to the edge of the front and rear of the shoe (the 

center of gravity remained unchanged). One pair of shoes was 

a Baseline Shoe (BS) - 270g - while the other four pairs were 

loaded with 50g, 150g, 250g and 315g weights. The 

participants wore the five shoes in random order while running 

on a treadmill. They compared the differently-weighted shoes 

with the BS. The treadmill was equipped with four transducers 

on each corner to measure the vertical ground reaction force 

(VGRF). The first day was divided into two phases. In both 

phases, participants ran for 3 minutes with each pair of shoes 

to adapt to test procedure and find their appropriate speed on 

the treadmill. The second phase differed only with regard to 

the order of the shoes. On the second day, participants 

performed the same procedure; the only difference was in 

running duration, which was increased to 8 minutes. On the 

second day, participants started by running with the BS for 3 

minutes. Immediately after, participants changed the shoes for 

one of the weighted shoes and ran for 8 minutes. The Borg 

scale questionnaire was used during experiment in three 

sections (minute 1.30, minute 4.30 and minute 7.30). VGRF 

was measured in the sections for 30 seconds. After each pair 

test, participants were asked whether they perceived any 

difference between the shoes (with a binary question). 

Results and Discussion 

Figure 1 shows that by increasing the shoe weights (from 

+50g), the Force-Time Integral (FTI) and Borg scale also 

increased. Repeated measures ANOVA and Bonferroni 

correction was used in both measurements for all sections (α = 

0.05). Based on this, the results of the FTI showed that except 

between +150g and +250g, there is significant difference 

between all the 9 groups. The results of the Borg scale 

determined that except between baseline and +50g, all 9 

groups showed a significant difference.  

 

Figure 1: FTI and perceived exertion rating with weights. 

Furthermore, in the binary perception questionnaire, the 

correct discrimination between shoe weights (in pair test with 

baseline) was 28%, 38%, 61%, 95% and 100% for BS, for 

+50g, +150g, +250g and +315g, respectively. The first 

additional shoe weight which showed a higher accuracy 

response than 50% was shoe weighted +150, and this was 

considered as the turning point. The most crucial differences 

among objective and subjective measurements were between 

150g to 250g, where the participants perceived the difference 

(according to the Borg scale questionnaire), but no differences 

in the FTI. Therefore, when the data is far from the turning 

point, the sense of effort and sense of force behaved similarly 

but when close to the turning point, the two senses diverged.  

Conclusions 

This study shows that the sense of force and sense of effort 

behave similarly with respect to various shoe weights unless 

the stimulus intensity is close to the turning point. 
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Summary 

To address the lack of sensation that accompanies limb loss, 
an increasing number of amputees are receiving a nerve 
transfer surgery, Targeted Reinnervation (TR). Touches at the 
surgery site can feel as though they originate in the amputated 
(phantom) limb. However, sensory recovery after this surgery 
is not well understood, particularly in the lower limb. We have 
developed a protocol for mapping the nature and extent of 
referred sensation in the lower limb, evaluated on a single 
participant that has undergone TR surgery. Of 25 sites 
surveyed, consistent referred sensation was identified in 4 
areas, one of which appeared to be dependent on the pose of 
the phantom limb. Understanding the capability for referred 
sensation to the lower limb has enormous potential for the 
restoration of intuitive feeling.  

Introduction 

Targeted Reinnervation (TR) is a surgical approach that is 
becoming increasingly common [1] in restoring sensation after 
amputation. When a site on the reinnervated skin is touched, 
the individual feels a touch on their amputated limb. Though 
there have been studies to characterize and make use of 
sensory recovery in the upper limb after TR, the lower limb’s 
capacity for sensory reinnervation has remained unexplored.  

Methods 

The participant received a below-knee amputation in 1969, 
and has had 25 surgeries on the affected limb since. These 
include 3 total knee replacements, and a subsequent 
amputation above the knee in 2008. The most recent 
procedures have included end-to-end TR for managing pain. 
At the time of the study session, residual limb pain was rated 
as a 6, with no phantom limb pain reported.  

After informed consent, the participant was seated with the 
residual limb extending about 5cm over the edge of an exam 
table. Their view of the limb and experimenters was blocked 
with a curtain, and a computer displaying a graphical user 
interface (GUI) for indicating sensation was positioned 
ergonomically to their right. The GUI was developed to 
prompt responses to a series of touches. The residual limb was 
marked with a grid of 25 stimulation locations (Figure 1). 225 
total prompts were provided to the participant, 75 of which 
were sham touches designed to detect false positives. Each 
location was randomly stimulated with 6 real touches and 3 
sham touches, using 3 Royland Semmes-Weinstein 
monofilaments of varying weight (2.05g, 5.50g, 15.00g). 

Results and Discussion 

Of 225 prompts, 77 prompts were responded to as being felt, 
73 were not detected, and there were no false positives. The 

minimal threshold of detection was determined for each 
location. On the left of Figure 1 is a grid depicting the sites on 
the residual limb that were stimulated by monofilament. 
Numbers in gray indicate sites for which there was no 
detection of stimulus. Sites in colored regions indicate 
consistent referred sensation, and those without color indicate 
highly variable response (greater than 20 pixels distant among 
3 responses). On the right are regions indicated on the GUI as 
apparent origin of stimulus.  

 
Figure 1: Stimulation locations and map of referred sensations. 

Site 14 in particular was isolated for exploration due to a 
report of a “brushing” referred sensation to the foot. The 
participant was asked whether they could manually elicit the 
referred sensation, and found that it was dependent on the pose 
of their phantom limb, which they volitionally controlled by 
flexing muscles on the residual limb. Cutaneous stimulation 
when the phantom was flexed resulted in a referred sensation 
to the first 4 rays of the phantom limb. As the phantom was 
transitioned from dorsiflexed to plantarflexed, the referred 
sensation moved from the plantar surface of the big toe to 
diffuse across the next two toes.  

Conclusions 

This work demonstrates a viable method for the mapping of 
referred sensation in the lower limb. To the best of our 
knowledge, referral of sensation has not been previously 
reported to be dependent on the pose of the phantom limb. 
Further validation of this method on recipients of TR surgery 
will continue to shed light on the lower limb’s capacity for full 
sensory restoration.  
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Summary 

Compliant fingers are essential for fine manipulation. Like a 
slender column, a compliant finger is prone to buckle when 
exerting fingertip forces. But, healthy human fingers rarely 
buckle. So, we investigated how the neuromuscular system 
stabilizes finger contacts. Stability may be a by-product of 
activation-dependent stiffness of muscle or the muscular 
coordination pattern may be governed by the need to stabilize 
the finger. We probed these alternatives by using maximal force 
measurements when the index finger’s posture is externally 
stiffened using a splint. Upon externally stabilizing the finger 
with a splint, the maximal force (23 volunteers) increased by 
62% (p<0.05) and the EMG of the finger flexors increased by 
63% (p<0.05). Humans use scaled versions of the maximal force 
muscle coordination pattern for everyday submaximal tasks. 
Therefore, our results imply that muscle coordination patterns in 
fine manipulation are primarily driven by the need for stability 
against buckling.  

Introduction 

The importance of soft fingers in manipulation is widely 
accepted [1]. But similar to a slender structure that buckles under 
compressive loads, excessively compliant finger leads to 
buckling when exerting forces with the fingertip [2]. How 
humans avoid finger buckling while maintaining soft contacts is 
unknown. Stiffness and force are linearly related for muscles [3], 
and so the finger will be stiffer when producing higher forces. 
We examine whether this coupling automatically guarantees 
stability of fingers even when the coordination strategy does not 
explicitly account for stability. To probe this, we measured 
maximal force production in a free finger versus one that is 
externally stabilized using a splint. If stability is a limiting 
constraint in finger contact, we predict that maximal forces will 
be substantially higher for the splinted finger because the splint 
ensures that the finger will remain stable. 

Methods 

A thermoplastic splint was used to stiffen the three joints of the 
index finger in 23 volunteers, who were instructed to produce 
their maximal fingertip forces without compromising stability 
(figure 1a). This IRB approved study was performed at NCBS, 
Bangalore, India. We measured fingertip forces (JR3 Inc., CA) 
and surface EMG from two flexors, flexor digitorum profundus 
and flexor digitorum superficialis, (Trigno-wireless, Delsys Inc., 
MA). The force data were smoothed using a moving average 
filter of 1s width to find the maximal force produced (fmax). The 
collected EMGs were band-stop and high-pass filtered, and then 
full wave rectified. The average activity of each muscle in the 
maximal force time window was used to calculate a weighted 
average measure of muscle activity (wEMGav) where each 
muscle was proportionally weighed by its physiological cross 

sectional area. 

 
Figure 1: Experimental setup and analysis. (a) Maximal fingertip forces 
are measured with and without a splint. (b) The shaded vertical bars 
represent the 1s time window of the force maximum. (c) RMS EMG 
from two flexors are found during the same time window. The bars 
represent the muscle activity corresponding to the maximum force.  

Results and Discussion 

Upon adding the splint, all but one subject showed an increase 
in fingertip force. The median of maximum fingertip force for 
23 subjects increased by 63% (p<0.05) showing that maximum 
forces are limited by stability. A corresponding increase of 62% 
in flexor activity (p<0.05) suggests that increased force is due to 
increased muscle activity. 

 
Figure 2: Percentage change in fmax and wEMGav with splint as 
compared to the no-splint condition for 23 subjects. (Inset) Median 
(pink), mean (dot), the first and the third quartiles (box boundaries) of 
increase in fmax and wEMGav for the 23 subjects. 

Conclusions 

Stability, and not muscle strength, constrains the peak fingertip 
forces in humans. It is known that humans linearly scale the 
coordination pattern at maximal forces to produce submaximal 
forces [4], implying that stability is the primary basis for the 
neuromuscular coordination of fingertip forces at all forces. 
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Summary 

The purpose of this study is to examine the relationship 

between ankle plantarflexion angle at initial contact (IC) and 

knee valgus angle and moment during single-leg landing. 

Twenty-two adults performed single-leg landings from a 0.3-

m height. The ankle angle at IC was negatively correlated with 

peak valgus angle and moments. These results indicate that 

individual with lower ankle plantarflexion angle at IC relied 

on the frontal plane knee to decelerate their body center of 

mass. 

Introduction 

The ankle plantar-flexors play a role to attenuate the landing 

impact. As landing height and velocity increase, individuals 

naturally become an extension of ankle plantarflexion at IC [1]. 

These naturally altered ankle plantar-flexion angle at IC as the 

given demand increases suggest that participants prefer to 

more plantarflexed angle at IC to reduce the injury risk. In 

addition, a previous study suggests that higher ankle 

plantarflexion angle at IC is protective strategy to reduce soft 

tissue injury risk in the knee joint through the reduced the 

landing impact by the increased ankle energy absorption [2]. 

However, it is unclear whether ankle angle at IC closely 

related with anterior cruciate ligament (ACL) risk in terms of 

biomechanical factors. Hewett et al. (2005) suggest that peak 

knee valgus angle and moment are prospectively identified as 

significant predictors of ACL injury [3]. Therefore, one might 

expect that individual with higher ankle plantarflexion angle at 

IC reduce peak valgus angle and moment, resulting in the 

reduction of injury risk of the ACL. The purpose of this study 

is was to determine whether significant relationships exist 

between ankle plantar-flexion angle at IC and biomechanical 

risk factors related to ACL injury in frontal plane. 

Methods 

Twenty-two healthy participants (ages: 22.1 ± 1.3 years, 

height: 1.74 ± 0.1m, mass: 68.2 ± 9.8kg) were recruited. 

Participants were instructed to perform single-leg landing by 

stepping off a 0.3m platform with their natural landing style. 

The kinematics and kinetics data in ankle joint were measured 

at 400Hz with force plate and a motion-capture system. 

Pearson correlation analyses were performed to test the 

relationships between the ankle angle at IC and peak valgus 

angle, moment.  

Results and Discussion 

The ankle plantarflexion angle at IC was significantly 

associated with peak knee valgus angle and moment (Fig. 1, 

P<0.05). The results indicate that individuals with lower ankle 

plantarflexion angle at IC relied on the knee frontal plane 

more than higher ankle plantarflexion angle at IC to decrease 

impact. While it was evident that altered ankle angle in sagittal 

plane affect the knee frontal plane loading, the reasons are 

unclear. One possible explanation for our results is that the 

increased load of the proximal joints due to the decreased 

contribution of the ankle is transmitted to the frontal plane in 

the knee joint. Because landing task is a closed kinetic chain, 

the load redistribution appears likely to be caused by that if 

one of the joints was compromised during landing, the energy 

would be transferred to other joints [4]. In this study, the ankle 

angle at IC was positively and negatively correlated with ankle 

energy absorption and sum of knee and hip joint (Table 1). 

 Figure 1: Relationship between ankle angle and knee valgus loading 

Conclusions 

Therefore, our results suggest that landing strategy with 

greater reliance on the ankle energy absorption may decrease 

loading of frontal plane knee, resulting in the reduction of 

injury risk of the ACL.  
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Table 1: Means (± SD) of relative contribution to energy absorption and result of Pearson correlation coefficient  

Contribution to absorption Mean ± SD r p 

Ankle (%) 35.6 ± 7.4 0.56 0.005 

Sum of knee and hip (%) 64.4 ± 7.4 -0.56 0.005 

 

Saturday, August 03 2019: Posters (1600-1800) 1636

Control 3



 

 

Hitting the bullseye: Unique kinematic strategies emerge from acquiring a novel skill in a virtual environment  

 

Isaiah J. Lachica1, Stefanie A. Drew, Ph.D.2, Nicole M. Stoehr1, and Jacob W. Hinkel-Lipsker, Ph.D.1 
1Department of Kinesiology, California State University, Northridge 
2Department of Psychology, California State University, Northridge 

Email: isaiah.lachica.993@my.csun.edu  

 

Summary 

Virtual reality (VR) is currently increasing in popularity as a 

medium for motor skill training, particularly in the areas of 

occupational skills and motor rehabilitation. However, there 

is still debate as to how well motor skills learned in a virtual 

environment transfer to the real world due to perceptual-

motor differences between the two performance settings. The 

initial results of the study indicate that, for a dart-throwing 

task, novices who train in VR acquire different kinematic 

throwing patterns but exhibit similar real-world task 

performance outcomes compared to novices who learned the 

skill in the real world. 

Introduction 

Currently, VR is being used as a tool to train a variety of 

motor skills, from sport-specific skills to surgical techniques, 

in a safe and closed environment. It is also being touted as a 

more secure rehabilitation option for those recovering from 

movement disorders such as those who suffer from 

hemiparetic stroke [1]. While the goal of any VR training 

paradigm is for the user to transfer virtual environment 

performance to the real world, there is a surprising lack of 

research describing the degree to which a virtual 

environment facilitates positive real-world transfer [2,3]. As 

such, the purpose of this study is to compare the kinematic 

throwing patterns and task performance of dart throwing 

between those who learned the skill in a virtual environment 

and those who learned in the real world.  

Methods 

Fifty novice dart players were recruited for this study and 

randomly selected to practice dart-throwing in the real-world 

(control) or in VR. Real-world pre- and post-tests, consisting 

of two sets of five dart throws, were performed before and 

after training, with the radial distance of the darts from the 

bullseye measured to gauge accuracy. This was then 

followed by a training session consisting of 10 sets of 10 dart 

throws performed by each group in their respective assigned 

environments. Three-dimensional marker coordinate data 

were recorded using an 8-camera motion capture system 

during the pre- and post-tests as well as for the first 5 throws 

of each training set. Visual 3D was used to construct a 4-

segment upper-extremity model of the throwing limb, from 

which joint kinematics were extracted. 

Results and Discussion 

Preliminary results from ten subjects, five per practice 

group, indicate that prior to training, no differences in 

accuracy were observed between the two groups. Following 

training, the VR group performed poorly in their first post-

test set. Yet, their accuracy on the second set of 5 throws 

reflected the accuracy obtained by their control counterparts 

(Figure 1). It would seem then that, following perceptual-

motor recalibration to the real-world during the first post-test 

set, VR training is as effective as conventional training in 

terms of dart throwing performance. 

 

Figure 1: Average radial distance from the target. 

However, it appears that individuals from the VR group 

adapted a different kinematic dart throwing strategy 

following training. Specifically, the VR group exhibited less 

peak elbow extension, 99.4° (Figure 2), and peak ulnar 

deviation, 10.6°, as compared to the control group who 

exhibited higher peak values at 110.2° and 14.4° 

respectively. Therefore, it seems that while VR training does 

not impact task performance, the different acquired motor 

strategy may have implications (positive or negative) for the 

use of VR to train other motor skills.  

 

Figure 2: Peak elbow extension angles of both conditions 

Conclusions 

Training in virtual reality leads to the acquisition of different 

kinematic strategies compared to real-world training while 

preserving task performance when learning a novel skill. 
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Summary 

Electrical vestibular stimulation (EVS) can be used to 
manipulate the vestibular input to the medial gastrocnemius 
muscle (MG). The aims of this study were: 1) to identify the 
lowest noisy EVS amplitude that results in modulation of MG 
activity; 2) to identify whether a motor unit response to EVS is 
influenced by its baseline firing characteristics. Eight 
participants stood quietly with their head rotated to the left 
while receiving EVS at different intensities (0-5mA). MG 
activation was measured using high-density surface 
electromyography. Coherence between EVS and populations 
of MG motor units was observed when stimulation intensity 
was ≥ 0.5mA, indicating that modulation of MG firing rate can 
be achieved with low-amplitude noisy EVS. Motor units with 
lower firing rate and higher coefficient of variation during 
quiet standing showed larger responses to EVS, suggesting 
that these motor units may contribute more than others to MG 
responses to vestibular perturbations. 

Introduction 

Electrical vestibular stimulation (EVS) and surface 
electromyography (EMG) can be used to assess the effects of 
vestibular input on lower limb muscles in quiet standing. 
Medial gastrocnemius (MG) responses can be observed for 
noisy EVS stimulation at 3mA, but not at 0.3mA [1]. In the 
present study, we investigated the threshold at which noisy 
EVS stimulation elicits responses in the MG muscle, both in 
the rectified surface EMG signal and in populations of single 
motor units. A secondary aim of the study was to examine the 
relationship between individual motor units’ firing 
characteristics and their response to EVS. 

Methods 

Eight healthy participants were exposed to noisy EVS (90s, 1-
20 Hz) while standing with their head rotated 90 degrees to the 
left. The EVS amplitude was varied randomly between trials 
(0 to 5mA). Medial gastrocnemius responses were assessed 
using high-density surface EMG (13×5 channels). Single 
motor unit spike trains were identified using the Convolution 
Kernel Compensation method [2] and reviewed manually. 
Cumulative Spike Train (CST) were created to describe multi-
unit activity. For each trial, single motor unit firing rate (FR) 
and coefficient of variation (CV) were calculated, and 
coherence between the EVS signal and: i) rectified EMG; ii) 
individual motor units; and iii) CST; was used to characterize 
the response to EVS. Coherence was defined as significant 
when a minimum of 3 consecutive frequencies exceeded the 
95% confidence interval. Results are presented as the 
percentage of participants (surface EMG and CST) and as the 
percentage of motor units showing significant coherence for 

each stimulation intensity. Paired T-tests were used to describe 
changes in MU FR and CV between no stimulation and EVS 
at 3mA. Pearson correlation coefficient was used to test 
association between a motor unit’s coherence with EVS and 
its FR and CV during natural standing. 

Results and Discussion 

Spike trains from 801 motor units were included in the 
analysis. In the surface EMG and in the CST, significant 
coherence was observed in 3 and 4 participants out of 8 at 
0.5mA. 6 and 7 participants showed significant coherence at 
1mA. Significant coherence was observed in approximately 
5% of motor units at 0.5 mA, and in more than 50% at 1mA. 

 
Figure 1: Number of participants (left) and percentage of motor units 

(right) showing coherence with EVS. 

Compared with quiet standing, EVS at 3mA resulted in a 
decrease of FR from 8.3±1.3 to 7.5±1.5 Hz (N=93, p<0.001) 
and an increase in CV from 0.33±0.07 to 0.39±0.09 (p<0.001). 
Coherence with EVS tended to be larger for MUs that had 
larger CV (p=0.002, r2=0.12) and lower FR (p=0.01, r2=0.08) 
during standing quietly without EVS. 

Conclusions 

EVS as small as 0.5mA modulated the firing behaviour of 
certain MG motor units. Most MG motor units responded to 
3mA EVS, while also showing lower firing rate and higher 
coefficient of variation compared to quiet standing. MG motor 
units with lower firing rate and higher coefficient of variation 
during quiet standing may contribute more than others to MG 
responses evoked by vestibular perturbations. 

Acknowledgments 

NSERC grants (Blouin: #356026-13; Garland: # 105424-13). 

References 

[1] Dakin CJ et al. (2007). J Physiol, 583.3: 1117-27. 
[2] Holobar A et al. (2007). IEEE Sign Proc, 55: 4487-96. 

Saturday, August 03 2019: Posters (1600-1800) 1638

Control 3



 

 

Simulating the pendulum test to understand mechanisms of Parkinsonian rigidity 

Giovanni Martino1, Sistania M. Bong1, J. Lucas McKay1, Friedl De Groote2, Lena H. Ting1, 3 
1W.H. Coulter Dept. Biomedical Engineering, Emory University and Georgia Institute of Technology, Atlanta, GA, USA 

2Department of Movement Sciences, KU Leuven, Leuven, Belgium 
3Department of Rehabilitation Medicine, Emory University, Atlanta, GA, USA 

Email: giovanni.martino@emory.edu 
 

Summary 
The pendulum test has been used to objectively quantify 
spasticity, but its utility in Parkinsonian rigidity has been 
studied much less. Our recent simulations suggest that key 
features of abnormal pendulum test kinematics can be 
attributed to elevated muscle tone and reflex gain in spastic 
cerebral palsy [1]. We hypothesized that muscle tone is also 
increased in Parkinsonian rigidity. We tested individuals with 
varying degrees of rigidity using the pendulum test, and 
simulated the resulting kinematics. Our experimental and 
simulation results suggest a major role of elevated muscle tone 
in Parkinsonian rigidity. Our work suggests that the pendulum 
test could be an effective tool for evaluating the mechanisms 
of rigidity in Parkinson’s disease (PD). 

Introduction 
Despite extensive research, the pathophysiology of rigidity in 
PD remains unclear. Rigidity is evaluated by physical 
manipulation of the limbs in the relaxed state and in contrast 
to spasticity is described as being insensitive to the velocity of 
stretch [2]. While some research shows the involvement of 
velocity dependent spinal stretch reflexes [3, 4] in rigidity, 
there is some evidence suggesting a primary role of muscle 
tone [5]. The pendulum test is a diagnostic method that 
consists in evaluating the pattern of lower leg movement after 
release from the horizontal. Our recent simulation work 
suggests that three key features of the pendulum test related to 
spasticity severity can be explained by elevated tonic muscle 
activity and its interaction with stretch reflexes [1].  

Our objective is to quantify the relationship between 
pendulum test outcomes and rigidity in PD. We collected 
pendulum test data from persons with PD who exhibit rigidity 
and simulated them by using a biomechanical model. Further, 
we investigated pendulum test outcomes when rigidity was 
exacerbated using two activation maneuvers (AMs) intended 
to elicit rigidity during clinical examination: bilateral fist 
clenching and unilateral finger tapping. 

Methods 
Three individuals with PD (2 males/1 female, 57±9 years) off 
medication and 1 control (1 female, 39 years) were enrolled. 
Lower extremity rigidity was assessed using the Movement 
Disorders Society Unified Parkinson’s Disease Rating Scale 
(MDS-UPDRS), item 3.3. The pendulum test was performed 
with the subject sitting on a treatment table with the trunk 
inclined approximately 40° from the horizontal. The examiner 
held the patient's foot for 30s with the knee extended before 
releasing it. First swing excursion (θ1), the number (n) and 
duration (d) of oscillations and the resting angle (θr) (Fig. 1A) 
were assessed using kinematic data from motion capture 
(Vicon) in the baseline condition as well as during each of the 

AMs. Finally, to assess the contribution of muscle tone (Tb) 
and reflex gain (kT), we simulated the pendulum test in the 
baseline condition based on a torque-driven biomechanical 
model of the lower leg [5]. 

Results and Discussion 
First swing excursion, the number and duration of the 
oscillations, and the resting angle all decreased progressively 
with increasing rigidity (Fig. 1). The AMs had an effect only 
in the PD participant with severe rigidity, where they reduced 
the resting angle (Fig. 1D). The model emulated baseline 
pendulum test kinematics in all participants, with Tb 
increasing with rigidity to account for the reduced resting 
angle). We were unable to capture the effects of the AMs in 
the severe case.  

 
Figure 1: Knee angle responses during the pendulum test. 

Conclusions 
Parkinsonian rigidity altered pendulum test outcomes. Our 
simulations suggested an important role of increased muscle 
tone in Parkinsonian rigidity. However, additional damping 
and stiffness in a more realistic muscle model may be 
necessary for improved fits. Combined information from 
experimental data and simulations could clarify the 
pathophysiology of rigidity that may be important for proper 
diagnosis and treatment. 
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Summary 
 
Stability of motor behavior reduces when anticipating or 
initiating a state change. We explore the effect of anticipated 
movement and recent history of movement on the stability of 
the current manual state in a finger-force-production paradigm. 
We found that stability is reduced in anticipation of state 
change, but not due to previous movements.  
 
Introduction 
 
Maximizing stability does not necessarily maximize motor 
performance [1]. Anticipation of an impending state change 
results in a reduction in the stability of the current behavior 
during isometric finger force production [2] and facilitates the 
state change. Here, we investigate the influence of the history 
of recent behavior and the anticipation of future motor events 
on the stability of the current motor state in a finger-force-
production paradigm. 
 
Methods 
 
Nineteen young adults (10 male, 20.4±0.9 yrs) participated in 
the study. Subjects placed the distal phalanx of each finger of 
their right hand on one force transducer. Visual feedback of the 
total force, FT, computed as the sum of the vertical downward 
forces of all fingers, was provided as a cursor on a computer 
screen. Subjects matched a force target displayed on the screen 
by modulating the finger forces in four tasks (Figure 1). 

 

 

 

 

 

 

Figure 1: Representative FT and target time series for the four 
tasks: ‘Steady’ (A), ‘Anticipation’ (B), ‘History’ (C), and 
‘Combined’ (D). RMSE is computed within the shaded 

rectangular durations. 

In the Steady task, the subject produces FT to match a static 
target, with a-priori knowledge of the target’s invariance. The 
Anticipation task begins similar to the Steady task, but the 
subject is anticipating the movement of the target. In the History 
task, the subject first tracks a moving target and then a 

stationary one, with knowledge that the target will not move 
anymore. The Combined task has an initial tracking component, 
then a constant force phase, and ends with tracking again. 
Subjects know the potential movement patterns of the targets 
but are unaware of the specific trajectories. 

We computed the root-mean-squared error (RMSE) over a one 
second window when the target force was 10% of the subject’s 
maximal finger force (MVC) and subjected it to a one-way, 
repeated-measures ANOVA with factor Task (four levels). All 
pair-wise comparisons were conducted with Tukey corrections. 
Higher RMSE indicates destabilization of the current manual 
state, consistent with critical fluctuations observed in biological 
systems when they operate close to a bifurcation point [3]. We 
expect that FT will be destabilized when subjects expect to 
change FT in the near future. Higher RMSE in the History 
condition will reflect the influence of movement history on the 
current stability of FT.  

Results and Discussion 

  

 

 

 

RMSE changed with Task [F(3,18)=14.17; p<0.01]. It is not 
significantly different in the Steady and History tasks. 
Similarly, it is not significantly different in the Anticipation and 
Combined tasks. However, RMSE is significantly higher (by 
27%, on average) in the latter two tasks compared to the Steady 
and History tasks. These results support our hypothesis that FT 
was destabilized when participants expected to change FT in the 
near future, regardless of movement history. 
 
Conclusions 
 
We have shown that the effects of motor history do not impact 
anticipatory stability modulation in preparation for an 
upcoming state change.  
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Figure 2: The across-subject mean values with standard error 
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Summary 
People reach with smooth hand trajectories, which are thought 
to facilitate accuracy [1]. Smoothness predicts trajectories 
well, but appears incompatible with physiological criteria 
such as metabolic cost, whose known contributors tend to 
predict overly jerky movements. This incompatibility might 
be resolved by a cost associated with rapid force production 
(“force-rate”), not previously appreciated in movement. 
During free reaching, this cost would be expected to increase 
with movement jerkiness. We therefore tested whether the 
cost for cyclic reaching movements would increase with 
higher (jerkier) movement frequencies, as predicted by force-
rate. Adult participants (n=10) expended nearly four times 
more metabolic energy with increasing force-rate, even when 
controlling for mechanical work and other known contributors 
to cost. A force-rate metabolic cost provides a physiological 
and effort-based justification for favoring smooth movements, 
other than accuracy alone. 

Introduction 
Smooth hand trajectories are considered preferable because  
minimizing jerk—the time-derivative of acceleration—is 
believed to maximize accuracy [2]. Effort or energy is also 
considered important for many movements, but hypothesized 
costs such as for mechanical work or force [3] predict jerkier 
movements than observed in humans. This suggests                       
either that humans prioritize kinematic accuracy over effort, 
or that hypothesized models of energetic cost are incomplete. 
Better characterization of energetic cost could potentially 
resolve this issue.  
An under-appreciated metabolic cost for activating muscle 
increases with faster force production rates or frequencies, 
and is attributed to calcium pumping [4]. It is demonstrated 
behaviorally for fast human leg swinging [5], but not for 
reaching. This “force-rate” cost should behave similarly to 
movement jerk, from the time-derivative of Newton’s law 
(force-rate equals acceleration rate, or jerk). Minimizing jerk 
might therefore reduce the metabolic energy expenditure due 
to force-rate. Here we tested whether jerkier reaching 
movements are also energetically costly.  

Methods 
We measured metabolic energetic cost associated with force-
rate while healthy subjects (n=10) performed cyclic reaching 
movements (Figure 1A). Subjects moved bimanually at five 
conditions of increasing movement frequency, interacting 
with a planar robot manipulandum (KinARM Technologies, 
Kingston ON, Canada). Movement amplitude was specified 
via visual targets to decrease with movement frequency, so as 
to maintain constant average positive mechanical power, a 
known contributor to metabolic cost. We predicted that force-
rate (and jerk) would increase with frequency, contributing to 
greater metabolic rate, as measured via respirometry.  
 

Results and Discussion 
Metabolic cost increased substantially with movement 
frequency (Figure 1B), from  5.3±6.3 W (mean±SD) at the 
lowest frequency to 19.0±6.0 W at the highest frequency (p = 
4.3e-4), as did movement jerk (p = 2.0e-7), consistent with our 
predictions. The increase in metabolic power occurred despite 
nearly constant positive mechanical power (slope 95% CI =[-
0.05,0.21] W·s, p = 0.21).  
A cost model [6] commonly used in the OpenSim framework, 
applied to reaching, over-predicted the net cost of all 
conditions by a factor of 5 – 10. Such models do not include 
force-rate costs.  

Conclusions 
Reaching has an energetic cost increasing with force-rate. 
This suggests a previously unrecognized but physiological 
and energetic advantage of smoothness, not included in 
present metabolic cost models. Smoothness might not only be 
for the sake of accuracy.  
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Figure 1: A) Experimental Design for cyclic, bimanual reaching, 
with (right) sample kinematics, mechanical power, and EMG. B) 
Results: Metabolic rate (left) and kinematic jerk (top right) 
increased with movement frequency, but average positive 
mechanical power was nearly constant (bottom right). 
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SUMMARY 
The effect of cerebellar transcranial direct current stimulation 
(c-tDCS) on online and offline learning of complex multi-joint 
movements is relatively unexplored. This study employed a 
two-session double-blind SHAM-controlled design to examine 
total, online, and offline learning effects of c-tDCS on an 
overhand throwing task. Thirteen right-handed healthy young 
adults were randomized into a c-tDCS or SHAM group and 
attended two-sessions separated by 24-hrs. On Day 1, 
participants completed a baseline block, 5 practice blocks, and 
a 5-min post-block to assess online learning. Day 2 consisted 
of a single block of throws to assess offline learning. Online 
learning in the c-tDCS vs. SHAM group approached statistical 
significance (p = 0.06). Total and offline learning effects were 
not statistically significant between groups (p > 0.2). 

INTRODUCTION 
Transcranial direct current stimulation applied to the 
cerebellum (c-tDCS), significantly improves online and offline 
learning of simple motor tasks [1]. However, very few c-tDCS 
studies have examined its modulatory effects on learning of a 
complex multi-joint motor skill. The purpose of this study was 
to examine the effects of single-session c-tDCS on total, 
online, and offline learning of an overhand throwing task. We 
hypothesized significantly greater total, online, and offline 
learning effects in the c-tDCS group vs. the SHAM group. 

METHODS 
This study employed a two-session double-blind SHAM-
controlled design. Thirteen right-handed participants provided 
informed consent and were randomized into a c-tDCS (N=6) 
or SHAM (N=7) group. Anodal c-tDCS was applied over the 
right cerebellum during the throwing task using a NeuroConn 
DC-Stimulator secured in a back-pack [2].  
Two experimental sessions were completed that included: (1) 
a baseline-test block, (2) five practice blocks [P1-P5], (3) a 5-
min post-test block, and (4) a 24-hr retention block. During 
each block, ten overhand throws (6 m from target) were 
performed with a chalked tennis ball.  
Participants in the c-tDCS group received 20-min of 2 mA 
online stimulation during practice blocks [P1-P5], whereas the 
SHAM group received 1-min of stimulation (30 s ramp-up to 
2 mA immediately followed by ramp-down). Motor 
performance was quantified as the endpoint error for each 
block of trials. The dependent variable used to quantify 
learning effects was the percent change in endpoint error (%).  
Independent t-tests (α=.05) were used to detect total (% 
change from baseline to retention), online learning effects (% 
change from baseline to 5-min post), and offline learning (% 
change from 5-min post to 24-hr retention) between groups. 

RESULTS AND DISCUSSION 
Participants showed reduced endpoint error over time, 
demonstrating learning did occur over time in both groups 
(Figure 1). Online learning between-groups approached 
statistical significance (SHAM = -11.7±13.1% vs. c-tDCS = -
29.1±17.3%; p = 0.06). However, total learning (SHAM = -
4.7±7.9% vs. c-tDCS = -17.1±23.3%; p = 0.21) and offline 
learning (SHAM = 9.8±18.2% vs. c-tDCS = 17.9±22.2%; p = 
0.49) were not significantly different (Figure 2).  

 
Figure 1: Endpoint error mean ± standard error (SE). 

 
Figure 2: Total, online, and offline learning for SHAM and c-tDCS. 

Mean ± SE are shown for percent changes in endpoint error. *p=0.06. 

CONCLUSIONS 
Our findings indicate c-tDCS improves online learning of an 
overhand throwing task. Additional research participants are 
required to more robustly test our hypothesis.  
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Summary 

Since treadmill walking is a redundant task, there is an 

underlying control goal such as matching treadmill speed or 

maintaining constant position. For unperturbed walking and 

running, the goal is matching average treadmill speed. It is 

unknown how robust this goal is. This abstract shows that the 

goal remains constant even when treadmill speed varies within 

a step. This is done by examining how deviations from potential 

goals are corrected. 

Introduction 

There are infinite combinations of step length and duration that 

produce the same walking speed [1]. It is assumed that there is 

an ideal set of parameters that would be used if the system had 

no noise. Because there is noise, there is step-to-step variation 

[2]. Examination of this variation can be used to deduce the 

control goal because some variability will affect the goal while 

some will not [3]. Deviations from the goal are expected to both 

be small and quickly corrected [1]. For treadmill locomotion, 

two logical choices for the goal are matching treadmill speed or 

maintaining a constant position on the treadmill [1]. For 

unperturbed walking [1] and running [4], the goal appears to be 

matching speed. However, it is unknown if the control goal 

generalizes to cases when treadmill speed is not constant. 

Methods 

Ten healthy adults participated in two 6 min trials. Subjects 

walked on a split-belt treadmill at a nominal speed of 1.1 m/s. 

For the control condition, treadmill speed was constant. For the 

perturbation condition, treadmill speed was adjusted for leading 

leg during double support. Specifically, belt speed was reduced 

to 0.7 m/s as quickly as possible, held at 0.7 m/s for 0.2 s, then 

increased back to 1.1 m/s as quickly as possible. These 

perturbations might make matching treadmill speed more 

difficult because the treadmill is no longer running at a constant 

speed for the entire step. Subjects practiced for 10 min prior to 

the perturbation trial. Because these perturbations are not 

random, this condition represent a less practiced task rather than 

reactions to unexpected conditions. To determine if the control 

goal was still speed, average speed and absolute position at heel 

strike were analysed using three methods [1]. The ideal speed 

and position were assumed to equal the mean values, and errors 

were the difference from the mean. The amount of variation was 

quantified using the coefficient of variation (CV, standard 

deviation divided by mean); higher CV suggests that the 

parameter is not tightly controlled. The speed at which errors 

were corrected was quantified using the Hurst exponent 𝛼; 

𝛼 < 0.5 indicates an anti-correlated series and tight regulation 

while 𝛼 > 0.5 indicates a positively correlated series and weak 

regulation. The effect of error size on the subsequent correction 

was quantified by plotting Δ𝑒𝑛+1 vs 𝑒𝑛 and finding the slope 

where 𝑒𝑛 is the error for step 𝑛 and Δ𝑒𝑛+1 = 𝑒𝑛+1 − 𝑒𝑛 is the 

size of the correction; slopes near 0 indicate that error size has 

little effect on the next step while slopes near −1 indicate that 

errors are mostly corrected within one step. This parameter will 

be termed ‘Slope.’ Statistical testing was performed using the 

Wilcoxon signed-rank test with significance set at 0.05. 

Results and Discussion 

The perturbations were of sufficient magnitude to significantly 

shift the mean step length (0.56 m to 0.50 m) and duration 

(0.55 s to 0.57 s). Despite these changes, none of the parameters 

used to identify the control goal changed significantly between 

the two conditions (Fig. 1). In most cases, the CV was smaller 

for speed than for position, suggesting tighter control of speed. 

The Hurst exponent was slightly less than 0.5 for speed and 

much greater than 0.5 for position regardless of condition, 

indicating that errors in speed were corrected much more 

quickly than errors in position. This is consistent with [1]. It is 

also supported by the significant difference in Slope. Errors in 

speed were typically slightly overcorrected the next step 

(Slope < −1) while errors in position were rarely corrected the 

next step (Slope ≈ 0). This is also consistent with [1]. Taken 

together, this indicates that healthy humans do not alter their 

control goal for treadmill walking even when faced with the less 

practiced task of variable belt speed. 

 

Figure 1: The coefficient of variation (CV), Hurst exponent (𝛼), and 

Slope parameter for speed (S) and position (P) for trials with constant 

treadmill speed (None) and variable treadmill speed (Pert). 

Conclusions 

These results suggest that the control goal for treadmill walking 

is robust to changes in belt speed. Regardless of if the belt speed 

is constant or variable over a step, humans appear to prioritize 

matching average belt speed over the alternative control goal of 

maintaining a constant position on the treadmill. 
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Summary 

This work examined the performance of a hand-tracking task 
prior-to and following either wrist flexor or extensor isometric 
fatigue. Wrist extension and flexion force decreased equally 
following fatigue. Tracking error was significantly greater 
immediately following fatigue compared with baseline, but 
recovered to pre-fatigue levels after one minute. This work 
suggests fatigue of the flexors and extensors is equally 
detrimental to hand and wrist performance.  

Introduction 

The wrist extensor muscles are primarily responsible for 
stabilizing the wrist joint complex [1]. Their supportive role is 
thought to leave them more vulnerable to fatigue than the 
wrist flexor muscles, leading to a greater likelihood of 
performance decrements and overuse injuries [2]. However, 
minimal fatigue research has been conducted at the wrist. 
Thus, the purpose of this work was to examine how isometric 
fatigue of the wrist extensors/flexors influences strength and 
performance during a hand-tracking task.  

Methods 

Twelve male participants placed their right forearm in a three-
degrees-of-freedom wrist manipulandum (WristBot, Genoa, 
Italy) with their hand grasping the handle of the device. 
Interfaced with tracking software, the position of the handle 
was displayed as a blue circle on a computer monitor. The 
tracking pattern was a 3:2 Lissajous curve, sized to ± 45° of 
wrist flexion/extension and ± 25° of radial/ulnar deviation. A 
yellow circle representing the target moved around this curve 
at 9°/s and participants attempted to track the target. 
Following 12 practice trials, 5 baseline traces were performed 
and averaged prior to fatigue. For the fatigue trial, participants 
moved forward in their seat to a table-mounted force 
transducer. Performed on separate days (randomized), 
participants exerted maximal wrist extension or flexion force 
against the transducer until they were unable to maintain 25% 
of their pre-fatigue maximal voluntary contraction (MVC). 
Participants then returned to the robotic device and performed 
7 traces spread out from immediate post-fatigue to 10 minutes 
post. MVCs were performed at 2, 6, and 10 minutes post-
fatigue, between traces. Tracking error was assessed as the 
displacement of the handle from the target in both the x and y 
direction. Mean error was calculated across the entire trace. 

 

Results and Discussion 

Prior to fatigue, wrist flexion MVCs were significantly greater 
than wrist extension (Table 1) (flexion: 176.1 ± 38.2N, 
extension: 157.6 ± 34.6N, p < 0.05). Normalized to pre-fatigue 
MVC force, post-fatigue MVCs were significantly lower than 
baseline at all time-points (P < 0.05), with no recovery 
differences between flexion/extension (P = 0.11). While there 
was no difference in mean error between flexion and extension 
fatigue, participants exhibited significantly greater error 
immediately post-fatigue compared to pre-fatigue (Pre: 1.46 ± 
0.29°, 0 Min: 2.22 ± 0.34°, P < 0.05) (Figure 1). Performance 
rapidly recovered, with no difference in error from pre-fatigue 
and the 1-minute post-fatigue trace.  
 

 
Figure 1: Mean positional tracking error displayed as degrees (°). * 

denotes significant difference from Pre (P < 0.05). 

Conclusions 

These findings demonstrate that, despite unique functional 
roles between the flexors and extensors of the wrist, isometric 
extension/flexion fatigue impairs tracking performance of the 
hand similarly. This work adds new evidence to inter-forearm 
muscle roles, and will serve as an important stepping stone to 
future research into workplace health and injury prevention. 
Additional performance metrics may yield further insight.  
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Table 1: Wrist extension/flexion MVCs (N ± SD) pre- and post-isometric fatigue. Discussed in “Results” as N and % of max. 

 Pre-Fatigue 2 Minutes 6 Minutes 10 Minutes 

Wrist extension 157.6 ± 34.6 130.5 ± 34.6 141.3 ± 36.7 145.7 ± 37.1 

Wrist flexion 176.1 ± 38.2 142.9 ± 36.7 150.0 ± 37.2 153.0 ± 37.4 
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Summary 
The incidence of knee injuries in sport are well documented 
with several key variables associated with the risk of injury 
during cutting and landing identified. The contribution of 
lower extremity muscle activity is lesser known but may 
provide insights into the mechanisms as well as training and 
preventative strategies. The current study identified activation 
patterns of hamstring and quadriceps-to-hamstring ratios that 
were correlated with identified risk factors and may provide 
additional neuromuscular variables to help identify injury risk. 

Introduction 
Anterior Cruciate Ligament (ACL) injuries account for nearly 
half of all injuries necessitating 10 or more days for recovery 
in athletes in addition to significant financial costs [1]. 
Coupling the debilitation of the injury with the high overall 
incidence rates, numerous research studies have identified 
several variables associated with the elevated risk especially 
during landing and cutting activities. The combination of the 
various risk factors has been termed a dynamic valgus position 
(DVP)[2]. Neuromuscular control is also associated with ACL 
injury but specific measures are not as well identified. 
Research has concluded that higher H:Q ratios help 
counterbalance the quadriceps drawer mechanism and 
abduction loading of the tibia [3]. The timing patterns of knee 
muscle activation leading into a cut are lesser known? To this 
end we assessed the relationship of muscle activation patterns 
and hamstring-to-quadriceps ratio patterns to variables 
identified in the DVP (e.g., hip and knee extension at contact, 
knee abduction, hip adduction, tibial rotation). 

Methods 
Twenty-one healthy young adults [(11 male; age: 21.1±2.2 
years; mass: 82.2±10.4 kg; height: 1.9±.04 m); (11 female; 
age: 20.6±1.4 years; mass: 67.9±10.0 kg; height: 1.7±.08 m) 
that were active and averaged 8.9±3.9 years of participation in 
higher level sport involving unanticipated cutting (e.g., 
football, soccer, lacrosse) participated in the study. 

Participants’ motion was tracked using retro-reflective 
markers while performing unanticipated 45° cutting 
manoeuvres on both the dominant and non-dominant limb. 
Data were collected using a 12-camera motion capture system 
(Vicon), 2-force platforms (AMTI), and wireless EMG 
(Delsys-Trigno) sampling at .2k, 2k and 2k Hz, respectively.  

Kinematic and kinetic variables contributing to a DVP were 
recorded and the median study population value for each of 12 
DVP measures were used to code participants as either low (0) 
or high (1) risk relative to the sample. Scores from the 12 
variables were summed obtaining a score ranging from 0-12 
(higher scores = greater ACL risk). Spearman correlations 
were conducted on the overall score vs. muscle activation 
levels both 50ms before and 100ms after ground contact on (1) 
5-lower extremity muscles; (2) medial-to-lateral muscle 
activation ratios of the hamstring and quadriceps, and 3) the 
H:Q ratio to determine the relationship between muscle 
activation and a DVP.  

Results and Discussion 
Spearman correlational analyses revealed significant 
associations between some of the neuromuscular variables and 
the overall DVP score (Table 1). Significant negative 
correlations were revealed between the DVP and mean medial 
hamstring muscle activation both 50ms prior to foot contact 
(p=.007) and 100ms following foot contact (p=.003). 
Suggesting that higher medial hamstring activation, both 
before and after foot contact, is associated with a lower overall 
risk. An additional negative correlation was revealed between 
the DVP score and mean H:Q ratio 50ms prior to foot contact 
(p=.032), suggesting that a higher H:Q before foot contact 
might also signify a lower risk of the DVP and ACL injury. 

Conclusions 
Similar to previous literature, findings from the current study 
indicated that increased medial hamstring activation both pre- 
and post-foot contact, as well as a higher pre-foot contact H:Q 
were correlated with decreased overall ACL injury risk. These 
relationships between muscular activation during sidestep 
cutting and ACL injury risk help to further highlight the 
importance of neuromuscular patterns in identifying ACL 
injury risk. 
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Table 1: Spearman correlations between overall DVP measures and neuromuscular variables during sidestep cutting. (pre = 50ms pre foot 
contact, post = 50ms post foot contact, GM = gluteus medius, LH = lateral hamstring, MH = medial hamstring, VL = vastus lateralis, VM = 

vastus medialis, M:L = medial:lateral activation, Q:H = quadriceps:hamstrings activation)  

Neuromuscular 
Variable 

GM 
pre 

GM 
post 

LH 
pre 

LH 
post 

MH 
pre 

MH 
post 

VL 
pre 

VL 
post 

VM 
pre 

VM 
post 

M:L 
Ham 
pre 

M:L 
Ham 
post 

M:L 
Quad 
pre 

M:L 
Quad 
post 

H:Q 
pre 

H:Q 
post 

Spearman’s r .06 .04 -.25 -.09 -.41 -.45 -.15 -.01 .04 .04 -.07 -.28 .13 .02 -.33 -.26 
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Summary 

Although visual feedback dominates over proprioception 
during voluntary movements, we do not know how the control 
of contact forces is affected by either sensory system. We 
asked subjects to perform a planar reaching task while 
adapting to a visuomotor rotation which induced a conflict 
between vision and proprioception. After adapting movement 
control, the subjects’ hand position did not correspond to the 
displayed position. We found that when asked in that situation 
to exert an instructed force vector, subjects displayed 
systematic errors. We were able to account for these by 
assuming that subjects generated the same joint torques as if 
the hand were in the displayed rather than in the actual 
position. This suggests that the visual representation of hand 
position dominated over the proprioceptive representation. 
Importantly, this also demonstrated that adaptation being 
successful at compensating a visual perturbation of movement 
caused an impairment in the ability to generate contact forces. 

Introduction 

Several studies have shown that the visual system has a 
dominant role in movement control. On which sensory system 
the subjects rely more when generating these forces, however, 
is not yet well understood. We addressed this question by 
introducing a conflict between visual and proprioceptive 
sensory systems. 

Methods 

11 healthy right-handed subjects were asked to move a handle 
of a customized planar device. A virtual reality system (Rift, 
Oculus) was used to present targets, to provide visual 
feedback and to introduce a rotation of a visual field while 
preventing subjects from observing their arm. After their hand 
travelled 20cm to reach the visual targets, the device handle 
was locked and subjects were asked to generate forces of 10N 
along the two perpendicular directions (Figure 1, right). As a 
baseline, sessions consisting of 21 reaching trials with well 
calibrated visual feedback were conducted and followed by 
105 trials with an increasing visual rotation from 0° to 60°, in 
steps of 10°. After adapting to the visuomotor rotation, 
subjects learned to move the cursor to the visual targets, but 
their hand was now at different positions corresponding to a 
compensation of the applied visuomotor rotation. This 
discrepancy allowed us to formulate two competing models, 
predicting how each sensory (or mixed) system would govern 
force generation. The visual dominance (VD) model predicted 

that the subjects generate the same joint torques that would be 
appropriate for applying the desired force at the displayed 
hand location. Since the arm is at a different configuration, 
VD would cause predictable force error. The proprioceptive 
dominance (PD) model assumes that the subjects use 
proprioception to generate the appropriate torques for the 
desired contact force, based on the actual hand position and 
arm configuration. In this case, there would be no effect of the 
visual rotation and the force would be produced correctly. 

Results and Discussion 

Subjects successfully reached targets with the rotation of the 
visual field by counter-rotating the hand trajectories. The VD 
model predicted the measured forces best, with the smallest 
error between predicted and measured force directions.   

 
Figure 1: Reaching trajectories (left) and contact forces (right) with 

the visual rotation of 60 degrees from a representative subject.  

 

Figure 2: Root Mean Square Error (±1SD) between the measured 
force and the prediction for each model from all subjects.  

Conclusions 

Like movements, force generation is also subject to the 
dominance of vision over proprioception. However, in this 
case visuomotor adaptation has a negative impact on the 
generation of contact forces because when there is conflict 
between vision and proprioception, these depend upon the 
actual rather than the observed arm configuration. 
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Summary 

We have developed a robotic haptic cycle ergometer as a probe 
for coordination in the lower limb and a therapeutic intervention 
for central deficits such as stroke. Here we demonstrate motor 
adaptation and skill learning in leg movement through two 
haptic training tasks. The first shows motor adaptation to a 
virtual spring during foot reaching. The second demonstrates 
skill learning through a novel environment that reverses the 
normal relationship between torque and acceleration - a task 
only achievable in a robotically controlled system. 

Introduction 

Robots are essential tools for the study of motor learning 
because they can control motion and force in precise and 
programmable ways [1]. We have developed a robotic haptic 
cycle to perturb leg movements with the goals of inducing 
motor adaptation and training novel volitional motor patterns. 
The robot creates haptic virtual environments by controlling 
relationships among variables such as foot force, muscle 
activation pattern, and crank angle, speed and torque. The 
human user learns new behaviors by exploring the environment 
with haptic and visual feedback. We explored motor adaptation 
and skill learning in the lower limb to determine whether similar 
phenomena occur as are commonly observed in the upper limb.  

Methods 

Adaptation to a virtual spring: The controller rendered a virtual 
spring by measuring cycle crank angle and commanding motor 
torque. A test subject performed 50 randomized reaching trials 
against springs of different stiffnesses [0.5, 1, 2 N∙m/deg]. The 
1 N∙m/deg condition was most prevalent (40 trials) so that the 
person primarily adapted to this task. The 0.5 and 2 N∙m/deg 
conditions were used as catch trials (5 trials each). The subject 
reached from 0 degrees (top center) to 45 degrees with position 
feedback provided on a computer monitor.  

Learning to pedal a half-reversed bike: The controller rendered 
a virtual flywheel [1 kg∙m2] and viscous brake [.3 N∙m∙s/rad] by 
measuring bilateral pedal force, computing the resultant torque, 
simulating the virtual flywheel’s acceleration, and commanding 
motor velocity. To test the ability of intact subjects to learn a 
highly nonintuitive task, we created an environment in which 
the right pedal behaves normally but the left pedal is reversed: 
pushing into the pedal results in the flywheel accelerating 
backwards (equivalent to negative inertia: 𝜏 = −𝐼𝛼). The 
subject’s goal was to maintain a speed of 20 RPM forward for 
5 minutes. 

Results and Discussion 

Catch trials in reaching indicated that the subject successfully 
tuned motor behavior to the most common spring, leading to 
under- and overshoot errors with other springs (figure 1). This 
result was expected based on studies in the upper limb [2].  

 

Figure 1: Position vs. time trajectory of leg reaching against virtual 
springs of three stiffnesses. Performance appears tuned for the most 
common spring, leading to under- and overshoot with other springs. 

Novices (n=2) interacting with the half-reversed bike struggled 
to coordinate their legs to achieve constant forward pedaling. In 
contrast, an intermediate learner (n=1) was able to proficiently 
pedal both the half-reversed bike, and a normal bike, despite the 
very different coordination requirements [figure IIB].  

 
Figure 2: Torque profiles when pedaling a normal virtual bike and a 
half-reversed bike. Black dots indicate the location of peak power. 
Notice the reversed left foot is adding negative power. 

Conclusions 

Haptic environments can elicit motor adaptation and skill 
acquisition in volitional movements of the lower limb, as is 
commonly observed in the upper limb. Future work will address 
additional principles such as interlimb transfer, long-term 
motor learning and perturbations to motor synergies, as well as 
development of therapeutic tasks for stroke rehabilitation.  
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Summary 

Is it your mind or your hand that grasps an idea? Neural and 

behavioural evidence from the cognitive sciences suggests it 

may be both due to a theorized bidirectional relationship 

between cognitive processes and motor control. Yet, this 

hypothesis has not been approached from a neuromechanical 

perspective. We aim to test this claim with detailed analyses of 

semantic and mechanical features of action-related words. Our 

results suggest a close relationship between semantic and 

motor representations of action, supporting the idea of shared 

neural substrates between cognitive and motor systems. 

Introduction 

Characterizing the involvement of the sensorimotor system in 

cognitive processes is a crucial step in developing a theoretical 

framework for the enhancement of both cognition and 

movement for rehabilitation, learning, and robotics. While 

grasping an idea and grasping an object have traditionally 

been thought to be separate processes, there is evidence 

suggesting that the control of movement may be 

fundamentally linked to cognitive processes [1]. For example, 

movement can affect comprehension of words semantically 

related to the performed movement [2], while simply reading 

certain action words can influence the speed and acceleration 

of related movements [3]. Typical analyses in this area, 

however, conflate incompatible movement language while 

limiting behavioral analyses to biomechanically simplistic 

measures [4]. The degree to which detailed sensorimotor 

information is incorporated into cognitive representations of 

action remains unclear. Our aim is to quantify and characterize 

the relationship between semantic understanding of action-

related words and motor performance of those actions.  

Methods 

We conducted two separate experiments to assess cognitive 

and motor representations of action-related words. 32 healthy, 

native English speakers provided written informed consent 

prior to participating in this institutionally approved study. 

To quantify cognitive representations of action-related words, 

28 subjects were shown 195 words referring to physical (e.g., 

“pinch”) or abstract (e.g., “admire”) actions. They then used 

their initial impressions to rate the degree to which they would 

use various body segments to perform the actions from 1 (not 

used) to 5 (mostly used). Surveys were administered online 

via Qualtrics and analysed using custom code (Matlab). 

To quantify motor representations of action-related words, a 

subset of action words was chosen based on the survey results 

to ensure a wide coverage of movements, with 2 verbs 

representing each of four categories: finger, whole-arm, leg, 

and abstract. Four male subjects were instructed to pantomime 

performing the action they associate with that word. Actions 

were repeated 5 times in random order. Electromyography 

(EMG) of 6 upper extremity muscles (first dorsal interosseus, 

extensor and flexor carpi ulnaris, biceps brachii, triceps lateral 

head, anterior deltoid) were recorded via surface electrodes 

(Motion Labs Systems, Baton Rouge, LA). Full-body 

kinematics (Vicon, Centennial, CO) and kinetics (AMTI force 

plates, Watertown, MA) data were simultaneously collected. 

We collected the rectified, MVC-normalized integrated EMG 

(iEMG) over each 8-second movement trial.  

Results and Discussion 

Cognitive representations of upper extremity words were rated 

higher for arm involvement (4.66±0.40) than leg (2.23±0.23) 

or abstract (0.25±0.51) words. Motor representations reflected 

these results, as iEMG of upper extremity muscles was higher 

for upper extremity words vs. abstract or leg words. Cognitive 

representations rated hand/finger use as important or neutral 

for all upper extremity words (2.14±1.09) while the upper arm 

was not rated as important (≥3) for any word. 67.9% of total 

iEMG came from forearm and hand muscles for finger-related 

words. Arm muscles accounted for 64.7% of iEMG for arm 

words (Fig. 1). Kinematics data also reflected these trends.  

 

Figure 1: Relative iEMG for muscles of the arm (red hues) and 

hand/finger (blue hues) performing actions semantically correlated to 

arm (“punch”, “slash”) and finger (“pinch”, “flick”) words. 

Conclusions 

Our results suggest that cognitive representations of action 

words underestimate the importance of the upper arm but are 

generally correlated with muscular activity during motor 

performance. The close relationship between cognitive and 

motor representations of action supports the hypothesis of 

shared neural substrates between cognitive and motor systems. 
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Summary 

Lower-limb joint impedance is governed by inter-muscular 
length, velocity, and force-dependent feedback. These 
feedback pathways regulate the stiffness and damping 
properties of the lower-limb by modulating muscle activation. 
The network of length, velocity, and force-dependent feedback 
pathways is interconnected, widely distributed, and not well-
understood. Understanding the organization of this combined 
network will inform rehabilitation techniques for spinal cord 
injury. As a first step to understanding how these pathways are 
organized to reject perturbations, we developed a model of a 
cat hind limb and calculated the optimal distribution of 
homonymous length and velocity-dependent feedback to reject 
a force perturbation applied at the distal end of the limb during 
swing. The optimal solution resulted in the knee absorbing 
80.9% of the energy from the perturbation, while the hip and 
ankle absorbed 18.1 and 1.1% of the energy, respectively.  

Introduction 

Lower-limb joint impedance (i.e., stiffness and damping) 
arises from both mechanical and neural origins. The 
mechanical elements consist of connective tissues and 
muscles, which have both passive and active impedance 
properties. Length and force-dependent neural feedback 
influence impedance by modulating muscle activation. 
However, the role of neural feedback in shaping limb-joint 
impedance, especially in response to perturbations, is 
generally unknown, partly because feedback pathways are 
widely distributed. We developed an optimization framework 
that examines how the combined impedances from mechanical 
elements and homonymous length and velocity dependent 
neural feedback modulate the response of a cat hind limb to an 
endpoint perturbation during the swing phase. Based on how 
cats use their lower-limbs to absorb energy during the weight 
acceptance phase in  normal, level-ground walking [1], we 
hypothesized that the knee would absorb more energy from 
the perturbation than the hip or ankle.  

Methods 

We constructed a three-segment model of a cat hind limb in 
the swing phase in Simulink (Fig. 1A), with realistic lengths 
and masses [2], and a rotational spring and damper at each 
joint to represent length and velocity feedback. The initial 
configuration was set as the beginning of the weight 
acceptance phase (E2), and a vertical force equivalent to 
dropping the hind limb from its own fully extended height 
(131 N), was applied to the endpoint of the foot over 0.025 s 
[1].  

We optimized joint stiffness and damping to minimize the 
integrated sum of normalized kinematic (squared joint 

excursions) and energetic (squared joint torques) costs over 
time.  

Results and Discussion 

The optimal solution was a compliant hip, a compliant but 
viscous ankle, and a knee with greater stiffness than the other 
two joints (Fig. 1A). The hip had the highest excursion out of 
all the joints, and the joint excursions decreased with reduced 
segment density (Fig. 1B). However, the highest torque 
magnitude occurred at the ankle due to its viscosity (Fig. 1B). 

 
Figure 1: (A) Three-segment hind limb model with optimal stiffness 

and damping parameters at the hip (red), knee (blue), and ankle 
(black). (B) Joint angles, torques, and powers over time in the 
optimal solution. The endpoint force was applied at 5 seconds. 

The joint powers indicate how the perturbation energy was 
absorbed (Fig. 1B). The endpoint force imparted 9.8 J to the 
system. The hip absorbed 18.1% of the energy, the knee 
80.9%, and the ankle 1.1%. The total cost of the optimal 
solution was dominated by energetic cost. 

Conclusions 

The optimal set of joint impedance values (mechanical + 
neural) had a highly compliant hip and a viscous ankle that 
moved less than one degree. As hypothesized, the knee 
absorbed most of the energy from the perturbation. However, 
the joint kinematics deviated significantly from those observed 
during weight acceptance in a cat [1]. Perhaps, optimal 
solutions derived from simulations with more realistic 
heteronymous feedback topology will better re-distribute 
motion across the joints while preserving the energy 
absorption profile found here.  
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Summary 
We examined differences in submaximal quadriceps force 
control between test protocols and the relationship between 
quadriceps force control and pain and function in individuals 
with knee osteoarthritis (OA). Ten participants with 
symptomatic and radiographic knee OA were recruited. Self-
reported pain and function were assessed using the Knee 
Osteoarthritis and Injury Outcome Survey (KOOS). Force 
control was assessed through two submaximal protocols. 
Participants were less accurate when required to vary force 
compared to maintaining a fixed force. The inclusion of 
healthy age-matched participants would assist in determining 
if these differences are due to the nature of the task or 
indicative of impairments associated with knee OA. There 
were no significant relationships between force accuracy and 
KOOS subscale scores. Increasing the sample size and 
including objective functional measures will assist in 
ascertaining the role of force control in the function of 
individuals with knee OA. 

Introduction 
Maximal quadriceps strength deficits are evident in 
individuals with knee osteoarthritis (OA) [1]; however, little 
information exists on submaximal force control in this 
population [2,3]. Since activities of daily living (ADLs) 
require submaximal efforts, evaluating force control during 
submaximal tasks may provide further insight into quadriceps 
muscle impairments in knee OA, and the relationship with 
pain and function. The present study examined submaximal 
force control in individuals with knee OA and the relationship 
between force control and self-reported pain and function. 

Methods 
Ten participants (7 females; mean age 61 years (range: 52 to 
73 years) with symptomatic and radiographic knee OA were 
recruited from a regional community in Queensland, Australia. 
Participants completed the Knee Osteoarthritis and Injury 
Outcome Survey (KOOS), a self-report questionnaire with 
five separate subscales assessing symptoms, pain, activities of 
daily living function, sport and recreation, and quality of life.  

Force control was assessed through two submaximal torque 
protocols. The Isometric Fixed protocol was performed with a 
target torque set at 10% of the participants’ maximal peak 
torque (pre-determined through an isometric maximal strength 
protocol). Participants were instructed to match their effort to 
the target torque and to hold for 10s. The Isometric Varied 
protocol required participants to match a target torque that 
varied between 10% and 30% of the participants’ maximal 
peak torque, at a rate of 0.125Hz for approximately one 
minute (8 cycles). Torque targets and participant’s actual 
torque were displayed on a 42” TV positioned approximately 

2 meters from the participant and at eye-level. Root mean 
squared error (RMSE) was calculated to assess accuracy of 
quadriceps force output with a higher value indicates less 
accuracy.  

Results and Discussion 
Participants were less accurate during the Isometric Varied 
Protocol compared to the Isometric Fixed protocol (t (9) = -
10.26, p < 0.05; Mean difference (95% Confidence Interval) = 
-3.56 (-4.38, -2.80) Nm). These preliminary results illustrate 
that the need to increase and decrease torque was more 
demanding and resulted in participants being less accurate 
during the Isometric Varied protocol. Given force fluctuation 
is required during ADLs, the use of a protocol that varies force 
and mimics demands of ADLs may provide greater insight 
into potential impairments in force control. Table 1 
summarises the relationships between force control and 
measures of self-reported pain and function. Spearman rank 
correlation coefficient (rs) values showed no significant 
relationships between quadriceps force accuracy of either 
protocol and KOOS subscale scores (p > .05).  
Table 1: Spearman rank correlation coefficients (rs) between force 
accuracy (RMSE values) and self-reported pain and function. 

KOOS Subscale 
Isometric Fixed 

RMSE 
Isometric Varied 

RMSE 
Pain 0.36 -0.06 
Symptoms 0.29 0.40 
Activities of Daily Living 0.25 0.07 
Sport and Recreation 0.24 -0.12 
Quality of Life 0.29 0.12 

Conclusions 
Individuals with knee OA are more accurate at controlling 
force during isometric contractions at a fixed effort than 
during tasks that involved varying effort. The inclusion of a 
healthy age-matched participants would assist in determining 
if these differences in accuracy are due to the nature of the 
task or indicative of impairments associated with knee OA. 
The small sample size limits the ability to draw robust 
conclusions regarding the relationship between force control 
and pain and function in individuals with knee OA. In 
addition, using subjective measures of pain and function may 
not reflect the true functional limitations experienced by 
individuals with knee OA. Increasing the sample size and 
including objective functional measures will assist in 
ascertaining the role force control may play in pain and 
function of individuals with knee OA. 
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Summary

The  robot-like  character  of  PD patients’  movement  is  well
known  to  experts,  yet  there  is  little  in  terms  of  objective
measurement.  We  addressed  the  hypothesis  that  a  general
impairment  of  coordinative  capacities,  coordination  rigidity
(CR),  is  present  in  PD.  We  expected  to  observe  excessive
regularity and loss of variability in a range of tasks covering
gross  body  movement  and  speech  and  that  these  measures
would  contribute  to  the  automatic  classification  of  disease
status. Trials of walking, maintaining upright stance, rhythmic
finger  tapping,  and  speech  production  were  recorded  from
patients and controls, using inertial sensors and microphone.
Theoretically  motivated  methods  were  applied  to  the  these
time  series  to  obtain  measures  of  regularity  and  dynamic
instability. Evidence for coordination rigidity in PD was found
in  each  task.  Using  the  novel  and  standard  measures  as
features in a machine learning pipeline classified participants
with  promising  performance  on  the  test  set  (81/81/86%
accuracy/sensitivity/specificity).

Introduction

PD motor symptoms such as  bradykinesia,  tremor,  and gait
slowing  characterize  movement  globally  and  on  average,
without  recourse  to  complex  coordination  of  joints  and
muscles in full-body activities. Does coordination break down
in PD by becoming random or maladaptively fixed?

Methods

Participants  performed  trials  of  overground  walking  in  free
condition or with rhythmic auditory cues.  The postural  task
was to maintain quiet upright stance. For tapping variability a
steady tempo was kept. Speech was recorded while reading.

The  coefficient  of  variability  measured  finger  tapping
consistency.  Standard  spatio-temporal  parameters  of  gait
(cadence,  stride  length,  speed,  variability,  and  asymmetry)
were extracted along with novel measures: dynamic instability
for walking (upper body accelerations) that we call dynamic
range, sample entropy for posture (accelerations close to L5),
and  the  predictability  (recurrence  quantification  analysis)  of
speech dynamics and variability of speech-onset intervals.

A support vector machine (radial basis function kernel) with
cross-validation was trained on ten features selected using the
minimum redundancy, maximum relevance method. Postural
and speech measures were not included because reduced, non-
overlapping subsets of participants performed these tasks.

Results and Discussion

Aside from expected typical outcomes such as slowing of gait,
patients’  walking  became  less  dynamic  in  one  dimension,
postural fluctuations more regular, and the duration of voiced
intervals in speech more predictable (Figure 1), all in support
of CR, and no opposing results were found.

The best SVM reached very good average classification on the test
sets  (81/81/86%  accuracy/sensitivity/specificity)  and  the  selected
features spanned measures from all tasks available in the full data set,
including loss of dynamic range in walking.

Figure 1: Group means (SE) of measures (normalized) sensitive to
coordination rigidity. The qualitative difference in three activities of
daily  living  is  shown  schematically  on  top:  less  dynamic  trunk
accelerations  (divergence  rate  λ), more oscillatory AP postural),  more  oscillatory  AP  postural
fluctuations  (SENT),  more  predictable  voice  amplitude  dynamics
(LAMP).

Conclusion

CR is an overlooked symptom of PD with important practical
and  theoretical  implications.  It  is  possible  to  measure  CR
using  affordable  ambulatory  systems  (IMUs,  microphone,
laptop)  and  activities  of  daily  living.  CR  needs  further
investigating as its nature could be mechanical (rigid muscles)
or neural (rigid neural control and tendency to lock degrees of
freedom), or an interaction of these.
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Summary 

In this work we present a control algorithm for restoring 

movements in paralyzed limbs through functional 

neuromuscular stimulation (FNS). We employed a nonlinear 

model predictive controller (NMPC) in conjunction with an 

Extended Kalman Filter (EKF). Both the NMPC and EKF 

were equipped with a neuromuscular feline limb model. The 

internal muscle states were estimated from noisy kinematic 

data by the EKF and inputted into the NMPC control policy. 

We evaluated the FNS-based control algorithm via 

numerical simulation by making a feline model of paralysis 

follow different commanded trajectories. Besides achieving 

low tracking errors, the algorithm execution time met the 

real-time constraint due to the use of analytical Jacobians.  

Introduction 

Limb paralysis may arise from spinal cord injury, stroke, or 

other sources. In such cases, although most of the neural 

circuitry is still intact, the brain signals cannot communicate 

with motor nerves that innervate the limbs. In order to 

reanimate a paralyzed limb, functional neuromuscular 

stimulation (FNS) may be employed, which is a 

rehabilitative technique where nerves are stimulated via 

electrodes. The objective of this work is to devise and 

evaluate via numerical simulations, advanced FNS 

controllers equipped with comprehensive biomechanical 

models to handle more complex tasks than possible with 

controllers employing low-order biomechanical models [1]. 

Methods 

We used a feline limb model derived from Hill’s muscle 

model and Newtonian mechanics [2]. The model was made 

up of an ankle joint and three calf muscles: lateral and 

medial gastrocnemius (LG and MG), and soleus (SOL). A 

nonlinear model predictive controller (NMPC) [1] was used 

to compute the neural excitations that control the joint angle 

via a gradient-descent optimizer and an implicit Euler 

integrator. Analytical Jacobians were used to speed up the 

code execution time. In addition, an extended Kalman filter 

(EKF) [3] was employed to estimate internal muscle states 

from noisy joint angles observations which were then 

inputted into the NMPC control policy.  

The NMPC was commanded to make the feline limb track 

two types of ankle joint angle trajectories, a 100 to 60-degree 

step function and a sinusoidal function with amplitude of 20 

degrees and frequency of 0.1 Hz. The sampling rate was set 

to 10 ms, observation and process noises were deemed as 

additive white Gaussian noises (µ = 0 and σ = 0.001) and we 

ran the simulation 30 times for each commanded trajectory. 

Results and Discussion 

For the first trajectory, the NMPC drove the ankle joint from 

100 to 60 degrees (step function) with fall time of 

0.957 ± 0.016 second (mean ± SEM), overshoot of 

1.81 ± 0.11%, steady-state error of 0.977 ± 0.072%, steady-

state ripple of 2.72 ± 0.10%, and a controller/estimator 

runtime per iteration of 1.503 ± 0.004 ms. In the second 

trajectory, the NMPC was commanded to make the ankle 

track a sinusoidal trajectory. The correlation coefficient 

between the evoked trajectory and the desired one was 

0.9919 ± 0.0011 and the controller/estimator runtime per 

iteration was 1.571 ± 0.002 ms. In both scenarios, the control 

algorithm achieved low tracking errors and its execution 

time met the real-time constraints. In addition, the 

normalized root mean squared-error of the state estimates 

were 0.057 ± 0.022 (step) and 0.025 ± 0.015 (sinusoidal). 

       

Figure 1: Actual and desired ankle angle (step and sinusoidal). 

Conclusions 

We developed and simulated an FNS model-based controller 

in conjunction with a nonlinear state estimator that was able 

to make the cat limb model follow different commanded 

trajectories. The speed of implementation of the 

controller/estimator met the real-time constraints (Desktop 

personal computer: Intel® Xeon® CPU E3-1230 v5 at 

3.40GHz, CentOS 7 64 bits). We are currently characterizing 

a high-channel-count electrode array implanted into the 

sciatic nerve of a cat, which shall be used to evaluate the 

capabilities of the algorithm in a feline model of paralysis. 
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Summary 

Motor control complexity, calculated from muscle synergies, 
offers a convenient metric to evaluate impairment level in 
individuals with neuromuscular disorders; however, the role of 
such measures in rehabilitation remains unclear due, in part, to 
a limited understanding of the modulability of motor control 
patterns. In this study, a custom motor control biofeedback 
system was used to promote user gait pattern exploration to 
achieve targeted motor control responses. In a three-person 
pilot population, individuals were able to dynamically alter 
their motor control complexity away from baseline measures. 
These results indicate that motor control strategies may be 
modifiable through rehabilitation and supports the integration 
of such metrics into clinical practice.   

Introduction 

Motor control complexity is commonly used to quantify 
impairment and highlight coordination deficiencies in 
individuals with neuromuscular disorders. While many 
techniques have been developed to evaluate motor control for 
use in research applications [1], the acceptance of these 
methods into clinical practice remains limited. This is partially 
due to an incomplete understanding of the role they may have 
in intervention planning and patient monitoring. Specifically, 
the efficacy of integrating such measures into clinical practice 
depends on the propensity to modulate motor control 
architecture. While it is generally understood that spinal 
circuitry shapes walking patterns in early life [2], the extent to 
which individuals rely on this architecture and can alter 
coordination patterns in adulthood remains unknown. The aim 
of this study was to investigate the range of motor control 
modulation achievable during walking using biofeedback to 
guide exploration. We hypothesized that motor control, 
calculated from muscle synergy analysis, could be altered 
across a spectrum of walking patterns in an adult population.     

Methods 

Three unimpaired volunteers (1M/2F; age 24.6 ± 1.5) walked 
on a split-belt instrumented treadmill (Bertec Inc; Columbus, 
OH) at a self-selected (SS) speed. Kinematic data were 
collected from a 10-camera motion capture system (Qualisys; 
Sweden), and electromyography (EMG) data were collected 
from a bilateral, sixteen-muscle set spanning the hip, knee, 
and ankle (Delsys; Natick, MA). A custom-built biofeedback 
system [3] was used to quantify motor control complexity 
during walking. This system streams EMG data and quantifies 
motor control in real-time using the total variance accounted 
for (tVAF) by a one-synergy solution. The tVAF value is 
translated to walk-DMC [4], a normalized z-score of motor 
control complexity, which is presented to the user along with a 
researcher-imposed target walk-DMC score. Participants 
performed both no feedback (NF) and feedback (FB) trials. A  

 

three-minute NF trial was used to calculate baseline walk-
DMC scores during SS walking. In FB trials, users were 
tasked with freely modulating their gait pattern while 
maintaining forward-walking to achieve a series of walk-DMC 
target scores. Five, three-minute trials were performed.   

We evaluated kinematic and muscle synergy modulations in 
the dominant leg for individual strides over all trials. The gait 
deviation index (GDI) [5] was used to quantify kinematic 
changes between FB and NF trials [5]. Muscle synergy 
decomposition was performed on EMG data for each stride 
and tVAF was used to evaluate motor control complexity.  
Two sample t-tests were used to evaluate similarity of GDI 
and tVAF scores in both NF and FB trials.  

Results and Discussion 

With feedback, GDI scores of 79.6 (66.1-93.1), 77.5 (67.0 – 
88.0), and 74.1 (53.47-94.8) indicate that participants 
performed a broad range of gait patterns. These were 
significantly different from baseline GDI (p ≤ 0.005). tVAF 
scores (0.63 ± 0.06; 0.71 ± 0.09; 0.73 ± 0.06) during FB trials 
also changed significantly from baseline, suggesting that 
participants were able to modulate their motor control 
complexity in response to FB (p ≤ 0.005).   

 
Figure 1: The range of tVAF1 and GDI scores for FB trials compared 

to the baseline NF trial for three participants.  

Conclusions 

Free gait pattern modification resulted in changes in motor 
control complexity for all participants. While future studies 
with younger and clinical populations are needed, this work 
suggests that targeted feedback may facilitate modulation of 
motor control complexity during walking.   
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Summary 

To estimate the contribution of individual muscles to steadily 
control measurable net force during isometric contractions in a 
multiple-muscle model, we calculated cross correlation 
function between isometric plantarflexion force and rectified 
surface EMG (rEMG) of the involved muscles in low 
frequency (< 3Hz). Among the plantarflexor muscles, 
temporal force profiles were selectively correlated with those 
of rEMG in the medial gastrocnemius and soleus muscles, but 
not the lateral gasctrocnemius, suggesting that these two 
muscles may predominantly determine the plantar force 
fluctuations. 

Introduction 

Force fluctuations during isometric steady voluntary 
contractions are associated with the functional ability of a 
person to control movement of the body [1]. Accordingly, 
mechanistic understanding of force fluctuations is valuable for 
improving or regaining motor control in healthy and clinical 
populations. In a multiple-muscle model, externally measured 
force is net force originating from individual muscle forces. 
Since rectified surface EMG is temporally correlated with 
instantaneous motor unit discharge frequency in low 
frequency in a single-muscle model [2], EMG of individual 
muscles would allow for the estimation of the contribution of 
individual muscle forces to net force. The purpose of this 
study was to examine the strength of temporal correlation 
between rectified EMG of individual muscles and measured 
force during steady contractions with multiple muscles. We 
also attempted to reconstruct force fluctuations using 
individual EMGs. 

Methods 

Twelve healthy men (21.5 ± 1.9 yrs) lay in a prone position 
with the right knee extended and the ankle joint angle at 90°.  
Whole foot sole was secured to a metal plate, and 
plantarflexion force was measured with a force sensor attached 
to the plate. Surface EMG was recorded from the medial and 
lateral gastrocnemii (MG, LG), soleus (SOL), peroneus longus 
(PL), flexor hallucis (FH), and tibialis anterior (TA) muscles. 
To minimize the crosstalk between muscles, we adopted the 
double differential configurations (electrode diameter, 3 mm; 
interelectrode distance, 6 mm) except for FH. Data were 
amplified and collected at a sampling frequency of 2 kHz. 
Participants performed steady isometric contraction tasks for 
12 s at 5, 10, 20, 40, and 60% of maximal voluntary force with 
visual guidance. Force and full-wave rectified EMG (rEMG) 
were low-pass filtered ≤ 3Hz by a fourth-order Butterworth 
filter using a zero phase lag, and DC and linear trend 
components of the signals were removed. Cross correlation 
functions (CCF) between force and individual rEMGs were 

calculated. To reconstruct force from rEMGs, the product of 
individual rEMGs and a constant factor (varied for 11 steps, 
every 0.1 from 0 to 1 for 5-agonist muscle and from -1 to 0 for 
antagonist TA) were summed with time-lag compensations for 
electro-mechanical delay. CCF between the reconstructed 
force and the measured force was calculated, from which 
maximal CCF peak value was determined. 

Results and Discussion 

In reference to the measured force, peak CCF of MG (0.38 ± 
0.16) was higher than LG, PL, TA, and that of SOL (0.36 ± 
0.15) was higher than PL and TA when collapsed across target 
forces. These results suggest that MG and SOL are the 
predominant muscles to control plantarflexion force. 
Interestingly, peak of CCF was found between rEMG of FH 
and the measured force (0.29 ± 0.17) in most cases, indicating 
the contribution of the intrinsic foot muscle to plantarflexion 
force fluctuations. Finally, moderate temporal correlation 
(peak CCF: 0.63 ± 0.12) was found between the original and 
reconstructed force fluctuations.  

0 2 4 6 8
 

 

 

Time (s)

A.U.

Measured 
force

MG

LG

SOL

PL

FH

TA

Reconstructed
force

 

Figure 1: From top to bottom; representative signals of measured 
force, rEMG of six muscles, and reconstructed force. 

Conclusions 

The demonstrated ability of rEMG to identify the 
predominantly contributing muscles and reconstruct force with 
the current results showed the benefits of using rEMG to 
examine the mechanisms for controlling steady force in a 
multiple-muscle model. 
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Summary 
Age-related changes to neck strength may contribute to fall-
related traumatic brain injuries (TBIs). However, there is 
limited knowledge on reliable neck strength measuring 
devices in older adults. This study found a novel neck strength 
device had excellent intra-rater reliability when testing young 
and older adults.  

Introduction 
Older adults are at a significant risk of TBI, with a majority 
(80%) of TBIs in older adults results from head impact during 
a fall [1, 2]. While fall-related TBIs are a major cause of 
morbidity and mortality in older adults, very little work has 
been conducted on modifiable risk factors [1, 2].  
One potentially modifiable risk factor to prevent fall-related 
head impact may be with neck strength. The neck muscles are 
responsible for stabilizing and providing movement for the 
head and have been shown to mitigate head acceleration at 
impact in young adults [4]. Limited cross-sectional studies 
have shown that neck strength may decrease as much as 45% 
with age [5]. However, there is a lack of evidence for a 
reliable device to measure neck strength in older adults [5, 6]. 
Thus, we designed a novel neck strength measuring device 
and the purpose of this investigation to examine its intra-rater 
reliability. 

Methods 
Participants were fitted to the novel neck strength measuring 
device (Figure 1). Participants were secured to a rigid chair 
with Velcro straps. A taut Velcro strap was attached to the 
device and perpendicular to the participants’ head. Participants 
performed maximal isometric neck strength 3 times in 4 
directions for 4 seconds each. The same procedures were 
completed one week later to examine reliability.  

 
Figure 1: Neck strength testing set up 

The novel neck strength device uses a TAS501 load cell 
(200kg, Sparkfun Electronics, Boulder, CO, USA). Data was 
recorded at 100 Hz and processed using a customized Arduino 
program and Matlab code. 

Maximal peak isometric strength from each direction was used 
for analysis. Descriptive statistics were obtained from the 
participant. One-way analysis of covariance (ANCOVA), 
which used gender as the covariate, was used to examine 

strength differences by group. Intra-rater reliability was tested 
using interclass correlation coefficients (ICC(2,1)).  

Results and Discussion 

12 young adults (6 male and 6 female age 23.1 ± 4.1 years) 
and 6 older adults (3 male and 3 females age 73.3 ± 2.1 years) 
were included in the study. Table 1 displays the peak strength 
values from the first visit in the four directions test. 

Table 2: Peak Neck Strength Values  

 Young  Older p-value 
Peak Flexion (Kg) 10.9 ± 4.4 7.4 ± 3.8 0.022* 
Peak Extension (Kg) 15.9 ± 8.2 11.5 ± 3.4 0.137 
Peak Right Lateral 
Flexion (Kg) 8.0 ± 3.9 7.2 ± 2.2 0.174 

Peak Left Lateral 
Flexion (Kg) 8.1 ± 3.2 6.3 ± 1.8 0.595 

Notes: values shown as mean±SD; * denotes 
significance (p<0.05) 

 

The reliability analysis revealed excellent reliability 
(ICC(2,1)>0.90) in all directions. With ICC(2,1) values greater 
than 0.90 (flexion = 0.940, extension = 0.914, right lateral 
flexion = 0.906, and left lateral flexion = 0.914).  

Decreased neck strength may contribute to an increased risk of 
fall-related TBIs in older adults. In order to examine the 
potential age-related differences in neck strength, a reliable 
device is needed. The current investigation revealed the older 
participants had a trend of reduced neck strength. 
Furthermore, device reliability was excellent in all directions 
tested.  

Conclusions 
Fall-related TBIs are a multifaceted problem, with neck 
strength being only one potential risk factor. The results of the 
study reveal excellent intra-rater reliability of the novel neck 
strength device.  
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Summary 

NBD expanded internationally from the US to 16 countries in 3 

years to increase Biomechanics’ societal impact. Here we 

describe our rapid growth through the events in 5 nations for 

the purpose of showing others how they can participate in this 

worldwide celebration of Biomechanics.    

Introduction 

NBD began in 2016 to introduce Biomechanics to US high 

school students, a population largely naive to our field. We 

hypothesize through increased awareness among young people, 

more people will create careers in Biomechanics and increase 

our impact. NBD expanded internationally growing from 2,026 

US students in 2016 to 11,145 students in 2018 with 4,800 

students outside the US. 20,000+ students have been introduced 

to Biomechanics through NBD in three years. We explain the 

internationalization of NBD to five countries to further 

internationalize this worldwide celebration of Biomechanics.   

New Zealand 

NZ biomechanists uniquely approached NBD by creating a 

collaborative consortium organizing connected events across 

the north and south islands. In 2017, with financial support from 

Ministry of Business, Innovation and Employment (Unlocking 

Curious Minds grant MAUX 1607), over 1000 high school 

students participated in NBDs at seven universities, one off-

campus site, and on-line demos. 2018 provided opportunities 

for another 1000 students at 11 universities by utilizing 

continued support from the ministry (MAUX 1710). The NBD 

consortium also co-hosted a teacher’s training workshop. High 

school teachers worked with biomechanists to create a portfolio 

of in-class activities, thus working to the NBD mission of better 

implementing biomechanics curricula in secondary schools. 

United Kingdom 

NBD in the UK has grown steadily since 2017, with more labs 

and researchers joining each year from clinical, sporting, and 

engineering backgrounds. 2018 showcased the diversity of the 

discipline with public lectures on the biomechanics of squishy 

objects, hands-on demos of forces during rugby scrums, 

multiple school visits to labs around the country, and clinical 

biomechanists around the UK and Ireland competing for the 

ultimate title of top Biomechanist Charade Artist during an 

exciting motion analysis video competition organised by the 

Clinical Motion Analysis Society. The content of this year’s 

event portfolio ranges from dinosaur locomotion to sports 

engineering, clinical gait analysis, and strength and 

conditioning. UK institutes are encouraged to work with 

institutional outreach teams to maximise    potential   capacity   

and ensure alignment with institutional strategies, thus enabling 

leverage of internal funding sources. These links play a key role 

in recruiting schools  and  teachers,  assisting with  organization,       

 

and monitoring success of events.  

Brazil 

Brazil was one of the first countries to internationalize NBD. 

Brazilian Society of Biomechanics will have a special session 

at its next Congress showing NBD activities. At our NBDs, lab 

students promote their research making science accessible to 

the general population. This is an opportunity to return to 

society some of the investment it makes in education and 

science. NBD also increases interest of young people in 

biomechanics science. NBDs engage visitors in data collections 

to show biomechanics techniques, value, and fun and we 

provide take home materials for parents to further our mission. 

We also prepared traveling activities for schools that have 

difficulty transporting students to greatly enhance our outreach.  

Australia 

With only three universities hosting NBD events in 2017 and 

2018, Australia needed to increase participation. To this end we 

instigated a nation-wide, centrally-coordinated approach for 

2019 through the Australian and New Zealand Society of 

Biomechanics. This network allows for increased awareness 

and the provision of a medium through which past experiences 

and new ideas could be shared. We use three pillars that reflect 

the founding principles of the international NBD community: 

geographical expansion to reach more schools and students, 

individual creativity, and an interconnected network sharing 

ideas. A unique element will be the launch of a fun and 

educational game that will run at different hosting sites. We 

hope that this will become an inherent component in all NBD 

events world-wide, unifying all biomechanists and students. 

Canada 

Canadian colleges and universities from British Columbia to 

Nova Scotia celebrated NBD with hundreds of middle, junior 

and high school students during the weeks surrounding NBD.  

One university had as many as 30 demos and research stations 

for approximately 500 students and another college had 30 

undergrad students doing 10-min interactive presentations to 

young and eager students.  Young students had the pleasure of 

having a full biomechanical analysis done while performing the 

floss dance. Halifax hosted CSB 2018 in Halifax and NBD was 

promoted leading up to and throughout the duration of the 

conference.  NBD was also a huge promotor of CSB 2018 

through various social media platforms.  

Conclusions 

NBD, a vibrant internationally acclaimed platform exciting 

young people about Biomechanics careers can grow to other 

countries around the world. We propose the outcome of 

increased growth in NBD would be a larger impact of 

biomechanics on society.   
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Age Related Differences in Head Impact During Experimentally Induced Sideways Falls 
 

 Tyler A. Wood, Yaejin Moon, Ruopeng Sun, Alka Bishnoi, Jacob J. Sosnoff 
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Email: tawood2@illinois.edu 
 

Summary 
Fall-related traumatic brain injuries (TBI) are a major health 
concern in older adults. However, there is little information 
known about the age-related differences in head impacts during 
a fall. The current investigation found that physically fit older 
adults had a greater proportion of head impacts during 
experimentally induced falls. Furthermore, head impacts in 
both groups resulted in greater head acceleration.  

Introduction 
TBIs are a major cause of morbidity and mortality in older 
adults. Upwards of 80% of TBIs stem from head impact during 
a fall [1]. A potential cause for why older adults have a greater 
number of fall-related TBIs is they may impact the ground 
differently than young adults [2]. Yet, there is limited 
information concerning age-related differences in head impacts 
during falls. Understanding head impacts during falls may 
identify novel strategies to reduce fall-related head injury. Thus, 
this current investigation sought to quantify the proportion of 
head impacts and quantify head acceleration during an 
experimentally induced sideway fall in healthy young and older 
adults.  

Methods 
15 young adults (5 females) and 10 older adults (3 females) 
participated in the experimental fall paradigm [3]. Participants 
were then made to fall sideways onto a crash pad (Figure 1). 
The test consisted of 3 right-side falls and 3 left-side falls, for a 
total of 6 falls.  
 

 
Figure 1: Experimental setup of a falling simulation.  

Head impact was indicated if each of the following criteria were 
met: 1) head made contact with the ground (i.e. mat), 2) the mat 
deformed as a result of the head impact, and 3) the head 
rebounded from the mat before coming to rest. A ten-camera 
motion capture system was used to collect kinematic data of the 
head at 100 Hz. A chi-square test was used to examine head 
impact proportion differences. A two-way (age group by 
impact) analysis of variance (ANOVA) was used to examine 
acceleration differences between head impact and no head 
impact 

 

Results and Discussion 
A total of 25 participants underwent the study procedures. 
Overall, there were minimal differences between the young and 
older adults in demographic and performance metrics (p>0.05). 
Data from a total of 147 falls were recorded and analyzed. 
11.4% of falls in the young resulted in head impact compared 
to 34.5% of fall in the older group. Statistical analysis revealed 
that the older group experienced a significantly greater 
proportion of head impact than the young group (X2(1) = 
11.445, p=0.001). The two-way ANOVA revealed a main effect 
of head impact on acceleration (F(1,142) = 54.342, p<0.001). 
No effect of age (F(1,142) = 0.352, p=0.554) nor an interaction 
between age and impact was observed (F(1,142) = 1.236, 
p=0.268). Figure 2 displays head acceleration as a function of 
impact and age group.  

 
Figure 2: Head acceleration as a function of age group and impact 

The novel observation of this investigation was that healthy 
older adults had a greater proportion of head impacts than 
young adults. It is important to highlight the older group in the 
current investigation was relatively young (average age = 
61.9±4.3 years) and physically fit. Indeed, there were no age 
group differences in isometric knee extension strength nor 5 
time sit to stand test (p>0.05). The underlying mechanism(s) 
contributing to the greater proportion of head impact is unclear.  

Conclusions 
This investigation was the first to highlight that older adults 
experience a greater proportion of head impacts during 
experimentally induced sideways falls. Further research is 
warranted to examine head acceleration during a fall, 
understand the implications of neck musculature on head 
acceleration in older adults, and quantify the relationship 
between head acceleration and fall-related TBI is warranted.  
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Neck Muscle Activation and Cervical Spine Posture during Impending Head-First Impacts 
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Summary 

Head and neck injuries are common in vehicle rollovers. To 

provide novel insights into the pre-crash dynamics of vehicle 

occupants and to improve current surrogate models, we 

developed a device that records the neck’s vertebral alignment 

and muscle activity via fluoroscopy and electromyography in 

human subjects. Previous studies in our laboratory showed 

differences in neck muscle activation and vertebral alignment 

between human subjects in an inverted position and during an 

inverted head-first free fall. Test setup and design are currently 

being adjusted to ensure a better comparison between quasi-

static and dynamic test-scenarios. 

Introduction 

Motor vehicle crashes are a substantial public health concern in 

North America [1]. According to the National Highway Traffic 

Safety Administration (NHTSA), 37,133 crash fatalities 

occurred in the US in 2017 [2]. While rollovers account for only 

2-3 % of all vehicle crashes, occupants in rollovers make up one 

third of all crash fatalities [3]. The high fatality rate for this type 

of accident may be due to injuries to the vertebral column, 

usually through head-first impacts with the vehicle roof, leading 

to the death of rollover occupants [4]. To develop adequate 

safety measures, researchers have established in vivo and ex 

vivo test protocols to help define injury thresholds and recreate 

the injury mechanics. However, research conducted by Foster 

et al. revealed a disparity regarding the cervical spine level and 

the fractured structures between real-world injuries and those in 

cadaver impacts [5]. One of the reasons for this discrepancy 

may be the neutral spine posture and potentially incorrect 

muscle loads used in previous laboratory tests. Prior research in 

our laboratory has shown that muscle force and vertebral 

alignment in the neck were altered solely by inverting the 

human volunteer [6]. The goal of this study is therefore to 

characterize the vertebral alignment of the cervical spine and to 

measure the neck muscle responses in human volunteers in an 

impending head-first impact.  

Methods 

A custom inversion and drop device was designed for the 

purpose of this project (Figure 1) [7]. Human subjects are first 

inverted and elevated by a linear motor. Subjects are then 

exposed to a 312 ms head-first free fall followed by a ~1 g 

deceleration. During this free fall, the vertebral alignment of the 

cervical spine is recorded via fluoroscopy and the neck muscle 

activity via indwelling wire electromyography (EMG).  

The current experimental device is being adjusted to 

incorporate additional safety features, enhance video 

acquisition, and restrict the trajectory of the linear motor. The 

experimental design in this project will further differ from the 

original research [7] by including quasi-static tests as reported 

by Newell et al. [6]. 

 

Figure 1: Inversion and drop device [7]. 

Results and Discussion 

Preliminary results obtained from a male volunteer showed 

consistent neck muscle responses in four consecutive free-fall 

tests. Regarding the cervical spine kinematics, C3-C6 moved 

anteriorly and inferiorly while the head went into flexion [7]. 

These muscle responses differed from those in the quasi-static 

tests [6] in both magnitude and timing. Further results obtained 

with the new test protocol and different test subjects will be 

available for the conference. 

Conclusions 

A pilot study in our laboratory showed that neck muscle 

activation and cervical spine alignment of human volunteers 

differed in magnitude and timing when human volunteers were 

exposed to a 312 ms head-first free fall compared to a quasi-

static inversion alone. To consolidate these results, however, 

data from additional subjects are required and will be available 

for the conference. Results will feed into computational models 

and will improve existing cadaver and dummy test procedures 

for rollover crash safety. 
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Summary 

The purpose of this study is aimed to compare the facilitate and 

inhibit effects of Kinesio taping (KT) on muscle hardness and 

pressure pain of gastrocnemius (GAS) and tibialis anterior 

(TA). Forty-five healthy athletes were recruited and allocated 

randomly to facilitate, inhibit, and placebo taping group. The 

muscle hardness and pressure pain threshold on GAS and TA 

were measured as outcomes. The results revealed no significant 

difference between facilitate and inhibit taping group in muscle 

hardness and pressure pain among healthy athletes. 

Introduction 

Kinesio taping (KT) is a taping technique which is widely used 

in sports court and rehabilitation clinics [1]. The KT can be used 

to reduce muscle over stretch, muscle fatigue, pain, and improve 

joint stability. Two kinds of KT taping methods were used, 

facilitate and inhibit taping, to improve muscle functions. The 

facilitate taping may help muscle contraction, and the inhibit 

taping may ease muscle tension, increase flexibility or joint 

mobility. However, only few studies had discussed the different 

effects of these two types of taping methods. Therefore, this 

study is aimed to compare the effect of two different taping 

methods, facilitate and inhibit taping, on muscle hardness and 

pressure pain for healthy athlete. 

Methods 

Forty five healthy athletes were recruited and randomly 

allocated to facilitate, inhibit, and placebo taping group. No 

significant difference was found between each group. The 

muscle hardness and pressure pain threshold of TA and GAS 

were measured by muscle hardness device (Digital force gauge, 

Wagner Force One™ - Model FDIX, Wagner Instruments, 

Greenwich, CT, USA) (fig 1). The data were collected before 

and after taping, and post fatigue. The participants were asked 

to do heel raising movement repetitively, till the fatigue was 

noted. The fatigue of the calf was determined when the height 

of heel raising is lower a half of the beginning for 3 times [2]. 

The inhibit and facilitate taping methods were applied as Fig. 2. 

Mixed design, repeated measure two way ANOVA was used to 

analyze the differences of the muscle hardness of GAS and TA 

and pressure pain among pre-taping, post-taping, and after 

fatigue.  

  

 

 

Results and Discussion 

The results showed in table 1 and no significant difference 

among 3 taping groups. The significant difference was only 

noted among pre-taping, post-taping, and after fatigue. Cai et al 

applied 3 different tapping conditions, facilitate KT, inhibit KT, 

and no tape, on wrist extensor for 33 healthy participants, and 

measured maximum grip force, electromyographic activity, and 

self-perceived performance. The results also revealed that both 

facilitate and inhibit taping had the same effect for healthy 

subjects, as the present study. In the future, the facilitate taping 

or inhibit taping may apply on those athletes with muscle strain 

to investigate the effect of different taping methods.  

Conclusions 

The results showed that either facilitate or inhibit taping, no 

significant difference in muscle hardness of GAS and pressure 

pain can be found among healthy athletes.  
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Table1:  The results of muscle hardness and pressure pain for facilitation, inhibition and placebo Kinesio taping  

 Placebo taping(PT) Facilitation taping(FT) Inhibition taping(IT) 

 Pre taping Post taping Post fatigue Pre taping Post taping Post fatigue Pre taping Post taping Post fatigue 

Muscle hardness, kg/πcm2        

GAS 0.73±0.22A 0.77±0.19 B 0.99±0.32 AB 0.94±0.44 A 0.84±0.26 B 1.21±0.37 AB 1.03±0.68 A 0.94±0.55 B 1.10±0.36 AB 

TA 0.75±0.33 A 0.71±0.19 B 0.78±0.25 AB 0.87±0.21 A 0.81±0.17 B 0.76±0.15 AB 0.71±0.19 A 0.97±0.29 B 0.81±0.15 AB 

Pressure pain, score         

GAS 3.9±1.7 3.4±1.4 4.1±1.9 3.9±1.6 3.6±1.9 4.2±2.1 4.2±1.7 3.3±2.2 4.4±2.1 

TA 3.5±2.0 3.7±2.5 3.7±1.8 3.8±1.8 3.9±2.5 4.3±2.1 3.7±2.0 3.5±2.1 4.2±2.0 

A means that there had significant difference between PT, FT, and IT in pre-taping condition (p <.05);  B means that there had significant difference between PT, FT, and IT in post-taping 

and post fatigue condition (p <.05); GAS: Gastrocnemius; TA: tibialis anterior 

Figure 1: Muscle 

hardness and 

pressure pain test. 

 

Figure 2: Kinesio Taping Application. (a) 

Inhibition Methods; (b) Facilitation Methods. 
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Summary 
Ergonomically, it is important to understand the 

benefits and pitfalls of each available alternative or ergonomic 
seat design as to better prevent workplace losses associated 
with LBP. If employers and ergonomists can modify a 
workstation to prevent injuries from occurring, prevention of 
work-related musculoskeletal disorders is possible [1]. 
However, due to the overwhelming number of alternative or 
ergonomic seat designs, and individual studies often proving 
each one’s superiority over other alternatives, it is difficult to 
determine which chair would most effectively result in 
decreased LBP and increased productivity in office workers. 
Thus, the purpose of this systematic review is to consolidate 
best available evidence and determine the efficacy and clinical 
relevance of alternative ergonomic seat designs in reducing 
physical/mental stress and improving productivity among 
office workers. According to the results of the systematic 
review, individual users must prioritize their requirements and 
select a chair that fit individual’s needs. Since currently, no 
single ergonomic alternative chair satisfies all needs, the 
authors recommend the use of more than one seating option 
per office space and still follow the current ergonomic general 
consensus of mixing sitting with standing and walking.  

Introduction 

Alternative seat designs are a growing industry which claims 
to improve posture, performance, and daytime activity, but 
currently supporting research is limited and continues to 
emerge. Development of evidence-based and effective 
alternative designs are essential to assist in curtailing the rising 
endemic of low back pain and the $100 billion annual cost 
associated with treatment, lost wages, and reduced 
productivity of sequels musculoskeletal issues [2]. This 
systematic review analyzes the effects of alternatively 
designed chairs on productivity and their impact on the 
reduction and prevention of musculoskeletal discomfort 
compared to standard office chairs. 

Methods 

Articles were deemed eligible if they met the following 
inclusion criteria: a controlled trial that compares an 
alternative ergonomic seat to a standardized office chair, peer 
reviewed and published in English between January 1, 2009 
and January 1, 2018, participants were at least 18 years of age, 
the study focused on an office environment, and outcome 
measures comprised some combination of discomfort, fatigue, 
pain, satisfaction, and productivity.  

The electronic databases searched for relevant controlled trials 
were PubMed, ScienceDirect, Google Scholar, and CINAHL 
using the keywords: seat design, ergonomics, alternative 

designs, office workers, pain, low back, discomfort, fatigue, 
and productivity. Search process was performed by two 
independent searchers for each data base utilizing same 
keywords. In case of discrepancy of findings between the 
searchers, a third independent reader was involved to resolve 
any disputes and contradictions.  

Once articles met inclusion criteria and agreed upon by the 
three readers, Full version of the article was retrieved and the 
methodological quality of the 16 included articles was 
assessed by two independent readers and a third independent 
reader to solve any dispute in quality scores between the two 
raters 

Results and Discussion 

Quality of reviewed articles contributed moderate evidence 
towards the answer of our research question. Stability balls 
and stability ball chairs may improve posture, energy, and 
perceived balance. Ergonomic stools, produce appropriate 
lumbar and cervical posture while working. Active 
alternatives like a desk cycle or a treadmill increase exertion 
and activity but reduce task accuracy like typing, mousing, 
telephoning, and working  

Conclusions 

This study confirms the need for further research comparing 
alternative chair designs.  Currently, there is moderate 
evidence in the literature to support the benefits of alternative 
chair designs in decreasing muscle activation, discomfort, 
improving posture, and positively affecting productivity 
despite the conflicting evidence that still cast shadows of 
doubt on these claims.  

 At present, there is not a perfect chair design; individual users 
must prioritize their requirements and select an office chair 
that fit respective individual needs.  The authors recommend 
the use of more than one seating option per office space and 
still follow the current ergonomic general consensus of mixing 
sitting with standing and walking.  
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Summary 

Visualisation is the connection of biomechanical analysis and 

virtual reality. This produces real-time results, by accurately 

monitoring movement and progress, using virtual reality to 

create a diverse, challenging, and controllable environment, 

representative of real-world situations [1]. This study aimed to 

assess the efficacy of stability-based training using gold-

standard motion analysis equipment, real-time feedback to 

create the visualisations.  

Participants (n=12) attended 8 stability-based training sessions, 

either with visualisation (n=7) or without (n=5). Prior to, and 

on completion of training, the Star Excursion Balance Test 

(SEBT) was performed for comparison. 

The stability-based training with visualisation improved the 

reach distance on average, and in 5/8 reach directions (p>0.05), 

compared to standard practice. Results suggest that 

rehabilitative practice could benefit from incorporating 

visualisation using biomechanical analysis and customizable 

protocols. . This potentially leads to an earlier return to 

functional activities, with a reduced risk of re-injury. 

Introduction 

For rehabilitation to work the musculoskeletal systems 

effectively, the clinician and patient must communicate realistic 

goals and create a programme, which can be adhered to [2]. 

Virtual reality (VR) systems have been shown to provide the 

stimulating and motivational environment needed to do this 

more successfully [3]. Visualisation is the connection of 

biomechanical analysis and VR. This produces real-time 

results, by accurately monitoring movement and progress, using 

VR to create a diverse, challenging, and controllable 

environment, representative of real-world situations [1]. This 

study aimed to assess the efficacy of stability-based training 

using gold-standard motion analysis equipment, real-time 

feedback and visualisations.  

Methods 

The study population consisted of 12 physically active 

individuals who were randomly assigned to either the training 

group with visualisation (n=7), or the group without. The 

control group performed balance exercises typical of standard 

care (n=5). Stability-based training was completed twice 

weekly for ~35 minutes, over 4 weeks (8 sessions). Prior to, and 

on completion of training the Star Excursion Balance Test 

(SEBT) was performed for comparison, as a valid and reliable 

tool [4].  The limb which led to the smaller reach distance on 

average pre-training was analyzed. Following training the 

Physical Activity Enjoyment Scale was completed (PACES-8) 

[5]. All statistical analyses were performed in Minitab 18.0 

(p<0.05) (Minitab Inc., 2018). 

The Strathclyde Cluster Model [6] and pointer calibration [7] 

were applied to all participants. Movement was tracked using 

Vicon Tracker (Vicon, Oxford, UK), with the testing controlled 

and recorded using D-Flow (Motek Medical, Amsterdam, The 

Netherlands) to produce real-time results.  

Results and Discussion 

When visualisation training was used, there was a 1.75% 

greater increase in reach distance on average compared to the 

control group (p=0.57). This included increases in the anterior 

(A), posterior-lateral (PL), posterior (P), posterior-medial (PM) 

and medial (M) directions. Between groups the greatest training 

effects were in the PM, M, and P directions, reporting 8.90%, 

4.35% and 2.99% increases (p>0.05), respectively. The 

significance of this result is limited by the small sample size.  

There is no research noted to date to assess stability using the 

SEBT after visualisation training specifically, however results 

further findings following wobble board-based training using 

exergames [8]. In addition to this, a 16.5% increased enjoyment 

(p=0.175) was reported by the visualisation training group. 

This supported increased interest and enjoyment (p<0.05) from 

using the exergames [8]. This could influence rehabilitation 

adherence, thus leading to improved performance.  

Conclusions 

Results suggest that by incorporating visualisation, 

biomechanical analysis and customizable protocols, 

rehabilitative practice could benefit. This potentially leads to an 

earlier and more prepared return to functional activities, with 

reduced risk of re-injury.  
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Summary 

Mouth protectors (i.e. mouthguards) are devices that are used 

in many sports in an effort to protect orofacial anatomy, in 

particular teeth, from injury, including impact-induced injury. 

There is limited biomechanical literature examining the 

mechanics of these impact-induced injuries. This preliminary 

study used an in-vitro swine model with anterior incisors 

exposed to impact. Through regression techniques it was 

determined that of the measures considered, change in linear 

velocity of an impactor (pre-impact to post) was statistically 

the most reliable predictor of permanent tooth displacement. 

Introduction 

Athletic mouth protectors are thought to protect teeth by virtue 

of encasing teeth in protective materials and thereby 

distributing impact forces across several teeth (force re-

distribution) while the materials attenuate impact energy 

(dissipation) [1]. It is arguably unclear what severity of impact 

is needed to create common orofacial injuries associated with 

impact to dentition: luxation (permanent tooth displacement), 

avulsion (tooth dislodgement), and/or fracture. Similarly, it is 

arguably unclear what mechanical measures associated with 

impact are relevant in predicting/understanding injury to the 

dentition [2]. The objective of this preliminary work is to 

identify which impact parameters are statistically capable of 

predicting luxation in an in vitro swine model that was un-

protected (no mouth protection). Once these parameters are 

identified, they could form a basis on which to assess dental 

protection from impact. 

Methods 

Anterior mandibular swine specimens (n=8) obtained from 

domestic slaughterhouses were obtained as fresh-frozen. The 

opposing maxillary dentition exhibited widespread mechanical 

wear and was therefore not used in this preliminary work. The 

impacter (Figure 1) was a hockey puck instrumented with a 

single-axis linear piezoresistive accelerometer, acquiring data 

at 100 kHz (total mass 1.3 kg, Xiamen Niell, Model 

CAYZ147V-2-2KA, China, low pass filtered at 1.6 kHz). 

High-speed cameras (Phantom v611 at 1,000 fps) recorded the 

impact and injury event. Impact speeds varied from 0.5 m/s to 

4 m/s. Measured variables were: impactor height (h), impactor 

acceleration (g), impactor speed (V). Several additional impact 

parameters were derived from these. Luxation was confirmed 

by manual palpation post-impact. Tooth size and periodontal 

ligament (PDL) dimensions were obtained using X-ray at a 

high resolution of 40 micron (U-CT, MillLabs BV). Statistical 

analysis included regression of logistic functions relating 

impact parameters to injury outcome post impact which was 

coded either 0 (no injury) or 1 (luxation). Receiver-operator 

curves (ROCs), the area beneath them (aROC) and log-

likelihood ratios (LLRs) were determined.  

 
Figure 1: a) Image of impact experiment showing sham dentition; b) 

puck immediately pre-impact; c) at point of impact; and d) 

rebounding post-impact.   

Results and Discussion 

Image analysis from high resolution X-Ray indicated PDL 

thicknesses ranging from 0.59mm to 1.91mm, greater 

thicknesses than that typically reported for humans [3]. Table 

1 presents a subset of the impact variables fit to injury 

outcome variables. Based on this preliminary study, change in 

impacter speed (pre-impact to post-impact after rebound off 

dentition) was the most reliable predictor of luxation. aROC 

was greatest for all the variables subjected to regression, 

suggesting that it could be the most sensitive parameter to the 

injury regressed. Correspondingly, it also reported the greatest 

LLR and smallest p-value for regression. The presentation 

materials associated with this abstract offer an expanded 

report of results.  

 
 Table 1: Variables, aROC, and p-value for the logistic-fit, and LLR. 

Impact variable aROC p-value LLR 

h 0.785 0.0038 8.377 

ΔV 0.848 0.0014 10.269 

gpeak 0.682 0.0546 3.694 

Conclusions 

While different in morphology relative to the human, the 

swine specimens considered in this work enabled a 

preliminary assessment on the ability of impact variables to 

predict tooth luxation. Preliminary findings show that change 

in impactor speed is the most reliable predictor. The next stage 

of this work will repeat the study with protected dentition to 

ascertain whether or not the same impact variables reliably 

predict luxation in protected teeth.  
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Summary 

We developed and used a “falling dummy” to explore how 

backward fall dynamics affect head impact severity. We 

varied torso shape and hip stiffness, based on observations 

from video-captured real-life falls in older adults. Peak linear 

and angular head accelerations were higher with rotating 

hips than with fixed hips. Torso shape did not affect linear 

acceleration, while angular acceleration was higher with the 

flat torso than with the curved torso. 

Introduction 

Falls cause over 80% of traumatic brain injuries (TBI) in 

older adults [1]. From videos of real-life falls in long-term 

care, we found that backward falls caused most head impacts 

and that the pelvis often impacted the ground before the head 

or shoulder [2]. Further, leg raise after pelvis impact reduced 

head impact risk [3]. In this study, we developed a falling 

dummy to recreate backward falls, and examine how torso 

shape and lower limb dynamics affect head impact severity. 

Methods 

The dummy includes a 50th percentile Hybrid III head- and 

neckform secured to torso and lower limb segments that 

matched the anthropometry of a typical 83 year old woman 

(1.6m height, 55.8kg body mass) [4]. The headform included 

a 3-2-2-2 linear accelerometer array, for quantifying peak 

resultant linear and angular accelerations. We considered a 

curved versus flat torso, and freely rotating versus fixed hips 

(flexion angle =125o; Figure 1). We tested the dummy with 

metal and plywood floorings. The dummy was dropped from 

a “seated” position via electro-magnet tether, with an initial 

head height of 73cm. We collected three trials per 

configuration. Effects of torso shape, hip stiffness and 

flooring on head impact severity were quantified via 3-way 

ANOVAs and post hoc Tukey HSD tests. 

Results and Discussion 

Peak accelerations (Figure 2) were higher with rotating hips 

than with fixed hips (p<.001). Mean values for the rotating 

hip conditions consistently exceeded concussion thresholds 

of 100g and 5krad/s/s [5]. Torso shape did not affect linear 

acceleration (p=0.246), while angular acceleration was lower 

with the curved torso than with the flat torso (p<.001). Hip 

stiffness and torso shape interacted significantly for both 

linear (p=0.046) and angular (p<0.001) accelerations, 

reflecting lower impact severity for the curved torso versus 

the flat torso with rotating hips. Metal flooring led to higher 

linear acceleration (p<.001) than plywood. Flooring did not 

affect angular acceleration (p=0.509). 

 

 

Figure 1:  a) Example fall – curved torso, fixed hips. b) Hip and 

torso conditions tested with the falling dummy. 

 

Figure 2: Mean peak (a) linear and (b) angular head accelerations 

for different floors, torso curvatures, and hip stiffness conditions. 

Conclusions 

Using our dummy, we found that stiff hips and curved torsos 

reduced head impact severity during falls. The mechanisms 

may relate to the curved torso allowing more energy 

absorption between contact points leading up to head impact, 

and the fixed hips raising the legs, thereby reducing the 

angular momentum of the torso about the pelvis. 
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Figure 1: Helmet impact results for low velocity impacts (2.4 m/s). Pink threshold 

lines mark the 25%, 50% and 80% concussion probability thresholds proposed by 
Zhang et al. 2004. 
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SUMMARY 

This project compared the impact attenuation of three short track 

speed skating (ST) and two ice hockey (IH) helmets models at 

two impact velocities and four impact locations. The findings 

were that IH helmets had better linear and rotational acceleration 

values across all velocities and locations than ST. Differences in 

materials can be attributed to these results, however, the 

different certification requirements may be driving design 

approaches between helmet manufacturers. 

INTRODUCTION 

Short track speed skating is a fast-paced, dynamic sport where 

athletes can achieve speeds upwards of 50 km/h. Unfortunately, 

an important cause of long-term injury in ST are concussions 

due to falls. Ice hockey is also a fast-paced sport, and due to its 

contact nature, requires players to wear helmets. 

Currently, helmets designed for ST are based off the same 

single-impact design as bicycle helmets. The standards 

governing certification for these sports only require high velocity 

impacts, associated with catastrophic head injury3, be tested1. In 

hockey, where players are subjected to multiple low and high 

velocity impacts, IH helmet certification standards include low 

velocity testing2. In both certification standards, however, only 

linear accelerations are measured, despite research 

demonstrating that concussions are caused by a combination of 

both linear and rotational accelerations4,5. 

This study compared the peak linear and rotational accelerations 

between ST and IH helmets across impact conditions. 

METHODS  

276 impacts were performed on 27 ST and 8 IH helmets. The 

two impact velocities were 2.4m/s and 4.5m/s, and the four 

locations were the rear, rear boss, side, front boss. Impacts were 

performed using a linear impactor (Cadex Inc, Quebec, CA), and 

helmets were fitted onto a Hybrid III surrogate headform and 

neck (Humanetics Innovative Solutions, Michigan, USA). 

RESULTS 

Statistically significant differences were found in linear and 

rotational accelerations between helmet models and groups for 

all conditions, with large effects sizes reported (η2 > 0.26 for all 

conditions). 

 Due to space constraints, only low velocity impacts are reported 

in the table and figure. 

 

DISCUSSION / CONCLUSIONS 

Results suggest that this group of IH helmets are better at 

attenuating both impact velocities than this group of ST helmets. 

Interestingly, the largest effect sizes were observed in the low-

velocity impacts; IH helmets are required to pass low-

velocity/low-energy impacts to be certified for sale2, whereas ST 

helmets only undergo high velocity impacts during certification1. 

These results suggest that certification standards may drive the 

R&D undertaken by manufacturers; as standards become more 

stringent, manufacturers must develop solutions to manage 

increased requirements. These results suggest that IH helmets 

manage low velocity impacts better, with decreased probability 

of concussion across all conditions. 

The next step of this project will entail finite element analysis 

using SIMon, a widely used FE head model. Cumulative strain 

damage at strain above 0.25, and the maximum principle strain 

will be the main outcomes6. 
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Summary 

The current study describes the results of anterior-posterior 

(A-P) impacts conducted on the restrained mandibles of 25 

male cadaveric specimens. Specimens were impacted using a 

gravity-driven drop tower with a cylindrical impactor. Results 

were used to generate an injury criterion based on impact 

force. Risk of injury was modelled using survival analysis 

with a Weibull distribution. The 50% risk of injury was found 

to occur between 2,330 and 2,639 N. 

Introduction 

The human mandible comprises the lower third of the face, 

rendering it susceptible to injury due to insult [Beck, 1989]. 

Most commonly, mandible injuries result from assaults, 

automobile accidents, sports, and daily living [Beck, 1989]. 

Within the military community, the mandible has been 

reported as one of the most frequently fractured facial bones.  

Currently, an injury criteria is needed to evaluate risk of 

mandible fracture. Early work did not focus on pure A-P 

impacts due to the instability of the mandible in this direction. 

Recently, a method was developed to allow for the evaluation 

of A-P impacts to the restrained mandible [Weisenbach, 

2017]. The presence of a restraint prevented the jaw from 

opening and allowed for the reliable generation of fractures. 

The purpose of the current work was to generate an injury risk 

function for the mandible due to A-P impacts. 

Methods 

Twenty-five male post-mortem human subject (PMHS) heads 

were used to determine risk of injury. All specimens were 

handled in accordance with institutional standard operating 

procedures and U.S. Army Policy for Use of Human 

Cadavers. Each specimen was secured in a rectangular potting 

fixture using polyurethane resin, so that the Frankfurt plane 

was vertical.  

 
Figure 1: Sketch of specimen in test apparatus. 

Impacts were conducted using a guided impactor with a mass 

of 3.2 kg and an impact surface of 6.45 cm2 (Figure 1). 

Impacts were centered on the symphysis of the mandible. To 

prevent the jaw from opening during impact, a restraint fixture 

was used to keep the jaw occluded.  

A repeated test protocol was implemented to determine risk of 

fracture. Impacts were conducted in a walk up fashion, in 

increments of approximately 5 J. The presence of fracture was 

determined using a combination of sensor data (i.e., strain 

gauges, acoustic emission sensors, impactor force) and X-ray 

imaging. Fractures were documented through CT imaging and 

dissection. 

Results and Discussion 

Average specimen age was 61 years (±12 years). Impact 

velocity ranged from 1.7 - 4.4 m/s, with corresponding impact 

energy ranging from 4.8 - 31.8 J. Twenty-two cases resulted in 

injury, with three non-injury cases. Injury cases had an 

average impact energy of 15.3 (±6.2 J) and peak force of 2,730 

N (±794 N). A parametric approach model using a Weibull 

distribution was used to generate a mandible injury criterion 

based upon impact force (Figure 2). A 50% risk of injury was 

determined to correspond to an impact force of 2,485 N with a 

95% confidence interval (CI) range between 2,330 and 2,639 

N. Age was included as a covariate and found to be 

statistically significant (p=0.0106). 

 
Figure 2: Force-based injury risk curve. 

Conclusions 

The current study describes the findings from impacts 

conducted on the mandibles of 25 specimens. Impact results 

were used in the development of an injury criterion based on 

impact force. Risk of injury was modelled using a Weibull 

distribution and a 50% risk of injury was found to occur 

between 2,330 and 2,639 N.  
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Summary 

This study aimed to compare the upper body angular motion 

in different genders. Thirty healthy subjects participated in this 

study. Subjects walked on a level surface with tri-axial gyro-

sensors attached at four locations on the back of body (pelvis, 

T10, C7, and head). Men generally had smaller angular speed 

than women in most sensor locations.  

Introduction 

The head serves as the base for the vestibular and visual 

systems, which provides sensory signals for the postural 

control [1]. The high amplitude of motion of lower body 

during walking is attenuated in the upper body to stabilize the 

head, which leads to the stable reference for optic flow and 

effective processing of vestibular signals [2,3]. Many studies 

investigated the upper body attenuation in terms of the 

translational acceleration but not in terms of the angular 

motion. However, the angular velocity was suggested as the 

most accurate form of sensory information used for the 

postural control (Jeka 2004), it is not known how the angular 

motion of the lower body is attenuated in the upper body while 

transmitted to the head. Accordingly, this study aims to 

investigate the pelvis to head attenuation of angular speed in 

different genders.  

Methods 

Thirty healthy subjects (15 men and 15 women) participated 

in this study. Tri-axal wireless gyrosensors (Triago, Delsys, 

Natick, MA) were attached on the back of upper body, i.e., the 

pelvis (sacrum1), T10, C7, and the occipital head. Subjects 

were requested to walk on a level surface of a corridor 

(distance: 8m) two times at their own comfortable walking 

speeds. Normalized angular speed was calculated as the root-

mean-square (RMS) of the angular velocity normalized by 

walking velocity. Two-way ANOVA was performed for the 

angular velocity of each motion direction with the factors of 

gender and sensor locations(SPSS Inc., Chicago, IL). 

Results and Discussion 

In the pitch direction, the women had greater angular 

velocities than men irrespective of sensor position(p<0.001).  

In the roll direction. Women showed greater angular velocity 

than men at all sensor location except for the pelvis. This was 

caused by less pelvis-T10 attenuation in women than in men.   

In yaw direction, Women showed greater angular velocities 

than men only at the head. This was less dominated by C7-

head attenuation in women. Gender-difference in the upper 

body angular motions could be affected by the physical 

difference and also by to the walking habit and cultural cues. 
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Figure 1: Gender comparisons of RMS angular velocities with post-

hoc pairwise comparisons of gender-position interactions. 

*p<0.05, **p<0.01, ***p<0.001. 

Conclusions 

Women showed less attenuatuon at pelvis to T10 of roll 

motion and at C7-head of yaw motion.  
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SUMMARY 

Active workstation use has been shown to decrease sedentary 

behavior in the workplace. However, a dual-task environment 

creates a division of focus increasing the risk of an adverse gait-

related event. The current study examined lower extremity (LE) 

tripping descriptors during a difficult precision mouse clicking 

task while using a walking workstation. A lack of significant 

findings revealed that there is not an increased risk for an 

adverse gait-related event during walking workstation use, as 

tripping descriptors were unaffected by the mouse clicking task. 

INTRODUCTION  

Contemporary research has demonstrated that active 

workstations can be utilized to decrease sedentary workstyles 

and maintain work-related task efficiency [1]. It has been 

presumed that dual-task walking, such as interacting with a 

computer while walking on a treadmill, may interfere with 

segmental control as cognitive efforts are placed on safely 

walking and may lead to a greater risk of tripping or other 

adverse gait-related events [2,3]. Currently, little is known as to 

whether walking mechanics are affected by concurrent 

performance of fine motor tasks, such as precision mouse 

clicking. Thus, the purpose of this study was to examine LE 

tripping descriptors during a precision mouse clicking task 

while using a walking workstation. 

METHODS 

44 healthy young adults (21 men, 23 women, 24.1±6.4 years of 

age; 1.67±0.10m; 71.92±14.08kg) were recruited for 

participation in this study. Participants were instructed to walk 

on a walking workstation (0.89 km*s-1) for a total of two-

minutes, with 1-minute of data collected after an initial 30 

seconds. A baseline condition and a precision mouse clicking 

task condition were performed while three-dimensional LE 

motion capture data were collected (200 Hz, Vicon Nexus, Ltd., 

Oxford, UK). Throughout the clicking task, targets appeared 

randomly on a computer monitor and participants were 

instructed to navigate with the mouse to each target and click it 

quickly. Raw trajectory data were exported to Visual 3D for 

processing where a digital low-pass Butterworth filter was 

applied (6 Hz). Data were then reduced to strides using a 

velocity-based algorithm. Group mean and standard deviation 

values were computed for identified tripping descriptors [4]: 

peak knee flexion (PKF), toe clearance (TC), time to knee 

flexion (TTKF) and sagittal plane knee range of motion 

(kROM). Two (limb) by two (difficulty; baseline/hard) 

analyses of variance (α=0.05) were used to test for statistical 

significance for each variable. If an interaction was detected, 

dependent t-tests were used for both unilateral comparisons 

between tasks and between-limb comparisons within task 

(α=0.05). If no interaction was detected, task main effects and 

limb main effects were examined after applying the Sidak 

adjustment. 

RESULTS AND DISCUSSION 

Mean and standard deviation values are displayed in Figure 1. 

PKF did not have a significant interaction (p=0.84), limb or 

difficulty main effect (p=0.50 and p=0.96, respectively). kROM 

did not have a significant interaction (p=0.96), limb or difficulty 

main effect (p=0.54 and p=0.30, respectively). TTKF did not 

have a significant interaction (p=0.91), limb or difficulty main 

effect (p=0.35 and p=0.18, respectively). TC did not have a 

significant interaction (p=0.94) or difficulty main effect 

(p=0.78), but did have a significant limb main effect (p=0.008). 

The mean difference of the TC limb main effect may not have 

been large enough to elicit tripping risk (0.061m and 0.057m, 

for the left and right limb, respectively). Based upon the lack of 

significant findings in this sample, previously described 

tripping descriptors were not affected by a difficult precision 

mouse clicking task while using a walking workstation. 

 

Figure 1. Left (blue) and right (orange) mean and standard 

deviation values for each variable of interest. The asterisk (*) 

indicates the limb main effect for TC. 

CONCLUSIONS 

Performing a difficult precision mouse clicking task while 

using a walking workstation did not produce changes in most 

tripping descriptors in healthy, college-aged individuals, 

consistent with contemporary literature [4,5]. Despite the 

challenges posed to participants in this sample, there was not an 

increased risk for an adverse gait-related event. As such, 

implementing walking workstations may be an efficient means 

at reducing sedentary behaviors without increased trip risks 

while still performing work tasks at similarly productive levels. 
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Summary 

Long-duration human exposure to microgravity in spaceflight 

causes various musculoskeletal adaptations. Space agencies 

have developed varied countermeasure programs to maintain 

astronaut fitness in these conditions. The documented findings 

and development of these programs have been researched for 

indications of the efficacy of approaches. The reported trends 

have been summarized and biomechanical implications have 

been analyzed as a potential direction for future research. 

Introduction 

Understanding and limiting the effects of microgravity on the 

human body have become increasingly important as interest in 

longer-duration space missions grows. Bone density reduction 

and muscle mass loss, as well as decreased movement and 

functional abilities post-mission are associated with extended 

exposure to microgravity. These effects are largely contributed 

to decreased gravitational loading, but all contributing 

mechanisms are not well understood [1].  

Musculoskeletal effects have been further studied through 

orbital flight and station-based experiments; space agencies, 

including those in the US, Russia, and Europe, have developed 

various exercise and device-based countermeasures. Much of 

the existing research is based on comparative effectiveness 

studies [1, 2]. American and Russian preventive methods 

provide more insight into the countermeasure development 

process, as these agencies began in-space countermeasures 

research in the 1980s, prior to the International Space Station 

(ISS). Reported protocols and findings in countermeasure 

research have been summarized with potential biomechanical 

implications analyzed based on observed trends. 

Methods 

A literature search was performed for countermeasures used to 

mitigate effects of microgravity, limited to methods used by 

the United States and Russia. This search was performed using 

Google Scholar and the terms “US/Russian exercise protocol 

on ISS” and “ISS exercise countermeasures.” 

Results and Discussion 

Reported countermeasure approaches were initially more 

varied between agencies. Prior to the ISS (~1980s-2000), 

Russian countermeasures are reported as using passive loading 

suits and muscle stimulation combined with organized 

exercise protocols. Programs involved exercise twice per day 

for a total of 2.5 hours, using a high intensity interval training 

structure including aerobic and resistance strength training [1, 

2]. US approaches at that time similarly involved aerobic and 

resistance exercise. However, the program was instead 

performed every 2-3 days at 70-80% of maximum heart rate 

for 20-30 minutes [3]. Treadmills and cycle ergometers were 

primary study devices for both, with the US including a 

rowing machine for resistance training [1, 2, 3]. 

While exercise programs used on the ISS are still prescribed 

by individual agencies, reported protocols have become more 

similar. Exercise is generally performed once per day, though 

Russian studies report increased effectiveness in maintaining 

musculoskeletal health and functional abilities with a twice 

per day program, as well as with a high intensity interval-

based protocol [1]. The treadmill, cycle ergometer, and 

advanced resistive exercise device (ARED) (for strength 

training) are currently the primary countermeasure devices in 

use [1, 2]. Russian protocol dictates resistance training 2-3 

times per week, alternating with treadmill or ergometer use, 

with rare passive loading suit usage [1]. The US program 

similarly includes 6 ARED sessions with 4-6 treadmill and 2-3 

ergometer sessions per week, for 1.5 hours per day [4]. 

The evolution of countermeasures largely indicates the 

effectiveness of the approaches and reflect their biomechanical 

effects, which may be useful to further guide program 

development. Trends and findings that suggest an increased 

exercise frequency/duration was more effective may reflect a 

need for longer loading periods, more similar to the constant 

loading of weight on Earth. The general discontinuance of 

loading suit usage suggests they provide little beneficial effect, 

potentially due to their limited force-production ability. The 

increased effectiveness of higher intensity programs may 

similarly indicate that greater loading, more comparable to 

Earth levels, is required. Increased use of resistance training 

indicates non-specific loading in aerobic exercise alone may 

not be sufficient to maintain health in the absence of weight 

forces. The biomechanical indications of these findings 

suggest that programs involving higher loading sustained over 

longer durations may be necessary to prevent functional losses 

that are still observed with current countermeasures. 

Conclusions 

The development of countermeasures has been primarily 

guided by the comparative effectiveness of approaches over 

time. Reported findings and trends provide biomechanical 

indications of a need for a greater magnitude and duration of 

loading, which may further guide future development of 

countermeasure programs and devices. 
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Summary 
The mechanical properties of the calcaneal fat pad have been 
determined during plantarflexion using synchronised motion 
analysis and force plate systems. This study showed no 
significant differences in stiffness measurements between 
genders with respect to the left and right heels. The application 
of this combined technology has potential to be used within 
the clinics to support foot disease diagnosis such as plantar 
fasciitis and heel pain.  

Introduction 
The heel region of the foot (or heel fat pad) is designed to bear 
stress and dissipate shock associated with impact activities. 
Females may be more susceptible to softer heels than males 
due to higher levels of oestrogen; this may account for the 
differences in heel pad stiffness [1]. The aim of this study was 
to compare the heel pad stiffness using kinematic and kinetic 
techniques in both males and females during a standing heel-
rise task, which consisted of dynamic loading and unloading 
phrases. We hypothesize that the heel pad stiffness would be 
higher in males than in females.   

Methods 
Ten male (age 26.3yrs, height 180.2cm, mass 78.7kg) and ten 
female participants (age 22.3yrs, height 164.3cm, mass 
57.3kg) performed two-footed heel-rise at a controlled speed. 
A total of 13 retroreflective 3-mm markers were placed on the 
left and right heel pads of the participants (Figure 1) using a 
customised template to allow for consistent marker placement 
across participants. A 2-second static capture was obtained 
with the participant standing on the force plates, with one leg 
on each plate. This was followed by three standing heel-rise 
trials that involved three continuous phases: Foot flat 
(baseline), bilateral heel raise (unloading), and foot flat 
(loading) with each lasting two seconds. The stiffness of the 
heel was evaluated based on the shift in marker 
position/deformation of the heel pad during dynamic activity 
with respect to each phase. Independent t-tests were performed 
to determine the difference between genders and between left 
and right sides, respectively. Significance levels was set to 
P=0.05. 

Results 
Regarding foot morphology, male participants had wider ankle 
width (left 76.3mm, right 77.0mm) than female participants 
(left 68.7mm, right 71.0mm). There was a significant 
difference in heel stiffness between the left and right sides in 
the female group (P<0.05). There were no significant 
differences in stiffness measurements between the left and 
right heels of the male participants (P>0.05). Both males and 

females showed no significant differences at the loading phase 
between the left (P=0.95) and right (P=0.74) heels.  Males 
produced higher bilateral heel pad stiffness values when 
compared to the female group (Table 1).   

 
Figure 1: A picture of the marker placement on the heel. 

Table 1. Heel pad central marker representative stiffness data   

Discussions and Conclusion 
Apart from in situ / in vitro heel pad analysis (i.e. ultrasound 
and indention test), combined kinematic and kinetic measures 
can yield dynamic reliable measurements of heel pad stiffness. 
The present results did not determine differences in the heel 
pad stiffness between males and females. This contradicts with 
a previous study, which showed lower heel pad elasticity in 
females may mean more susceptibility to musculoskeletal 
injury [1,2]. Interestingly, a slight variation in stiffness 
occurred between the dominant (right) and non-dominant (left) 
heels among female participants. Thus, different variations of 
stiffness between the left and the right heel may increase the 
likelihood of injury or disease occurring inside the heel. 
Furthermore, other factors such as aging and high body mass 
index may have significant impact on increased heel stiffness 
[3]. The outcome of this result may benefit healthcare research 
and have a positive impact on practitioners and patients in 
clinical settings.   
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Phase 
 

Male 
(L) 

Male 
(R) 

Female  
(L) 

Female  
(R) 

Baseline 6.89 ± 1.20 6.63 ± 1.50 4.95 ± 1.00 4.91 ± 1.10 

Unloading 2.35 ± 0.30 2.30 ± 0.40 1.71 ± 0.30 1.86 ± 0.50 

Loading 6.93 ± 1.10 6.53 ± 1.40 5.07 ± 1.10 4.83 ± 0.90 
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Summary 

The use of walking boots (WB) is one of the most common 
treatments for diverse foot and ankle injuries such as sprains 
of Grade II or higher, pressure ulcers, and/or plantar fascia 
release. WBs have been shown to be beneficial for injury 
recovery, however, it is important to alert users of the 
subsequent potential for injury when wearing a walking boot. 
Accordingly, we sought to investigate the forces exerted at the 
plantar foot when wearing a WB. A literature review was 
performed to find published values of plantar foot pressure.  

Introduction 

WBs have been shown to improve recovery after ankle 
injuries when non-surgical treatments are chosen. One of the 
most common sports related injuries is ankle sprain, 
accounting for 15% -20% of sports injuries. Another common 
use of WBs is related to treatment of plantar foot pressure 
ulcers. Pressure ulcers are developed when the foot is exposed 
to prolonged and high compression and shear forces. 
Moreover, in the diabetic mellitus population (DM), changes 
in tissue mechanical properties and presence of peripheral 
neuropathy (NP) heighten risk for developing pressure ulcers. 
This is evidenced by the prevalence of foot ulcers in 4-10% of 
the DM. Common treatments for foot pressure ulcers is the use 
of WB or casts. While the use of WB for treating either 
sprains or pressure ulcers has been well studied, evidence of 
secondary consequences is limited. 

Methods 

A Google Scholar search was conducted to find data for 
pressure measurements when wearing a WB, shoes and 
barefoot. The search terms “plantar foot pressure”, “walking 
boot”, “walking boot plantar pressures” were used. Since most 
of the studies on WBs and plantar pressure are related to 
pressure ulcers, the search term “pressure ulcer” was added. 
Findings are reported as average ranges for heel and forefoot. 
The forefoot measurements included values from all toes. 
Percentage of increase or decrease of pressure when wearing a 
WB are presented. Further, the amount of time pressure is 
experienced is reported as contact duration time (CD). 

Results and Discussion 

There was a limited amount of peer reviewed papers found 
reporting compression plantar foot forces experienced when 
wearing a WB [1-4]. Most of the studies found focused on the 

DM given the high incidence of pressure ulcers. Findings are 
summarized in Table 1 including values from healthy and 
DMs. Use of WB reduces the amount of pressure experienced 
at the forefoot in comparison to pressure experienced while 
walking barefoot or while wearing a shoe. In contrast, higher 
pressure values were found to be experienced at the heel than 
when wearing a shoe. Nonetheless, WB use was found to 
overall reduce the amount of pressure experienced in 
comparison to barefoot walking. Alongside, CD was greater at 
the heel than at the forefoot. Thus, increasing the risk of 
developing a pressure ulcer at the heel secondary to WB 
treatment. Additionally, [6,7] showed that in healthy 
population, WB use reduces forefoot pressure by 11-40% but 
increases 5% at the heel. Moreover, [7] quantified the effects 
of partial weight bearing by use of crutches and found that 
heel pressure is increased up to 15% and in forefoot decreases 
up to 25%. Furthermore, [8] compared forefoot barefoot 
pressure in DM with and without NP to healthy controls. Their 
results showed that diabetics with NP experience overall 
significantly higher pressure in comparison to diabetics 
without NP and healthy controls. Thus, suggesting that 
diabetics with NP are at high risk of developing pressure 
ulcers when wearing a WB. 

Conclusions 

WBs reduce the pressure experienced at the forefoot but at the 
cost of increasing the pressure at the heel with prolonged CD. 
Moreover, the pressure experienced at the heel while wearing 
a WB is higher than when wearing a shoe. Such compensation 
could lead to potential injuries at the heel when using a WB 
for prolonged time. Accordingly, assessing a tolerance for 
pressure ulcer development and WB wearing time could be of 
great clinical benefit. Further, prescribing a WB to DB with 
NP should be considered carefully since there might be a 
latent risk for developing a pressure ulcer at the heel. 
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Table 1. Pressure values for healthy and DM 

  Pressure Heel (kPa) 
Pressure Forefoot 

(kPa) 
Contact Duration 

Heel (s) 
Contact Duration 

Forefoot (s) 
Healthy walk boot [1] 300 50-100 0.6 0.3-0.7 

Healthy shoe [3] 169 152-201 - - 
Healthy barefoot [5] 500 800 - - 

Diabetic walk boot [2] 208 66 0.676 0.538 
Diabetic shoe [4] 266 241 - - 

Diabetic barefoot [2], [5] 348, 390 853,600 0.725, - 0.933, - 
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Summary 

With the cyclical changes of the menstrual cycle, women 
undergo several changes, such as mood, body mass, 
temperature, postural control and even muscle strength. Thus, 
the aim of this study was to investigate the relationship 
between the menstrual period, when the female hormones are 
lower, and changes in gait local stability after strenuous 
treadmill exercise. The volunteers did not use oral 
contraceptives. They walked on a treadmill for 4 minutes at 
the preferred speed, before an incremental test, followed by 4 
sets of 4 minutes alternating between walking and resting after 
the test. After the incremental test the local stability decreased 
indicating a more unstable system but showing a return to the 
initial value in the recovery interval. 

Introduction 

The normal menstrual cycle lasts on average 28 days, from the 
first day of menstruation and ending when the next month's 
menstruation begins. The first part of the menstrual cycle, the 
follicular phase, is a period of follicular growth in the ovary 
and coincides with the menstruation.  

During walking, humans need to adapt each step to be able to 
respond to externally and/or internally generated disturbances 
[1]. These adaptations are necessary to maintain gait stability 
and eliminate or reduce the risk of falls. A good predictor of 
the risk of falls is the maximum Lyapunov exponent (λ). 

Thus, the aim of this study was to investigate the effect of 
strenuous treadmill exercise on gait local stability of women 
during the menstruation, the follicular phase when the female 
hormones are lower, and the results would theoretically be 
comparable to results previously obtained with men. 

Methods 

Participated in the study 26 female volunteers (21.86 ± 2.67 
years old, 54.14 ± 15.35 kg, 1.63 ± 8.22 m, 28 ± 1.53 days 
menstrual cycle length, 4.86 ± 1.21 days of menstruation), 
healthy, non-smokers, who did not use oral contraceptives or 
other hormonal drugs and with a regular menstrual cycle for at 
least 6 months. Data collection occurred only during the 
menstrual period. The women were submitted to protocols 
previously approved by the Local Ethics Committee.  

After 2 min of treadmill familiarisation, the preferred walking 
speed (PWS) was evaluated following previously reported 
protocol [2]. Trunk kinematic data was acquired using a 
motion capture system with 10 infrared cameras at 100 Hz. 

The protocol started with a 4-minute walking at PWS (PreT), 
followed by an incremental test with an initial speed adjusted 
to 6km/h, increasing 1 km/h every minute until the exhaustion. 
Next, a post-test 4-minute walking at PWS (PosT-0) was 
acquired, followed by three more 4-minutes walking at PWS 

with 4-minutes rest between them (PosT-1, rest, PosT-2, rest, 
PosT-3). Maximum Lyapunov exponent (λ) was extract from 
medial-lateral trunk velocity as previously reported [3]. 

Results and Discussion 

The increased λ (Figure 1) denotes an increased divergence 
and, therefore, lower local stability after the incremental test 
(PosT-0). However, a return to the initial value, PreT, is 
observed in PosT-1, PosT-2 and PosT-3, suggesting a 
recovery process. 

 
Figure 1: Maximum Lyapunov exponent. *: significant difference for 

PreT (p<0.001), PosT-1 (p<0.001), PosT-2 (p<0.001), PosT-3 
(p<0.001) periods compared to PosT-0 period. ML: medial-lateral. 

In a previous study [3], men also exhibited a return to the PreT 
value in subsequent periods after the incremental test, but with 
a full recovery only from PosT-2, whereas women in the 
follicular phase presented a total recovery from PosT-1. 

Conclusions 

There is a reduction in gait local stability after a strenuous 
exercise. For recovery, a minimum of 12 minutes rest interval 
is required for women who are in their menstrual period. 
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Summary 

The effects of obesity on EMG activity during dynamic 

activities of daily living are largely unknown.  We measured 

EMG activity of the medial gastrocnemius (GA), 

semitendinosus (ST), vastus medialis (VM), and vastus 

lateralis (VL) in ten lean (L) and 17 obese (O) women 

completing STS.  Mean EMG activity of the VM and VL was 

lower during the anti-gravitational phase II in O.  Co-

activation of the knee flexors and extensors tended to be 

higher in O.  Conclusions:  Obesity reduces knee extensor 

muscle EMG amplitude during STS. 

Introduction 

Obesity impairs the ability to complete numerous activities of 

daily living including sit-to-stand (STS)[1]. STS performance 

may be limited by a variety of factors [2,3] – perhaps  most 

notably – knee extensor strength [4].  Compared to lean 

individuals, knee extensor torque per unit body mass is 

decreased by 20-30% in those who are obese [5].   Multiple 

mechanisms of obesity-induced muscle contractile dysfunction 

have been proposed [6], including decreased voluntary 

activation.  Although voluntary activation is decreased in 

single-joint exercises such as knee extension [7] and 

plantarflexion [8], data regarding the effects of obesity on 

EMG activity during dynamic movements such as STS are 

lacking.This study aimed to compare EMG activity of the 

major lower extremity muscles during STS in lean and obese 

subjects. We hypothesized that EMG activity of the 

quadriceps would be lower in obese subjects during STS. 

Methods 

Ten lean (BMI: 22.0 ± 1.6 kg/m2) and 17 obese (BMI: 33.2 ± 

2.2 kg/m2) premenopausal women (age 19-46y) completed 

three independent STS trials from a chair with arms crossed 

about the chest.  3D motion analysis was used to define three 

phases of the STS cycle [2]. Electromyography (EMG) of the 

medial gastrocnemius (GA), semitendinosus (ST), vastus 

medialis (VM), and vastus lateralis (VL) of the self-reported 

dominant leg was recorded (1000 Hz). 

EMG signals were full-wave rectified and filtered (10 Hz, 

350Hz; 4th order Butterworth).  The linear envelope was 

generated using a 0.05s RMS sliding window and normalized 

to the mean of two maximal voluntary isometric contractions. 

Co-activation index [9] was calculated using EMG activity of 

the ST and the mean of knee extensors (VM and VL).   

Data are presented as mean ± SD.  Effects of obesity and 

phase on mean EMG amplitude were determined by two-way 

repeated measures ANOVA with α = 0.05 (SigmaPlot 13.0).   

Results and Discussion 

Figure 1 depicts EMG ensemble curves during STS in lean 

and obese subjects. Mean EMG activity of the GA and ST was 

not significantly different between lean and obese subject in 

any phase.  Mean EMG activity of both the VL and VM was 

significantly lower in obese than lean subjects during phase II. 

Antagonist/agonist co-activation tended to be higher in obese 

subjects during phase II STS, but this failed to reach statistical 

significance (p = 0.097). 

 

Figure 1: Knee extensor EMG amplitude is decreased during 

phase II of the sit-to-stand (STS) movement in obese subjects. 

Vertical dashed lines indicate distinct phases of the STS movement.  

*p < 0.05 v. phase I, †p < 0.05 v. phase II.  #p < 0.05 between groups 

Conclusions 

Obese subjects display lower EMG activity of the knee 

extensors during the anti-gravitational phase of STS which 

may contribute to an impaired ability to compete this task. 
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Summary 

Walking is the most basic exercise of physical activity. Each 

person has different walking types, but additional time and 

equipment are required to distinguish them. In order to solve 

this problem, we intend to develop an index that can easily 

distinguish various gait types by using center of pressure. 

Introduction 

Gait is the most basic methods of moving the body. It has 

various walking types according to body characteristics and 

habits [1]. Various walking types are determined by dynamic 

mechanical analysis using a motion camera or by the 

supervision of a clinician, so there are limitations in cost and 

equipment for real life applications. It is necessary to carry out 

research to distinguish various gait types in daily life and to 

present suitable gait types to individuals. Therefore, in this 

study, we want to develop a center of pressure based variable 

that can detect the foot progression angle using a foot pressure 

sensor without a motion camera. 

Methods 

Ten young males (age: 23.8 ± 1.5 yrs, weight: 70.8 ± 5.8 kg) 

participated in this study. All subjects wore shoes with an F-

scan sensor (Tekscan Inc., south Boston, MA) and performed 

level walking a distance of 10 m at comfortable walking speed. 

In addition, they performed 3 gait protocols which were out 

toeing, in toeing, parallel walking The foot progression angle 

(FPA) was calculated using a motion capture camera (Vicon, 

Oxford, UK) during walking and set as the golden standard. 

Pearson's correlation was performed with the developed 

variables, i.e., maximum COP displacement angle (MCDA), 

Displacement (Disp.), normalize Disp. By foot length 

(Nor.Disp.), Difference forefoot [medial-lateral] (Diff), Area 

between FCL ~ COP (Area) and FPA.  
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Fig. 1 COP based variables. 

Results and Discussion 

The maximum centre of pressure angle, displacement, and 

pressure difference which was developed using COP was 

correlated 0.6 over with FPA (p <0.001).  
 

Table 1. Result 

Right foot
MCDA
[degree]

Disp.
[cm]

Nor. Disp

[cm]

Diff.
[N/kg]

Area
[cm2]

FPA
[degree]

Corr .690** .624** .627** .618** .452**

P-value .000 .000 .000 .000 .000

MCDA
[degree]

Corr .254* .262* .426** .295*

P-value .047 .041 .001 .021

Disp.
[cm]

Corr .997** .637** .861**

P-value .000 .000 .000

Nor. Disp.
[cm]

Corr .644** .863**

P-value .000 .000

Diff.
[N/kg]

Corr .614**

P-value .000
 

In real life, it is easy to distinguish gait types using only foot 

pressure sensor, and it is suggested that appropriate gait type 

can be presented to the body. 

Conclusions 

It can be used as basic data which can distinguish various gait 

types by the centre of pressure of foot pressure sensor without 

using motion camera.  
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Summary 

Trunk movements and centre of body mass at the start of gait 

with 15% of young male subject’s body weights placed in a 

backpack upper and lower locations on the back were explored 

using a 3D motion analyser with force plates and EMG for the 

trunk and lower limbs. The lateral flexion range of the trunk 

with upper load placement in the initial phase of gait was 

smaller than that of lower load placement. This suggests that a 

postural control mechanism enabled less movement 

substitution at a higher centre of gravity (COG) in the high 

load position. 

Introduction 

The initial phase of gait is critical for transitioning from a 

static stance to dynamic walking and to guarantee smooth 

locomotion. There are specific neurophysiological 

mechanisms in the initial phase which are different from 

steady walking based on synthesized feed-forward postural 

control. Previous research has shown that it is easy to break 

balance leading to falls for elderly with poor equilibrium 

function during this phase, especially for those who have trunk 

malalignment [1]. The purpose of this study was to investigate 

the influence of differently located loaded backpack carriage 

walking on trunk motion. 

Methods 

Ten healthy college students aged 18 to 23 years participated 

in this study. The subjects had no walking problems due to 

orthopedic diseases or spine and leg impairments. Prior to the 

start of research, the aims and methods of the study were 

explained to the subjects and their written informed consent 

was obtained. The subjects were asked to stand stably, then 

after start signal (sound synchronizing with mouse click), they 

started to walk on a flat walk way with no weight and with 

15% of their individual body weight located randomly either 

on the upper or lower back. Three-dimensional angular 

displacements and moments of the trunk, pelvis, hip, knee, and 

ankle were obtained using the Vicon Nexus system and four 

force plates. The electromyographic activities of the elector 

spinae, rectus abdominis, gluteus maximus and medius, biceps 

femoris, rectus femoris, lateral gastrocnemius, and tibialis 

anterior were recorded using surface electrodes (Delsys 

Trigno), at a sampling rate of 1,000 Hz. These were 

sequentially processed as the rate of integrated 

electromyograms (RMS), according to the volume ratio of the 

maximum voluntary contractions of each muscle. The 

measurement period was set from 35 ms before the point 

where the vertical component of the right ground reaction 

force reached the highest point in stable standing to where the 

vertical component of the ground reaction force reached zero 

on the second step. These data were tested by one-way 

ANOVA, followed by a multiple comparison test with α level 

set at 0.05. 

Results and Discussion 

The range of trunk lateral flexion in the upper loading was 

significantly lower than that of the non-loading and the lower 

loading in the initial walking phase (p < .05) (Figure 1).  

 
Figure 1: Trunk lateral flexion range in the initial phase of gait. 

However, there were no differences in hip adduction and 

abduction range or the other ranges including knee and ankle. 

No difference was found in RMS of all muscles among the 

three different load locations. The lateral displacement of the 

COG did not show any significant difference among the three 

different load locations. Previous report have suggested that 

weights placed higher on the back did not produce a change in 

the COG because of compensatory trunk motion [2]. Yen 

suggested that the replacement of the COG with changing 

trunk angle could maintain postural balance by bringing the 

COG closer to the center of pressure (COP) during gait [3]. In 

the present study, displacement of the COG to the left and 

right is the same with upper and the lower loads, less range of 

lateral flexion was observed with the upper load which may 

help to maintain the proper body balance. 

 

Conclusions 

Backpack loading at the upper part of the trunk may induce a 

movement strategy that can bring the COG closer to the COP 

with less trunk side flexion angle in the initial phase of gait. 
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Summary 

This Abstract summarizes a novel automated system to 

introduce stumble-inducing gait perturbations that are: (1) 

realistic, (2) are unanticipated by subjects, and (3) accurately 

controllable in their timing. Furthermore, this system (4) 

allows for kinematic and kinetic evaluation before and after 

the perturbation. Human subject data is also presented, which 
demonstrate that people are unable to anticipate the 

perturbation and that the system can target specifically-timed 

perturbations during swing phase (accurate within 25 ms). 

This system will enable the study of stumble recovery in both 

healthy individuals and individuals with disabilities. Next, a 

systematic study on the effect of perturbation timing will be 

performed to gain an improved understanding of how people 

recover and to inform the design of interventions (e.g., 

prostheses) for fall prevention. 

Introduction 

Stumbling is a common occurrence which can result in a fall 

and injury, particularly for individuals with gait pathologies 

[1]. It is important to study the reflexive recovery response to 

stumble events in order to inform interventions that can reduce 
the incidence of falling in susceptible populations. 

Researchers have previously developed overground and 

treadmill-based systems for studying stumble recovery. 

However, overground systems tend to be constrained by 

walkway length and the inability to accurately time 

perturbations [2]; while treadmill studies often use rope 

blocking or belt speed perturbations which do not replicate a 

physical obstacle which the swing foot must clear [3]. Some 
treadmill-based systems have used obstacles in the past, 

however, they encountered issues with controlling timing and 

preventing the subject from anticipating the perturbation due 

to obstacle-induced vibrations [4]. To date, no gait 

perturbation system has been able to introduce (1) realistic, (2) 

unanticipated, and (3) accurately-timed obstacle perturbations 

while (4) allowing for kinematic and kinetic analysis. The 

objective of this work was to develop a novel gait perturbation 
system that overcomes limitations of prior systems and has 

capabilities (1)-(4). 

Methods 

The system in this study consists of two primary components: 

a ramp-based obstacle delivery apparatus and a predictive 
targeting algorithm. The ramp guides the obstacle down to the 

surface of the treadmill gradually, minimizing the impulse and 

subsequent vibrations as it enters the treadmill belt to prevent 

the subject from perceiving the presence of the obstacle before 

perturbation. The predictive targeting algorithm calculates the 

time of release of the obstacle required to perturb the subject 

at a specified time during swing phase. The algorithm uses 

real-time data from the subject’s center of pressure to predict 

the timing and location of their future gait events and then to 

calculate when to release the obstacle onto the treadmill. 

 
Figure 1: Schematic of the gait perturbation system. 

A seven-subject experiment was conducted on healthy 

individuals to validate the system. Ground reaction forces and 

motion capture data were collected. A perception test was 

performed to assess if subjects could perceive the obstacle 

entering the treadmill. A perturbation test was performed to 

assess the accuracy of the targeting algorithm. 

Results and Discussion 

Across 84 trials, no subjects reported that they could perceive 

the entry of the obstacle onto the treadmill. 

 

Figure 2: Targeted versus actual perturbation percent swing. 

The system’s absolute mean targeting error was 6.2% of swing 

phase, or 25 ms. The system’s ability to provide such 
accurately-timed perturbations without the subject’s 

perception allows for numerous trials to be collected quickly. 

The accuracy also allows for a higher analytical resolution 

with respect to perturbation timing than previous studies. 

Conclusions 

Overall, the system achieved the goals of introducing realistic, 

unanticipated, accurately-timed perturbations, while enabling 

the collection of kinematic and kinetic data. Next, the system 

will be used to aid in the design of a new stumble recovery 

control system for a robotic transfemoral prosthesis. 
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Summary 

Socioeconomic status has been shown to impact health and 

health care accessibility in people with lower limb loss [1]. 

We aim to evaluate specifically how physical activity 

behaviour and capacity are influenced by socioeconomic 

status in this population. In the 23 participants, we found that 

individuals who reported socioeconomic difficulty (SED) 

walked approximately 60 meters shorter in six-minute walk 

test (6MWT) and exhibited more fear of falling avoidance 

behaviour comparing to their peers without socioeconomic 

difficulty. No difference was found in timed-up-and-go test 

(TUG) and the vitality score in Short Form Survey (SF36). 

Our results indicated that socioeconomic barrier could 

significantly alter physical activity behaviour and performance 

in people with lower limb loss, especially in motor activity 

endurance. 

Introduction 

SED is a known health risk that affects a person’s physical and 

psychological wellbeing. Previous studies showed that SED is 

related to inadequate access to health care services and 

disparity. For example, people with diabetes mellitus with low 

socioeconomic status exhibit higher odds of amputation [2]. 

Amputees who perceived more environmental barriers 

including SED showed higher level of disability [3]. However, 

disability is an abstract construct which consists of many 

mobility components. In the current study, we aim to evaluate 

how specific domains of physical activity (i.e. behaviour and 

performance) are impacted by socioeconomic difficulty. 

Methods 

A survey was developed to collect participants’ basic 

demographic information.  A single question: “Do you ever 

have difficulty making ends meet at the end of the month?” 

was used to determine the participant’s SED [4]. We chose 

different tools to measure motor performance and behaviour, 

including the Timed Up and Go test (TUG), 6-minute walk 

test (6WMT), the vitality subscale of SF36, and fear of falling 

avoidance behaviour questionnaire (FFABQ). TUG measures 

basic, short distance mobility such as sit-to-stand and turning. 

6MWT assesses physical activity endurance and aerobic 

capacity. The vitality subscale (questions 9a, e, g, i) of SF36 

captures the self-perceived levels of energy and fatigue [5]. 

FFABQ evaluates how much a person would avoid daily 

activities due to the lack of movement confidence. The higher 

the FFABQ score indicates more avoidance behaviour and 

belief [6]. 

Age and body mass index (BMI) have been shown as 

significant predictors of motor performance in this population 

[7]. Hence, univariate general linear models regressing motor 

performance/behaviour on SED controlling for age and BMI 

were utilized. A total of 23 participants were recruited, of 

which 9 reported having SED (39.1%). 

Results and Discussion 

Significant between-group differences were found in 6MWT 

and FFABQ but not in TUG and SF36 vitality scale (Table 1). 

Table 1: Model summary  

 TUG3m 6MWT FFABQ SF36-

Vitality 

F(3,18) 2.669 3.478 4.863 0.944 

p .079 .038 .012 .440 

R2 .308 .367 .448 .136 

After controlling for age and BMI, having SED decreased 

6MWT distance by 60.34 meters, and increase FFABQ score 

by 8.08 points (Table 2). The reduction in 6MWT 

performance exceeds the minimal clinically important 

difference, which is 14-30 meters [8]. 

Table 2: Regression coefficients  

 6MWT(m) FFABQ(point) 

Constant 699.022 -18.420 

SED -60.338 8.076 

Age -4.383 .380 

BMI -2.908 .197 

Conclusion 

Perceived SED contributed to the physical activity behaviour 

and capacity changes in people with lower limb loss. Among 

measures of motor performance and behaviour, activities that 

demands endurance (longer walking tasks) were most 

influenced by SED. 
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INTRODUCTION                                                                

Compression tights wear are widely used for various sports, 

and it has some benefits decreased the fatigue and risk of 

injuries. However, there are no compression tights which are 

designed in specialize to improve walking function. The 

walking speed is important to maintain the quality of life 

(QOL) and Activity of Daily Living (ADL) [1][2]. 

Therefore, we develop that functional compression tights 

(FCT) with function of the walking assistance based on the 

biomechanics of the gait. The purpose of this study is to 

investigate for the effect of FCT using a biomechanical 

method. 

METHODS 

Eighteen limbs of 10 healthy male participants (age, 

27.7±9.4 years; height, 1.72±0.36 m; weight, 66.4±7.3 kg) 

were included in this study. In this study, Participants were 

healthy and there were nothing musculoskeletal disorders or 

gait disorders. All participants were required to perform 5 

straight-line walking trials along a 10 m level walkway at 

usual walking speed. A three-dimensional gait analysis 

system (VICON) was used for movement analysis data 

acquisition based on standard procedures. The system 

consisted of eight infrared cameras (100Hz) and two force 

plates (AMTI; 1,000Hz). The Thirty-five reflective markers 

were mounted over on the skin following to the Plug in gait 

model using double-sided adhesive tape. Kinetics and 

Kinematics data of the lower limbs were calculated using 

Nexus, and those were filtered with a low-pass with at 10 

Hz. It was calculated the lower extremity (hip, knee, ankle) 

joint angles, joint moments and joint power. [3] Moreover, 

the cadence, step length, stride length and walking speed 

were also measured. All parameters were compared between 

two condition (with FCT and without FCT) using paired t-

test.  

 

RESULTS AND DISCUSSION 

Table 1 showed the mean and standard deviation values of 

gait participants spatio-temporal data for the with and the 

without FCT conditions. the walking speed with FCT was 

significant faster than without FCT, ( p<0.05). In addition, 

the peak ankle plantar flexion angle at push-off were 21.0 ± 

6.3°, 14.7 ± 7.4°, and the peak knee flexor power at terminal 

swing were -1.96 ± 0.38W, -1.72 ± 0.48W. Therefore, those 

of data with FCT were significant difference with those of 

without FCT, respectively. ( p<0.05). 

It was found that the walking speed was improved by 

wearing the FCT. FCT had a possibility to contribute to the 

accelerate the lower limbs during the swing phase. The FCT 

is designed for three important parts which are compression 

part, rib support part and tac support part. In this study, the 

kinetics data during support phase of walking with FCT did 

not have any difference with those of without FCT. The 

FCT might be increased accelerations of the thigh during 

swing phase by the rib part of the inguinal region. Rib 

support part had designed high elastic materials. Extension 

of the hip during late stance had increased elastic energy of 

the rib support and it plays a role of assistance hip flexor 

moment during initial swing. 

 

Table 1: Comparison of spatio-temporal data with FCT and 

without FCT 

 

 

 

 

 

 

 

 

 

 

 

 

CONCLUSIONS 

In this study, the walking speed was improved by wearing 

the FCT. There is considered a possibility of FCT 

contributed to the accelerating the lower limbs during the 

swing phase. 
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Measure 
with  

tightsFCT 

without 

FCT 
p 

 cadence (steps/min) 125(6.3) 123(6.3) 0.09 

 step length(m) 0.73(0.04) 0.71(0.05) 0.09 

 stride length(m) 1.49(0.09) 1.46(0.11) 0.08 

 walking speed(m/s) 1.55(0.13) 1.49(0.16) *<.05 

(standard deviation), paired-t-test, *p<.05 
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Summary 

This study investigated whether the human gait cycle 
spontaneously entrains to rhythmic electrical stimulation of 
the gastrocnemius muscle with phasing that aligns the stimuli 
with ankle push-off. Rhythmic stimulation was applied at the 
natural stride frequency, with random initial phasing. Some, 
but not all, participants entrained their gait to the stimulus. In 
stable entrained trials, stimulus phase was near push-off in 
treadmill trials but not in overground trials. Prevalence of 
entrainment appeared related to stimulus amplitude. Rhythmic 
gastrocnemius stimulation shows promise as a means of 
manipulating gait when amplitude of stimulation is adequate.  

Introduction 

Rhythmic bursts of ankle torque added by an exoskeleton can 
influence gait timing while walking on a treadmill and during 
overground walking [1]. When the perturbation period is close 
to the stride period, the gait cycle entrains to the pulse rhythm, 
with spontaneous phase alignment such that the torque burst 
adds to ankle push-off (roughly 50% of the gait cycle) [1]. 
Rhythmic electrical stimulation of the calf and hamstring 
muscles also causes some level of timing entrainment during 
treadmill walking [2]. This study investigated whether gait 
phase entrainment with biomechanically beneficial phasing 
can also be elicited using rhythmic electrical stimulation of the 
plantarflexors during treadmill and overground walking.  

Methods 

Subjects walked on a treadmill and overground at their 
preferred walking speed while rhythmic electrical stimulation 
was applied to the gastrocnemius muscle. Stimuli (350 µs 
pulses at 40 Hz for 0.1 s; RehaStim, Hasomed GmbH) were 
applied at each subject’s natural stride frequency, determined 
from stimulus-free treadmill and overground trials. Stimulus 
amplitude was tuned to elicit ankle movement during quiet 
standing without causing pain. Subjects wore an inertial 
measurement unit (IMU) on each shoe to reconstruct the foot 
trajectory [3] and determine the timing of the gait cycle.  

Stimulation was initiated with random gait phase to enable 
observation of phase entrainment. The phase of each stimulus 
was determined relative to ipsilateral footfalls (0% and 
increments of 100%). A trial was considered entrained if it 
contained 20 successive strides with gait phase within ± 3%. 

Results and Discussion 

For the 5 subjects, the stimulation amplitudes ranged from 16-
30 mA. 12 out of 22 treadmill trials and 4 out of 12 
overground trials entrained at some point. Of these, 7 treadmill 
and 1 overground trials also experienced phase drift after 
entrainment, indicating the entrainment was not always stable. 

Figure 1 shows examples of entrained and non-entrained 
treadmill and hallway trials, and the mean phases during 
entrainment. The converged gait phase of stimuli was 34.6 ± 
14.0% in stable entrained treadmill trials and 79.9 ± 4.9% in 
the stable entrained overground trials. Most trials that 
entrained were from subjects whose stimulus amplitude was 
greater than 25 mA (9 out of 14 treadmill trials and 4 out of 4 
overground trials). The observation of phase entrainment to 
rhythmic electrical stimulation of the plantarflexors builds on 
prior observations of period entrainment [2].  

The timing of the entrained stimulus during treadmill trials 
suggests that the stimuli may have a biomechanical benefit, 
and not merely act as a sensory cue. If only sensory effects 
were important, no specific phase of entrainment should 
occur. However, stimuli near 30-40% may increase muscle 
force near 50% after an electromechanical delay – roughly the 
time of ankle push-off. The apparent relationship between 
amplitude and entrainment also supports this idea, as primarily 
motion-inducing stimuli caused entrainment.  

 
Figure 1: Examples of stable entrained, unstable entrained, and non-

entrained treadmill and hallway trials.  

Conclusions 

Rhythmic stimulation of the gastrocnemius has the potential to 
cause entrainment of gait to the period and phase of 
stimulation, subject to an amplitude threshold. Future work 
includes testing more subjects; stimulating alternate sites such 
as dorsiflexors, the peroneal nerve and bilateral plantarflexors; 
measuring the stimulus’ effect on muscle force; and exploring 
the limits of gait manipulation through stimulation. 
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Summary 
Asymmetry indices provide insights into walking mechanics 
in populations with unilateral deficiencies. The number of 
strides used in specific studies varies, and often there are 
equivocal outcomes for symmetry reported in the literature. 
Thus, it is worth understanding the influence of the number of 
strides that should be used to characterize symmetry. Eight 
strides were required to achieve a stable mean symmetry 
index; however, no significant differences were noted between 
three, five, and eight strides of walking. 

Introduction 
Measuring inter-limb symmetry can be a powerful tool for 
clinicians that work with populations possessing unilateral 
deficiencies. However, gait analyses can become difficult for 
participants to complete if easily fatigued or multiple 
conditions and trials are collected. In turn, it is important to 
understand how few strides can consistently represent 
asymmetries present during walking, and if these strides 
should be collected consecutively.  

As few as three to five strides have been utilized when 
studying gait kinematics and spatiotemporal parameters during 
walking [1]. However, a greater number of strides has been 
required to find stable means of walking variability [2]. 
Quantifying the number of strides required to reach a stable 
mean for symmetry indices of lower extremity kinematics and 
spatiotemporal parameters during walking may provide 
insights into equivocal results often reported in the literature 
with regards to gait symmetry. Additionally, it is unknown if 
uniformly sized subsets of strides, binned consecutively and 
inconsecutively, will differ from each other within a single 
trial. Further, it is not fully understood if different sizes of 
subsets will result in unique findings. 

Methods 
Ten participants free of lower extremity injury for six months 
and no history of surgery (F = 6, 1.73 ± 0.12 m, 66.0 ± 12.0 
kg, 25 ± 3 years, 326 ± 178 min/week of activity) completed 
two sessions of walking at 1.5 m∙s-1. Each session consisted of 
walking for nine minutes (3 minutes of acclimation and 6 
minutes of collection), in which 60 seconds of data were 
collected at the six- and eight-minute marks. The first 50 
strides of each 60 second trial were analysed. Motion data 
were captured using a ten-camera VICON (Englewood, CO, 
USA) motion analysis system (100 Hz). Data were filtered 
with a lowpass 4th order, zero lag, Butterworth filter at 6 Hz. 
Spatiotemporal and joint kinematic variables were determined 
in Visual 3D (C-Motion, Germantown, MD, USA). 

Symmetry for each measure was determined as the difference 
between each leg’s values, and then divided by the average 
value of both legs [3]. Mean symmetry for each trial was 
determined by computing an average, with an increasing 
number of strides, until all strides from that trial were 
included. To determine the stable point for a variable’s mean 

symmetry index, the value had to remain within 2 standard 
deviations of the overall mean symmetry index [2]. 

Subsets of consecutive strides were created within each trial to 
compare symmetry indices. Subset sizes were chosen to reflect 
the minimum number of strides collected when studying gait 
kinematics (three and five) and the number of strides to 
achieve a stable mean symmetry index. Additional subsets 
were created using random strides within a trial to determine if 
strides needed to be consecutive. Multiple ANOVAs with 
repeated measures were used to determine whether same sized 
subsets differed within a trial (R, version 3.4.1), with each trial 
treated as an individual participant. Additional ANOVAs with 
repeated measures were used to determine if differences in the 
number of strides within a subset resulted in significant 
differences. Alpha was set at 0.05.  

Results and Discussion 

Stable mean symmetry indices for all variables were achieved 
within an average of 8.3 ± 0.8 strides. Therefore, eight strides 
were used as an additional subset size. Few differences were 
found between same size subsets within trials, with no trends 
suggesting that consecutive strides were required (p < 0.05; 
minimum ankle velocity in subsets of three, five, and 
randomly assigned eight; maximum ankle velocity in 
randomly assigned subsets of five; peak ankle angle in 
randomly assigned subsets of eight; and peak hip angle in 
randomly assigned subsets of three). Further, no differences 
were found between the first three, five, and eight mean stride 
symmetry indices for all variables (p > 0.05). 

In previous research, three to five strides were used to 
characterize walking mechanics [1]. This may be too few of 
strides to provide a stable mean [2]. Present findings suggest 
that eight strides are required for a stable mean symmetry 
index, however no significant differences were found between 
the mean from three to eight strides. This suggests that in a 
healthy population, as few as three strides should be enough to 
determine stable interlimb kinematic symmetry.  

Conclusions 
Eight strides of walking will produce a stable mean symmetry 
index for kinematic and spatiotemporal variables. However, 
no differences were noted between the symmetry indices of 
the first three, five, and eight strides. Thus, symmetry indices 
will be similar between studies averaging three strides and 
those averaging more than three strides. 
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Summary 

To observe differences in centre of pressure (COP) trajectories 
of 15 low back pain subjects during gait at three different 
walking speeds, a vector field statistical analysis was 
conducted. Medial-lateral COP showed medialisation (1) at 
fast walking speed, at transition between shock absorption 
phase and forefoot loading and at propulsion phase and (2) at 
preferred walking speed, at maximal load or 50% of stance 
phase. The latter tendencies could not be corroborated by 
vector field analysis. Future studies, considering the new 
features of open source software spm1d, should re-examine 
the data, which differed from those found in normal subjects. 

Introduction 

Low back pain affects gait parameters such as walking speed 
and ground reaction forces [1]. These parameters are moreover 
linked and can be analysed together by the study of the centre 
of pressure path (COP) [2]. However, COP is often studied 
using scalar extraction analysis. This cannot provide specific 
information on COP behaviour at a definite stance moment. 
For example, to study the impact of hip extension (limited in 
patients with low back pain [1]) on COP during the propulsion 
phase, a vector field statistical analysis (as proposed by Pataky 
et al. [4-5]) would seem to be more accurate. 

The aim of this study was therefore to observe, through stance 
phase in patients with low back pain, differences in COP 
trajectories between various self-selected walking speeds. 

  

 

Figure 1: (A) Mean and standard deviation (SD) COPx and COPy 
according to stance phase; (B) Hotelling’s paired T2 test results on 
vector COPxy(t) marking the differences in time between slow and 

fast gait. 

Methods 

15 subjects with low back pain (LBP) (females: n=7; males: 
n=8) walked four times at three different self-selected speeds 
(slow, preferred, fast) over a 6 m long electronic walkway 
(Zeno Walkway®, ProtoKinetics). The order of gait speeds 
was randomized. Posterior-anterior and medial–lateral centre 
of pressure courses (COPx, COPy) were normalised spatially 
according to the walkway coordinates and temporally as 
percentage of stance phase (0–100%) [4]. 

A paired Hotelling’s T2 statistic test, on normally distributed 
data, was performed to compare the differences 2x2 between 
slow, preferred and fast walking speeds on each COPxy(t) 
(resultant COPx and COPy vector for each moment “t”). The 
T2 threshold for which data were considered significantly 
different of the null hypothesis (H0: no difference in COPxy(t) 
between walking velocities) was fixed at α=5%. P-values were 
calculated and extra separated t tests were conducted on each 
vector presenting significantly differences following the T2 
statistic test (post hoc analysis) [5]. 

Results and Discussion 

No effect of walking velocities was observed on COPx. But, at 
fast walking speed, COPy seemed to be medialized at 20-35% 
and 70-80% of stance phase and, at 50% of stance phase, 
COPy appeared to be medialized at preferred speed in contrast 
to COPy at slow and fast walking velocities (Figure 1A). 

The vector field analysis confirmed a significant difference at 
20% of the support phase on COPxy between slow and fast 
walking (p < 0.001) (Figure 1B) but the post hoc tests did not 
clarify this difference further by changes on COPx or COPy. 
No additional significant effect was detected with the vector 
field analysis.  

Conclusions 

Future studies are needed to interpret our results, which differ 
greatly from those of the literature [5]. They could indicate a 
difference between healthy subjects [5] and patients suffering 
from low back pain. Likewise, considering the new features 
offered by the open source software spm1d, a new analysis of 
the data seems relevant especially to compare conjointly the 
speed effects. Finally, the currently post hoc procedures are 
possibly too simple and insufficiently valid. 
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Summary 

Walking at high speeds for longer periods feels uncomfortable 
and is fatiguing. This study compares ankle flexor and 
extensor strength prior to and following 35 or 47 min fast 
walking. Following the walking period, isometric maximal 
ankle dorsiflexor and plantarflexor strength was reduced with 
25% and 10% respectively. Functional strength was also 
tested: eccentric ankle dorsiflexor strength, necessary to slow 
down the plantarflexion motion following heel contact, and 
concentric plantarflexor strength, generating propulsion at the 
end of stance, also decreased substantially. These results 
indicate that the feeling of discomfort and fatigue arise due to 
a decrease in strength of the ankle dorsiflexors and 
plantarflexors as these muscle groups were already working at 
a high percentage of their maximal strength when walking at 
high speeds.  

Introduction 

Walking is the most popular mode of physical activity.  Going 
for a walk on a regular basis has substantial health benefits 
especially when the walking speed is increased. However, 
walking at higher speeds is fatiguing and feels uncomfortable 
when maintained for longer periods. Gait transition studies 
provide clues towards the source of this feeling of fatigue and 
discomfort. They identified the ankle dorsiflexors and to a 
lesser extent the ankle plantarflexors as determinants of the 
walk-to-run transition [1]. This study investigates the effect of 
fast walking on the ankle extensor and flexor strength to reveal 
which muscle group was most fatigued. We hypothesized that 
walking at high speeds would fatigue the ankle dorsiflexors 
heavily but the ankle plantarflexors only lightly. 

Methods 

Eighteen adults (46.94 ± 6.23 years) walked continuously for 
35 minutes at high speed on treadmill. Fast walking speed 
(1.86 ± 0.13 m.s-1) was determined individually to 90% 
between subjects’ preferred walking and walk-to-run transition 
speed.  Depending on the rate of perceived exertion and the 
heart rate at the end of the 35 minutes, another 12 minutes of 
even faster walking (speed increase with 0.1-0.3 m.s-1) was 
added to maximize possible fatigue.  

Prior to and following the fast walking period, maximal ankle 
extensor and flexor strength was measured using an isokinetic 
dynamometer. Isometric maximal voluntary contractions were 
tested in optimal force-length conditions. Eccentric dorsiflexor 
strength was measured isokinetically at 120˚.s-1 whereas 
concentric plantarflexor strength was measured at 150˚.s-1. 
Isokinetic speeds were reached in plantarflexed position.   

 

Results and Discussion 

Fast walking fatigued both the ankle dorsiflexors and 
plantarflexors: isometric ankle dorsiflexor strength was 
decreased with 8.8 ± 4.4 Nm (24.7%, p < 0.001), isometric 
ankle plantarflexor strength with 13.1 ± 15.9 Nm (9.8%, p = 
0.003), isokinetic eccentric dorsiflexor strength with 12.0 ± 
7.0 Nm (13.2%, p < 0.001) and isokinetic concentric 
plantarflexor strength with 5.9 ± 5.2 Nm (27.3%, p = 0.001). 

 
Figure 1:  Ankle dorsiflexor and plantarflexor strength prior to 

(black) and following (gray) prolonged fast walking.  A. Isometric 
maximal voluntary contractions at optimal force-length conditions.  

B. Isokinetic eccentric dorsiflexor (at 120˚.s and 20 ± 6˚ 
plantarflexion angle) and concentric plantarflexor (at 150˚.s and 25 ± 

3˚ plantarflexion angle) maximal voluntary contractions. 

The dorsiflexor strength reduction confirms the hypothesis and 
corresponds with subjects’ feeling of discomfort at the front of 
the shin. More surprising is the reduction in extensor strength 
as shorter periods (6 min) of fast walking did not have an 
effect [2] and fatiguing these strong muscles is hard to 
accomplish. It is likely that these strength reductions evoke the 
feeling of discomfort and fatigue as they were already 
operating at high percentages of their functional force capacity 
[3]. Aiming at fast walking, augmentation or injury prevention 
strategies should focus on these muscle groups.    

Conclusions 

Prolonged fast walking fatigues ankle flexors and extensors.   
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Summary
Recent experimental studies of human walking have shown that
within an individual step the pelvis (CoM) state can be used
to predict the next foot placement. Here, we used a simple
open-loop-stable 2D walking model to show that one cannot take
this predictive ability, by itself, as evidence of active control.
In our simulations, we too find a high correlation between the
pelvis state and the foot placement, but entirely due to “passive”
dynamics as our system has no control. Thus, such statistics
should be used to characterize in-step active control in human
walking onlywith caution, and likely require supporting evidence
beyond the correlations themselves.

Introduction
Humans stay upright during walking in part by appropriately
choosing stepping locations on the ground. Exactly how this is
accomplished from one step to the next in an active manner is the
topic of much current research. Recent experiments in human
treadmill walking have shown that an in-step pelvis state is a good
“proxy” for the next foot placement [2], as perturbations to the
upper body are consistently mapped to and, hence, successfully
corrected by “appropriately chosen” foot placements. Our sim-
ulations of an open-loop-stable walker suggest that much of this
predictability can perhaps be attributed to the passive or “ballis-
tic” nature of trajectories between consecutive heel-strikes.

Methods
We used a 2D compass walker [1] actuated by toe-off impulse P
applied just before heel strike (inset Fig. 1). We selected 3 stable
gait cycles (each with its own P = P ∗), and for each simulated
600 steps with Gaussian (process) “motor” noise σp = 0.3%:
P = P ∗(1 + δ); δ

iid∼ N
(
0, σ2

p

)
. From step time series, we

estimated a linear map between deviations of the pelvis state
(yp, ẏp, zp, żp) around its mean to corresponding deviations of
the next heel-strike, yfoot. We also estimated such maps for 3 am-
plitudes of Gaussian observation noise, σo ∈ {0.1, 0.2, 0.3}%
(along with σp = 0.3%), added to the variables of the fits.
Results (Fig. 1) were averaged over 10 samples. We repeated
these calculations for the pelvis state (θ, θ̇) and the walker’s full
state (θ, θ̇, φ, φ̇). For comparison with modeling results, we re-
examined the marker data of healthy young adults walking on a
treadmill [2] to perform sagittal (y, z)-plane analysis (Fig. 2).

Results and Discussion
R2 values of the fits for the walker with motor noise show high
predictability of yfoot from pelvis states as well as the walker’s
full state (Fig. 1), and are qualitatively similar to fits of human
data (Fig. 2). For σo > 0, the walker’s R2 curves capture the
increasing trend seen experimentally in humans (Fig. 2) as the
gait cycle progresses. Figure 1 shows that tuning σo relative to a
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Figure 1: 2D open-loop-stable walker: R2 statistic of linear prediction
of yfoot given pelvis and walker states (3 distinct colors). For each
speed, there are 4 sets of curves, from top to bottom, with increasing
observation noise σo ∈ {0, 0.1, 0.2, 0.3}%. As expected, using the
walker’s full state yields almost perfect prediction: R2 ≈ 1 (σo = 0).
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Figure 2: Sagittal plane analysis of human marker data from [2]: Ten
subjects (distinct colors) walked at 3 speeds (one 5-min trial/speed). For
each trial, fits for left and right stance leg are shown separately. Averaged
mid-stance (solid vertical line) and the contralateral heel-strike (broken
vertical line) are calculated from pooled gait cycle data.

fixed σp significantly alters the quality of linear fits and the shape
of the resulting R2 curves.

Conclusions
Simulations of a simple walking model show that passive dy-
namics alone yield high correlations between CoM state and
foot placement, similar to human experiments. Thus, inferences
about in-step control based on such correlations should be made
with caution, and likely require additional independent evidence.
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Summary 

Soft tissues throughout the human body are known to perform 
negative work (i.e., energy absorption) through wobbling and 
deforming, particularly following foot impacts with the 
ground (e.g., in walking). But it is not known which 
tissues/locations in the body are responsible for most of this 
soft tissue work. The purpose of this study was to quantify 
how much of the soft tissue work after foot contact was due to 
the foot and shoe, vs. from tissues elsewhere in the body, and 
how this distribution of work changed with walking speed and 
slope. We found that 60-70% of the soft tissue work in early 
stance during level and uphill walking was due to the foot and 
shoe, and this rose to 80-90% during downhill walking. 

Introduction 

Soft tissues located throughout the human body are known to 
perform substantial work, particularly following foot impacts 
with the ground. Studies estimate ~60% of the negative work 
done by the body after foot contact during walking is due to 
soft tissue deformation [1]. However, it is not known which 
soft tissues in the body perform the majority of this work. 
Recent studies suggest that the deformation of the foot and 
shoe may be responsible for a considerable amount of the soft 
tissue work [2]. Therefore, the purpose of this study was to 
quantify the amount of work done by foot and shoe 
deformation vs. work done by soft tissues elsewhere in the 
body (in early stance phase of walking), and how this 
distribution of work changed with walking speed and slope. 

Methods 

Ten healthy subjects (age: 22±2 years, height: 1.7±0.1 m, 
mass: 68.5±13.7 kg) provided informed consent and 
participated in a gait analysis study. Subjects walked at five 
speeds and on seven slopes on a force-instrumented treadmill. 
Reflective markers were used to track whole-body motions.  

Soft tissue power contributions were estimated with an 
Energy-Accounting analysis [3], as shown in Fig. 1 and 
detailed hereafter. We computed Center-of-Mass (COM) 
power from both lower-limbs, bilateral lower- and upper-limb 
segment Peripheral powers as well as bilateral lower- and 
upper-limb six degree-of-freedom joint powers. Bilateral foot 
and shoe powers were estimated with a Distal Foot power 
calculation. The rest-of-body (ROB) Soft Tissue power (net 
soft tissue power outside of the feet) was estimated by 
subtracting the summed joint powers plus Distal Foot powers 
from the summed COM powers plus Peripheral powers. 

We computed the Foot Soft Tissue work (i.e., leading limb 
Distal Foot work) and ROB Soft Tissue work during Foot 
Absorption (0% to ~15% of stride, Fig. 1). The percentage of 
total Soft Tissue work done by the Foot (including the shoe) 
was computed. Trends with increasing speed and slope were 

evaluated with a Spearman’s rank correlation (α=0.05). 

 

Figure 1: Energy-Accounting analysis used to estimate Foot vs. Rest-

of-Body (ROB) Soft Tissue power contributions (N = 10). The inset 

plot shows that most of the Soft Tissue power is due to the foot/shoe. 

Results and Discussion 

The Foot Soft Tissue work in early stance was between 1.7 J 
(slow uphill walking) and 7.5 J (fast downhill walking). 
During level and uphill walking the percentage of Soft Tissue 
work done by the foot and shoe was ~60-70%, and increased 
to ~80-90% during downhill walking. This was a significant 
trend with changing slope (p<0.003). This percentage did not 
vary significantly with increasing speed (p>0.06). These 
results provide new insight into how mechanical work is 
distributed amongst various tissues in the human body. 

Conclusions 

In summary, we found that most of the soft tissue work that 
occurs after foot contact was due to foot/shoe deformation.   
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Summary 

We tested the effects of age and lateral target distance on 

reaction time during precision stepping. Compared to young 

adults, older adults have more missed steps and slower reaction 

times during reactive lateral stepping in walking. Surprisingly, 

these apparent deficits, which may relate to an inability to 
accommodate balance challenges in the real world, were 

unaffected by how far subjects had to step to the target. 

Introduction 

Lateral foot placement is an important control variable for 

regulating walking balance, as it sets the base of support to help 

control the position of the body’s center of mass. The ability to 
appropriately orchestrate corrections in lateral foot placement 

is particularly relevant for the elderly, a third of whom fall 

annually, mostly during locomotion [1,2].  

Prior work shows that older adults orchestrate reactive lateral 

stepping to targets 14 cm from their foot path more slowly and 

less accurately than young adults [2]. However, during daily 

walking, corrective steps may be necessary to quickly avoid 

obstacles or to recover from balance disturbances. Thus, the 

purpose of this study was to investigate how quickly adults 
could step laterally to near and distant foot placement targets, 

and whether this ability differed between young and older 

adults. First, we hypothesized that older adults would miss 

targets with their first step more often than young adults, 

especially for distant targets. Second, we hypothesized that 

when older adults successfully initiated a reactive lateral step, 

they would do so later in the swing phase than young adults. 

Methods 

Eight old (2 male, 77.3±5.3 years) and eight young adults 

(4 male, 23.6±3.3 years) provided written, informed consent. 

Subjects walked on a treadmill at their preferred speed while 

targets were projected onto the treadmill belt with a laser line. 

Specifically, subjects responded to targets on each side (right, 

left) projected at ipsilateral heel strike either 26 cm or 38 cm 

from the center of the treadmill (3 targets/distance on each 

side). We asked subjects to step on the target within the same 

stride using their ipsilateral heel and collected 3D motion 

capture data and gluteus medius activity. 

We quantified bilateral average reaction time via miss 

percentage and divergence time. Using heel trajectory, we 

recorded how often subjects failed to step toward the target with 

the first ipsilateral step after the target became visible. Dividing 

this number by number of attempts (6 at 26 cm and 6 at 38 cm) 

yielded miss percentage. For successfully initiated reactive 

steps, we defined divergence time as the instant the heel 

progressed laterally by 2 standard deviations relative to its 

average swing trajectory during normal walking.  

Results and Discussion 

We found significant main effects of age on miss percentage 

(p=0.025, η𝑝
2=0.33) and divergence time (percent swing: 

p=0.041, η𝑝
2=0.28; seconds: p=0.027, η𝑝

2=0.32), but not of 

target distance (p≥0.20, η𝑝
2≤0.12). Post hoc t-tests showed that 

older adults failed to initiate reactive lateral steps, on average, 

28.6% more often than young adults (26 cm: p=0.032; 38 cm: 

p=0.027). When they successfully initiated a reactive lateral 

step, older adults did so 13.8% later in swing (26 cm: p=0.046; 

38 cm: p=0.025), a difference of 0.05s (26 cm: p=0.036;             

38 cm: p=0.018)  

 

Figure 1: Percentage of first steps after the target became visible in 
which young and older subjects missed the target (A). Divergence 
time as a percentage of swing (B) and in seconds (C). Error bars - 

standard error. Asterisks (*) indicate significant effect of age. 

Results generally support our first hypothesis that age increases 

reaction time during reactive lateral stepping in walking. This 

confirms previous findings [2] while extending them to more 

distant lateral targets that may be experienced in the 

community. However, contrary to our second hypothesis,  

subjects had no differences in reaction time between near and 

distant targets. This surprising finding suggests that stepping to 

near targets alone may be sufficient to measure precision 

stepping impairment in older adults. Such a test would be 
quicker and safer than a test combining near and distant lateral 

targets. 

Conclusions 

Older adults demonstrated worse performance during reactive 

lateral stepping toward near and distant lateral targets in 
walking. Surprisingly, this deficit in reaction time, which may 

relate to fall risk during daily activity, was unaffected by how 

far subjects had to step to reach the target.  
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Summary 

Rearfoot (RF) and non-rearfoot strike walking (NRFSW) data 

from a homogenous population were collected to analyze 

distal foot joints kinematics. With a multi-segment foot model, 

kinematic differences were found at the ankle and midtarsal 

(MT) joint during the two walking conditions. The results may 

provide a comparison for pathological populations that toe-

walk or have other foot deficits. 

Introduction 

Knowledge of a healthy, active population performing 

NRFSW can be compared to pathological populations who 

exhibit toe-walking. Previous studies have investigated similar 

motions but with adult populations that span large age ranges 

[1], which may introduce variability. Therefore, there is a need 

for analysis of healthy, homogenous populations.  

Modeling of foot kinematics can be complex, thus, making the 

kinematics of the distal foot joints less commonly studied. 

Distal foot joint kinematics can be analyzed through multi-

segment foot models [2] and may provide further insight into 

activities that require more distal foot activity, such as 

NRFSW. Thus, the purpose of this study is to examine distal 

foot joint kinematics from a homogenous population of 

healthy, young adult females during RFSW and NRFSW. 

Methods 

Twenty healthy, active, females (age: 22.0 ± 3.7 yrs; BMI: 

22.3 ± 2.3) were recruited. Subjects’ motion was captured with 

an 8-camera Vicon (Oxford Metrics, UK) system at 150 Hz, 

during five trials of regulated-speed (1.43–1.57 m/s) RFSW. A 

simple demonstration was given to convert to NRFSW [3]. 

Five trials of NRFSW at the same speed range were 

completed. Kinematic calculations were performed in Visual 

3D (C-motion Inc., USA) using a multi-segment foot model 

[4]. Ankle and MT kinematics were compared during stance 

phase. Mean and standard error (SE) joint angles were plotted 

with mean differences including 95% confidence interval (CI) 

bands. Conditions were considered statistically different (α = 

0.05) where the CI bands do not cross zero [4]. 

Results and Discussion 

Ankle and MT joint kinematics differed between RFSW and 

NRFSW. The ankle and MT joint (Figure 1) were more 

plantarflexed and adducted during NRFSW. Differences were 

largest at initial contact and mid-stance. During loading, 

statistical differences reduced. Ankle plantarflexion results are 

consistent with previous results [1]. Increased plantarflexion 

of the ankle and MT joints in NRFSW indicate that both joints 

plantarflex during toe-walking. The increase in plantarflexion, 

inversion, and adduction of the ankle during NRFSW may be 

attributed to the alignment of the talocrural and subtalar axes, 

along with ankle musculature as several muscles both invert 

and plantarflex the ankle. 

Both joints exhibited statistically different kinematics in the 

frontal plane. During NRFSW, the ankle was more inverted 

while the MT joint was more everted. These contrasting joint 

tendencies may be attributed to musculature. Of the muscles 

that cross the MT joint, all of the plantarflexors also evert. 

Thus, the increased MT plantarflexion during NRFSW was 

accompanied by increased eversion.  

 

Figure 1: Top: MT angles (mean ± SE) during RFSW and NRFSW 
Bottom: Mean differences ± 95% CI bands. 

The results of our study have limitations. The kinematics do 

not reflect adaptations that may occur with a habitual NRFSW 

pattern. In addition, assumptions made with the multi-segment 

foot model result in simplifications of the natural and complex 

motion of the foot. Despite these limitations, the results of this 

study provide insight into the foot kinematics.  

Conclusions 

This study provides a novel standard data set for comparison 

with pathological populations that toe-walk or present other 

foot deficits. Our results show kinematic tendencies at the 

ankle and MT joints during NRFSW. These tendencies 

diverge from habitual RFSW during initial contact and mid-

stance, but converge during loading. Future investigations of 

foot muscle activation levels may provide insight into the 

muscular effort required to perform RFSW and NRFSW.  
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Summary 
The purpose of this study was to determine if coordination 
variability between the trunk and pelvis during walking turns is 
reduced in response to fatiguing muscle exercise. The 
secondary purpose was to compare two statistical methods of 
quantifying variability; Vector Coding and the Ellipse Area 
Method. Twelve healthy adults performed multiple walking 
turns before and after fatiguing paraspinal exercise. Axial plane 
coordination between the trunk and pelvis and the coordination 
variability across trials were calculated. Coordination 
variability decreased post-exercise in most participants, most 
significantly when quantified with Vector Coding. Results from 
Vector Coding and the Ellipse Area Method were highly 
correlated. This research indicates that the magnitude of 
coordination variability, and therefore available degrees of 
freedom, is influenced by fatiguing muscle exercise. 

Introduction 
Motor coordination is the ability to use multiple degrees of 
freedom in concert to achieve a desired movement. Across 
repeated movements, an optimal magnitude of intra-subject 
variability in motor coordination is now understood to have 
functional utility [1]. This includes facilitating transitions 
between movement patterns, for example the transition between 
turning and walking.  Lowered variability results from loss of 
degrees of freedom. This occurs in response to musculoskeletal 
injury and may also occur in healthy individuals in response to 
muscle fatigue. Intra-subject coordination variability has been 
quantified in the past with the Vector Coding (VC) method. 
Recent research introduced a new Ellipse Area Method (EAM) 
to avoid statistical artifacts associated with VC [2]. The purpose 
of this study was to: a) Measure change in coordination 
variability during turning/walking in response to fatiguing 
exercise; b) Assess the suitability of EAM as a measure of 
coordination variability relative to the established VC method. 

Methods 
Twelve young healthy adults (8 female, 24.4±3.1 years) 
participated. Participants performed 15 repetitions of a 90º 
walking turn at a controlled average speed. Axial plane 
kinematics of the trunk and pelvis were quantified for each turn 
stride cycle utilizing 3-D motion capture. Participants then 
performed a maximal endurance paraspinal muscle test [3] 
before immediately repeating the walking turns.  

Coordination variability across the trials was calculated using 
VC and EAM.  Angular displacement of the pelvis and trunk at 

each time interval across the stride cycle were plotted onto X 
and Y axes, creating coupling vectors between successive data 
points.  VC measures angular variability of the coupling vector 
angles across trials, while EAM measures elliptical area around 
coupling vector endpoints across trials. Mean angular 
variability and EAM for the stride cycle and stance and swing 
phases were compared pre and post fatiguing exercise. 

Results and Discussion 
Post-exercise, 7 out of 12 individuals demonstrated reduced 
mean EAM and 9 out of 12 demonstrated reduced mean VC 
across the stride cycle (Figure 1). The reduction in angular 
variability with the VC method approached significance (p = 
0.067). For the swing phase, variability quantified with VC was 
significantly reduced post-exercise (p = 0.038) but not when 
quantified with EAM. There were significant positive 
correlations between result from the two methods for all but the 
post-exercise swing phase (Table 1). 

 
Figure 1: Coupling variability pre and post fatiguing exercise 

quantified with VC (left) and EAM (right) 

Conclusions 
These preliminary findings indicate that in response to localized 
muscle exercise, healthy adults may reduce degrees of freedom 
by limiting coordination variability. EAM and VC provide 
broadly similar results but may be differently influenced by the 
extent of segmental movement during the stance and swing 
phases of the turn cycle.  
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Table 1: Correlations between results from Vector Coding and Ellipse Area Method during stance and swing phases and turn stride cycle  

 Stance (pre) Swing (pre) Stride (pre) Stance (post) Swing (post) Stride (post) 
Correlation (r) 0.894 0.677 0.877 0.654 0.461 0.680 
Significance (p) 0.000 0.016 0.000 0.021 0.131 0.015 
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SUMMARY 

The present study has revealed that the kinetic chain of 

rearfoot pronation-supination and shank rotation contributes to 

lateral motion control of the knee during early stance. The 

subjects were 26 healthy adults. The kinematic chain ratio 

(conversion rate of shank rotation angle in relation to rearfoot 

pronation/supination angle) and lower limb motion during gait 

were measured, and factors influencing the knee adduction 

angle were investigated by multiple regression analysis. The 

result showed that smaller the kinetic chain ratio, and greater 

the rearfoot pronation, greater the knee adduction angle. Also, 

greater the knee external rotation position and internal rotation 

movement change, greater the knee adduction movement. 

INTRODUCTION  

The kinematic chain of pronation-supination of the rearfoot 

and internal-external rotation of the shank in the standing 

position provides smooth motion, such as gait, because It has a 

function of conversion between the motion plane of the foot 

and shank. This study aimed to elucidate the dynamics of the 

kinematic chain of rearfoot and shank associated with lateral 

movement of the knee during early stance. 

METHODS 

Subjects were 26 healthy adults (18 males and 8 females; 21.0 

± 1.1 yrs.) without history of orthopedic disease in lower limbs. 

Using a 3D motion analysis system (Vicon Motion Systems, 

Ltd., UK) and force plates (AMTI, USA), the kinematic chain 

movement, such as pronation-supination of the rearfoot and 

rotation of the shank in the standing position, and lower limb 

movement during gait were measured. We defined the linear 

regression coefficient between the rearfoot and shank angles in 

the kinematic chain movement as the kinematic chain ratio 

(KCR) (figure 1) [1]. The gait parameters were normalized by 

the stance phase and the early stance data (10, 20 and 30%SP; 

stance phase) were analyzed. In the statistical analysis, 

multiple regression analysis (stepwise method) was used to 

investigate the factors influencing the knee adduction angle. 

RESULTS AND DISCUSSION 

The KCR was 0.9 ± 0.2 (mean ± SD): roughly equivalent to 

the previous report [1]. 

From the results of analysis (Table 1), it was found that the 

smaller the KCR and the larger the pronation movement of the 

rearfoot relative to the floor was the larger the adduction of the 

knee during early stance. Also, as the external rotation 

position and the internal rotation movement of knee increased, 

the knee performed adduction movement. 

CONCLUSIONS 

The frontal plane movement of the knee during early stance is 

affected by the frontal plane movement of the foot and the 

horizontal plane movement of the knee and their conversion 

function, that is, kinematic chain dynamics between the 

rearfoot and shank.  
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Table 1: Influence factors on knee adduction angle 

(Β) (β) (p) (95% CI)

10%SP (Constant) 13.63 8.02, 19.25

KCR -13.48 -0.59 0.00 -19.46, -7.49

Int Rot angle of shank relative to foot -0.21 -0.42 0.00 -0.33, -0.08

Eversion angle of rearfoot relative to floor 0.75 0.37 0.01 0.22, 1.29

p<0.001 (ANOVA), R2=0.66, Adjusted R2=0.61, Durbin-Watson ratio=1.93

20%SP (Constant) 11.58 -16.74, -6.42

KCR -11.77 -0.50 0.00 -17.59, -5.94

ΔEversion angle of rearfoot relative to floor 1.05 0.64 0.00 0.58, 1.52

ΔInt Rot angle of knee 0.89 0.52 0.01 0.39, 1.40

p<0.001 (ANOVA), R2=0.72,  Adjusted R2=0.68, Durbin-Watson ratio=2.23

30%SP (Constant) 11.80 -16.48, -7.12

KCR -13.62 -0.59 0.00 -18.67, -8.57

ΔEversion angle of rearfoot relative to floor 0.79 0.47 0.00 0.42, 1.16

Toe-out angle -0.31 -0.46 0.00 -0.46, -0.15

Internal inversion moment of ankle -1.25 -0.25 0.03 -2.28, -0.11

p<0.001 (ANOVA), R2=0.77,  Adjusted R2=0.73, Durbin-Watson ratio=2.27

Δ10%SP n. s. (ANOVA)

Δ20%SP (Constant) 0.28 -0.99, 1.54

Int Rot angle of knee -0.14 -0.58 0.00 -0.22, -0.50

ΔInt Rot angle of knee 0.32 4.80 0.01 0.09, 0.55

p<0.001 (ANOVA), R2=0.40,  Adjusted R2=0.34, Durbin-Watson ratio=2.08

Δ30%SP (Constant) 2.58 0.01, 5.14

Int Rot angle of knee -0.15 -0.59 0.00 -0.23, -0.07

ΔInt Rot angle of knee 0.34 0.58 0.00 0.13, 0.55

ΔEversion angle of rearfoot relative to shank 0.10 0.37 0.04 0.01, 0.20

p<0.001 (ANOVA), R2=0.50,  Adjusted R2=0.43, Durbin-Watson ratio=1.64
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Summary 
Decline of gait ability due to aging effects indicated in age 
groups above the 60 years.  

Introduction 
The study of gait analysis is important for identifying motor 
function and disease progression. Spatiotemporal parameters 
such as walking speed and stride length are associated with the 
health status as well as assessing the future morbidity and 
mortality, and the decreased walking speed is caused by aging 
and disease factors [1]. In particular, determining a decline of 
gait ability by aging effects in all ages may be useful in the 
clinical research as a reference value. Therefore, the purpose 
of this study was to determine the decline of gait ability by 
aging effects for Korean healthy adults in age group of 20s to 
80s.  

Methods 
A total of 1,507 healthy adults in the age group of 20s to 80s 
participated. All participants were able to walk without any 
support. We conducted the uninterrupted walking of 1 min. 
duration on treadmill at their self-preferred walking speed 
using the 3D shoe-type inertial measurement unit system 
(DynaStab™, USA). The walking speed, stride length, gait 
asymmetry (GA), and phase coordinate index (PCI) were 
calculated [2]. One-way ANOVA with the Bonferroni post-
hoc test was used for comparing the group differences in terms 
of age (20s/30s/40s/50s/60s/70s/80s). Statistical significance 
levels set at 0.007. 

Results  
As the age progresses, the walking speed and stride length 
indicated the declining trend, and the age groups over the 60s 
age indicated significantly low values compared to the 20s age 
group (Figure 1). In addition, the GA and the PCI indicated 
the increasing trend, and the groups over the 70s age indicated 
greater values compared to the 20s age group (Figure 2).  

Discussion 
The slower walking speed and decrease in the stride length 
may be associated with the aging effects [1], and the greater 
GA and PCI values may be also affected by aging effects, 
which may increase the risk of falling [2].  

Conclusions 
In this study, Korean healthy adults between age groups of 60s 
to 80s indicated the decline of gait ability due to aging effects. 
Therefore, adults above the age of 60 years need to be 

considered for the intervention program to prevent the risk of 
falling.  

 
Figure 1: Walking speed and stride length for 20s to 80s adults 

 
Figure 2: GA and PCI for 20s to 80s adults 
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Summary 
Walking speed, stride and step length were principal 
components (PCs) for analyzing 20-30-year Korean young 
adults. 

Introduction 
Gait analysis is important for identifying motor function and 
disease progression. Using principal component analysis 
(PCA) may be meaningful when identifying the gait 
characteristics at multiple ages, such as young, middle, and 
elderly. Particularly, PCA analysis for healthy 20-30-year 
adults based on the large sample sizes and continuous walking 
steps, may be useful reference values for understanding their 
gait characteristics. Therefore, the purpose of this study was to 
determine the gait characteristics for 20-30-year young adults 
using PCA. 

Methods 
1,486 young adults (Male: 561, Female: 925; Age: 21.7 ± 2.4 
years; Height: 165.8 ± 8.4 cm; Body Mass: 63.1±13.1 kg; 
Body Mass Index (BMI): 22.9 ± 5.7 kg/m2) participated. The 
participants had no history of musculoskeletal or neurological 
problems affecting gait. We conducted 1 min of continuous 
treadmill walking at their self-preferred walking speeds using 
a 3D shoe-type inertial measurement unit system (DynaStab™, 
USA). A total of 31 variables were calculated, such as 
demographic variables, spatiotemporal parameters, coefficient 
of variance (CV) of the spatiotemporal parameters, gait 
asymmetry (GA), and phase coordinate index (PCI) were 
calculated as the gait-related variables [1]. PCA with varimax 
rotation was used to identify which variable factors best 
defined the gait characteristics for the healthy 20-30-year 
young adults. 

Results  
The first six PCs indicated the eigenvalues for PCs were 
greater than 1 (Figure 1) and these PCs explained 71.2% of the 
total variance (Figure 2). PC1 was composed of walking speed, 
stride and step length; PC2 was the CV of the spatiotemporal 
parameters; PC3 was temporal parameters; PC4 was 
demographic characteristics; PC5,6 were PCI variables.  

Discussion 
PC1 to PC6 all indicated gait-related variables except for PC4. 
The explanatory power of PC1 was 19.9%, and the walking 
speed, stride, and step length were the commonly used 
variables for gait analysis [2]. In particular, a slower walking 
speed and decreased stride length may be associated with 
decreased motor functions [2]. 

 

 
Figure 1. The scree plot of the 31 principal components 

 
Figure 2. Cumulative % of total variance explained by the PCs 

Conclusions 
Walking speed, stride and step length were principal 
components used for the analysis of 20-30-year Korean young 
adults. Thus, the individuals who indicated relatively lower 
walking speed, stride and step length may need to consider 
intervention programs to improve their motor functions. 
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Summary 
The pattern of variability found in stride-to-stride fluctuations 
has been identified as fractal. Being fractal means that, in a 
healthy system, these physiological processes have time 
intervals between events that are neither equal nor 
independent. The statistical proprieties of these fluctuations 
can enhance coupling due to temporal and spatial variations 
of fractal scaling. Therefore, we investigated multifractal 
characteristics of stride time intervals when walking to 
external visual cues. 

Introduction 
The information of one system can be changed when coupled 
with another when both networks generate 1/f fluctuations, as 
demonstrated by the complexity matching hypothesis [1]. The 
goal of external cueing is to exploit this tendency to restore 
behavioral 1/f fluctuations. Detrended Fluctuations analysis 
(DFA) is commonly used to quantify those fluctuations. 
However, DFA assumes the presence of monofractal 
characteristics, an overly restrictive assumption for human 
behavior. That is, monofractal analysis assumes that fractal 
scaling is independent of time and space. In contrast, the 
multifractal generalization of DFA (MFDFA; [2]), takes into 
consideration temporal and spatial variations of fractal 
scaling. We investigated multifractal characteristics of stride 
time intervals when people coordinate their steps with 
external visual cues presented in a non-variable, a variable-
pink noise, and a variable-white noise fashion. 

Methods 
Eight young adults (22.3±1.3 yrs) walked overground while 
synchronizing their steps to 3 types of visual cues. The visual 
cues consisted of a continuous, vertically moving bar 
displayed on a device connected to glasses (Vufine®, 
Sunnyvale CA, USA). We conducted MFDFA with a q-order 
interval between -5 and 5. Our hypotheses were that (1) the 
generalized Hurst exponent of small (Hq(-)) and large (Hq(+)) 
fluctuations, the Lipschitz–Hölder exponent at maximum 
spectrum (hqmax; Fig. 1), and the multifractal spectrum width 
(△hq), would differ among the three cueing categories, and 
(2) that similar results would be found for multifractal 
detrended cross-correlation analysis (MFDxA) [3-4].  

Figure 1:  Multifractal Spectra ([-5,5] interval fractal (pink), white 
noise (black), and periodic (blue) for all subjects. Dh – q-order 
singularity dimension; hq – Lipschitz–Hölder exponent. 

 
Results and Discussion 
The spectrum width did not differ among cue types; however, 
Hq(+) did differ as a function of cueing, with the pink noise 
(0.81 ± 0.08) condition producing larger Hq(+) than the white 
noise (0.59 ± 0.07) or the non-variable (0.45 ± 0.19) condition 
(Table 1). Results for hqmax and the Hq(-) were similar. 
Table 1. Friedman ANOVA and pairwise comparisons for stride 
time intervals.  

 𝝌𝟐 𝒑 Pairwise (𝒑) 
Hq(-) 14.25 < 0.001 Pink – Non-variable (< 0.001) 
Hq(+) 13.00 0.002 Pink – White (0.033) 

Pink – Non-variable (<0.001) 
hqmax 14.25 < 0.001 Pink – Non-variable (< 0.001) 
△hq 0.250 0.883 -- 
Hqxy(-) 14.00 < 0.001 Pink – Non-variable (< 0.001) 
Hqxy(+) 16.00 < 0.001 Pink – Non-variable (< 0.001) 
Hqxymax 14.00 < 0.001 Pink – Non-variable (< 0.001) 
△hqxy 3.71 0.156 -- 

xy means coupling parameters from multifractal detrended cross-correlation. 

The q-order fluctuations for variable-pink noise coupling 
tended to converge at large scales, as expected in the case of 
multifractality (Fig. 2).  This tendency was less evident in 
variable-white noise and non-variable coupling which were 
more constant over scales. 

 
Figure 2: Example of subject 2 of MFDxA power-law scaling in Fxy 
(black), Fxx (red) and Fyy (blue). 

Conclusions 
The local adjustments that occur in healthy gait do not 
correspond to the non-variable or the white-noise cueing. 
There are not enough local phase adjustments to enhance 
coupling with these cueing conditions. These stimuli are not 
compatible with the fluctuations present in healthy gait. 
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Summary 

Knee kinetics using participant-specific body segment masses 
(BSMs) have not been predicted for cycling (C) and elliptical 
training (E). In this study, participants underwent gait (G), C, 
and E motion analysis experiments. Kinetics were computed 
with mass ratios scaled from total body mass (scaled ID) and 
calculated using participant-specific segment masses 
determined from dual energy X-ray absorptiometry (DXA) 
scans (DXA-mass ID). Only knee adduction torque 
predictions during C differed (p=0.03) between the two ID 
analyses.  

Introduction 

ID analyses require BSMs that are usually scaled from total 
body mass [1]. An alternative ID approach is to use BSMs 
calculated from DXA scan data. Although studies suggest that 
participant-specific BSMs may improve kinetic predictions in 
motions with relatively high accelerations, such as the swing 
phase of gait [2] and running [3], there are no such studies for 
C and E. The goal was to assess the importance of using 
participant-specific BSMs for G, C, and E by calculating knee 
kinetics (extension and adduction torques, compressive force) 
using mass ratios scaled from each participant’s total body 
mass or calculated from their DXA scans.  

Methods 

Protocols were approved by Cal Poly’s Institutional Review 
Board. 4 males (BMI 26.5±3.1, aged 22.0±2.2 years) 
participated. DXA scans used a Lunar iDXA scanner (GE 
Healthcare, WI, USA). 32 retroreflective markers were placed 
on anatomical landmarks, and motion analysis data were 
captured using 12 cameras with Cortex software (Motion 
Analysis, CA, USA). G trials were conducted at self-selected 
speeds with 4 force plates (AMTI, MA, USA). C and E trials 
were collected at 70 RPM using a stationary bike (Lifecycle 
GX, Life Fitness, IL, USA) and E machine (XE-795, Spirit 
Fitness, AR, USA) with custom pedals containing 6-axis load 
cells (AMTI). Kinetic data were processed and filtered (4th 
order Butterworth, 6 Hz cutoff frequency) in Cortex. For each 
participant, 3 trials were interpolated and averaged for 1 full G 
cycle (0% = 1st heel strike to 100% = 2nd heel strike) or 1 full 
crank revolution for C (0% to 100% top dead center position), 
and for E (0% to 100% most anterior foot position). ID 
analyses were performed with shank and foot mass ratios 
scaled [1] (i.e. scaled ID) and calculated from DXA data (i.e. 
DXA-mass ID) using Cortex to compute maximum knee 
kinetics. Paired two sample t-tests were performed to 
determine significant differences between scaled and DXA-
mass ID kinetics (p<0.05 significant). 

Table 1. Mean differences in maximum knee kinetics between the 
scaled ID and DXA-mass ID methods. Positive values indicated 
larger values in the DXA-mass method than the scaled ID method. 

 Extension Torque Adduction Torque Compressive Force 
Torque G 7.2% -1.2% 1.5% 

C -0.9% -5.5% 4.1% 

E -2.6% 1.4% 5.0% 

 

Fig. 1: Normalized cycling compressive force results. 

Results and Discussion 

Only adduction torque in C was found to be statistically 
different between the two methods (p=0.03). No statistical 
significances were found between the two methods for 
extension torque and compressive force. In general, 
differences in kinetic predictions were relatively small (Table 
1). Although cycling involved the highest segmental 
accelerations, the pedal reaction forces and knee kinetics were 
relatively low for both scaled and DXA-mass ID (Fig. 1). 

Conclusions 

DXA-mass ID analyses may be more accurate for some 
motions that involve relatively high accelerations; however, 
this study suggests that scaled ID may be appropriate for C 
and E exercises as C kinetics were relatively low compared to 
G and no differences between the two methods were found for 
E. Because participants were limited and excessive tissue 
adiposity may affect results, future experiments may include 
larger sample sizes of individuals with varying BMIs. 
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Summary 

Split sole shoes have a special outsole that is not connected at 

the mid-foot region, allowing higher foot flexibility. The 

purpose of this study is to examine the biomechanical effects 

of the split sole design on a normal gait through kinematic 
analysis and electromyography (EMG). The absence of a mid-

foot outsole imposes less restriction and allows more 

flexibility to the mid-foot joint movement. Ensuring flexibility 

in foot movement activates muscles that contribute to 

stabilizing walking, thereby reducing the risk of injury while 

walking and allowing stable and balanced walking. 

Introduction 

Split sole shoes have a special outsole that is not connected at 

the mid-foot region, allowing higher foot flexibility. Improved 

flexibility may improve performance in physical activities, as 

well as decrease the risk of injuries, by allowing the lower 

extremity joint to move through a full range of motion [1, 2]. It 
is also postulated to have better adaptability to irregular 

surfaces and hence increase the shoe-ground contact area 

during walking. Nonetheless, very little study has been done to 

quantify the functions and effects of split sole shoes. The 

purpose of this study is to examine the biomechanical effects 

of the split sole design on a normal gait through kinematic 

analysis and EMG. 

Methods 

Fifteen subjects (15 females, 21.7 ± 0.8 years) were recruited. 

Subjects were required to walk in split sole shoes and the 

control shoes with a single rigid outsole. Kistler force plates 

and a motion capture system were used to record the walking 
trials. Post processing of data was performed using Cortex-64 

and Orthotrak 6.6.4 (MotionAnalysis) software.  

The AgCl electrodes for measuring EMG were patched on the 

five lower limb muscles: tibialis anterior, peroneus longus, 

gastrocnemius, rectus femoris, and biceps femoris. The EMG 

signal was recorded by MR 3.10 (Noraxon, USA). The 
normalized signal change was observed within one stride. The 

stride was divided into 16 parts to compare the muscle activity 

between two sole types. T-test was used between two sole 

types with the significance level 0.05 for the kinematic data 

and EMG. 

Results and Discussion 

No significant variation in walking speed was observed in the 

study. Significant differences were identified particularly in 

the knee and ankle. Knee flexion angle was found to be 

significantly higher during the mid-swing phase when subjects 
walked in split sole shoes. Ankle plantar flexion angle was 

significantly lower during the terminal stance to initial swing 

phase in split sole shoes (Table 1). Flexion at the knee and 

ankle during the swing phase can potentially be used to allow 

a reduction in compensatory mechanisms by easing swing foot 

ground clearance [3]. In the EMG results, the control shoes 

activity was higher significantly than the split sole activity in 

the transition period of the tibialis anterior from the stance 
phase to swing phase. The split sole activity was higher 

significantly than the control shoes in the mid-stance of the 

peroneus longus, the transition period of the rectus femoris, 

and the mid-stance and initial swing of the biceps femoris. 

Tibialis anterior is involved in the foot dorsiflexion and the 

inversion. The abnormal inversion strains the foot ankle, so the 

risk of injury increases. By securing flexibility of the feet, the 

tibialis anterior activity for foot inversion decreases and the 
injury risk declines in the split sole shoes. The peroneus 

longus maintains the foot transverse arch during the gait, and 

the rectus femoris and the biceps femoris limit the abnormal 

rotation of hip and knee. These provide stability during gait.  

Conclusions 

The absence of a mid-foot outsole imposes less restriction and 

allows more flexibility to the mid-foot joint movement. 

Ensuring flexibility in foot movement eases swing foot ground 

clearance and activates muscles that contribute to stabilizing 

walking, thereby reducing the risk of injury while walking and 

allowing stable and balanced walking. 
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 (%) 0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 90-100 

KNEE 

 

SSS 7.26±3.63 14.89±3.38 11.81±2.84 8.10±0.00 8.35±2.82 19.53±3.73 48.87±5.09 65.98±4.26 48.05±5.71 13.68±4.44 

Control 7.59±5.07 15.28±6.43 12.03±5.20 8.08±2.85 8.35±2.99 19.70±5.10 48.87±6.00 64.66±4.20 46.26±6.30 12.63±6.79 

ANK 

 

SSS -2.24±2.89 -1.89±1.82 4.02±1.74 9.02±0.00 14.14±1.71 10.45±3.89 -10.74±5.09 -6.26±4.02 2.08±2.77 2.06±2.68 

Control -2.72±2.46 -1.90±2.10 3.52±2.05 8.19±2.02 13.27±2.09 8.23±3.76 -13.10±4.90 -6.69±3.19 1.23±2.53 1.67±2.79 

Values are the mean ± SD (°).   Gray box shows P<=0.05.   SSS=Split Sole Shoes 

Table 1: Average flexion angles for gait cycle interval 
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Summary 

This study aims to present a method of quantifying regional 

load transfer between consecutive footsteps in typically 

developed children to determine the effect of the proceeding 

step on foot ground pressures during the subsequent step.  

Introduction 

A recent technological advancement in the study of plantar 

pressure has been the integration of 3D motion analysis [1], 

which allows the demarcation of anatomically correct 

regions of interest (ROI’s) of the foot – a noted limitation of 

traditional approaches. This is particularly important in 

children, where development of the foot and a typical gait 

cycle may cause a large amount of variance in plantar 

loading of specific regions, both within and between young 

participants [2]. Interestingly and somewhat surprisingly, 

there has been a scarcity of research on how load is 

transferred between consecutive steps in typically developed 

children.  

Methods 

Six typically developed children between 4 and 16 years of 

age, without a history of lower limb injury were recruited. 

All participants provided informed consent, with all 

procedures approved by the Griffith University human ethics 

committee. An EMED-XL pressure platform (NovelGmbH; 

88x188 capacitive sensors (4sensors/cm2); 100Hz) was 

positioned in the centre of a 10-camera, motion capture 

laboratory (10x Vicon V16 Vantage cameras; 2000Hz). 

Reflective markers were attached in accordance with the 

Oxford Foot Model (OFM), following which participants 

performed 12-14 walking trials at a self-selected speed while 

synchronous marker trajectory and pressure data were 

collected. A dedicated Matlab code was developed to 

automatically re-align the reference systems [1, 3], 

superimpose markers onto the acquired footprints, identify 

five ROIs as reported by Stebbins et al [1], and process all 

the extracted parameters associated with both the single 

steps and the whole gait cycle. The procedure to optimize the 

matching between marker configuration at midstance and 

maximum pressure footprint was further developed from 

previous studies [1, 2], by taking into account the lowest 

marker motion along the three axes.  

Results and Discussion 

Only the load transfer phase of the gait cycle was analysed 

(i.e. both feet in contact with the ground). Eight typical load 

transfer phases were included for each participant (4 R-L and 

4 L-R), and were normalised to body mass. For the rear foot, 

normalised medial forefoot forces (72.8% of body weight) at 

the start of the load transfer phase were consistently larger 

than lateral forefoot forces (28.5%) across all participants 

(see figure). For the front foot, medial and lateral hindfoot 

forces were similar at heel strike with the medial hindfoot 

forces being generally higher during the initial loading phase 

(36.1% medial and 30.1% lateral at 50% of load transfer) - 

although this varied across participants (see figure).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Regional loading of plantar forces across the load transfer 
phase of gait for a typically developed population.  

The present findings provide preliminary data regarding load 

transfer in young typically developed children. For the 

participants in the current study, normalised forces show a 

common load transfer pattern for selected walks in a 

typically developed cohort. Reviewing the load transfer 

phase of subsequent steps, will assist in determining if, and 

to what extent, plantar forces in one step influence the next 

step. Future work will analyse irregular load transfers from 

the current cohort to explore strategies used to correct 

abnormal or off-balance steps, and compare with gait 

kinematics and kinetics. 

Conclusions 

Integrating plantar and kinematic data allows for an in depth 

analysis of the foot’s interaction with the ground. Analysing 

the load transfer phase also allows interpretation of the effect 

of previous and subsequent footsteps on plantar loading. 
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Summary 

Bone loading due to daily physical activity over one week, 

was quantified from accelerometer data. Moderate-to-vigorous 

loading was positively associated with bone health of the left 

proximal femur. Adopting this level of activity in daily living 

may have sustained benefits for healthy ageing of bone. 

Introduction 

Hip fracture is a major health concern. Exercise can improve 

bone health and reduce fracture risk [1], but the optimal way 

to achieve this is not clear. In general, physical activities that 

can load the bone with high strain magnitude and high strain 

rate (frequency) are most likely to have a positive osteogenic 

effect [2]. Therefore the assessment of the osteogenic potential 

of physical activity must incorporate these features. 

To determine hip bone health and fracture risk, assessment 

often focuses on bone mineral content (BMC) or density 

(BMD). However, bone geometry and mass distribution are 

also important for bone strength and resistance to fracture [3]. 

To date appropriate quantification of mechanical loading of 

bone during daily activity and implications for hip bone health 

has not been adequately studied. The aim of this study was to 

examine associations between bone loading due to daily 

activity and bone mass and structure at the proximal femur. 

Methods 

Male and female (pre-menopausal) participants (n=27, 

male=10, 44.3±8.2y, 1.67±0.09m, 71.3±14.7kg) wore a tri-

axial strap mounted accelerometer (GENEActiv, Action; 100 

Hz) at the 4
th

 lumbar vertebra, for seven consecutive days. The 

left proximal femur was scanned using dual-energy X-ray 

absorptiometry (DXA; Hologic, Discovery W QDR series x-

ray Bone Densitometer) by a certified radiographer. 

The acceleration data were imported into our custom written 

analysis software (GADget, v3.4). The magnitude and 

frequency of the signal was used to estimate loading intensity 

and dose as both these aspects are important to bone health 

[2,4]. The data were divided into 5-second segments. Loading 

intensity was calculated for each segment [4] for the following 

categories: 5< light activity 10 BW/s; moderate-to-vigorous 

activity >10 BW/s. The weekly loading dose (BW) for each 

category was calculated across a frequency band of 0.2-6 Hz. 

Total hip area, BMC and BMD; and cross-sectional area 

(CSA), cross sectional moment of inertia (CSMI) and cortical 

thickness of the narrow neck (NN), intertrochanter (IT) and 

femoral shaft (FS), were extracted from the DXA scan report. 

Weekly loading dose and bone parameters data were 

correlated using Pearson’s Correlation Coefficient (p < .05). 

Results and Discussion 

This study has estimated external mechanical loading due to 

physical activity using osteogenic specific parameters 

(magnitude and frequency) to determine loading dose over one 

week [2,4]. Significant correlations were found between 

moderate-to-vigorous loading dose and hip bone parameters 

(Table 1). No significant correlations were found between any 

of the bone parameters and light physical activity loading 

dose. This may be due to moderate and vigorous physical 

activity incorporating more osteogenic features [2,3]. 

Identifying specific activities contributing to the moderate-to-

vigorous loading dose will be beneficial to elicit aspects of 

lifestyle that have a positive effect on bone health. This can 

help inform future research on bone health interventions.  

All bone geometry and mass distribution parameters at IT and 

FS were significantly correlated with bone loading, but only 

CSMI at the NN. This may be related to some moderate and 

vigorous activities having a lesser influence on the NN. 

Further research is required to identify activity that can induce 

changes in bone at specific sites. 

Conclusions 

Moderate-to-vigorous loading dose of weekly physical activity 

was positively associated with bone health at the hip. Finding 

novel ways of incorporating such activity into a person’s daily 

routine may increase adherence and have sustained benefits. 
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Table 1: Significant correlations between moderate-to-vigorous loading dose and left proximal femur parameters 

 
Total 

BMC (g) 

NN CSMI 

(cm4) 

IT CSA 

(cm2) 

IT CSMI 

(cm4) 

IT Cortical 

Thickness (cm) 

FS CSA 

(cm2) 

FS CSMI 

(cm4) 

FS Cortical 

Thickness (cm) 

Moderate-to-Vigorous 

Loading Dose (BW) 

r = .406 

p = .036 

r = .407 

p = .043 

r = .501 

p = .011 

r = .398 

p = .049 

r = .425 

p = .034 

r = .491 

p = .013 

r = .399 

p = .048 

r = .421 

p = .036 
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Summary 

Deformability of the foot and thicknesses of lower extremity 

muscles were measured and kinetic/kinematic analyses of 

normal shod walking were done on children and adults. 

Children showed higher relative navicular drop and smaller 

peroneus longus muscle thickness, and characteristic features 

in the ground reaction forces in anteroposterior and 

mediolateral directions. 

Introduction 

The normal development of walking in children is crucial for 

their growth. Walking patterns and performance are influenced 

by the mechanical characteristics of the foot, muscles 

morphology, and maturation of biomechanics [1-2]. To gain a 

better understanding of movement development in children we 

examined: a) the pattern of ground reaction forces (GRFs) 

during walking and b) the mechanical characteristics of the 

foot, and lower limb muscle sizes in children and adults. 

Methods 

Twenty healthy volunteers (9 children, 11 adults) participated 

in this study. Mechanical characteristics of the foot were 

evaluated using 3-D foot scanner (INFOOT). B-mode 

ultrasonography (Hitachi, Arietta Prologue) was used to 

measure muscles thickness in vastus lateralis, tibialis anterior, 

tibialis posterior, medial gastrocnemius, peroneus longus, and 

flexor hallucis longus. Participants walked at self-selected 

speed (shod controlled) while walking speed and GRFs were 

examined with 3-D motion analysis (EvaRT) and force plates 

(AMTI). GRFs components were analysed (Fig 1) with 

appropriate normalization. Differences were examined with 

Mann-Whitney U test at p< 0.05. 

Results and Discussion 

There was no difference in walking speed (normalized by 

gravitational acceleration and leg length) between children and 

adults. The GRFs components, Iy2 and the symmetry index of 

time duration in anteroposterior direction (SITy, braking 

duration relative to propulsive duration) were lower in 

children than adults (Table 1). In contrast, children exhibited 

higher lateral force components (Fx2 and Ix2) in the early 

stance phase compared to adults. The navicular drop test  

 

Figure 1: Ground reaction forces components analysis. 

(NDT; unit, 10-4 mm/(mm·kg2)) was greater compared to 

adults, while the normalized peroneus longus thickness (PL; 

unit, 10-4 mm) was thicker in adults (Table 1). These findings 

indicate that, from early to late stance phase, adults use more 

the elastic property of the foot arch (compression and recoil) 

[2] to develop propulsive force compared with children. In 

children, the foot arch is immature, while PL development 

may be important for their development. 

Conclusions 

The development of leg muscles and mechanical 

characteristics of the foot in children may influence GRFs 

components in anteroposterior and lateral directions. Shoe and 

exercise program design in children should be considered to 

improve typical development and prevent misalignment. 
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Table 1: Comparison of main results (Mean+SD) between children and adults. 
Parameters Fx2 (N/kg2) Ix2 (N·s/s) Iy2 (N·s/s) SITy NDT PL thickness 

Children (5.13+1.12 years) -0.096+0.019 -0.043+0.013 0.047+0.008 0.765+0.281 1.188+0.579 1.109+0.121 

Adults (25.09+3.70 years) -0.052+0.0155 -0.021+0.008 0.053+0.010 1.142+0.111 0.541+0.162 1.346+0.182 

p-value p=0.00 p=0.00 p=0.046 p=0.004 p=0.001 p=0.004 
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Summary 

Principal component analysis (PCA) was used to analyze the 
waveforms of lower-extremity joint moments of 186 healthy 
adolescents and young adults during over-ground walking gait. 
Post-puberty gait was characterized by greater hip extension 
moment in late stance, greater hip external rotation moment in 
early stance and overall greater knee flexion moment 
throughout stance. Secondary changes (PC2) were sex specific 
and may reveal a “delayed” maturation of gait in females.  

Introduction 
The maturation of walking gait, specifically the age and sex 
dependent changes in lower extremity joint moments 
throughout puberty, have not been well documented. The 
purpose of this study was to use PCA to determine the most 
dominant puberty and sex differences in joint moments 
observed during walking. 

Methods 

Net external joint moments during overground walking gait 
were calculated using inverse dynamics (Visual3D, C-Motion) 
and resolved in the joint coordinate system for 186 adolescents 
and young adults ranging in age from 8-25 years. Puberty status 
was determined with a self-administered rating scale for 
pubertal development [1]. Participants were divided into four 
puberty categories (Table 1). Three-dimensional hip, knee and 
ankle moments were combined into a 909-element vector. PCA 
was applied to the covariance matrix of 909 variables from 372 
observations [(Right and Left legs x 186 participants) x (101 
data points x 3 joints x 3 axes)] [2]. PC scores that explained 
more than 5% of the total variance were retained for analysis. 
Joint moment waveforms of high (95%) and low (5%) PC 
scores were used to interpret the patterns corresponding to each 
PC [3]. PC scores were compared using a 2-factor ANOVA 
(puberty, sex). Tukey HSD post hoc analysis was used to test 
for significant pair-wise puberty differences. 

Results and Discussion 
PC1 explained 20.8% of the variance in the moment data. High 
PC1 scores corresponded primarily to waveforms with greater 
hip extension moment in late stance, greater hip external 
rotation moment in early stance and overall greater knee flexion 
moment throughout stance (Figure 1). PC1 had a significant 
main effect of puberty, with POST and YA having higher scores 
than PRE. PC2 explained 15.9% of the variance and had a  

 
significant interaction effect. High scores corresponded 
primarily to lower hip and knee flexion moments, higher hip, 
knee and ankle frontal plane moments, and higher hip and knee 
transverse plane moments (Figure 2). There was a significant 
increase in PC2 for females with each puberty stage, while for 
males, there was no difference between PUB, POST and YA. 

 
Figure 1:  Average waveforms of hip, knee and ankle joint moments 
that scored high (95th) and low (5th) for PC1 (left) and PC1 scores for 
each puberty group (right). *Significant differences between groups 

 
Figure 2:  Average waveforms of hip, knee and ankle joint moments 
that scored high (95th) and low (5th) for PC2 (left) and PC2 scores for 
each puberty group and sex (right) 

Conclusions 
The combined analysis of hip, knee and ankle moments 
revealed dominant pattern differences in lower extremity 
mechanics by sex and puberty stage.   
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Table 1: Demographic data for each puberty category 

 Pre-Puberty (PRE) Puberty (PUB) Post-Puberty (POST) Young Adult (YA) 
  M (n=27) F (n=15) M (n=13) F (n=15) M (n=17) F (n=20) M (n=28) F (n=45) 
Age (years) 10.1 9.9 13.8 12.1 17.1 14.9 21.3 20 
Mass (kg) 36.2 34.7 55.4 44.7 73.1 58.2 84.1 69.9 
Height (cm) 142.2 143.8 170.4 155.1 178.6 164.4 182.1 169.1 
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Summary 

Ankle range of motion (RoM) may impact knee and hip range 

of motion in high knee flexion postures (>120°). The purpose 

of this study was to quantify how differences in ankle sagittal 

plane RoM affects knee and hip flexion and abduction 

kinematics. Twenty-eight low and twenty-six high ankle RoM 

participants completed dorsiflexed and plantarflexed kneels 

from which the kinematics during the static phase were 

compared. Significant interactions indicated that high RoM 

participants exhibit 9.1° more hip flexion during the dorsiflexed 

kneel, and high RoM females exhibit 6.1° more knee flexion 

than low RoM females. High RoM participants also exhibit an 

average 4.2° more knee flexion. These findings suggest that 

changes in ankle mobility, which may come about from factors 

such as age, injury, footwear, or environmental terrain, may 

alter an individual’s movement patterns during high knee 

flexion postures, thereby alternatively loading structures of the 

knee joint. 
 

Introduction 

Previous studies have shown that foot posture and associated 

ankle range of motion (RoM) in high knee flexion postures 

(>120°) impacts motion of the knees and hips [1-2]. The 

purpose of this study was to quantify how differences in active 

sagittal plane ankle RoM affects sagittal and frontal plane 

kinematics of the knee and hip. Based on previous literature and 

observation [1-2], it was expected that individuals with higher 

ankle RoM would have increased flexion and abduction of the 

knee, and decreased flexion and increased abduction of the hip. 
 

Methods 

Sixty-six participants (31M/35F) performed four high knee 

flexion movements (plantarflexed kneel (PK) and dorsiflexed 

kneel (DK)) while kinematic data were recorded (Optotrak, 

NDI, Waterloo). Participants were divided into high RoM and 

low RoM based on their peak active plantarflexion ± standard 

deviation above or below the grand median during PK. Twenty-

eight participants were allocated to low the RoM group with 

twenty-six to the high RoM group; twelve participants were 

excluded because their RoM variability was too close to the 

population’s median. 
 

Kinematic data was processed in Visual 3D (C-Motion, Inc., 

Germantown, MD) using a Z-X-Y Cardan sequence. Three-way 

ANOVAs (α = 0.05) were performed to determine the effects 

of ankle RoM, sex, and kneeling posture on the peak knee and 

hip flexion and abduction during the static phase of high knee 

flexion postures. Simple main effects was performed to 

determine significance levels. 
 

Results and Discussion 
Peak joint flexion and abduction angles are reported in Table 1. 

For knee flexion angle, there was an ankle RoM*sex interaction 

(p = 0.018). High ankle RoM females exhibited 6.1° more knee 

flexion than low RoM females. For hip flexion, there were ankle 

RoM*kneeling posture (p = 0.043) and sex*kneeling posture (p 

= 0.002) interactions. The high RoM group exhibited 9.1° more 

hip flexion than the low RoM group during DK. Females had 

12.4° more hip flexion than males during PK. For hip 

abduction, a sex*kneeling posture interaction was present, as 

males abducted greatest during DK. A main effect of kneeling 

posture was present for knee flexion and abduction. 
 

The increase of 3.5-4.9° of knee flexion and 8.7-9.1° of hip 

flexion in the high RoM group compared to the low RoM group 

may have some biological significance. At the knee, these 

kinematic changes may alternatively load structures of the knee 

[3]. Specifically, structures posteriorly stabilizing the knee, 

such as the cruciate ligaments may undergo larger stress and 

strain [4] and unconditioned areas of cartilage may be subject 

to uncharacteristically large loads [5]. 
 

Conclusions 

These findings suggest that changes in ankle mobility, which 

may come about from factors such as age, injury, or the 

surrounding environment, may alter an individual’s movement 

pattern at the knee and hip during high knee flexion postures. 

Further investigation into changes in tissue loading as a result 

of these postural changes is warranted. 
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Table 1: Peak knee and hip flexion and abduction angle (°) during the static phase of each high knee flexion posture. Brackets indicate 1 SD.  
a main effect of kneel. b interaction of RoM and sex. c interaction of RoM and kneel. d interaction of sex and kneel. 

Angle (°) PK DK 

 Low Ankle RoM High Ankle RoM Low Ankle RoM High Ankle RoM 

Knee Flexiona,b 152.1 (5.5) 155.6 (6.1) 150.0 (7.0) 154.9 (6.7) 

Knee Abductiona 15.0 (3.8) 16.6 (4.5) 14.5 (4.0) 15.4 (4.5) 

Hip Flexionc,d 69.2 (13.1) 77.9 (13.9) 47.2 (11.0) 56.3 (11.4) 

Hip Abductiond 31.8 (6.3) 30.7 (5.6) 33.7 (5.8) 32.5 (6.1) 
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Summary 

This study aimed to verify which normalization procedure 

(mass or non-dimensional normalization) better eliminates the 

influence of body parameters on joint moments during stair 

ascent in the elderly. None of the tested methods was able to 

consistently remove the influence of body parameters on joint 

moments’ peaks. There is no “one sizes fits all” for the 

normalization procedure. The choice will depend on the aim 

and characteristics of the study. 

Introduction 

Older adults are known to redistribute their joint moments 

during stair ascent [1]. However, joint moments’ production is 

also affected by body parameters, like body mass and lower 

limb length. As so, in order to eliminate the effect of body 

parameters on joint moments, a normalization process is 

usually preformed. 

Studies have shown contradictory results regarding the 

effectiveness of different normalization procedures [2-4]. 

Thus, the purpose of this study was to verify which of two 

different normalization processes were able to better eliminate 

the influence of body parameters on joint moments during 

stair ascent in the elderly. 

Methods 

This study has a cross-sectional design and was approved by 

the Faculty Ethics Committee. The sample included 29 healthy 

older adults over 60y (age 71.6±4.3y, body mass (BM) 

69.7±12.8kg, height 1.61±0.10m, trochanteric height (TH) 

0.88±0.05m). 

Kinematic and kinetic data were collected using 8 infrared 

cameras (Qualisys) working at a frequency of 200Hz and 2 

Kistler force plates one in front of the stairs and the other 

embedded below the first step. Participants walked at their 

comfortable pace. The CAST marker set was used [5]. 

Three trials from each subject were processed in Visual 3D 

software (C-Motion, Inc). A 10 Hz 4th order Butterworth filter 

was applied. An 8 segments model (feet, shanks, thighs, pelvis 

and trunk) was built and optimized [6]. Standard inverse 

dynamics was performed to compute lower limb joint 

moments. 

Joint moments’ peaks (sagittal plane) were normalized to BM 

and to Body weight*TH [7]. Spearman correlation coefficient 

was determined using IBM SPSS Statistics (version 25) in 

order to verify the correlation between body parameters and 

the kinetic variables. 

Results and Discussion 

The results show that, with the exception of the hip joint 

moment peak, all the other non-normalized joint moments’ 

peaks have a moderate or strong correlation with the body 

parameters (Table 1). 

Table 1: Correlations between joint moments and body parameters 

 BM TH 

Ankle joint moment peak 

Nm 

Nm/Kg 

% (Nm/Nm) 

 

0.885** 

0.009 

-0.369 

 

0.579** 

-0.038 

-0.550* 

Knee joint moment peak 

Nm 

Nm/Kg 

% (Nm/Nm) 

 

0.751** 

0.008 

-0.163 

 

0.650** 

0.274 

-0.104 

Hip joint moment peak 

Nm 

Nm/Kg 

% (Nm/Nm) 

 

0.447* 

-0.144 

-0.404 

 

0.010 

-0.391* 

-0.566** 

*0.05 **0.01 

In the ankle, mass normalization better eliminates the 

correlation between joint moments and body parameters, when 

compared with non-dimensional normalization. Both methods 

seem to be able to eliminate the correlations between body 

parameters and knee joint moments. Mass normalization 

performed better, eliminating the correlation between body 

mass and the hip joint moment peak. Nevertheless, both 

methods introduced significant correlations between the latter 

and trochanteric height. 

These results are in accordance with Whannop et al [4], who 

showed that after normalization, significant correlations were 

still found in certain variables and that the normalization 

process introduced significant correlations in other variables. 

Conclusions 

None of the tested methods was able to consistently remove 

the influence of body parameters on joint moments’ peaks. 

Care should be taken when choosing the normalization 

process in order to guarantee that body parameters are not 

affecting the study results. 
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Summary 
External cueing without variability fails to address the 
variable patterns typically observed in healthy gait, and 
rehabilitation goals are depending on the degree of 
synchronization. The ability to synchronize could be 
improved when coupling systems match in their time-based 
statistical properties. Therefore, we investigated whether the 
degree of synchronization depends on the statistical properties 
of external visual cues. 

Introduction 
Synchronization is the adjustment of movement frequencies 
of two or more coupled oscillators when they interact. 
Humans naturally couple with simulated and biological 
motion, leading to entrainment. For example, this 
phenomenon is evident when someone taps to music. This 
natural ability could be useful to restore walking capabilities 
in patients with movement disorders because previous 
research shows (1) healthy walking exhibits a fractal pattern 
in terms of its stride-to-stride fluctuations and (2) people tend 
to reproduce the statistical properties (e.g., autocorrelation) of 
cueing signals. In this study, we argue that the ability to 
synchronize could be enhanced when the coupling systems 
match in their time-based statistical properties, such as those 
with a fractal patterns [1]. Therefore, we investigated whether 
the degree of synchronization depends on the statistical 
properties of external visual cues. 

Methods 
Eight young adults (22.3±1.3 yrs) walked over ground to three 
external visual cues: a non-variable, a fractal, and a random 
one with no apparent temporal structure. Participants 
synchronized their steps with a continuous, vertically moving 
bar displayed on a small video monitor connected to a pair of 
glasses (Vufine®, Sunnyvale CA, USA). Three methods were 
used to analyze synchronization between stride time intervals 
and time intervals of the visual cues: synchronization index 
[2], spectral coherence, and multifractal detrended cross-
correlation analysis (MFDxA) [3]. Friedman’s test was used 
to assess omnibus differences among stimuli. Dunn’s test was 
used to perform pairwise comparisons. 

Results and Discussion 
Results showed that the non-variable visual cueing suppressed 
synchronization in agreement with previous research (Fig 1; 
[4]). Significant differences were found among stimuli (𝜒" =
12.29; 𝑝 = 0.002), for the synchronization index, coherence 
measure, and the q-dependent cross-correlation of MFDxA 
(Fig. 1-3). Pairwise comparisons were also consistent among 
methods showing differences between the non-variable and 
the fractal visual cue (𝑝 < 0.05). 

 
Figure 1:  Synchronization index between stride time intervals and 
beat time intervals of the metronomes. It can vary between 0 and 1. 
A synchronization index of 1 means a perfect synchronization.  

Figure 2: Coherence between stride time intervals and visual cueing 
time intervals, it measures the degree of correlation between two 
time series in the frequency domain and varies between 0 and 1. A 
coherence of 1 means a perfect correlation between time series. 

 
Figure 3: The q-order cross-correlation of MFDxA (q = 2) measures 
fluctuations between stride time intervals and visual cueing time 
intervals. The q-dependent cross-correlation varies between -1 and 1 
for q > 0, and equal to 1 means a perfect correlation. 

Conclusions 
Coordination with non-variable stimuli was particularly poor, 
possibly due to its dissimilarity with natural walking patterns. 
The stride-to-stride fluctuations of healthy gait exhibit time-
based proprieties that enhance coupling with the fractal, and 
possibly the random, but not with the non-variable visual cue. 
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Summary 

The purpose of the study was to examine the influence of 

footwear on loading rate and joint kinematics during walking. 

Nineteen healthy females walked on an instrumented treadmill 

at 1.3 m/s. Ten strides (10-right, 10-left) were analyzed for 

two walking conditions (shod, unshod). Loading rate and joint 

kinematics were calculated for each footwear condition. 

Significant differences were seen in loading rate, the weight 

acceptance peak, ankle and knee angles, and vertical ankle 

velocity. Joint positions at initial contact may explain 

differences seen in loading rates.  

Introduction 

Injuries to the knee joint lead to changes in the biomechanics 

of the lower limb, which may have an impact on the 

development of knee osteoarthritis (OA). It has been 

suggested that a higher loading rate during normal gait, 

specifically at heel strike, may promote the development of 

OA [1]. Footwear is a factor that may influence the magnitude 

of forces produced when walking, due to the increased 

cushioning [2]. The purpose of this study was to determine 

how footwear influences the kinematics and kinetics of the 

lower limb during walking. 

Methods 

Nineteen healthy, physically active females volunteered for 

this study (23.5 ± 3.3 years, 64.9 ± 8.8 kg, 166.4 ± 8.0 cm). 

Participants were free of any lower extremity injury for at 

least 6 months prior to participation. Walking trials occurred 

at 1.3 m/s on an instrumented treadmill (AMTI, Watertown, 

MA). Reflective markers were placed on the lower extremities 

in order to define joint centers.  Participants began the testing 

session by accommodating to the treadmill in both footwear 

conditions. Participants then walked on the treadmill for 10 

min in each condition (randomly ordered); the same model of 

shoe was worn by all in the shod condition. Kinematic (200 

Hz) and kinetic (2000 Hz) data were collected between the 8th 

and 9th minutes of walking. Variables used by Radin et al. [1] 

were calculated for comparisons between footwear conditions 

and limb using MANOVA (α = .05) 

 

Results and Discussion 

Significant differences among all variables were seen between 

shod and unshod conditions (see Table 1). The loading rate for 

the unshod condition was between the values previously 

reported for individuals with and without knee pain [1], 

whereas the value for the shod condition was much lower. 

This difference was attributed to treadmill-mounted force 

measurements not yielding an initial transient peak for most 

trials in the shod condition. Because of this finding, the shod 

condition loading rate was calculated from a force value that 

was identified from the magnitude of the unshod transient 

peak. Improvements in collection and processing may also 

explain the differences in our findings compared to others [1]. 

Our study also found that in the unshod condition individuals 

contacted the ground in a more plantarflexed position and with 

increased knee flexion (see IC variables in Table 1). 

Collectively, these findings are in agreement with Zhang [2] 

who reported similar joint kinematics and increased loading 

rates during barefoot walking. Loading rates may be larger in 

unshod due to the increased plantarflexion at foot contact, 

which may not allow for sufficient time to attenuate the 

impact [2]. In contrast to Radin’s work [1], the group with a 

higher loading rate in the present study did not have increased 

ankle velocity prior to heel strike.  

Kinematically, our study found increased ankle and decreased 

knee ROM during the unshod condition. These results are 

similar to Dames [3] as they too found increased ankle ROM 

during walking in young, unshod healthy individuals, 

however, they did not find differences at the knee.   

 Unshod Shod 

Radin LR [1] 56.30±13.53* 8.82±1.03* 

WA Peak 1.09±0.07* 1.13±0.07* 

Ankle ROM 38.51±6.99* 31.44±5.19* 

Knee ROM 63.91±3.10* 67.62±3.14* 

Ankle IC -0.60±3.04* 2.01±3.01* 

Knee IC 4.20±5.30* 0.67±5.73* 

Ankle Velocity  -0.14±0.03* -0.21±0.04* 

Table 1: Means and standard deviations for footwear conditions.   

LR = loading rate (BW/s), WA = weight acceptance (BW),         

ROM = range of motion (degrees) , IC = initial contact (degrees), 

Ankle Velocity (m/s). *statistically significant (p<0.05) 

Conclusions 

Unshod walking resulted in a much higher loading rate, a 

more plantarflexed ankle and flexed knee at foot contact, and a 

lower linear velocity of the ankle prior to foot contact when 

compared to the shod condition.  
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Summary 

The present study evaluates the 3D angle between the joint 

moment and the joint angular velocity vectors and investigates 

if the ankle, Chopart and Lisfranc joints are predominantly 

driven or stabilized during gait. The 3D angle curves show 

that the three joints adapt a stabilization-resistance 

configuration during the stance phase, except at pre-swing 

with all joints in a propulsion configuration. 

Introduction 

During the last decade, foot and ankle biomechanics were 

essentially described through kinematics and plantar pressure 

measurements [1]. Recently, multi-segment kinetic foot 

models provided new insights how intrinsic foot joints can 

show unique power distribution [1].  However, the clinical 

interpretation of joint power remains a debate. The difficulty 

resides mainly in the attribution of energy transfer and in the 

allocation of forces in the agonist-antagonist as well as multi-

joint muscles [2]. The nature of the foot further increases this 

complexity of interpretation by the fact that intrinsic foot 

joints share common ligament and muscle tendon structures. 

Therefore, in complement to the joint power, a 3D angle M 

which encapsulates a 3D angular relationship between the 

joint moment (M) and the joint angular velocity () vectors, 

has been proposed in an attempt to translate kinetic data in an 

accessible format for the lower limb joints [2]. If the 3D 

vectors M and  are aligned, the moment drives the joint. If 

the 3D vectors M and  are orthogonal (90°), the moment 

stabilizes the joint. Based on current knowledge on the 

estimation of foot joint kinetics, this study proposes to expand 

the calculation of 3D angle M  between the joint moment 

(M) and the joint angular velocity () vectors from a kinetic 

lower limb model to a four-segment kinetic foot model.  

Methods 

This study investigated 16 asymptomatic subjects. A four-

segment kinetic foot model was used to calculate and estimate 

intrinsic foot joint moments, powers and angular velocity 

during gait.  Gait analysis was performed using an advanced 

clinical examination platform composed of a motion capture 

system (Qualysis, Sweden), a plantar pressure platform 

(RSscan Int, Belgium) and a force platform (AMTI, US) in 

order to obtain the simultaneous assessment of kinematics, 

kinetics, and plantar pressure measurements of each subject. 

Joint forces and moments were computed by a bottom-up 

inverse dynamic method using quaternion algebra [3].  The 

force plate data were distributed over each foot segment using 

the proportionality scheme described and validated by 

Saraswat et al. (2014) based on the distribution of the vertical 

GRF as measured by each sensor of the plantar pressure 

platform [4]. 3D angle M were calculated for the ankle, 

Chopart joint and Lisfranc joint.   If the 3D vectors M and  

are mainly aligned (<60° or > 120°), the moment drives the 

joint, with, respectively, propulsion (P) or resistance (R). If the 

3D vectors M and  are mainly orthogonal (>60° and <120°), 

the moment stabilizes the joint (S) [2].  

Results and Discussion 

Figure 1 shows the 3D angle M curves for the ankle, 

Chopart joint and Lisfranc joint.  

 

Figure 1: Mean 3D angle M in degrees for the ankle, Chopart joint, 

Lisfranc joint. (R : resistance; P : propulsion; S : stabilization; LR : 

loading response; MS : midstance; TS : terminal stance; PSW : pre-

swing; SW : swing) 

The curves show that the three joints are never fully driven or 

stabilized, but adapt a stabilization-resistance configuration 

during most of the stance phase, except at pre-swing with all 

joints in a propulsion configuration. The propulsion 

configuration appears for ankle first (at terminal swing), then 

for Chopart and Lisfranc (end of pre-swing). 

Conclusions 

Intrinsic foot joints adapt a stabilization-resistance 

configuration during most of the stance phase. Results of the 

current study should be handled with care as a proportionality 

scheme was used to estimate foot joint kinetics. The notion of 

stabilization, resistance and propulsion should be further 

investigated in subjects with foot and ankle disorders. 
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Summary 

A delivery van ingress strategy using the A-pillar handhold 
instead of the steering wheel as hand support reduces reaction 
forces at the intermediate entrance step by approx. 17 %. The 
applied force at handhold or steering wheel remained 
comparable for both movement patterns. Therefore, a strategy 
using the A-pillar handhold seems preferable in order to avoid 
high loadings in lower limbs. 

Introduction 

Delivery van cockpit design includes a step between the 
ground and the car base plate, which causes an alternating 
ingress pattern similar to stair climbing. Complexity and 
demands of this movement task [1] increase due to step 
heights of about 45 cm respectively 25 cm (Fig. 01) and space 
constraints in the cockpit. A high daily frequency of ingress 
for occupational groups as delivery services relates this 
movement not only to comfort [2], but also to overuse injuries 
particularly in the knee joint. A basic technical adjustment 
which potentially helps to decrease lower extremity joint 
loading is the implementation of an A-pillar handhold. This 
offers alternative ingress strategies, which allow the 
redistribution of forces in between the ground, intermediate 
step and steering-wheel or handhold. An optimized movement 
pattern might thereby positively affect lower extremity loading  

Methods 

 A cross-sectional single cohort study was used to identify the 
effect of delivery van ingress strategy on ground reaction 
forces. Therefore, 40 participants (78 ± 9 kg, 1.83 ± 0.07 m) 
used two different movement patterns during ingress into a 
full-size physical mock-up of a standard delivery van cockpit. 
The setup included an intermediate step at 44 cm height and a 
base plate 25 cm above. 

 

 

 

 

 

 

 

 

 

 

Figure 01: Schematic drawing of the test setup. Instrumented areas 
are indicated by red color. Movement strategies are subdivided 
between a green basic pattern and a grey or blue left-hand 
differentiation. 

Both ingress strategies featured a single left foot contact at the 
instrumented first step and a merely stabilizing righthand 
contact on the driver seat (Figure 1). Dependent on the 
strategy the steering wheel or the A-pillar handhold acted as 
support for the guiding left-hand. The setup included force 
plates (Kistler, Winterthur, CH) at floor level, first step and in 
the steering column. A 1D instrumented A-pillar handhold 
(Kistler, Winterthur, CH) measured the force applied by the 
upper extremity. After filtering (Sampling: 1000 Hz; Filter: 
Butterworth, Lowpass 10 Hz, second order, recursive) the 
momentum of resultant force at all relevant contact points was 
calculated. Based on a repeated-measures ANOVA movement 
strategy effects were identified.  

Results and Discussion 

A comparable momentum of resultant force at the steering 
wheel and handhold suggests a similar upper body 
contribution to ingress, regardless of the strategy. Peak 
momentum, observed at the step, emphasize the relevance of 
the mid-stride for lower extremity loading. The handhold 
strategy decreased step reaction forces by 17 % compared to 
the steering wheel strategy.  

 

Table 1: Momentum of the resultant force normalized to bodyweight 
for ground, step, A-pillar handhold and steering wheel during ingress.     
* indicates significant differences (p < 0.05) in between handhold and 
steering wheel movement strategy. 

 

Conclusions 

The usage of an A-pillar handhold for delivery van ingress 
provides a strategy for decreasing ground reaction forces 
during high loaded phases of the movement significantly. 
Further analysis regarding kinematics and inverse dynamics is 
needed to provide detailed insight to lower extremity loading.  
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momentum of the resultant force [Ns / kg] 

  Ground Step Support 

Strategy Mean SD Mean SD Mean SD 

Handle 8.1 ± 1.1 7.5 ± 1.3* 2.1 ± 0.7 

Wheel 8.0 ± 1.1 9.1 ± 1.6* 2.1 ± 0.8 
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Summary 

This study uses inertial sensors to analyze foot clearance and 

its relation to two gait conditions (walking and running) while 

traveling on stairs (ascent and descent). Our study found that 

during stair ascent, clearance is significantly larger when 

running. This finding suggests that humans use the additional 

clearance to produce the impulsive motion needed to reach the 

next step using the shortest time. During stair descent this 

difference is insignificant, suggesting that foot clearance does 

not affect gait speed. 

Introduction 

The analysis of foot clearance during level walking has 

received a significant level of attention, particularly because of 

its implications for fall-risk [1]. Of similar importance is 

understanding the role that foot clearance plays when 

traversing stairs, given how common stairs are in everyday 

life. To this end, we employ foot-mounted inertial 

measurement units (IMUs) to estimate the trajectory of the 

feet while walking and running on staircases as in a prior 

study that relates gait parameters to running speed [2]. The 

objective of this study is to expand upon that prior study by 

exploring foot clearance during stair running and walking. 

Methods 

This study uses data from 8 participants (3F, 5M, age 31.4 ± 

9.4 years, weight 75.7 ± 13.7 kg, height 1.66 ± 0.17 m). The 

University of Michigan IRB approved the study and all 

subjects provided informed consent. Subjects were instructed 

ascend and descend a long staircase (20 steps) under two gait 

conditions: walking and running. Subjects wore two IMU data 

loggers (Opal, APDM, 128Hz, +/-200 g, +/-2000 deg/s), one 

mounted on each shoe. Estimated foot trajectories and gait 

timing events were derived from the IMU data using a 

previously validated algorithm [2,3]. The algorithm uses the 

gyroscope data to estimate foot orientation, and then integrates 

the accelerometer data to estimate foot velocity and position. 

Errors caused by sensor drift are reduced by using kinematic 

constraints often referred as zero velocity updates. 

Using the foot trajectories, we estimate individual stride 

trajectories, gait timing events, and stride speed. We also 

estimate the foot clearance defined as the vertical distance 

between the lowest foot elevation during stance and the 

maximum foot elevation during the corresponding stride. We 

eliminated the first and the last step from each experiment 

(transition steps) and assumed symmetric left-right foot 

trajectories. We then tested for differences in the mean and 

standard deviations of the foot speed and clearance using 

paired t-tests with significance defined by α = 0.05. 

Results and Discussion 

We verified that the means and standard deviations of the 

stride speeds during walking and running are significantly 

different in both stair ascent (t(14)=-15.45, p<0.001) and  

decent (t(14) =-10.27, p<0.001). During stair ascent there is a 

statistical difference between foot clearance when walking and 

running (t(14)=2.26, p=0.04). The average clearance is greater 

when running. Our interpretation of this finding is that by 

creating extra clearance during running, participants are able 

to generate the larger vertical impulses needed to propel 

themselves upwards while ascending. During stair descent, 

however, there is no statistical significant difference between 

gaits (t(14)=-0.1, p=0.92), meaning that changes in clearance 

are not associated with changes in gait speed during stair 

descent. In addition, foot clearance is lower during descent 

than ascent (Figure 1).  

 

Figure 1: Speed and foot clearance for walking and running up 

(ascend) and down (descend) stairs. (*) Denotes significant 

difference at α = 0.05. 

Conclusions 

We determined that during stair ascent foot clearance is 

significantly greater during running than during walking. The 

larger foot clearance during running suggests that subjects use 

the extra elevation to produce the larger vertical impulses to 

propel themselves upwards.  During stair descent, there is no 

statistical difference in foot clearance between running and 

walking, and the clearance is significantly smaller than that 

used in the ascent.  
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Summary 

Multifractal Correlation Analysis (MFC) was used to study 
coordination between walkers and noisy metronomes. Results 
revealed stronger patterns of coordination between walkers 
and a fractal metronome in comparison to a white noise or 
periodic one, indicating improved walking adaptability. 

Introduction 

Recent studies explored the statistical properties that emerge 
when synching movements with noisy metronomes [1], and 
show coordination entails many spatial and temporal scales. 
Complexity matching (CM) is revealed when similarity exists 
between statistical properties (e.g., fractal, random) of 
coordinated components (e.g., limbs, people). We seek to 
understand the properties of metronomes that promote this 
form of coordination. This exploratory study uses the recently 
introduced MFC [2] to study patterns of CM between stride 
intervals and visual metronome intervals with 3 general forms: 
periodic, fractal, and random.  

Methods 

Eight adults (22.25±1.28 years) walked on a 200 m track, 
matching their steps to visual stimuli. Stimuli were vertically 
oscillating bars displayed on a video screen attached to glasses 
(Vufine®, USA). Bivariate series of stride and metronome 
intervals were analyzed with MFC. 

 
Figure 1: Ensemble average colormap depicting MFC for the fractal 
metronome condition for scale(16-256 beats) and q(0.1-5). q refers to 
q-order statistics in multifractal analysis. r(q,s) is the q by scale 
correlation coefficient that ranges from -1 to 1. For small q, small 
fluctuations dominate the computation; the opposite is true when q is 
large. Large positive r(q,s) appear at most scales and q values. 

Results and Discussion 

We found that the fractal metronome generated the strongest 
overall correlation structure across ranges of scale and q (Fig. 

1,2). The periodic metronome showed the weakest (near zero) 
multifractal correlations among the three conditions. 

 
Figure 2: Ensemble average of MFC for (a) the random condition, 
with strong correlations at the largest time scales and (b) the periodic 
condition, with weakly negative correlations intermediate scales. 

Conclusions 

Synching with fractal metronomes entails multiple time scales 
and fluctuations of many sizes, possibly indicating improved 
walking adaptability. In contrast, random signals mostly 
involve large scales and small q, perhaps reflecting statistical 
learning of the mean interval. Moreover, synching with a 
periodic signal involves only smaller time scales and 
fluctuations, implying a corrective form of synchronization. 
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Summary 
We used switched linear dynamical systems (SLDS) to model 
joint angle trajectories of healthy individuals walking on a 
treadmill with and without functional electrical stimulation 
(FES). We tested the ability of the SLDS models to reproduce 
the kinematic trajectories based on measured the joint angles at 
the start of each gait phase. Joint angle trajectories in four gait 
phases in unperturbed walking were reproduced with a median 
fitness of 0.80. Individual-specific responses to FES during 
perturbed walking, were also reproduced with a median fitness 
of 0.79 by modeling the perturbation as a square wave. SLDS 
models do not explicitly encode joint angle trajectories but 
represent inter-joint coupling due to biomechanical and neural 
constraints. SLDS models may be useful for understanding and 
simulating individual-specific gait dynamics in health and 
disease. 

Introduction 
Our goal is to develop subject-specific models of gait 
kinematics for adaptive control of human-robot interactions 
affecting gait. Several robotic applications specify desired joint 
angles as independent trajectories with a mean and standard 
deviation defined over time [1]. However, human joint angles 
are not independent, and interjoint coupling is even more 
pronounced in many gait impairments [2]. Previously, we 
showed that an SLDS could identify transitions between gait 
phases that closely matched force plate events [3]. Here, we 
hypothesized that joint angle trajectories during walking could 
be modeled using an SLDS, which explicitly encode interjoint 
coupling in each gait phase. Further, we modeled subject-
specific effects of perturbations during gait due to muscle 
stimulation as a linear input that affects multiple joints.  

Methods 
We collected three-dimensional kinematics and ground reaction 
forces from both legs in five healthy participants (all female, 
24-25 years old) walking at constant speed on a treadmill.
Participants walked at two conditions for 45s each: (1)
unperturbed walking and (2) perturbed walking. During
perturbed walking, FES was delivered to the right ankle
dorsiflexors during right swing phase and to the right ankle
plantarflexors during right terminal double support phase.
We modeled hip, knee, and ankle joint trajectories as an SLDS: 

𝑥𝑥𝑘𝑘+1 = 𝐴𝐴𝑖𝑖𝑥𝑥𝑘𝑘 + 𝐵𝐵𝑖𝑖𝑢𝑢𝑘𝑘. 

where (𝐴𝐴𝑖𝑖 ,𝐵𝐵𝑖𝑖) defines four linear systems in the model, 𝑥𝑥𝑘𝑘 is 
the joint angle measurements, and 𝑢𝑢 is the FES model. For each 
participant, we fit an SLDS to both unperturbed and perturbed 

walking data using the Expectation-Maximization algorithm 
[4]. We tested the ability of the SLDS models to reproduce the 
leg joint trajectories, given only the joint angles at gait events 
determined by force plate hits. We tested the SLDS on walking 
with and without FES stimulation, where we modeled the FES 
stimulation as a square wave input (Figure 1b). We compared 
the reproduced and measured trajectories using a fitness 
criterion of one minus the normalized root-mean squared error. 

Results and Discussion 
SLDS models without inputs reproduced unperturbed walking 
well, with 0.80 median fitness across participants and joint 
angles. SLDS without inputs underestimated joint trajectories 
(median fitness 0.68); in perturbed walking but could be 
reproduced when FES was modeled (median fitness 0.79). 

Figure 1: SLDS reproduces joint angle trajectories during normal and 
perturbed gait. Given the initial joint angles (a, dots) at each gait phase 
events (a, vertical lines), and muscle stimulation (b), the SLDS model 
can reproduce joint angle trajectories (c).  

Conclusions 
SLDS provides a framework for predicting joint angle 
trajectories from intermittently measured data and may be 
useful for robot assisted rehabilitation. Individual-specific 
SLDS models may also inform how inter-joint coupling and 
gait dynamics change with disease and rehabilitation.  
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Summary 

The ability to change heading direction while walking is an 
important component of everyday mobility. During turning the 
movement of the body’s centre of mass must be redirected 
towards the new walking direction. The aim of this study is to 
experimentally test the proposition that turning is controlled by 
changes in the lateral foot placement relative to the velocity-
adjusted (extrapolated) position of the centre of mass. 
Experimental data of ten healthy subjects performing a series of 
turns at different angles show that turning is achieved by a 
change in lateral foot placement proportional to the centripetal 
accelerations needed for a given change in heading direction. 

Introduction 

The concept of the extrapolated centre of mass (XcoM) 
suggests a simple rule for stable walking: at initial contact the 
foot is placed at a certain distance behind and lateral to the 
XcoM, thereby redirecting the movement of the XcoM into a 
sinusoidal trajectory [1]. In order to move in a circle with radius 
r, a centripetal acceleration (ac) has to be generated (Figure 1): 
This can be done by placing the feet more to the outside the 
projection of the centre of mass (CoM). The distance that the 
centre of pressure (CoP) should be outside of the CoM in a turn 
can be determined under consideration of the inverted 
pendulum model. The goal of this study is to experimentally 
test the proposition that turning is controlled by changes in the 
lateral foot placement relative to the XcoM (i.e. margin of 
stability ‘MoS’). It was hypothesized that the lateral foot 
placement is proportional to the centripetal accelerations. 

 

 
Figure 1: Inverted pendulum model.  

Methods 

Ten healthy participants (5 male / 5 female, age 72.0 ± 5.8 
years, height 1.69 ± 0.11 meters, and mass 71.5 ± 17.8 kg) were 
recruited for this study.  

Participants performed pre-planned turns to the left and right, at 
different turn amplitudes (45, 90, 135, and 180 degrees) while 

walking at normal and fast speeds. Floor markings similar to a 
clock face consisting of a turning point in the centre and turn 
angle marks in the periphery were used as guidance to indicate 
turn angle.  

Full-body kinematics (30 marker) were acquired at 120 Hz. The 
lateral MoS was calculated using the XcoM at the time of initial 
contact. The distance that the CoP should be outside of the CoM 
in a turn was obtained based on the to be generated centripetal 
accelerations. Linear correlations were fit for the left and right 
leg for each of the participants. 

Results and Discussion 

An example of a stepping pattern of a 135-degree turn is given 
in Figure 2A. Throughout the turn, both feet are placed to the 
outside of the CoM, redirecting the lateral velocity of the CoM 
into the new heading direction. The overall velocity of the CoM 
was reduced around the vertex of the turn (Figure 2B). The 
instantaneous centripetal acceleration is given as a normal line 
pointing toward the centre of the turn. Linear correlation 
between MoS and centripetal accelerations for each participant 
yielded rho values of 0.56±0.19 and 0.59±0.20 for the left and 
right foot, respectively.  
 

 
Figure 2: Turn 135-degree. A) Trajectory of CoM and XcoM, the 

instantaneous position at initial contact indicated by numbered dots, 
and B) CoM velocity (colour coded), and instantaneous centripetal 

acceleration (normal line). 

Conclusions 

Turning is achieved by a proportional change in foot placement. 
This lateral foot placement is proportional to the centripetal 
accelerations that need to be generated to walk in a circle of a 
given radius. 
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Summary 

We performed a six-month longitudinal study addressing 

minimal shoes versus conventional shoes as daily footwear. 

Focussing on peak plantar pressures and on foot metrics, we 

did not find significant differences between the pre and post 

measurements. 

Introduction 

Minimal shoes have been widely studied in running but much 

less so in walking (but see [1]). It has been shown that plantar 

pressure distribution and foot shape differs between habitually 

shod and lifelong unshod populations [2] but that gait differs 

only subtly between walking barefoot and in an indigenous 

“minimal shoe” [3]. Here we experimentally test if wearing 

minimal shoes for six months changes plantar pressure 

distribution and foot shape. 

Methods 

Subjects were assigned to an intervention group (n = 25; 15 

males, 10 females, age 27.1 ± 6.6 y) or to the control group (n 

= 26; 15 males, 11 females, age 27.9 ± 7.1 y). The intervention 

group used minimal shoes (Vivobarefoot Stealth II) for at least 

70% of the time for six months (daily activities). Subjects 

were tested pre- and post-intervention using full-body motion 

capture (Qualisys Oqus-7, 12 cameras), and plantar pressure 

recordings (AMCube) at self-selected walking speed. This 

paper reports on peak pressures. 

Peak pressures were calculated for each trial on the pixel-

level. Data were registered to yield maximum overlap between 

individual trials and analysed using pedobarographic 

Statistical Parametric Mapping [4].  

The following foot metrics were taken pre and post using 

callipers: foot length, width and navicular height (as a measure 

for arch height). Foot ratio is length/width. 

Results and Discussion 

Peak pressures did not differ between the barefoot and 

minimally shod conditions pre-intervention (Figure 1A). 

Although we measured the shoe-ground pressures, the soles 

were very thin and thus this result suggests that the minimal 

shoes are not affecting plantar pressures. None of the foot 

metrics differed between pre and post. 

Peak pressure did not differ between pre- and post-

intervention tests for the intervention group (Figure 1B). 

None of the foot metrics differed between the pre- and post-

intervention trials. 

The negative results from this study contrast with those 

observed previously when assessing life-long minimal 

footwear users [2].  

 

 

Figure 1: pSPM comparisons between the barefoot and minimally 

shod condition pre-intervention (panel A) and between pre- and post-

intervention (panel B). The images on the right show t values for the 

pSPM comparisons. 

Possibly,  six months is too short to show differences 

especially since variation is high and subtle differences might 

not show. In addition, the potential to change foot shape in 

adults might be limited.  

Conclusions 

Wearing minimal shoes for six months, 70% of the time, 

shows no significant effect on peak plantar pressure or on 

selected foot metrics. Further research should focus on 

kinematics and on temporal aspects of the foot unroll. 
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Summary 

Centre of Pressure (CoP) trajectories were derived from 

participants walking barefoot, minimally shod and in their 

conventional footwear. Results showed minimally shod 

walking to be intermediate between barefoot and 

conventionally shod walking.    

Introduction 

Minimal footwear is widely studied in biomechanics with 

many studies reporting kinematic similarities between 

minimally shod and barefoot walking [1]. This study compares 

the stance phase during barefoot, minimally shod and 

conventionally shod walking. It focusses on the temporal 

aspects of CoP trajectories.  

Methods 

51 healthy participants (30 male, 21 female; 27.6 ± 6.9yrs, 

23.6 ±3.1 BMI) with no previous experience of wearing 

minimal footwear were recruited. Participants were instructed 

to walk (at a self-selected speed) down a 12m walkway over a 

plantar pressure plate (AMCube) for three different walking 

conditions: barefoot, conventionally shod, and minimally shod 

(Vivobarefoot Stealth II). Participants continued to walk down 

the walkway until 3 left and 3 right trials were recorded by the 

pressure plate for each condition. The plantar pressure data 

was linearly interpolated about the temporal axis from 1 – 101 

frames for 0 – 100% stance. The data was then spatially 

normalised using optimal scaling transformations [2], aligning 

all prints of different sizes and print-to-plate orientation to one 

another. 

Results and Discussion 

There are significant differences between conditions at heel 

strike and through the loading response (0–20% stance). The 

barefoot condition has the most anterior CoP and greatest 

anterior progression rate; the conventional condition has the 

most posterior CoP and lowest anterior progression rate. This 

shows that barefoot walkers distribute their load over a greater 

area of the foot during the loading response than 

conventionally shod walkers. Minimally shod walkers’ 

loading response is in-between the other conditions and 

significantly different from both. Both the conventional and 

minimal condition converge to the anterior progression of the 

barefoot condition by the end of mid-stance (20–40%). 

Throughout the terminal stance (40–80%) there is very little 

difference between all conditions. During pre-swing (80–

100%) the minimally and conventionally shod CoP positions 

become significantly more anterior to that whilst barefoot.  

 

Figure 1: Top to Bottom: 1) Posterior to anterior CoP, comparing 

barefoot, minimally and conventionally shod walking. (2 – 4) 1D-

SPM, 2 sample t-test with Bonferroni correction showing areas of 
significant differences between the three comparisons.  

Conclusions 

Minimally shod walking exhibits some gait characteristics 

similar to barefoot walking but minimally shod walking for 

inexperienced users of minimal footwear is not the same as 

barefoot walking. A longitudinal study needs to be conducted.    
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Summary 

A custom-built continuous wave radar was used to examine 

temporo-spatial gait parameters on healthy adults walking on a 

treadmill. Data simultaneously collected by the radar and 

motion capture cameras was analysed and compared to validate 

the radars accuracy. Excellent intra-class correlations were 

found in the variables examined between the two systems. This 

study demonstrated that radar technology has great potential to 

be used for gait analysis.  

Introduction 

Radar has been widely used in border protection and law 

enforcement for target recognition and gait classification. In 

recent years, some attempts have been made to use radar to 

examine human gait with limited success [1,2,3]. It appears that 

radar could be a useful tool for gait analysis. However, more in-

depth research is needed to establish the role of radar 

technology in gait assessment. The purpose of this study was to 

examine the feasibility of using a custom-built radar with off-

the-shelf components to study temporo-spatial characteristics of 

human gait.  

Methods 

Twelve healthy adults consisting of six males (age: 26±3 years; 

mass: 86±14 kg; height: 1.84±0.05 m) and six females (age: 

24±1 years; mass: 63±11 kg; height: 1.67±0.09 m) performed 

three seven-second walking trials on a treadmill at an average 

speed of 1.58 m/s.  

Data was collected simultaneously by a 14-camera Vicon 

system at 100 Hz and a 2.45 GHz continuous wave radar. The 

radar was placed 0.45 m above the bottom of the treadmill and 

was located 2.5 m in front of the participant. Cadence, step time 

and length, stride time and length were analysed from each 

system.  

Pearson correlations (PC) and intra-class correlation (ICC) were 

performed to verify the accuracy of the radar measurement 

compared to the Vicon motion capture system. Significance 

level was at 0.05.  

Results and Discussion 

Figure 1 shows a typical radar spectrogram during treadmill 

walking. Table 1 presents the measured temporo-spatial 

parameters, the PC and ICC values. There were excellent ICC 

values associated with these measurements. Strong correlations 

between the two systems were also found for the measurements 

(p<0.01).  

 

Figure 1: A typical radar spectrogram during treadmill walking. 

During radar scanning, rich information related to moving 

targets is obtained. Specifically, micro-Doppler signatures 

associated with human body segments are stored in the radar 

spectrogram. Through appropriate time-frequency analyses, 

walking related temporo-spatial parameters could be computed. 

This study demonstrated that the radar measurement is 

comparable to the popular motion capture system used in 

laboratory settings. Future studies should focus on extracting 

more gait parameters from radar data. 

Conclusions 

Radar technology proved to be useful in human movement 

science. Portable radar device can be a viable tool to study gait 

in clinical settings and fitness facilities.  

References 

[1] Geisheimer, JL et al. (2001). 35th Asilomar Conf. Signals 

Syst. Comput. 834-838. 

[2] Otero M. (2005). Proc SPIE, 5809: 538-548. 

[3] Kim Y and Ling H. (2009) IEEE, 47: 1328-1337. 

Table 1: Mean (SD), Pearson Correlation and intra-class correlation coefficients.  

 Cadence (steps/min) Step Time (s) Step Length (m) Stride Time (s) Stride Length (m) 

Vicon 121 (8) 0.5 (0.0) 0.8 (0.1) 1.0 (0.1) 1.58 (0.11) 

Radar 121 (8) 0.5 (0.0) 0.8 (0.1) 1.0 (0.1) 1.60 (0.19) 

PC 0.999* 0.991* 0.877* 0.99* 0.877* 

ICC 1.00 0.995 0.933 0.995 0.933 

Note: * indicates p<0.01 
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Summary 

Clinical and experimental locomotor learning is often done on 

treadmills, which are commonly equipped with handrails. 

However, the effects of holding on to handrails on locomotor 

learning are unknown. Here we study the effects of handrail 

holding on split-belt adaptation in four groups: 1) Holding 

side-mounted handrails; 2) Holding front-mounted handrails; 

3) Control group with restrained arm swing; 4) Control group 

with arms free. When first exposed to split-belt walking the 

groups holding on to handrails were less perturbed than the 

control groups. Furthermore, the handrail groups showed little 

to no after-effects in step length symmetry, whereas the 

control groups did, suggesting a lack of locomotor learning in 

the handrail groups. This study has shown that simplifying 

balance control through handrail holding reduces split-belt 

adaptation. These findings have important implications for 

locomotor learning in the context of rehabilitation, as task 

simplification is frequently utilized in everyday clinical 

practice. 

Introduction 

Locomotor learning, both clinically and experimentally, is 

often done on a treadmill, which is commonly equipped with 

handrails. However, the effects of holding on to handrails on 

locomotor learning are unknown. As task simplification 

reduces movement error and lower movement error leads to 

decreased locomotor learning, a balance task simplification 

such as holding on to handrails during walking could reduce 

locomotor learning. Therefore, we study the effects of handrail 

holding on locomotor learning. 

A suitable paradigm to study locomotor learning is split-belt 

walking [1]. In split-belt walking gait asymmetry is imposed 

upon participants by moving one of the treadmill’s two belts at 

higher speed than the other. Able-bodied persons adapt their 

steps [1] and balance [2] to split-belt walking within ten 

minutes. Therefore, the aim of this study was to determine 

how holding on to handrails affects split-belt adaptation in 

able-bodied persons. We hypothesize that holding on to 

handrails will reduce the amount of perturbation when first 

exposed to split-belt walking (early adaptation phase) and will 

reduce after-effects (washout phase) upon return to tied-belt 

walking. To control for the possibility that differences 

between handrail holding and the control group are due to a 

lack of arm swing rather than stabilization, an extra control 

group with restrained arm swing was measured. 

Methods 

Participants were instructed to 1) hold on to side-mounted 

handrails (SIDE-RAIL; N=10), 2) hold on to a front-mounted 

handrail (FRONT-RAIL; N=10), 3) cross their arms across 

their chest (NO-ARMSW; N=10) or 4) move their arms freely 

(CONTROL; N=10). Participants walked 5 min fast and 5 min 

slow tied-belt baseline, 10 min split-belt adaptation and 5 min 

tied-belt washout. Step length symmetry was extracted from 

force plate recordings. To find whether handrail holding 

simplifies split-belt walking, we tested whether step length 

symmetry differed between the four groups during early 

adaptation. Furthermore, to find whether handrail holding 

affects locomotor learning we tested whether step length 

symmetry differed between the four groups during the 

washout phase. 

Results and Discussion 

Step length was symmetric (0) for all groups during fast and 

slow baseline. SIDE-RAIL (-0.01 ±0.05) and FRONT-RAIL (-

0.08 ±0.02) significantly differed from NO-ARMSW (-0.31 

±0.05) and CONTROL (-.034 ±0.04) during early adaptation, 

which implicates that stabilization through handrail holding 

reduces task complexity compared to non-stabilized walking. 

Similarly, SIDE-RAIL (0.08 ±0.02) and FRONT-RAIL (0.11 

±0.02) showed no after-effects during washout, whereas NO-

ARMSW (0.19 ±0.08) and CONTROL (0.27 ±0.08) did, 

which suggests that no locomotor learning occurred in the 

groups holding to handrails. NO-ARMSW did not 

significantly differ from CONTROL during these phases, 

which confirms that the differences between the handrail and 

control groups were due to stabilization and not a lack of arm 

swing. The results show that the stabilizing effect of handrail 

holding simplifies split-belt walking and reduces locomotor 

learning. 

Conclusions 

This study has shown that simplifying balance control through 

stabilization reduces split-belt locomotor adaptation and 

learning. These findings may have important implications for 

locomotor learning in the context of rehabilitation and 

training, as task simplification is frequently utilized in 

everyday clinical gait practice.  
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Summary 
People can continuously optimize their walking gait to reduce 
energetic cost. However, they do not always do so 
spontaneously. Here we tested the hypothesis that the cost 
gradient at the original optimum allows the nervous system to 
detect when the optimum has changed and thus re-optimize. 
Using a mechatronic system that manipulates people’s 
energetic cost as a function of their walking step frequency, we 
measured participants’ spontaneously preferred frequency in 
cost landscapes with gradients of 0.8% to 5.2% change in cost 
per unit change in frequency. We also measured their preferred 
frequency following a protocol previously validated to cause re-
optimization in new landscapes. Surprisingly, we found no 
adaptation in any of our trials, suggesting that our method of 
changing landscapes might have inhibited the nervous system’s 
re-optimization rather than promote it. 

Introduction 
People can continuously adapt their walking gait to reduce 
energetic cost. We observed this by manipulating the 
relationship between metabolic energetic cost and a walking 
gait parameter, defined as a cost landscape, to create new 
energetic optima [1]. However, not everyone in our experiments 
adapted spontaneously. Most needed to experience cheaper 
gaits in the new landscapes—enforced using an audio 
metronome—before they re-optimized. A characteristic 
difference between the two groups was that the spontaneous 
adapters had a larger natural gait variability [1], allowing them 
to gain experience with larger portions of the landscape. Since 
measurement of energetic cost is noisy, the broader experience 
could allow their nervous system to detect a gradient that it may 
not be able to with a lower gait variability. 

Methods 
We experimentally tested the effect of cost gradient in 
triggering re-optimization. We used our mechatronic system 
which can manipulate users’ landscapes such that they adapt 
their walking step frequency to reduce energetic cost (Figure 1) 
[2]. We first measured participants’ originally preferred 
frequency as the average self-selected frequency during the last 
three minutes of a 12-minute walking trial (Trial 1). We 
calculated their natural variability as the standard deviation 
(SD) from this period and used it to parameterize their 
landscapes. This ensured that everyone experienced the same 
portion of the landscapes—determined by the gradient created 
by our system—irrespective of their natural variability. 
Leveraging pilot results where we observed spontaneous 
adaptation, the shallowest landscape had a gradient of 0.8% 
change in cost per SD change in frequency (Figure 2; G1). This 
penalized high frequencies, including the originally preferred 
frequency, shifting the optimum lower. Participants walked in 
this landscape for 15 minutes (Trial 2). We also created three 
other landscapes having the same cost at the originally preferred 
frequency but with gradients of 1.6%, 3.4%, and 5.2% per SD 

(Figure 2; G2-G4). Participants walked for 15 minutes while the 
landscape changed between these three in the order of 
increasing steepness, with each landscape lasting five minutes 
(Trial 3). Finally, participants walked in G1 for 15 minutes but 
spent the 5th to 10th minute walking at a cheaper frequency, 
enforced using an audio metronome (Trial 4). We averaged 
participants’ preferred frequency during the last three minutes 
of walking in each landscape to determine adaptation. 

 
Figure 1: Mechatronic system to manipulate walking cost landscapes. 

Results and Discussion 
The average adaptation (n=7) was not significantly different 
from 0SD in any of the landscapes or trials (Trial 2, G1, p=0.5; 
Trial 3, G2, p=0.3; G3, p=0.3; G4, p=0.2; Trial 4, G1, p=0.5) 
(Figure 2). This is surprising since the protocol from Trial 4 has 
been validated to elicit re-optimization in similar landscapes [1, 
2]. Since our system manipulates landscapes using forces to the 
hip, steeper cost gradients also lead to larger step-to-step force 
changes near the centre of mass. While no participant reported 
feeling perturbed, we suspect that experiencing such force 
changes may have inhibited the nervous system from straying 
away from the originally preferred frequency. 

 
Figure 2: Simulated landscapes (left) designed as a percentage of the 
average walking cost optimum obtained from literature. Right shows 
the average preferred frequency from Trials 2, 3, and 4. 

Conclusions 
Increasing the cost gradient may inhibit optimization under 
certain circumstances. We will test the hypothesis again while 
ensuring that a steeper energetic cost gradient does not also 
cause a steeper force gradient. 
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Summary 

Power-walking has an increasing popularity in fitness and 

rehab-programs, due to its expected lower impact forces. The 

study showed a lower impact forces than jogging and between 

15% and 76% higher muscular activity than walking. 

Introduction 

The popularity of power-walking (7–9km/h) in fitness and 

rehabilitation programs is rising and might be an alternative to 

running or Nordic walking. E.g. Kim et al [1] showed in a 

cardiac-rehabilitation program a significant higher VO2max for 

power-walking compered to walking. Although the scientific 

data base is still small compared to other walking or running 

activities. The goal of this study was to analyze the muscular 

activity, the horizontal distance of the foot and center of mass 

(COM) at foot-strike (FS) and its effect on the 3D-ground-

reaction-force (GRF). 

Methods 

15 healthy subjects (f, 23.5y) performed an instrumented over-

ground gait-analysis (Vicon, Full-Body Plug-in-Gait, 16 

Channel EMG, 2 force-plates) while power-walking (PW) at a 

speed of 2.2 ±0.1m/s and walking at a self-selected speed (1.6 

±0.1m/s) wearing the same shoe. The data of 10 trials PW and 

walking were time normalized and the mean of the distance 

foot-COM at FS, GRF and normalized Total-Intensity (Itot) of 

the wavelet-transformed EMG (WTEMG) was computed. The 

results were compared within each subject and over all sub-

jects for both conditions and with data of running [2]. 

Results and Discussion 

The horizontal distance foot to COM at FS increased by 

15mm during PW compared to walking. The maximal vertical 

GRF in early mid-stance was in walking: 11.8 ±0.9N/kg; PW: 

13.7 ±0.9N/kg, (running: 19.5 ±3.2N/kg [2]). The maximal 

horizontal GRF during the loading-response-phase was in 

walking: -2.6 ±0.4N/kg; PW: -3.0 ±0.4N/kg, (running: -4.7 

±1.9N/kg [2)]) (Fig.1). 

 

Figure 1: Comparison of the Ground-Reaction-Force (GRF). 

 

The horizontal distance foot-COM and the foot-floor-angle at 

FS influenced the horizontal GRF [3]. However, this had an 

impact on the anterior-posterior loading force in the knee 

joint. A lower horizontal impact GRF might be a benefit in an 

instable knee joint situation or Total-Knee-Arthroplasty 

(TKA) and results in a reduced stress in the ligaments and 

cartilage. The lower vertical GRF in PW compared to running, 

was caused by the missing flight-phase. This effect might be 

more comfortable for the person. 

The results of the WTEMG showed an increased Itot during the 

stance-phase for PW compared to walking. In the lower leg 

and quadriceps muscles it was between 26% and 69% higher 

in PW, in the hamstrings between 15% and 76% and in the M. 

Erector spinae long. (ESL) 51%. (Fig.2) 

 

Figure 2: Normalized Total-Intensity of the Thigh muscle of 15 sub-
jects each 10 Trials per condition 

The increased Itot of the WTEMG in PW compared to walking 

was related to a 31% higher walking speed. Further the higher 

walking speed in PW, but the just slightly bigger distance 

foot-COM at FS led to an increased step-cadenced, which also 

explained the higher muscular activity. The higher ESL-

activity was caused by the more pronounced arm movement in 

PW, in order to stabilize the trunk.  

Conclusions 

PW might be used as an effective workout or rehabilitation-

program for patients with an instable knee joint or TKA, due 

to the lower horizontal GRF but higher muscular activation. 

References 

[1] Kim et al. (2012); Ann Rehabil Med. Feb;36(1):133-40 

[2] Kleindienst at al., (2006) Sportverletz Sportschaden 

Mar;20(1):25-30 

[3] Martin et al., (1992) J Biomech. Oct;25(10):1237-9 

 

Saturday, August 03 2019: Posters (1600-1800) 1717

Locomotion General 3



 

 

Task constraints during locomotion affect movement attractor dynamics more than scaling a control parameter 
 

Peter C. Raffalt1,2, Jenny Kent2, Shane R. Wurdeman2,3 and Nicholas Stergiou2,4 

1Department of Biomedical Sciences, University of Copenhagen, Copenhagen, Denmark 
2Department of Biomechanics and Center for Research in Human Movement Variability, University of Nebraska at Omaha, 

Omaha, NE, USA 
3Department of Clinical and Scientific Affairs, Hanger Clinic, Houston, TX, USA 

4College of Public Health, University of Nebraska Medical Center, Omaha, NE, USA 

Email: raffalt@sund.ku.dk  
 

Summary 

The present study investigated the lower limb joint angle 
dynamics during walking and running at a range of speeds. 
The joint angle dynamics was assessed by the largest 
Lyapunov and correlation dimension. It was observed that 
while altered speed affected the attractor dynamics, changes in 
gait mode changed the dynamics more.  

Introduction 

According to Dynamical System Theory, the preferred gait 
mode at a given speed is characterized by greater movement 
attractor stability compared to the competing gait mode [1,2]. 
Based on this, it could be hypothesized that change in gait 
mode affects the movement attractor dynamics more than 
changes in a control parameter (i.e. speed). The purpose of the 
present study was to investigate this notion by assessing the 
lower limb joint angle dynamics during walking and running 
across speeds ranging from below the preferred walking speed 
(PWS) to above the preferred running speed (PRS). 

Methods 

Eleven healthy participants (five males/six females; mean±SD 
age: 23.3±3.9 yrs; height: 1.74±0.10 m; mass: 72.1 ± 14.3 kg) 
completed eight three minutes walking trials at 0.89, 1.12, 
1.34, 1.56, 1.79, 2.01, 2.24, 2.46 m/s and eight three minutes 
running trials at 1.79, 2.01, 2.24, 2.46, 2.68, 2.91, 3.13 and 
3.35 m/s in randomized order on a treadmill. Lower limb 3D 
kinematics was recorded at 120Hz and sagittal plane hip, knee 
and ankle joint angles were extracted from 80 consecutive 
strides. Joint dynamics was assessed by calculating the largest 
Lyapunov exponent (LyE) and the correlation dimension 
(CoD). A one-way linear mixed regression model ANOVA 
with subject as a random factor and speed as the repeated 
factor was applied to the LyE and CoD for each gait mode. In 
case of an overall effect of speed, a quadratic regression 
analysis was performed to determine the nature of the 
relationship between speed and the dependent variable in 
question. The overall percentage of variance accounted for by 
the regression (r2) was determined. 

Results and Discussion 

There was a significant curvilinear relationship between hip 
joint LyE and hip joint CoD and speed during walking and 
running (Figure 1). As walking speed increased the LyE of the 
hip joint angle increased beyond the corresponding value 
during running at the same speed and as running speed 
decreased the LyE and the CoD of the hip joint angle 

increased beyond the corresponding values for walking at the 
same speed. A similar pattern was also seen for the knee joint 
but not for the ankle joint. This suggests that while speed 
affected the attractor dynamics, changes in gait mode changed 
it more. Furthermore, the results suggest that the movement 
dynamics of the proximal joints to a greater extend captures 
the attractor behaviour during walking and running.  

 
Figure 1: LyE and CoD from the three joint angles during walking 

and running. Vertical dashed lines indicate PWS and PRS, resp. 
Trend lines indicate significant curve linear relationship with speed. 

Conclusions 

The present study supports the raised hypothesis that change 
in gait mode affects the movement attractor dynamics more 
than changes in locomotion speed.  
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Summary 
Gait analysis is commonly used to assess differences in 
walking between groups of adults or to evaluate changes in 
adults. In order to determine true differences between groups 
or time points, reliability and minimum detectable differences 
(MDD) are needed. This study evaluated within-day and 
between-day reliability and MDD for commonly reported hip 
biomechanics during walking. Within-day and between-day 
reliability were moderate to excellent for peak hip extension, 
flexion, and adduction angles and peak internal hip extensor, 
flexor and abductor moments. 

Introduction 
Gait analysis is commonly used for determining differences in 
walking biomechanics. Reliability or measurement error has 
not been determined for some of the commonly reported hip 
variables during walking.  

The purpose of this study was to determine within-day and 
between-day reliability and MDD of hip biomechanics during 
walking. We hypothesized peak hip extension, flexion, and 
adduction angles and peak internal hip extensor, flexor and 
abductor moments during walking would have good or 
excellent within-day and between-day reliability.  

Methods 
These data were collected as part of a larger study. The data 
set included 18 men, 18 to 45 years of age, who walked at 1.25 
m/s (+/-5%) during two data collection sessions at least one 
week apart. Within-day reliability was determined using an 
ICC(3,1) to compare data from 5 trials in the first data collection 
session. Between-day reliability was determined using an 
ICC(3,5) to compare the average of 5 trials from the first and 
session sessions. The standard error of measurement and 
MDD were calculated for 95% of a normal distribution. 
Reliability was considered excellent if the ICC was greater 

than 0.9, good above 0.75, and moderate between 0.75 and 0.5 
[1]. 

Results and Discussion 

Within-day reliability and between-day reliability were 
moderate to excellent for the hip variables of interest (Table 
1). Overall, within-day MDD values were lower than between-
day MDD values. This is expected because within-day 
reliability reflects variability between strides of the participant 
with minimal rater influence. For between-day reliability and 
MDD values, there is more variability due to influence of 
marker placement by the rater as well as differences in the 
participant between sessions. Within-day reliability and MDD 
values have not been reported previously.  

Our findings for between-day reliability and MDD for peak 
adduction angle, peak extensor and abductor moments were 
similar  to previous literature [2]. However, peak hip flexion 
angle had lower ICC(3,5) and higher MDD values than previous 
findings [2]. Peak hip flexor moment had higher ICC(3,5) and 
lower MDD in this study than previous findings [2].Generally, 
between-day reliability in this study was consistent with 
previous findings.  

Conclusions 
Hip biomechanics during walking had moderate to excellent 
within and between-day reliability. MDD values can aid in the 
interpretation of within and between-day differences in future 
studies on hip biomechanics during walking in healthy men.    
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Table 1: Within and between-day reliability (ICC) and minimum detectable difference (MDD) for hip variables of interest

 First visit 
(Mean(SD)) 

ICC(3,1)  (CI) Within-day 
MDD (SEM) 

Second visit 
(Mean(SD)) 

ICC(3,5) (CI) Between-day 
MDD (SEM) 

Peak hip extension angle (°) -3.8 (3.5) 0.92 (0.86-0.97) 2.7 (1.0) -3.3 (4.5) * * 

Peak hip flexion angle (°) 24.1 (5.9) 0.96 (0.93-0.98) 3.2 (1.1) 25.5 (6.2) 0.70 (0.23-0.89) 9.1 (3.3) 

Peak hip adduction angle (°) 8.6 (3.0) 0.93 (0.87-0.97) 2.2 (0.8) 8.0 (2.8) 0.87 (0.66-0.95) 2.8 (1.0) 

Peak hip extensor moment (Nm/kg) -0.6 (0.1) 0.87 (0.76-0.94) 0.14 (0.1) -0.6 (0.2) 0.76 (0.36-0.91) 0.19 (0.07) 

Peak hip flexor moment (Nm/kg) 0.1 (0.1) 0.766 (0.47-0.83) 0.13 (0.05) 0.1 (0.1) 0.62 (0.12-0.88) 0.12 (0.04) 

Peak hip abductor moment (Nm/kg) -0.9 (0.2) 0.69 (0.51-0.85) 0.08 (0.03) -0.9 (0.2) 0.95 (0.87-0.98) 0.10 (0.04) 

CI – confidence interval; SEM – standard error of measurement; *invalid ICC    
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Summary 

In order to study dynamic balance of stance phase during self-

paced walking, variations in orthogonal ground reaction forces 

(GRF) were examined by using force-plate installed dual belt 
treadmill. As walking speed increased, standard deviations 

(SDs) in GRFs tended to be higher both at the beginning and 

ending in double support phase (DSP) especially in Fvertical 

and Fa-p. In DSP, control of breaking action in leading leg as 

well as acceleration action in trailing leg constraint for stable 

walking at faster speed. Unstable dynamic balance might be 

caused especially at the beginning and ending phases in DSP 

during self-paced normal fast walking. 

Introduction 

In spite of long history of human gait research, not so much 

evidence on kinetic analysis during walking has accumulated 

because of targeted single step on the force plate in walkway 
setting. Development of new technology as instrumented dual-

belt treadmill enables to analyze continuous recordings of 

each step during gait. This study was designed to describe the 

variability of 3D ground reaction forces (GRF) during self-

paced normal walking. Hypotheses: Push-off in trailing leg as 

well as break-down in leading leg during double support phase 

would cause instabilities in 3D GRF during fast walking. 

Methods 

Six subjects walked on dual-belt treadmill instrumented with 

respective force platform (GRAIL, Motek Medical, The 

Netherlands). Self-paced target walking speeds (60-140 

m/min) were set by synchronizing with motion capture system. 
3D GRFs (Fa-p: anterior-posterior, Fm-l; medio-lateral and 

Fz: vertical) during each step were continuously recorded and 

stable 15-20 steps in each walking speed were used for 

analysis.  

 

Figure 1: Experiment setting of self-pased walking (GRAIL: Gait 
Real-time Analysis Interactive Lab, Motek Medical BV, Neth). 

Each GRF was synchronized and superimposed at onset of 

foot contact, and average GRF curve as well as SD and CV 

were calculated.  

Results and Discussion 

As walking speed increased, both step length and cadence 

increased and foot contact time decreased, which was 

accompanied by the increases in each GRFs. SD in GRFs 

during one step cycle tended to be higher at the beginning and 

ending in double support phase especially in Fz and Fa-p.  

 

Figure 2: Orthogonal ground reaction forces (upper) and their SDs 

(lower) in three walking speeds. 

Large variability was observed at two phases during double 

support in normal walking; foot contact and push-off. At foot 

contact, larger SDs in GRF were consistent across walking 

speed, on the other hand at push-off, SDs in Fz and Fa-p 

increased with walking speed. Larger variability in GRF at 

push-off phase in double support might be caused by increased 

step length/cadence as well as deceased contact time with 
increasing walking speed. During double support, control of 

breaking action in leading leg as well as acceleration action in 

trailing leg constraint for stable walking at faster speed. Inter-

individual and intra-individual (right and left foot) differences 

in GRF frustration were also stressed.  

Conclusions 

Unstable dynamic balance might be caused especially at the 

beginning and ending phases in double support phases during 

self-paced fast walking. 
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Summary 

Individuals encounter obstacles while walking through their 

environment on a regular basis, correct navigation of which 

requires correct visual perception of the obstacle and an 

appropriate biomechanical crossing strategy. In a physically 

fatigued state, environmental navigation can potentially pose 

greater risks through altering individuals’ perceptual-motor 

abilities. In this study, we found that following exercise visual 

perception of a suddenly appearing obstacle is hindered, but 

subjects’ kinematic obstacle crossing strategy is not. These 

results help to further elucidate the role of physical fatigue on 

environmental navigation, and may have implications for 

reduction of injury in physically demanding occupations.  

Introduction 

The ability to navigate an obstacle during locomotion requires 

correct visual identification of the spatiotemporal features of 

the obstacle in order to perform the correct mechanical 

obstacle crossing strategy [1]. In able-bodied individuals, 

physical and neural fatigue brought on by high levels of 

exertion have been shown to impact both visual perception [2] 

and gait biomechanics [3]. When an individual suddenly 

encounters an unexpected obstacle during locomotion, they 

must quickly perceive that obstacle and perform the correct 

mechanical crossing strategy. Hence, the purpose of this study 

was to examine the role of fatiguing exercise on healthy 

individuals’ perceptual-motor abilities during unexpected 

obstacle crossing.  

Methods 

Twenty able-bodied subjects have or are currently being 

recruited for this ongoing study. Subjects who have completed 

the study were asked to perform five trials of walking (rested) 

in a darkened lab, where a light illuminated an obstacle when 

subjects were 1m from a 30 cm high obstacle placed in a 

random location. Then, subjects performed a series of 

anaerobic and aerobic exercises, and performed a second set 

of five obstacle crossing trials (fatigued). During the obstacle-

crossing trials, subjects were fitted with wearable eye tracking 

glasses and visual gaze patterns were measured at 100 Hz. 24 

reflective markers placed on the lower limbs, and an 8-camera 

three-dimensional motion capture system was used to 

measure lower-limb kinematics during the task.  Gaze data 

extracted included saccadic delay (time between illumination 

of the obstacle and initiation of a saccade) and saccade 

velocity (angular velocity of the eyes towards the obstacle) 

was calculated using MATLAB. Kinematic data included 

leading- and trailing-heel and toe obstacle clearance and peak 

hip abduction during the obstacle crossing step.  

Table 1. Lower-limb obstacle crossing kinematics before 

(Rested) and following (Fatigued) high-intensity exercise 

 

 

Results and Discussion 

Preliminary data indicates a change in visual perception of the 

obstacle. Following fatiguing exercise, subjects demonstrated 

an increased time to initiate saccades (Fig 1A) and a decreased 

saccade angular velocity (Fig 1B) after the obstacle became 

illuminated. These results indicate a reduced ability to quickly 

recognize unexpected obstacles, which could potentially place 

individuals at a greater risk of injury from trips and falls in 

occupations that require high levels of exertion, such as 

tactical fields (police, fire military) and manual labor. 

Figure 1. A) saccade delay following obstacle appearance and 

B) saccade angular velocity pre (1) and post (2) exercise. 

Surprisingly, there was no difference in lower-limb obstacle 

crossing kinematics (leading and trailing heel and toe 

clearance, leading and trailing hip abduction) in the rested and 

fatigued states (Table 1). Thus, despite a change in visual 

perception of the obstacle following exercise it appears that 

subjects were able to preserve their walking behavior. Thus, 

while fatiguing exercise does not ultimately put young, 

healthy individuals at greater risk for trips and falls during 

obstacle clearance, the decrease in perceptual abilities noted 

here may have great impacts on those with motor disorders. 

Future research should examine these other populations. 

Conclusions 

Physical fatigue following exercise results in a decreased 

ability for healthy individuals to visually perceive unexpected 

obstacles, but does not alter lower-limb obstacle crossing 

kinematics. 
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SUMMARY 

Due to the increase of deskbound workstyles, there has also 

been an increase in sedentary behaviour. Walking workstations 

have been shown to decrease the amount of sedentary time and 

increase caloric expenditure to combat consequences of 

sedentary workstyles. Due to the dual-task involved in walking 

and performing work-related tasks, there are concerns on 

walking safely during workstation use. The purpose of this 

study was to examine the effect of a difficult precision mouse 

clicking task (MCT) on lower extremity angular joint positions 

at specific gait sub-phases. Results indicate that using a walking 

workstation while performing a MCT does not affect lower 

extremity angular joint positions, to an extent.  

INTRODUCTION  

Walking workstations provide health benefits to combat 

sedentary behaviour in workplaces. Concerns regarding 

individuals’ ability to walk safely and work efficiency are 

growing [1]. It has been hypothesized that performing activities 

during walking workstation use may lead to an increasing risk 

of an acute adverse gait-related events (i.e. tripping or falling) 

due to dual-task demands [1]. However, previous studies 

examined gross motor task, not fine motor, which may lead to 

greater attentional division [2]. As such, little is known 

regarding the effect of fine motor skill such as, a difficult 

precision MCT on walking mechanics. The purpose of this 

study was to examine the effect of a difficult MCT on lower 

extremity joint angular positions at specific gait sub-phases. 

METHODS 

44 healthy young adults (21 men, 23 women, 24.1±6.4 years; 

1.7±0.1m; 71.9±14.1kg) were recruited. Participants were 

instructed to walk using a walking workstation at 0.89 km*s-1 

for a total of two-minutes, with 1-minute of data collected after 

an initial 30 seconds during a baseline condition and a difficult 

MCT. While walking lower extremity three-dimensional 

motion capture data were collected (200 Hz, Vicon Nexus, Ltd., 

Oxford, UK). During the MCT, targets appeared randomly, and 

participants were instructed to use the mouse to navigate to each 

target and click it quickly. Raw trajectory data were exported to 

Visual 3D for processing where a digital low-pass Butterworth 

filter was applied (6 Hz). Data were then reduced to strides 

using a velocity-based algorithm. Variables of interest bilateral 

hip, knee, and ankle angular joint positions at loading response 

(LR), pre-swing (PSw), and terminal swing (TSw). Group mean 

and standard deviation values were computed at each sub-phase 

for baseline and the MCT. Two (limb) by two (condition; 

baseline/hard) analyses of variance (α=0.05) was used to test 

for statistical significance for each variable at each sub-phase. 

If an interaction was detected, dependent t-tests were used for 

both unilateral comparisons between tasks and between-limb 

comparisons within task (α=0.05). If no interaction was 

detected, task and limb main effects were examined after 

applying a Sidak adjustment.  

RESULTS AND DISCUSSION 

There were no significant interactions at any joint or sub-phase. 

There were only significant limb main effects at the ankle joint 

(p=0.011) during LR, and at the knee joint (p=0.003) during 

PSw. A significant condition main effect was detected at the 

ankle joint (p=.004) during TSw. Due to small mean differences 

in the ankle and knee angle limb (ankle: 1.03 [right] and -0.57 

[left]; knee:11.22 [right] and 11.41 [left]) and ankle angle 

condition main effects (baseline=4.29 and MCT=4.62) may 

not be large enough to cause a gait related event while using a 

walking workstation. These results indicate that performing a 

difficult MCT while using a walking workstation does not 

affect hip, knee or ankle angular joint positions, to an extent, 

which are consistent with contemporary findings [3]. 

 

Figure 1: * indicates significant limb main effect. + indicates 

significant condition main effect. 

CONCLUSIONS 

Performing a difficult MCT while walking on a walking 

workstation did not greatly affect hip, knee, or ankle angular 

joint positions at LR, PSw, and TSw. These finding align with 

contemporary literature, in that individuals may not be at 

greater risk of an adverse gait-related event while using a 

walking workstation and performing a difficult task [4].  

REFERENCES 
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How walking and running work: Insights from reduced gravity analyses 
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Summary 

The energetic cost of transport for running decreases directly 
with  gravity  level,  while  walking  cost  is  only  modestly 
affected [1]. Speed has the opposite effect: increasing walking 
speed  results  in  increased  cost  of  transport  while  that  of 
running is relatively insensitive (power increases but cost per 
distance  remains  nearly  constant).  An  optimization  model 
generates the same results. Probing the model provides insight 
into  why  these  effects  occur.  For  walking,  the  main  cost 
derives  from  doing  positive  work  to  replace  collision  loss 
following heel strike, loss that depends only on speed and step 
length  (not  gravity)  while  costs  associated  with  both  heel-
strike  and  leg  swing  increase  with  speed.  For  running,  as 
gravity  decreases  the  collision  cost  of  each  step  remains 
constant but flight time increases. Likewise, as speed increases 
at  any  gravity  level,  running  collision  cost  increases  are 
balanced by longer stride length to give near constant cost of 
transport.

Introduction 
The effects of artificially reducing gravity serve as a test of 
predictive theories of locomotion. The energetic cost of 
transport (CoT) for walking is highly sensitive to speed while 
that for running is relatively insensitive. Conversely, the CoT 
of running is highly sensitive to gravity level while that for 
walking is relatively insensitive. These results might suggest 
that fundamentally different mechanisms are at work in each 
gait (pendulum exchange and spring recovery), however these 
effects have not been satisfactorily explained. Optimization 
with a minimally constrained bipedal model predicts energetic 
differences of walking and running for both speed and gravity 
reduction that parallel empirical measurements, even though 
the same mechanisms are used for both gaits in the model. 

Methods
Reduced gravity was simulated using a harness supported by a 
zero rest-length spring mechanism that applied a near constant 
upward force to the torso. Oxygen consumption and step 
length were measured at various speeds and 2 gravity levels 
for both walking and running in healthy recreationally fit 
individuals. Experimental results were compared with 
predictions of a mechanical model in which motion and forces 
are optimized for minimum CoT for the given gravity, speed 
and gait. The 2D model has 6 leg links and a link representing 
the torso. Energetic cost is assumed proportional to a weighted 
average of positive (+0.25) and negative (-1.20) work. No 
elastic energy storage is included in the model. 

Results and Discussion 
Both gaits appear to employ similar energy minimization 
strategies, primarily influenced by the balance between: (i) the 
cost of stance-leg work to reduce foot-ground collision loss 
and redirect the centre of mass motion from downward to 
upward during substrate contact, and (ii) the cost of swing-leg 
work to accelerate and then decelerate the leg motion. 

Energetic cost differences between the gaits arise from limits 
to the energy minimization strategies available in each and not 
because substantially different energy recovery strategies are 
involved (ie, not because running appears spring-based or 
walking pendulum-based). 
Running cost comes largely from doing positive work to 
replace collision losses that occur due to the vertical impact of 
the body during stance. In reduced gravity this loss remains 
fairly constant per step because the landing velocity equals 
take-off velocity regardless of gravity level. However, CoT is 
reduced because a given take-off velocity results in a longer 
flight time. Although walking cost also derives largely from 
doing positive work to replace collision losses during the step-
to-step transition, this loss is due to step length and speed, 
with little influence from gravity. Walking cost decreases 
slightly in lower gravity because the body does not slow and 
speed up during single stance (inverted pendulum motion) 
since reduced gravity means less potential-kinetic energy 
exchange. As a result, slightly longer step lengths are allowed 
with the same collision loss. 
Figure 1: Model prediction compared with empirical results; walking 

black, running red, normal gravity solid, 0.5g dashed. 

Conclusions 
An optimization model of walking and running reacts to 
changes in gravity level the way humans do and demonstrates 
why these gaits have the energetic patterns they do. 
References 
1. Farley, CT, McMahon, TA (1992). J. Appl. Physio., 73: 

2709-2712.
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Environment-Dependent Modulation of Ankle Impedance during the Stance Phase of Walking 
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Summary 
This study reports the effects of mechanical environment on the 
modulation of ankle impedance during the stance phase of 
walking. We used a robotic platform, capable of simulating 
different mechanical environments and providing accurate 
perturbations, to investigate how ankle impedance vary during 
walking over the rigid and compliant grounds. A pilot study 
with three healthy individuals demonstrated that ankle stiffness 
was modulated in a highly environment-dependent manner over 
the stance phase of walking, while ankle damping was less 
affected by the compliance of environments. 

Introduction 
Humans perform various postural and locomotion tasks by 
properly modulating ankle impedance. While ankle impedance 
during upright postural balance and walking over a rigid ground 
has been previously studied, little is known about how it is 
modulated during interaction with different mechanical 
environments [1]. This study aims at investigating how ankle 
impedance, in particular ankle stiffness and ankle damping, is 
modulated during the stance phase of walking on two distinct 
mechanical environments: rigid and compliant environments.  

Methods 
Three healthy individuals (Height: 171-180 cm, Weight: 69-74 
kg and Age: 22-26 yrs) were recruited for this study. Subjects 
were instructed to walk on an elevated walkway into which a 
multi-axis robotic platform was recessed (Fig. 1) [2]. The 
platform simulated either rigid or compliant (platform stiffness: 
800 Nm/rad) environments and was programmed to perturb the 
ankle in dorsiflexion (amplitude: 3º) at three different time 
points (20%, 40% and 60% of the stance phase) during which 
kinematics and torques of the ankle were recorded. No 
perturbation trials were also conducted to obtain the baseline 
kinematics and torques of the ankle. A total of 160 trials, 40 
trials per condition, was conducted.  

A linear regression was performed on the recorded data to 
quantify ankle impedance consisting of stiffness, damping and 
inertia. The reliability of quantification was evaluated by 
calculating the percentage variance accounted for (%VAF). 

Results and Discussion 

Ankle stiffness increased with the progression of stance phase 
in the rigid condition (Table 1). In the compliant condition, 
ankle stiffness increased up to 40% of the stance phase followed 
by a decrease at 60%. Further, the stiffness at 20% stance was 
higher compared to the rigid condition, which could be due to 
increased co-contraction and reflex responses of ankle muscles 
to cope with environmental instability. On the other hand, the 
stiffness at 40% and 60% stance was lower than the rigid 
condition. We postulate that this trend was due to voluntary 
control shifting weight to the other leg in response to the 
compliant environment, which substantially decreased the 
loading at the ankle on the platform.  

Ankle damping increased with the progression of stance phase 
both in the rigid and compliant conditions, but no noticeable 
difference was observed. 

Figure 1: Experimental Setup. 

Conclusions 
This study, for the first time, demonstrated that ankle 
impedance, in particular ankle stiffness, can be modulated in an 
environment-dependent manner during stance phase of 
walking, which refines our understanding on ankle impedance 
modulation.  

References 
[1]   Rouse EJ et al. (2014) IEEE Trans. Neural Sys. Rehab. 

Eng. 22 (4): 870-878. 
[2]   Nalam V and Lee H (2019) IEEE/ASME Trans. 

Mechatronics, in press 
 

Table 1: Ankle impedance at 20%, 40% and 60% of the stance phase of walking in rigid and compliant environment conditions. The mean of 
three subjects were reported. 

 Rigid Environment Compliant Environment 
Stance Phase Stiffness [Nm/rad] Damping [Nms/rad] % VAF Stiffness [Nm/rad] Damping [Nms/rad] %VAF 

20% 242.97 0.90 98.5 265.91 0.87 91.7 
40% 418.72 1.64 98.1 314.26 1.78 96.2 
60% 440.75 4.61 98.7 260.77 4.64 95.1 
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Summary 

This experiment aims to determine the connection between 

auditory cueing and how a person’s gait adjusts to the cadence 

of a metronome.  In this study, eight healthy young participants 

walked at their preferred cadence and at a calculated rate of 20% 

increased and decreased cadence. We found that decreased 

cadence resulted in an increase of swing time, stance time, 

stride time, and stance to swing ratio, and a decrease in stride 

length. Whereas increased cadence resulted in a decrease in 

stance time, stride time, swing time, and stance to swing ratio, 

and an increase in stride length. Auditory cueing is important in 

modulating gait and can be used as gait rehabilitation regimen 

in the future. 

 

Introduction 

Previous research has shown that auditory stimulation, such as 

the use of a metronome or cueing, has a positive effect on gait. 

Parkinson’s Disease patients are found to have shortened stride 

length and decreased walking speed. Some studies have found 

that auditory stimulation can positively influence the gait of 

individuals with Parkinson's Disease (Freedland et al., 2012). 

Some studies have reported improvement in walking speed and 

stride length in individuals using cueing. (Nascimento et. al, 

2014). It has been found that rhythmic auditory stimulation may 

positively affect asymptomatic gait (Schreiber et. al, 2016). 

Rhythmic auditory cueing such as a metronome can change gait 

speed (Ducharme et.al, 2018). In this study we are investigating 

into the effects of auditory cueing on healthy gait. 

Methods 

Four females and four males participated in this study. The 

anthropometric data is shown in table 1.  All participants of the 

study signed the IRB consent form before participation. The 

normal cadence was measured by documenting the time and 

number of steps taken to walk a predetermined distance of ten 

meters in an unobstructed walkway. The cadence 20% above 

and below subjects’ normal cadence value was then calculated. 

Data was collected for two minutes at normal cadence, 

increased cadence, and decreased cadence. The order of 

conditions assigned was randomly predetermined. 

 Table 1: Anthropometric data of participants 

Age (years) Height (cm) Weight (km) 

24±2.72 167.97±7.46 67.25±9.87 

 Results and Discussion 
  

Increased 

Cadence 

Decreased 

Cadence 

Normal 

Cadence 

STANCE/SWING 

(% of Gait 

Cycle) 

63.31±1.374* 65.40±1.837 64.48±1.377 

STANCE TIME* 

(Seconds) 

0.574±0.043 0.862±0.087 0.690±0.060 

STEP LENGTH 

(Meters) 

0.724±0.093 0.657±0.129 0.692±0.094 

STEP WIDTH 

(Meters) 

0.134±0.032 0.141±0.037 0.136±0.038 

STRIDE 

LENGTH 

(Meters) 

1.456±0.182^ 1.299±0.237^ 1.383±0.186 

STRIDE TIME* 

(Seconds) 

0.906±0.055 1.317±0.124 1.069±0.078 

SWING TIME* 

(% of Gait 

Cycle) 

0.332±0.016 0.455±0.046 0.379±0.024 

 

Figure 1: Joint moment profile of ankle during different auditory 

cueing. 

Conclusions 

This study provided insightful information on how we can 

improve a fall risk patient’s balance by measuring their 

cadence, while using a metronome. With fall risk patients 

continuing to rise, this research suggests that the use of a 

metronome can have a positive effect on the balance of fall risk 

patients. 
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Subject Perceived Haptic Feedback during Different Mode and Number of Motors 
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Summary 
This study investigated the type and number of haptic 
feedbacks that would yield better subject perceived accuracy 
during walking and running. Findings suggested staggered 
haptic feedback would lead to higher accuracy than 
continuous feedback especially when more than two motors 
were used. 

Introduction 
Augmented feedbacks have been shown to enhance effects of 
walking and running gait retraining programs.[1,2] While 
visual feedback is more commonly used, haptic feedback has 
been shown to yield better results.[3] One benefit of haptic 
feedback system is that it can provide feedback to multiple 
body segment and thus allow modifications of multiple gait 
parameters.[4] However, it remains unclear how haptic mode 
(e.g., simultaneous or staggered) or number of motors affects 
individual’s perception of haptic feedback during locomotion. 
Thus, the purpose of this study was to examine subject 
perceived haptic feedback during different types of haptic 
mode and numbers of motors during walking and running.  

Methods 
Eighteen subjects (10 male, 8 female, age: 
22.5 ± 3.0 yrs, BMI: 22.6 ± 3.6 kg/m2) 
participated in the study. All subjects 
reported no pain or symptoms while 
walking or running, nor history of surgery 
or sensory deficit.  
Subjects performed two walking and two 
running trials on a treadmill at self-
selected comfortable speeds (walking: 1.1 
± 0.2 m/s, running: 2.2 ± 0.2 m/s). Each 
trial lasted between 12 and 14 minutes. 
During each trial, subjects experienced vibrations by motors 
placed over 10 locations of his/her body bony landmarks: 
upper and lower back, bilateral posterior superior iliac spines, 
bilateral medial and lateral femoral epicondyles, and bilateral 
lateral malleoli (Figure 1). Two types of vibrations were 
implemented, “continuous” and “staggered.” During 
“continuous” vibration, the combinations of motors vibrated at 
the same time. During “staggered” vibration, the combinations 
of motors vibrated in a sequential manner with a 0.5-second 
delay between each motor. Vibrations were sent in 
combinations of up to four motors in a pre-determined random 
order. Subjects were asked to verbally report the number and 
location of vibration motors they perceived during the 
experiment.  
Feedback perception accuracy (FPA), which is defined as the 
percent accuracy of detecting correct number and location of 

vibration motors, was calculated for each combination. Two-
way repeated measures ANOVA was used to evaluate effects 
of number of motors (i.e., 2, 3, and 4) and vibration modes 
(i.e., continuous and staggered) on FPA during walking and 
running.  

Results and Discussion 
Results of FPA during walking and running were shown in 
Figure 2. Overall, FPAs were greater than 50% in all motor 
and activity conditions in staggered mode. On the other hand, 
FPAs reached above 50% only during two motor condition in 
continuous mode.  

 
Figure 2: Feedback perception accuracy (FPA) during walking and 

running 

Results of ANOVAs showed significant number-of-motor, 
vibration-mode, and interaction effects (p < 0.001) for both 
walking and running. FPAs reduced as the number of motor 
increased. Compared to continuous mode, staggered mode 
yield higher FPAs, especially when the number of motor 
increased. When examining staggered or continuous mode 
alone, FPAs were significantly higher during walking than 
running (p = 0.04 and 0.01, respectively) with a mean 
difference of 8%. 
Findings of this study of this study provide valuable insights 
into the feasibility of vibration mode and number of motors 
during locomotion. Information obtained from this study can 
be used to design a better haptic system and experimental 
protocol.  

Conclusions 
Findings of this study showed that staggered haptic feedbacks 
would yield greater subject perceived accuracy during 
locomotion especially when more than two motors were used.   

References 
[1] Shull PB et al (2015). J Neuroeng Rehabil, 12: 59. 
[2] Argresta et al (2015). J Orthop Sports Phys Ther, 45: 576-
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Experimental 
setup. 
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Summary 

Recent studies attempted to apply neural network (NN) to 
estimate ground reaction force (GRF) without force plate 
measurement. To relieve the requirement of large training data 
set for NN to better estimate the output, we proposed a 
mechanics-implemented NN method. To convert kinematic 
sacral position into kinetic GRF data, a spring loaded inverted 
pendulum (SLIP) model simulation was used in Step 1. Then 
the output of Step 1 is fed into NN in Step 2. Four subjects’ 
instrumented treadmill walking data at 1.5 m/s were collected. 
Training and test set were 24 steps of three subjects and 8 
steps of the other subject, respectively. Despite the small 
number of data set, GRF were estimated with reasonably good 
match with the data (R2 = 0.82). Results imply that the use of 
biomechanical characteristics of human gait helped to provide 
reliable estimation of GRF without large number of training 
data set. 

Introduction 

GRF is fundamental kinetic data in gait analysis and measured 
by 3D force sensors mostly in the laboratory set up. To GRF 
outdoor, with the input of sacral position data, which were 
assumed to be obtained from IMU based wearables, studies 
used a NN model, which needs a lot of learning data set to 
better estimate the results. One of the ways to overcome this is 
domain knowledge implement [1]. In this study, to maintain 
the GRF estimation accuracy despite the small data set, we 
integrated the SLIP model into the NN model with the input of 
sacral point kinematics data. 

Methods 

The proposed method has two steps. First is biomechanical 
model step, and second is NN process step. 

 STEP 1. Using SLIP model, we could roughly calculate the 
SLIP simulated GRFs from the sacral marker trajectory 
information via mechanical constraints between them.  

STEP2. We construct simple form of the Long-short term 
memory (LSTM) neural network model. The number of 
hidden unit was 100. Using this model, we estimated the final 
ground reaction force from the first calculated GRF. 

Four subjects’ were participated in this study. We collected 
kinetic data and GRF data using infrared camera and treadmill 
with force platform. Among 32 steps, 24 steps were used for 
training NN, the remains were used for validation. 

Results  

As a result, the  value was final   was 0.82 ± 0.09 and  Fap 
was 0.82 ± 0.06. It was improved results comparing using NN 
only ( :-.13 ± 0.09, : 0.68 ± 0.22) from same data.  

Figure 1: Structure of proposed biomechanics-implement neural 
network model. STEP 1. Calculate the GRF from SLIP model 
simulation with the input of sacrum trajectory. STEP 2. Calculate 
GRF from NN model with the input of simulated GRF from SLIP, 
the output of step 1. 

. 

 
Figure 2: (A)-(C) Estimated GRFs and (D) data. 

Conclusions 

In conclusion, we proposed an implement method of applying 
the biomechanical domain knowledge of human walking to 
NN learning process to increase the accuracy of estimation 
without increasing the complexity of neural networks and 
learning samples. 
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Speed regulation increases the robustness of a simple treadmill walker more than position control
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Summary
Experiments have shown that humans walking on a treadmill
strongly prioritize speed regulation from one stride to the next.
Why this is so and what implications, if any, this has for fall risk
is an open question. Here, we study the relationship between
task-level regulation and global stability in a powered compass
walker on a treadmill, with additional speed and position con-
trollers. While both provide viable regulation strategies for tread-
mill walking, we find that speed regulation enlarges the walker’s
stability region much more than position control.

Introduction
The dynamical analysis of sagittal plane stepping data from tread-
mill walking has shown that humans exploit task redundancies to
regulate their step speed [1, 2]. Why humans prioritize speed reg-
ulation while treadmill walking over the equally rational strategy
of maintaining absolute position remains unresolved. Indeed,
in different walking environments, the ability to adaptively ma-
nipulate redundancies, control strategies, effort, and energetic
efficiency likely dictate the stepping dynamics observed exper-
imentally. Here, we use simulations to study a model system’s
ability to reject large disturbances when employing different task-
level regulation strategies. This work examines the question of
why humans might prefer one task strategy over another from the
perspective of global stability, a system characteristic believed to
be intimately related with fall risk.

Methods
We used a 2D compass walker [3] with toe-off impulse P applied
just before heel strike (Fig. 1). The heel-strike Poincaré map
advances the system state (θ+k , θ̇

+
k ) from step k to step k+1, and

has an open-loop-stable fixed point (θ∗, θ̇∗)≈ (0.305,−0.317),
with speed v∗≈ 0.156 when P ∗=0.1. Here, step length Lk :=
sin(θ+k ) − sin(θ−k ) and step period is Tk, so vk := Lk/Tk. The
treadmill speed is set to v∗ (Fig. 1). We added nonlinear optimal
speed or position controllers selecting Pk = P opt

k minimizing a
cost [Ck+1(Pk)]

2, where Cv
k+1 := vk+1(Pk) − v∗ is the speed

cost, and Cd
k+1 := dk+1(Pk) is the position cost, with dk+1 =

dk + Lk+1 − v∗Tk+1. We simulated trajectories on a fine grid
of initial states in a region where the walker is capable of taking
≥ 1 step. A trajectory starting at a grid point was considered
part of the basin of attraction (BoA) if the walker’s end state was
close to the fixed point of the open-loop-stable gait (Fig. 2).

Results and Discussion
The open-loop BoA (i.e., with no control applied; Fig. 2, ) is
quite thin and nonconnected: Its many disjoint boundaries form
open “slits” (inset Fig. 2) so that the basin itself is the union
of many disjoint regular regions. The speed-regulated basin
( ) has 10.4× as many grid points as the open-loop BoA and is

θ+k
φ+k

(a)

dk−1

θ−k
φ−k

Pk
(b)

v∗

θ+k+1
φ+k+1

(c)

dk

swingstance

“switch”

legs

swing

phase

hip

Figure 1: 2D compass walker [3] on treadmill (belt speed: v∗): (a) just
after kth, (b) just before (k + 1)st, and (c) just after (k + 1)st heel strike
(φ = 2θ). The hip is at distance dk−1 from the center of the treadmill
when the kth step begins with d0 ≡ 0.

Figure 2: BoAs of the target gait cycle (×+): open-loop ( ), speed-
regulated ( ), position-controlled ( ). We scaled θ̇+ for better visu-
alization: ˜̇

θ+ := [θ̇+ − Ωlow(θ+)]/[Ωlow(θ+)− Ωhigh(θ
+)], where for

θ̇+ ∈ [Ωhigh(θ
+),Ωlow(θ+)] given θ+, the walker takes at least one step.

simply connected: it is highly regular with only two disconnected
boundaries. The position-controlled BoA ( ) is only 2.4× that
of open-loopBoAand it has two disconnected “islands” including
a tiny one at the bottom (inset Fig. 2).

Conclusions
Simulations of a simple powered walking model showed that
speed regulation makes treadmill walking much more robust to
large disturbances than either position regulation or no regulation.
This illustrates a previously unappreciated connection between
task-level regulation strategies and global stability. Furthermore,
it suggests the possibility that humans might select, from among
multiple strategies capable of achieving a task goal, those that
most enhance motor robustness and, hence, minimize risk of fall.
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SUMMARY 

This paper presents a novel ergonomic design for the 1st 

metatarsophalangeal joint (1st MTPJ) stiffness measurement 

system. Although several studies focused on the experimental 

measurement of the 1st MTPJ range of motion, little attention 

has been given to the design of the measurement device. 

Based on the current problems mainly related to the device 

design, we propose a new design for the 1st MTPJ stiffness 

measurement system. To the author knowledge, this is the first 

equipment with a small size and simple design which is 

compatible for the right and left foot (ergonomic design). The 

device is semi- frictionless and it can measure stiffness of the 

1st MTPJ with high reliability in non- load bearing position.  

INTRODUCTION  

1st MTPJ has a high risk to be affected by Osteoarthritis such 

as Hallux Rigidus and Hallux Valgus in which articular 

surfaces are changed permanently, and cartilage is worn out 

gradually due to fatigue/ wear forces [1, 2]. This may 

exacerbate further foot problems. Therefore, a measurement 

device for early diagnosis would increase the opportunity for 

prevention or delayed permanent damage and disease 

progression. In previous studies on the stiffness of the 1st 

MTPJ [3, 4], design, size, tribology consideration and sliding 

of device with respect to the phalanges, although functionally 

of great importance, have been little investigated. Therefore, 

the motivation of our research was to enhance the design and 

reduce the size by a new device located next to the 1st MTPJ 

instead of under the foot.  

METHODS 

The device dimensions were 137 mm × 55 mm × 45 mm and 

consisted of different parts such that each part had a specific 

feature suitable for the 1st MTPJ stiffness measurement with 

low errors (Figure 1a, b). The 1st MTPJ stiffness (N.mm/ kg. 

radian) measurement was taken on 10 subjects with two 

replicates per subject by the same rater. Stiffness measurement 

was done in supine position while a vertical force apply into 

the first toe using a load cell in parallel with angular 

displacement measurement by a rotary potentiometer (Figure 

1c,d). Reliability evaluation was measured using Intra class 

correlation coefficient (ICC). 

 

 

 

Figure 1: (a) 3D design of the 1st MTPJ device, (b) 1st MTPJ 

measurement device, (c) stiffness measurement in the neutral 
position, and (d) stiffness measurement in the maximum dorsiflexion. 

RESULTS AND DISCUSSION 

The 1st MTPJ stiffness ranged from 4.74 to 10.00 N.mm/ kg. 

radian with the mean value of 6.97 (1.61) N.mm/ kg. radian 

for the left feet and 4.25 to 9.9 N.mm/ kg. radian with the 

mean value of 7.38 (1.76) for the right feet. In Reliability 

Statistics, the Cronbach's Alpha was 0.94 for the left feet and 

0.90 for the right feet describing an excellent reliability and 

internal consistency between two tests. In addition, Standard 

Error Measurement (0.39 and 0.56 N.mm/ kg. radian for the 

left feet and right feet respectively) conceptually related to the 

reliability in ICC was low in that it provided a low dispersion 

of the measurement errors. The amount of time required to 

conduct the test and collect data (efficiency) was reduced in 

comparison to the previous work. 

CONCLUSIONS 

The 1st MTPJ stiffness was evaluated in two occasions using a 

new ergonomic measurement system with excellent reliability. 

The ergonomic design reduced errors with stiffness 

measurement, and the one handed left/right foot adjustable 

feature greatly enhanced the user friendliness and fast 

measurement capabilities.  
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Summary 

This investigation explored the geometrical customisation of 
the established BOX total ankle replacement (TAR), to 
minimise the critical issue of prosthesis-bone size mismatch. 
A customisation procedure was developed and applied in eight 
patient-specific bone models through in silico implantation. 
These implantations were used in a comparative analysis to 
investigate the effectiveness and quality of customisation. This 
was successfully achieved with initial positive results of 
improved implant seat, worthy of further investigation. 

Introduction 

TAR was developed as a long-term solution [1] to restore 
mobility and alleviate pain in arthritic ankles [2]. However, 
size mismatch remains a contributing factor to secondary 
complications [1]. Prosthesis customisation has the potential 
to correct this issue by attuning designs to patient-specific 
dimensions [3]. The aim of this study was to investigate 
customisation in the BOX Ankle [4] to minimise size 
mismatch for improved outcomes. 

Methods 

The BOX TAR components (MatOrtho, UK) were 
parameterised using Creo (PTC, MA-USA). The investigation 
constraints were the use of the original TAR instrumentation 
and the original meniscal insert. Eight patient-specific bone 
models were implanted with the BOX prosthesis in silico 
using GeoMagic Control (3D Systems, SC-USA). Bone 
resections corresponding to the in vivo TAR were performed 
using polygon manipulation. The best-fit standard components 
were implanted first, and then the custom prosthesis were 
created and implanted based on the requirements observed in 
the standard implantation. A comparative analysis between the 
standard and custom in silico implantations was then 
conducted using distance mapping and calculations of bone-
prosthesis contact and resection volume. 

Results and Discussion 

The procedure successfully resulted in customised 
components and the final bone models demonstrated that this 
customisation was worthwhile. Distance mapping (Figure 1) 
demonstrated the improved contact with the resected bone, 
including better seat on the edge of the estimated cortical bone 
rim. The prosthesis-bone surface coverage increased on 
average by 6-10% (Table 1). The effect on resection volume 
by customisation was limited, but increased minimally for the 
tibial component. The use of 3D modelling could also improve 
component choice, and act as a form of pre-surgical planning.  

The limitations of this investigation included the narrow scope 
for free customisation created by the investigation constraints, 
the limited number and the condition of the ankle joints 
analysed, and the lack of a kinematic model, which would give 
improved implantation accuracy [4]. Extensive in vivo trials 

are now required to determine a cause-effect relationship. 
Other TAR designs could also be investigated. 

 

 
Figure 1: Distance maps, bone model 1: contact of the standard (left) 

and custom (right) components, on tibia (top) and talus (bottom). 

Table 1: The change in the prosthesis-bone surface coverage (%)  

  Change in the Prosthesis-Bone Surface Coverage (%)  
Bone Model Tibial Component Talar Component 

1 6.3 13.9 
2 -7.5 8.3 
3 7.3 14.3 
4 11.4 9.5 
5 6.7 0 
6 3.4 0 
7 11.8 7.2 
8 11.2 7.2 

Conclusions 

This investigation demonstrated that TAR customisation [5] 
could minimise mismatch through improved sizing and seat on 
bone. This indicates the worth of further investigation, 
including in clinical cases, particularly the effects of 
customisation on biomechanics, bone-prosthesis stress and 
wear. The use of customised instrumentation and inserts 
would increase the scope for customisation, and eventually 
improve TAR patient outcomes. 
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Summary 

The development of a product for medical use must meet a 

series of requirements to be used, when you want to use the 

product, it is necessary to perform some measurements and 

tests to ensure that the equipment meets the requirements 

satisfactorily. Being a new development, it is very important 

that it complies with the requirements of safety, ergonomics 

and confidence that the equipment is complying with what is 

established for its use. 

Introduction 

The main objective of this work is to design and develop a 

pool immersion crane to help exercise the musculoskeletal 

system of patients with muscular dystrophy problems. A 

growing disease in recent years that affects the entire 

population, mainly children and adolescents. This disease 

causes weakness and progressive degeneration of the skeletal 

muscles reducing the motor capability of the patients. In 

addition, it is a highly expensive disease due to the treatments 

used to retard muscle degradation; Physiotherapy, medications 

and surgeries are among the methods used. These treatments 

seek to prolong the independent life of patients. 

Methods 

Muscular dystrophy is a degenerative disease that affects the 

entire population in general, is of genetic origin and mainly 

affects children and adolescents. Currently, one in every 3,500 

male births has this disease [1]. Muscular dystrophy is a 

highly expensive disease due to the treatments used to slow 

down the degenerative process of the muscles.  

People with Duchenne muscular dystrophy lose motor 

capacity in adolescence and die between 20 and 30 years of 

age [2-3]. It is very important to implement treatments that 

stimulate muscle activity at an early stage of the disease in 

order to prolong the independent life of patients. For this, it is 

recommended that patients can exercise in pools to stimulate 

the muscles and reduce the loads on the joints. 

Results and Discussion 

Being able to introduce patients to the pool represents a 

challenge for physiotherapists due to the risks that exist during 

the immersion, among which we can mention falls, twists, 

bumps, muscle tears etc., for which one solution is to use 

cranes. Currently, there are cranes that help patients to 

immerse themselves. However, they are highly expensive and 

the designs of the seats produce vertigo in the patients. This 

represents a risk and discomfort to people during the 

immersion. 

Due to the above, there is a need to design and develop an 

electromechanical immersion crane that allows patients to 

enter the water as safely as possible without producing the 

sensation of vertigo. Currently, the design of the crane has 

been made with a new type of seat that provides a greater 

contact area and a restraint harness that provides greater safety 

to patients, Figure 1. 

 

 

Figure 1: Experimental tests in patients with muscular dystrophy. 

Conclusions 

The new design of the seat in the crane provides a better 

support in the backrest. Patients can support the neck and the 

rest of the head without risk of getting an injure. The design of 

the seat adapts to the morphology of the patients with 

muscular dystrophy increasing the contact area between patien 

and the backrest. This crane will reduce the probability of 

getting an injure during the immersion process of the patien 

into the pool for therapy. 
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Summary 
This study carried out a test and FE analysis of the contact 
pressure of a femur fracture fixation plate made of shape 
memory alloy. The measured contact pressure was 16.7MPa 
from the contact pressure test and the calculated value showed 
16.3 MPa by finite element (FE) analysis. 
Introduction 
For femur fracture, patients’ fracture is treated through 
osteosynthesis using a femur fracture fixation plate and screws. 
Since screws in surgery are directly fixed in the bone, however, 
local damage tends to occur in the bone. As screw holes 
remain in removing the screws after synostosis, there is a risk 
of the occurrence of the secondary fracture. As a solution to 
overcome the limitations of the surgery method using screws, 
some clinical cases are reported, in which a fracture region is 
treated using a femur fracture fixation plate made of shape 
memory alloy without screw holes in the bone [1][2]. 
However, there have been no reports from the biomechanical 
perspective, concerning the contact pressure by the shape 
recovery of the femur fracture fixation plate made of shape 
memory alloy. This study measured the contact pressure of the 
femur fracture fixation plate made of shape memory alloy 
using contact pressure test equipment, and also compared the 
measured results to the calculated contact pressure by FE 
analysis. 
Methods 
This study newly fabricated test equipment measuring contact 
pressure occurring through the shape recovery of the femur 
fracture fixation plate made of shape memory alloy. This 
study also produced the plate prototypes with support from the 
SMA Co. (Length 100mm, Diameter 28mm, Thickness 
2.2mm), and prepared cylindrical composite bone 
(www.sawbones.com) with a diameter 30mm as well as 
pressure sensitive paper (PRESCALE, Fuji Film, Japan) for 
pressure measurement (Figure 1). 
 
 
 
 
 
Figure 1: Test equipment of contact pressure measurement 
 
Figure 1: Test equipment of contact pressure measurement 
 
The plate was installed on the composite bone surface to 
which the pressure sensitive paper was attached after the plate 
ribs on both sides were sufficiently open at a low temperature 
(5℃). Then, by sinking the plate and the composite bone into 
a water tank filled with water at a high temperature (37℃-
40℃), the contact pressure measurement test was conducted to 

cause a shape recovery effect. Using a pressure mapping 
distribution software (FPD-8010E, Fuji film, Japan), contact 
pressure occurring in the pressure sensitive paper was 
analyzed (Figure 2). The 3D FE models of the plate and the 
composite bone were constructed, and a contact pressure FE 
analysis was performed (Figure 3). As a solver, ANSYS 
(v14.5) was used. The comparison result between the test and 
the FE analysis of the contact pressure is shown in the Table 1. 
 
 
 
 
Figure 2: Contact pressure occurred in pressure sensitive 
paper (left) and analyzed result (right) using software 
 
 
 
 

 
Figure 3: FE models and FE analysis result 
 
Table 1: Test results of contact pressure (unit: MPa) 

Test (Ave.) FE Analysis Difference 
16.7 MPa 16.3 MPa 2.4% 

Results and Discussion 
The measured contact pressure was mean 16.7MPa, which 
was noticeably lower than the femur yield strength (114MPa). 
Also the calculated value showed 16.3 MPa by FE analysis, 
which was very close to the test result. 

Conclusions 
This study conducted a test and FE analysis of the contact 
pressure by shape recovery effect, which should be first 
examined to apply a femur fracture fixation plate made of 
shape memory alloy to human femurs. It is expected that 
applying the contact pressure analysis method proposed in this 
study will be able to analyze contact pressure using human 
femur models based human CT image. 
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Summary 

The demand of surgical robots operating within a magnetic 
resonance image (MRI) scanner is rising. A stereotactic 
surgical robot was developed for MR image-guided 
intervention. The goals of this study are to develop 
techniques using intra-operative MRI images to improve 
accuracy of stereotactic operations and to develop phantoms 
for testing the robot. A compensation technique integrated 
with a magnetic 3D tracker can reduce position error of 
cannula tip from 3.21±1.55mm to 1.11±0.75mm in free-
space. Biopsy simulations using the compensation technique 
and intra-operative MR images on a custom-made phantom 
demonstrated that all targets can be reached. For developing 
bio-fidelity phantom to test the robot, in vitro viscoelasticity 
of swine brain was tested using compression tests. 

Introduction 

Stereotactic surgery has been widely used in the field of 
neurosurgery. Many studies have developed image-guided 
robotic systems that integrate a surgical robot and 
intraoperative MRI. For instance, several commercial MR-
compatible robot-assisted devices like NeuroArm and ROSA 
[1,2] are available. High accuracy localization of robotic 
device is essential during MRI-guided process. Passive 
fiducial frame is a way to do localization. Many studies work 
on numerical algorithms to improve the accuracy of passive 
tracking. Lee et al. [3] presented two numerical algorithms 
for registration of rigid line fiducial frame. Shang et al. [4] 
introduces a flipping method to fit the ellipse contours and 
make the low quality images to get high localization 
accuracy. The goals of this study are to develop techniques 
that using intra-operative MRI images to improve accuracy 
of stereotactic operations and to develop phantoms for 
testing the robot. 

Methods 

The MRI-compatible stereotactic robot has five degrees of 
freedom and the safety and MR-compatibility of the robot 
have been tested in Philips 3T MRI system. A custom-made 
fiducial frame was employed to determine the homogeneous 
transform matrix between the robot base coordinates and the 
MRI coordinates. From four MR images of the fiducial 
frame, the origin and the unit vectors of the fiducial 
coordinates are computed thus constructed the transform 
matrix (Figure 1(a)). A compensation technique was derived 
from Taylor’s series expansion of the tip position equation of 
the cannula around the target. Based on intra-operative MR 
images a second procedure can be performed after withdraw 
of the cannula. A MR visible brain phantom with ten 
suspended plastic spheres (diameter 6 mm) is utilized to 

simulate the biopsy procedure using the robot and GE 3T 
MRI machine. 

The swine brain was tested within 3 hours after sacrifice of 
the animal. The cerebrum was placed in an acrylic dish and 
compressed by a MTS material testing machine (Insight™ 
Model 1). Samples with arachnoid mater were compressed 
down 5 mm but samples with arachnoid mater removed were 
compressed down 1mm. The holding time is 10 minutes A 
quasi-linear viscoelasticity model is fitted to each force-
displacement curve. 

Results and Discussion 

Integrated with a magnetic 3D tracker, the compensation 
technique can reduce position error of cannula tip from an 
average of 3.21±1.55mm to 1.11±0.75mm in free-space. 
Biopsy operations on ten targets with diameter 6 mm yield 
an averaged position error of 4.74±1.10mm. Four targets 
were chosen for a second operation by using the 
compensation technique and the averaged position error was 
reduced from 5.15mm to 2.97mm (Figure 1(b)). 
Biomechanical tests show samples with intact arachnoid 
mater is stiffer than those with arachnoid mater removed 
(Young’s modulus 42.53±4.75kPa vs. 23.75±1.17kPa). 

(a)                                            (b)  

 

 

 

Figure 1: (a) Construct of fiducial coordinates, (b) Intra-operative 
images, before and after compensation (red: tip, blue: target) 

Conclusions 

A new 5-DOF surgical robot for stereotactic neurosurgery 
was tested within a 3-T MRI scanner. The compensation 
method can improve accuracy of the robot both in free space 
and in biopsy operations on a custom-made phantom using 
intra-operative MR images. 
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Summary 

During the arthroscopic operation, an assistant is often 

required to assist the surgeon to hold the arthroscope. Hand 

tremor of the assistant and the cooperation of the passive 

movement will affect the arthroscopic field image and affect 

the judgment and efficiency of the surgery. In this study, a 

passive gravity compensation holder that can replace the 

assistant was designed. Using the holder, the mounted 

arthroscope can be adjusted through a seven-degree-of-

freedom mechanism stably and easily locked through an 

electromagnetic brake system. In particular, a gravity 

compensation system was designed to balance the 

gravitational moments, allowing surgeons to operate smoothly, 

and prevent the holder from falling. Integration of the both 

systems may improve the quality of arthroscopic images and 

reduce the risk in arthroscopic surgery. 

Introduction 

Due to the hand tremor problem and field image problem, 

many studies for endoscope holding devices have been 

developed, such as the PASSIST [1], LER [2], TISKA [3]. But, 

they all are not suitable for arthroscopic surgery due to the 

different working space. The commercial holder for 

arthroscopic surgery is also available that need to be manually 

locked. It’s not convenient to operate. In this study, a novel 

and practical holder for arthroscopic surgery with 

electromagnetic brake system and gravity compensation 

system was proposed. 

Methods 

We design a robotic arm with seven degrees of freedom 

and consisted of four revolute joints and one ball-and-socket 

joint. The ball-and-socket joint allows the surgeon to freely 

adjust the orientation and other joints the position of the 

shoulder arthroscope to the target inside the joint cavity. 

During the surgery, the surgeon needs to adjust and fix the 

holder frequently, using a reliable locking system. The 

electromagnetic brake system that has the advantages of quick 

locking and loosing was installed on each joint. Then, the non-

circular pulley plus a wire-driven spring mechanism were used 

to balance the gravitational moment. Use the elastic potential 

energy to balance the gravitational potential energy. 

 

Results and Discussion 

The prototype of seven degree-of-freedom holder that 

consisted of electromagnetic brake system and passive gravity 

compensation system is made for shoulder arthroscope (Figure 

1). The feature of the design is installation of gravity 

compensation mechanism for two revolute joints. By this it is 

hoped that the surgeons can use the holder smoothly without 

gravitational effect. The electromagnetic brake system can be 

controlled by the foot switch. When switch on, the surgeon 

can free his or her hand holding the arthroscope and use two 

hands to focus on the treatment. 

 

Figure 1: (A) Non-circular pulley plus a wire-driven spring 

mechanism (B) Prototype of holder for arthroscopic surgery with 
mounted arthroscope 

Conclusions 

A new passive holder for arthroscopic surgery was 

designed with an electromagnetic brake system and a gravity 

compensation mechanism that could fully balance the 

gravitational effect and reduce the load on the surgeon during 

the manipulation of the arthroscope.. The passive holder 

system may improve the efficiency of shoulder arthroscopic 

surgery  
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Summary 

Last decade, a shift towards operative treatment of midshaft 

clavicular fractures has been observed [1]. Although plate 

osteosynthesis is supported by scientific evidence, mechanical 

requirements are absent [2]. The goal of this study was to 

compare the strength of a commercial and a low-profile 

patient-specific plate in case of contact between 2 fracture 

fragments, using 3 peak load cases, which were identified by 

musculoskeletal modeling, and finite-element analysis. Results 

showed that the thickness of the titanium commercial plate 

(CP) could be reduced. By designing a patient-specific plate, 

similar stress levels could be achieved with a lower thickness, 

compared to CP. However, fatigue and stiffness should also be 

taken into account in future evaluations of these new devices. 

Introduction 

Last decade, a shift towards operative treatment of midshaft 

clavicular fractures has been observed [1]. Current fracture 

fixation plates are however suboptimal, leading to reoperation 

rates up to 53% [3]. Plate irritation, which can be caused by a 

poor geometric fit and plate thickness, has been found to be an 

important factor for reoperation [2]. Additionally, the 

mechanical requirements of these plates are absent [2]. 

Therefore, our group has designed a low profile and soft tissue 

respecting patient-specific plate[4]. The goal of this study was 

to compare the strength of the low profile patient-specific 

plate (PSP) with a commercial plate (CP).  

Methods 

Two fixation plates were analyzed in this study; the PSP was 

specifically designed for an intact composite clavicle (fourth 

generation Sawbone) and has a thickness of 1.5mm; the CP 

was selected by an experienced trauma surgeon, and bent to fit 

the intact composite clavicle by plate bending pliers. STLs of 

both plates were obtained by a laserscan (Nikon, LC60dx), 

and a CT-scan of the intact sawbone was made according to 

the clinical protocol. Subsequently, Mimics innovation suite 

21.0 (Materialise, Belgium) was used to segment, and create 

finite element meshes. Bone was modeled as orthotropic 

material. Material properties of titanium grade 23 (Ti) were 

used for the PSP, and stainless steel 316L (SS) and Ti were 

used for the CP. Peak loading cases were identified by taking 

the maximal muscle- and joint reaction forces from 7 activities 

of daily living (ADL) of 3 patients. These forces were 

calculated by first collecting marker data of 7 ADL for each 

patient and then using the OpenSim workflow (Figure 1A). To 

evaluate the strength of the plates, histograms, mean and peak 

value of the von Mises stress for the PSP and CP were 

compared. 

Results and Discussion 

Figure 1B-D shows that the mean von Mises stress is higher in 

the SS plate than in the Ti plate. In addition, mean von Mises 

stress in the PSP is lower than in the CP. In the models of the 

SS CP, yield stress was exceeded. In the Ti CP and Ti PSP 

models, maximum von Mises stress was respectively 295MPa 

and 335MPa. Since CPs rarely fail, the peak loading cases can 

be considered as representative. Additionally, thickness of the 

Ti CP could be reduced since peak von Mises stress is only 

37% of the yield stress. Lastly, the PSP shows that low profile 

plates can be strong enough to act as a fracture fixation device.  

A. B. 

C. D. 

Figure 1:A. Musculoskeletal model used in OpenSim. B-D: 

Histogram and mean values of the von Mises stress in the different 

models B. stainless steel CP, C. titanium CP and D. titanium PSP 

Conclusions 

Using 3 peak load cases, obtained by musculoskeletal 

modeling, the thickness of the PSP could be reduced to 1.5mm 

without exceeding the yield stress. Although these data show 

promising results, other critical aspects such as fatigue and 

stiffness will be considered in future research to evaluate the 

new fracture fixation devices.  
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Summary 

This study tested a novel upper limb weight support device with 

a participant living with stroke. Outcome measures were 

feasibility of the device with the user and movement with and 

without the device.  

Introduction 

Upper limb function after stroke can be improved with 

repetitive, task specific movement [1]. Achieving high practice 

intensity necessitates independent activity, outwith routine 

therapy. Weight support devices (WSDs) can help stroke 

survivors perform upper limb exercises by unloading the weight 

of their arm, providing more opportunity for rehabilitation 

activities [2]. However, current WSDs on the market are 

expensive and are therefore not adopted by stroke survivors for 

home use. This study looked at testing a novel upper limb WSD 

(Strathclyde Arm Support, University of Strathclyde, UK) that 

could provide similar benefits as existing systems but be more 

user friendly and relatively cheaper making it more likely to be 

accepted for home use. The WSD is a spring-based system 

clamped to a table that provides support for the upper and lower 

parts of the arm.  

Methods 

One female participant (age=59) with an upper limb 

impairment post-stroke was recruited and performed three tasks 

with their impaired upper limb with and without the WSD: 

reaching forward for an object (RF); reaching to the side for an 

object (RS) and reaching up for an object on an elevated 

platform (RU). Three-dimensional motion analysis (Vicon, 

Oxford, UK) was conducted to track the movements of the 

upper limb during these tasks. 

The participant was asked to perform each task up to a 

maximum of three repetitions to the best of their ability. 

Shoulder flexion/extension, shoulder abduction/adduction, and 

finger marker trajectory within the respective plane of 

movement were recorded to determine if there is a difference in 

range of movement with or without the device. 

A short 15-minute interview was conducted with the participant 

to obtain their opinions on the device at the end of the session. 

Results and Discussion 

Table 1 shows the upper limb kinematics for each task with and 

without the WSD. Due to difficulty in using the device, the RF 

task with WSD was only performed once therefore no average 

or standard deviation could be calculated.  

Range of motion was greater for shoulder abduction/adduction 

in the RS task in addition to the participant being able to reach 

further as indicated by the greater finger marker trajectory (x-

axis). The RU task also resulted in greater shoulder 

abduction/adduction with WSD but flexion/extension and 

finger trajectory (z-axis) decreased. This was due to the arm 

being supported in an elevated position when using the WSD 

therefore restricting the range of motion in this plane in favour 

of lifting the upper limb against gravity. 

The participant found the device comfortable and easy to use. 

They enjoyed that the device assisted them and increased their 

movement when reaching to the side but noted that it was quite 

difficult to reach forward while using the device. 

Conclusions 

This upper limb WSD could potentially aid stroke survivors 

with rehabilitation exercises. Adjustments to the device will be 

necessary to facilitate the reaching forward movement. Another 

study will be conducted with more participants over an 

extended period to obtain greater evidence of the device’s 

feasibility. 

References 

1. French, B. et al., 2016. Cochrane database of 

systematic reviews, (11). 

2. Mehrholz, J. et al., 2015. Cochrane database of 

systematic reviews, (11)

Table 1: Average ± SD upper limb measurements for the specified task. Percentage increase (+) or decrease (-) in movement with WSD is shown 

in its respective column. 

 Reach Forward (RF) Reach to Side (RS) Reach Up (RU) 

 Without WSD With WSD Without WSD With WSD Without WSD With WSD 

Shoulder Flexion/Extension (°) 41.8±5.9 10.1 (-75.8%) 12.4±3.0 17.3±1.1 (+39.5%) 38.0±5.1 21.9±3.9 (-42.4%) 

Shoulder Abduction/Adduction (°) 21.6±3.8 13.9 (-35.6%) 33.7±3.0 50.1±1.4 (+48.7%) 15.9±2.0 29.1±9.3 (+83.0%) 

Finger Marker Trajectory (mm) 101.6±18.2 189.0 (+86.0%) 391.8±28.8 604.6±21.4 (+54.3%) 296.7±35.3 267.4±20.3 (-9.9%) 
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Summary 

Frontal-plane ankle motion is important for balance in walking, 

but is seldom controlled in robotic prostheses. This abstract 

describes the control and performance of a semi-active two 

degree of freedom robotic prosthetic ankle. The mechanism 

uses a nonbackdrivable cam wedge system based on rotating 

inclined planes, allowing actuation only during swing phases 

for low-power and compactness. This study investigates the 

speed and accuracy of ankle angle control in benchtop tests.  

Introduction 

Humans are less stable in the lateral direction than the 

anteroposterior direction during gait [1]. This is especially the 

case for persons with amputation (PWA) of the lower limb. 

Most current ankle/foot prostheses are passive mechanical 

systems, limiting the ability to control balance, especially on 

slopes and uneven ground. Two recent prostheses include fully 

powered inversion/eversion (IV/EV) control [2,3] , and one 

semi-active prosthesis allows coronal motion with a locking 

clutch [4]. The approach presented here implements a semi-

active ankle module that controls both PF/DF and IV/EV using 

a nonbackdrivable cam mechanism that moves only during 

swing phases. The system can achieve angles of ±10 deg in any 

combination of PF/DF and IV/EV. This study investigated the 

speed and accuracy of the semi-active angle control mechanism  

Methods 

The mechanism consists of two stacked wedge-shaped cams 

(mating faces cut at angle 𝛽 = 5 deg) that rotate about their 

cylindrical axes under the control of low-power DC motors. An 

internal Universal joint holds the stack together and prevents 

axial rotation of the distal prosthesis. PF/DF and IV/EV angles 

are controlled by axial rotation of the cam wedges, using two 

mathematical steps: (1) orient the thickest parts of both wedges 

toward the desired “downhill” direction 𝛼; and (2) use the 

desired foot angle magnitude 𝜃 to set the angular split between 

the upper and lower cam wedge orientations, termed 𝑞3: 

𝑞3 = cos−1 (
cos2(𝛽)−cos(𝜃)

sin2(𝛽)
)        (1) 

 
Figure 1: Two-axis ankle module design and range of motion 

These steps are combined mathematically into one control step.  

We tested ankle angle control performance by commanding the 

prosthesis to 48 orientation settings (Figure 2, red circles) 5 

times each in random order (240 total random movements). We 

measured movement time and the accuracy and variability of 

the achieved PF/DF and IV/EV angles using motion capture 

(Figure 2, blue triangles with error bars: mean ± SD).   

Results and Discussion 

Results show that the ankle can move into any desired position 

in just under 0.5 s, with movement time proportional to the 

angle of change. 99% of commanded positions resulted in 

wedge orientation errors less than 3.4 deg. This is equivalent to 

maximum ankle angle error of 0.75 degrees. The foot angles 

measured by motion capture show low variability (PF/DF = 

±0.26 deg, IV/EV = ±0.22 deg) in almost all commanded 

configurations. However, final configurations exhibited 

moderate inaccuracy and, in some cases, high variability. 

Improvements to the control software and the motion capture 

comparison techniques will be pursued to improve accuracy and 

reduce variability  

 
 

Figure 2: Accuracy and variability of ankle angle commands  

Conclusions 

The nonbackdrivable semi-active cam wedge mechanism 

successfully and repeatably achieves control of ankle angle in 

two directions. Future work will apply this prosthesis to 

manipulate gait behavior such as speed, balance and turning.  
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Summary 

A computer-aided design assembly of the Atlas™ 

unicompartmental knee system was virtually implanted on the 

medial aspect of a previously validated finite element 

tibiofemoral joint model. Data for joint reaction forces and 

moments from an anthropometrically matched male were 

applied to the model to quasi-statically simulate the stance 

phase of gait. The tibiofemoral joint model exhibited less 

internal-external rotation and anterior-posterior translation 

post-Atlas™, indicating a change in knee kinematics.  

Introduction 

The Atlas™ unicompartmental knee system (Moximed Inc, 

USA) is a novel implant for patients with mild to moderate 
medial knee osteoarthritis (OA) [1].  The device is placed 

subcutaneously alongside the medial aspect of the knee 

without violating the joint capsule.  A polycarbonate urethane 

(PCU) absorber provides an opposing force to reduce the 

medial knee compressive load. We have previously shown that 

the Atlas™ reduces the predited force and stress in the medial 

knee.  However, the effect of this construct on knee joint 

kinematics is unknown.  The purpose of the present study was 
to estimate tibiofemoral joint kinematics pre- and post-Atlas™ 

using a previously validated finite element (FE) model.  

Methods 

A computer-aided design (CAD) model of the Atlas™ was 
virtually implanted on the medial aspect of a validated three-

dimensional (3D) FE model of a left cadaveric knee [2]. 

Tissues were segmented in Mimics 14.2 (Materialise, 

Belgium), assembled in CATIA V5 (Dassault Systèmes, 

France), and meshed in Abaqus 6.11-2 (Dassault Systèmes, 

France).  The FE model was driven with forces and moments 

from gait analysis of a healthy, anthropometrically-matched 

male.  In response to these loading conditions, the proximal 
tibia was free to move in five degrees of freedom (DOF) at a 

fixed sagittal tibiofemoral angle, while the distal femur was 

mechanically grounded in all six DOF.  Multiple quasi-static 

simulations were used to analyze a range of time-points during 

stance.  

Results and Discussion 

The Atlas™ caused a posterior shift in tibiofemoral translation 

and suppression of external rotation throughout stance (Fig. 1a 

& b). Predicted mean differences between pre- and post-

Atlas™ translations were 1.8 mm anterior-posterior (A-P), -

1.2 mm superior-inferior (SI), and -1 mm medial-lateral (M-

L). Mean differences between pre- and post-Atlas™ rotations 

were 0° adduction-abduction (A-A) and 5.1° internal-external 

(I-E). However, no negative impact on physical activity has 

been reported.  Patients implanted with the Atlas™ exhibited 
improvements in Western Onstario and McMaster Universites 

Osteoarthritis Index (WOMAC) stiffness and function of 28.6 

± 4.5 from 51.6 ± 5.0 and 18.2 ± 3.7 from 48.4 ± 3.4 at 12 

months follow-up, respectively. Knee Society Score (KSS) 

function increased from 73.4 ± 2.8 to 98.1 ± 1.1 [1]. 

 

Conclusions 

The Atlas™ caused a posterior shift in tibiofemoral translation 

and reduction of external rotation throughout stance.  The 

potential influence of the Atlas™ on joint congruence and 

concomitant changes to tibiofemoral screw-home mechanism 

during more physically demanding activities, such as running, 

stair-climbing, and sit-to-stand remains unknown.  

Quantitative in vivo assessments of coronal and transverse 
tibiofemoral mobility may further elucidate the biomechanical 

effect of the Atlas™.  
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Fig. 1a-b. Tibiofemoral (a) translation and (b) rotation pre- and post-Atlas™.  
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Summary 

Insertion torque and insertion energy for dental implants are 
influenced by bone density, implant geometry, surface 
roughness, and drill protocol to different degrees. The aim of 
this study was to investigate the influence of these factors on 
insertion torque and energy. Torque, displacement, and twist 
angle were measured during the insertion procedure. Energy 
was calculated from the torque-twist angle curve. Bone 
surrogate density and drill protocol were primary factors of 
insertion torque and energy, which may be associated with 
threads forming during the first insertion. 

Introduction 

Stable anchorage of dental implants relates to positive clinical 
outcomes [1] and is typically assessed clinically with 
maximum insertion torque. Recently, Kim reported insertion 
energy could help to predict implant stability [2]. However, 
torque and energy are measurements that combine multiple 
factors such as: bone mineral density, implant geometry, 
implant surface roughness, and drill protocol. Each factor 
contributes to insertion torque to a different degree. It is 
important to quantify the relative contributions to insertion 
torque and energy. In this study, a full-factorial experiment 
was performed with four factors at two levels to investigate 
the effects of these factors. 

Methods 

Materials and experiment design: The experiment’s factors 
were: bone density (20 vs. 30 PCF), drill protocol (2.4/2.8 vs. 
2.8/3.2 mm), implant surface roughness (polished -P vs. rough 
-R) and implant geometry (with -CF vs. without cutting flute -
NCF). Dental implants (Nobel Active NP 3.5×13 mm, Nobel 
Biocare AB) were inserted into solid rigid polyurethane foams 
(Sawbones®) with dimensions of 40 mm×40 mm×8 mm. 
Implant sites were prepared with twist step drills (2.4/2.8 mm, 
32261, or 2.8/3.2 mm, 34638, Nobel Biocare AB) to 13 mm 
depth. A full factorial analysis at two levels was performed 
with four factors.  

Insertion test: The implant, held in the lower grip, was 
rotated clockwise with respect to the bone block, with a speed 
of 7.5 rpm. The block, held in the upper grip, was moved 
vertically down with an axial speed of 0.3 mm/s matching the 
thread pitch. Once the block reached 11.5 mm, the implant 
was rotated counter-clockwise and the block was moved 
upward to the original position. Each implant was inserted and 
removed three times per test. Torque, axial displacement and 
angle of twist were measured during each test (Figure 1a). All 
tests were performed with five repeats on Electroforce 3230-
AT Series III (TA Instruments), at room temperature and dry 
conditions. Insertion energy was calculated from the area 

under the torque-twist angle curve. Unpaired, two-tailed, 
student’s t-test was performed (p ≤ 0.01) 

Results and Discussion 

Figure 1b and d show the results of first insertion torque and 
first insertion energy respectively. To protect the test machine, 
tests were not completed for implants with rough surface 
inserted with 2.4/2.8 mm drill protocol into the densest bone 
surrogate, which were estimated (red dots). The main factors 
affecting first insertion torque and energy were bone density 
and drill protocol. 

 
Figure 1: (a) Torque vs. angle of twist. (b) Maximum first insertion 

torque (c) Insertion torque and Energy (d) First insertion energy. 

During the first insertion, threads were formed, and the pilot 
hole was enlarged. As mechanical properties are related to 
density, bone surrogate density significantly affected first 
insertion torque and energy. The energy to form the threads is 
the difference between the first and second insertion energy 
(Figure 1c). 

Conclusions 

Bone surrogate density and drill protocol were the principal 
factors of first insertion torque and energy. 
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Summary 
Sea turtles are often involved in propeller accidents and get 
caught as fishery bycatch where substantial injury also due to 
predatory attach are an all too often occurring consequence. 
Mutilated turtles are often unable to manoeuvre them self-
back to the water surface due to partial or total limb loss. With 
the lag of manoeuvrability and ability to breath, they cannot 
survive without help. This project represents a supportive 
starting point for the development of more realistic front 
flipper prostheses where motion attitudes of a front flipper 
were analysed. 

 

Introduction 
Nowadays, the population of sea turtles is declining rapidly. 
All seven types of sea turtles are on the verge of extinction 
and consequently are on the IUCN red list of threated species 
due to their vulnerability to numerous threats [1]. Among the 
causes of death is amputation of their limbs, which leaves 
them vulnerable to predators due to their locomotion 
impairment. 

 

Sea turtles spend the greater part of their lifetime in the sea 
and for the most part utilize their flippers for swimming [2], 
[3] but female turtles will come on shore to nest and lay eggs, 
using their flippers to dig. The primary aim of this work is to 
design an artificial fin prosthesis (aiming 5 D.O.F.) to help 
regain the natural locomotion, both terrestrial and aquatic. 
 

Sea turtles flippers are often amputated at either their shoulder 
joints. To the best of our knowledge, there is no solution 
available that consider an implant at the anatomical site, 
surgically fitted into the bone on the sea turtle. Most of the 
design available requires a strap-on. On the other hand, it has 
not found any result to fulfil both aquatic and terrestrial 
locomotion requirements. 

 

Methods 
The proposed solution is characterized by a stem to be inserted 
in the humerus. The fin, attached to the stem, was traced using 
a 1:1 scaled images of a real specimen (Hawksbill: 
Eretmochelys imbricate) with a NACA0015 profile and 
developed under the worst case loading occurring on land with 

a resultant force of 751N. A CFD analysis was run comparing 
the effects of the artificial limb. Testing was done at an angle 
of attack of 24º (0.83 ms-1) which represents the downstroke 
flipper motion during vigorous swimming resulting in the 
highest total thrust force generation. 
 

Results and Discussion 
To understand the biomechanical performance of the designed 
front flipper a device to track motion attitudes was developed. 
Sensors distributions were analysed and defined by 
considering bone structures and all major flipper functions. 
The decision of using eight sensors per flipper was 
successfully justified and proven with a gyroscope and 
accelerometer raw data observation. A novel attachment 
method was also developed with further consideration of 
hydrodynamic loads as well as drag and buoyancy forces, and 
with consideration of the 5% or 2% rules regarding the 
maximum weight of a device that can be attached with respect 
to the animal [4,5] 

Conclusions 
The results of this work could be valuable for engineers, 
veterinarians and biologist interested in medical devices 
design, animal locomotion, and bio-logging science. 
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Summary

The (re)learning of motor skills relevant to real environments
and tools should emphasize the ability to anticipate complex
dynamics.  In  this  novel  paradigm  for  unstable  interactive
sonification  (UNISON)  participants  learned  to  entrain  the
dynamics of a chaotic system through their arm movements.
Importantly, they only heard and their movement was fed back
as input to one of the three dimensions of the system, meaning
that this was an underactuated control problem. This form of
practice  led  to  learning  and  better  generalization  than  in  a
control  condition where  the stimulus was a predictable sine
wave.  In  a  third condition, participants  tried to  synchronize
with the chaotic stimulus but without the ability to control it.
No learning and generalization was observed there.  Next to
confirming the role of unpredictable stimuli in optimizing skill
acquisition, the paradigm could also serve to study the causal
depth of anticipatory dynamics or predictive forward models.

Introduction

Basic  research  and  applications  to  rehabilitation  need  to
address  motor control  in complex environments.  Tasks with
instabilities  such  as  carrying  a  liquid  in  an  open  container
require  internal  forward  models  [1]  or  task-specific
anticipatory  dynamics  learned  through  exploration  [2].  It  is
less  known,  however,  how  deep  our  anticipatory/predictive
capacities go when dealing with (underactuated) systems with
more degrees  of freedom than are available for control. We
tested if participants could learn to control a chaotic system
with hidden dimensions [3].

Methods

Three groups practised an auditory-motor synchronization task
by matching their sonified hand movements (Figure 1) to one
of three sonified tutors: a Non-Interactive Predictable (NI-P), a
Non-Interactive Unpredictable chaotic system (NI-U), and an
Interactive  Unpredictable  (I-U) which was the same chaotic
system  weakly  driven  by  the  hand  movement.  Ideal
synchronization  of  phase  and  amplitude  resulted  in  perfect
unison of the two channels.

Simulations  explored  the  parameter  space  of  couplings  and
driving stimuli. We configured the interactive condition (I-U)
so that periodic input would not be sufficient for entrainment.
Bidirectional  coupling  and  a  driving  system  incorporating
information about the driven system were necessary.

Results and Discussion

Only in  I-U did all  measures  of  performance increase  with
practice:  synchronization  (cross-correlation),  dynamic
similarity  (convergence  of  maximum Lyapunov  exponents),
and  causal  interaction  (transfer  entropy  both  ways)  (Figure
1A-C). Learning to entrain a chaotic system with two hidden

dimensions is feasible provided that the participant is afforded
causal  interaction with the system rather than having to just
mimic. Furthermore, the pre-post comparison of performance
with a different stimulus exhibited most improvement in I-U.

Figure  1:  The  sensor  of  a  hand-held  device  was  streamed  to  a
computer and sonified as the pitch of a pure tone in one channel (blue
arrows). A state variable of the chaotic Chua oscillator or a harmonic
oscillator was similarly sonified in the other channel (green arrows)
and  driven  or  not  by  the  hand  movement  u signal  scaled  by  a
coupling gain. Insets for NI-P (A), NI-U (B), and I-U (C) show the
average growth (+/- SE and fit) of the transfer entropy. (Sample trials
at https://vimeo.com/267437234.)

Conclusions

Tasks  that  challenge  one’s  capacities  to  anticipate  complex
dynamics  or  learn  deeper  forward  models  could  be  more
beneficial as rehabilitation tools. How deep forward models go
is  an  open  question.  Our  paradigm  all  offers  practical
advantages by way of its analytical and hardware simplicity
and the ability to tune difficulty by way of the coupling gain.
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Summary 

The goal of this research is to evaluate the effects of the 
Mobility Enhancing Device for Sit-To-Stand (MEDSTS); a sit-
to-stand assist exoskeleton that is under development as part 
of this research investigation. The MEDSTS mimics the human 
system through the use of artificial tendons, on human 
locomotor performance from whole body biomechanics to 
individual muscle performance. The purpose of this study is to 
evaluate changes in movement variability utilizing 
electromyography (EMG) while using the developed MEDSTS 
Lower Extremity Exoskeleton prototype. The exoskeleton 
solution mimics the human system and functions as one with 
the musculoskeletal system to enhance, and stabilize the lower 
extremities of the operator. The basis of the system’s 
technology can be used on any jointed part of the human body. 
The MEDSTS is constructed without an external mechanically 
jointed structure, which conducts the system light weight, 
portable, and reduces costs. 

Introduction 

The ability to stand from a seated position, known as sit-to-
stand (STS), is a fundamental skill for independent mobility 
and everyday functioning [1]. The MEDSTS presents a new 
solution for exoskeletons and their operation. Instead of trying 
to explicitly control the motion of the limbs by encasing them 
in a rigid shell controlled by a number of motors, this system 
focuses on the system interaction of the MEDSTS with the 
human body, and how it efficiently and effortlessly controls its 
limbs with minimal power consumption. The solution is a 
non-rigid system that mimics the human system through the 
use of artificial tendons which work in unison with the user’s 
tendons, relieving stress, reducing fatigue, and increasing 
balance. Balance introduces a need for a center of pressure 
(COP) analysis which is performed using the AMTI force 
platform. 

In order to reduce time and cost, the MEDSTS is constructed 
using commercially available components and materials. The 
main parts are: 

• A knee brace that adequately covers, and firmly holds 
on to the operator’s skin. 

• Three EMG sensors placed on the quads (Rectus 
Femoris), hamstrings (Biceps Femoris), and calves 
(Lateral Gastrocnemius) of the operator. 

• Artificial tendons (nylon covered steel wire) that run 
anteriorly and are connected to a linear actuator in the 
form of an electrical motor. 

• A controller board which regulates assistance level and 
balance, Arduino board for the prototype. 

• A housing belt, to house the power supply, and 
controller. 

 

Methods 

In this study preliminary EMG data is obtained using the 
Delsys Trigno™ Flex Sensors placed on the: Rectus Femoris 
(Quads), Biceps Femoris (Hamstrings), and Gastrocnemius 
Lateralis (Calves) of the user in the GP Musculoskeletal 
System Modeling Lab. Shown in (Table 1). 

Participant is seated with knee angles at 90 degrees, shoulder 
width apart. Data is collected as the participant performs the 
sit-to-stand manoeuvre; without wearing the MEDSTS, while 
wearing the MEDSTS turned off, and while wearing the 
MEDSTS turned on and being assisted. 

Muscle activation of thigh, quadriceps, and calf muscle on 
both legs is measured by the EMG sensors and analysis how 
much the participant has activated his or her leg muscles, with 
and without the assistance of the MEDSTS. 

Results and Discussion 

Preliminary results using Delsys EMGworks 4.5.4 and 
Mathworks Matlab r2018b for analysis by testing the first 
prototype of the MEDSTS, shown in (Table 1), revealed, for the 
mean RMS EMG: A muscle activity drop of 16% for the 
Quads, 5% for the Hamstrings, and 3% for the Calves during 
STS.  
 
Table 1: Mean RMS EMG Prototype Results. Muscle activity drop: 

Quads (R.F.: Rectus Femoris) 16%, Hamstrings (B.F.: Biceps 
Femoris) 5%, Calves (G.L.: Gastrocnemius Lateralis) 3%. 

Mean RMS EMG Comparison [Volts] x10-5 

Muscle Control  Motor 
Off       

Motor 
On 

% Drop– 
Motor 

Off 

% Drop 
– Motor 

On 

R.F. 1.6527 1.4169 1.3829 14.27% 16.32% 

B.F. 1.4473 1.3898 1.3745 3.97% 5.03% 

G.L. 2.0025 1.9545 1.9362 2.40% 3.31% 

Computational validation of the current work is underway by 
application of Anybody Technology Modeling System [2]. 

Conclusions 

In conclusion this study has clearly shown a significant 
decrease in the user’s muscle activity during STS, and has 
provided positive evidence towards the research goal. Future 
work will assess the limitations of the study in its current state.  
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Summary 

A portable and compact gyroscopic device was developed for 

hand rehabilitation. This pilot study validated the device’s 

design and assessed the prospect of using it for therapy. 

Specifically, the study focused on whether: (i) the gyroscopic 

torque, generated by the device, can passively move the user’s 

hand and (ii) the produced hand motion can be controlled. 

Introduction 

Around 795,000 people in USA experience strokes annually [1] 

and many consequently suffer from hand disabilities such as 

spasticity, weakened strength, and co-ordination [2]. Gymball 

– a portable gyroscopic device, was developed for hand 

rehabilitation. It consists of a fully actuated rotor and gimbal, 

the details of which can be found in [3]. On controlling the 

motion of the rotor and gimbal, the generated gyroscopic torque 

can be changed. The user may choose to either (i) relax the hand 

and comply with the motion imposed by the gyroscopic torque 

or (ii) resist the imposed motion. While the former, the focus of 

this study, aids in relaxing the hand muscles, the latter helps in 

strengthening of the same. 

Methods 

A healthy 25-year-old male was recruited for this study. The 

subject was asked to relax the hand while exerting minimal 

effort to hold the Gymball. The experiment involved six 

different sets of operating conditions which have been tabulated 

in Table 1. Two trials were conducted for each set. 

 
Figure 1: Experimental Setup 

Table 1: Sets of operating conditions: the velocity of rotor (R) and 

gimbal (G) in rad/s 

# 1 2 3 4 5 6 

R 150 150 −150 −150 150 −150 

G 37 −37 37 −37 37 sin(0.63𝑡) 37 sin(0.63𝑡) 

An IMU (MPU 9250), installed within the Gymball, was used 

to collect pitch and roll motion of the hand. The pitch axis 

aligned with the wrist’s radial and ulnar deviations, while the 

roll axis aligned with the supination and pronation of the arm. 

Results and Discussion 

The observed hand motion imposed by the Gymball was 

considerably higher about the roll axis than the pitch. The 

positive angular displacements about the roll axis (supination) 

were greater in magnitude than the negative ones. Future testing 

will investigate if these are a result of the wrist’s stiffness 

varying with the direction of motion. Finally, the direction of 

the hand’s circumduction is dictated by the direction of the 

gimbal’s motion. This dominant character of the gimbal’s 

motion direction was evident while testing Set 5 and Set 6, 

which involved directional switching. 

 
Figure 2: Range of hand motion about the pitch and roll axis. The 

hatched section represents the average range of motion while the 

vertical line signifies the maximum and minimum angular 

displacements across the two trials. 

Conclusions 

The Gymball can be currently used for generating motions, 

about the wrist, up to 10°. Future work will involve: (i) 

developing a controller to generate several hand motion 

patterns, (ii) conducting studies with human subjects (where 

tools such as Fugl Meyer and Modified Ashworth Scale will be 

used to judge the efficacy of the device), (iii) measuring the 

contact forces between the hand and the device, and (iv) 

increasing torque generated by adding more inertia to the rotor.  
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Summary 

We developed an automatic design programme to manufacture 

customized ankle-foot orthoses (AFOs). This kind of 

customized AFOs were much suitable for patients, because 

they prevent rubbing against foot and orthosis. First, we used a 

3D scanner to obtain the foot 3D model, and then entered the 

data into software for fabricating a customized AFO through 

the characteristics of the foot geometry obtained. In order to 

find out the patient’s foot feature points, we transformed the 

3D scan data into 2D planes, and searched the feature points 

by calculating contour’s curvature. Finally, we used feature 

points to do polynomial planning and generated a 3D AFO 

model by integrating all 2D planes.  

Introduction 

Nowadays, 3D printer is commonly used for research. Some 

AFO products are manufactured by 3D printers [1], however 

most products’ contours are based on the designer's experience. 

Therefore, when patients performed their activities of daily 

living (ADLs), they may feel uncomfortable due to body 

geometry changes. So the aim of this study was to develop a 

programme that could automatically identify the foot locations 

which make patients uncomfortable while performing ADLs, 

and include special design around these locations to build 

more comfortable AFOs.   

Methods 

We recruited 16 healthy young subjects (22-25 yrs.), three 

healthy older subjects (54-71 yrs.), and two older stroke 

subjects (56 and 65 yrs.) with hemiplegia in this study. First, 

we used 3D scanner to scan each subject’s foot. Next, we 

handled the scan data by computer aided-design (CAD) 

software. The scan data were sliced into X-Z planes. In each 

X-Z plane, there was a part of foot contour, we made the three 

closest points together from the top right corner, and used 

circle radius through those points to calculate curvature, as 

Figure1. We defined the points whose curvature was much 

higher than other points into geometry features points of foot 

contour, and then we arranged the feature points along the foot 

contour. For each feature points, we chose two points before it 

and two points behind it to make a fitting line with a quadratic 

polynomial. Figure 1 shows the feature points on the foot 

contour, and the contour calculated by polynomial planning. 

Finally, all X-Z planes were combined into a 3D model, as 

Figure 2. 

 

 

 

 

 

 

Figure 1: Detected feature points by curvature (left) and the 
polynomial planning result (right)     

 

Figure 2: All feature points in 3D model 

Results and Discussion 

Feature points, such as calcaneus, naviculars, and so on, can 

be well defined using our developed method. This method 

could successfully build customized AFO models for all 

subjects, and all subjects responded with positive feedback on 

the comfort of the AFOs. 

Conclusions 

We designed a procedure with algorithm that could 

automatically analyze foot contour by curvature features, and 

then build a 3D AFOs models which made patient feel more 

comfortable. This method could further be extended to 

orthoses or wearable devices for other body parts. 
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Summary 
A novel testing system was developed to evaluate the 
mechanical characteristics of shoes in the same laboratory 
where biomechanical data are to be collected. Compressed 
height, change in height with compression, and initial and late 
stiffness were compared between left and right shoes for 10 
pairs of shoes. Between-shoe differences for compressed 
height were < 5%, while the differences for change in height 
during compression, initial and late stiffness were < 15%.  

Introduction 
Alignment, heel cushion height, and heel cushion durometer 
directly influence limb loading and patient perception of 
device function, of individuals who rely on carbon fiber 
custom dynamic ankle foot orthoses [1, 2]. Device alignment 
and heel cushioning are influenced by the shoes worn with the 
device. Expensive mechanical testing systems that are not co-
located with gait laboratory spaces are often used to evaluate 
shoe mechanical characteristics. A low-cost, portable and 
easy-to-use system for testing shoes would expedite studies 
aimed at evaluating the interaction between footwear and 
device function. The purpose of this study was to develop a 
novel testing system, and to evaluate the magnitude of 
between-side differences in shoe 1) compressed height, 2) 
change in height with compression, 3) initial stiffness, and 4) 
late stiffness. 

Methods 
A novel mechanical testing system was developed using a 
simple steel frame and existing motion capture (19 camera 
Vicon, 120Hz) and force measurement systems (3 AMTI 
400X600 OPT force plates, 1200 Hz). The device (Figure 1) 
consists of a base plate for counter weights (lab staff), a low 
friction hinge, and lever. The lever incudes a handle and a 
hardwood indenter in the shape of a human heel (cobblers last) 
which is used to apply force to the shoe.  

 
Figure 1: Shoe mechanical testing device 

The compressed height and change in height with compression 
were calculated using the vertical displacement of markers 
placed on the mechanical testing device. Force was measured 
using a force plate embedded in the lab walkway. Initial and 
late stiffness values were calculated based on marker motion 
between the force ranges of 100-650N and 650-1200N, 
respectively. (Figure 2). 

Results and Discussion 
We present the initial results from 10 pairs of shoes, with 
styles ranging from casual to dress shoes. The compressed 
height at 1200 N was between 41.6 and 7.3 mm due to the 
variety of shoes tested (Figure 2). Measurements were highly 
consistent between multiple trials within the same shoe, with a 
within shoe range of only 1.9 (1.1) mm at 1200 N. The 
compressed height difference between left and right shoes 
averaged 0.7 (0.5) mm, which corresponds to a mean 4.6% 
difference between sides. The observed change in height 
between 100 and 1200 N was between 1.8 and 7.1 mm, with a 
mean difference of 0.4 (0.4) mm between sides, corresponding 
to an 11.1% difference. The initial stiffness ranged from 121.5 
N/mm to 792.2 N/mm with a mean between side difference of 
13.4%. Late stiffness was between 208.9 and 1175.0 N/mm, 
with a mean between side difference of 13.5%. 

 
Figure 2: Change in heel height relative to an applied load between 

100 and 1200 Newtons.  

Conclusions 
The newly developed testing system allows efficient collection 
of relevant shoe mechanical characteristics, using the same 
equipment used for human subjects testing. Between-side 
differences were consistently less than a millimeter for 
displacement measures, and less than 15% for stiffness 
measures, suggesting adequate consistency of measurement 
and the need to only test a single side. 
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Summary 

Acquiring the shape of foot plantar surface is critical to 

perform anatomical measurements, for objective diagnosis of 

foot morphological alterations and to design custom orthotics 

and footwear. Whereas laser scanners are currently the gold-

standard for accurate 3D digitization of body parts, these 

devices are often unsuitable for foot scanning in weight-

bearing and their costs limit their application in research 

contexts. In this study, the accuracy and the repeatability of a 

novel 3D foot scanner based on the Microsoft Kinect sensor 

were investigated in a population of healthy subjects. The 

scanner showed large intra-operator repeatability (RMS error 

= 1.2 mm), and an accuracy suitable for clinical applications 

when compared to a high-resolution commercial laser-based 

foot scanner (RMS error < 3mm). The present 3D foot scanner 

based on the Kinect sensor appeared simple to use and may 

represent a valid low-cost alternative to current commercial 

scanners. 

Introduction 

Laser-based foot scanners are the current gold-standard to 

acquire high-resolution 3D images of the foot suitable for 

accurate geometrical characterization of the foot plantar shape, 

and for designing custom orthotics and footwear. However, 

these devices are rather expensive (6.000 – 10.000 €) and do 

not always allow scanning in weight-bearing conditions [1]. 

Therefore, traditional plaster or foam casting techniques are 

still in use, although these are time-consuming, inaccurate and 

operator-dependent. Aim of the study was to validate a novel 

Kinect-based 3D plantar foot scanner capable to acquire the 

foot shape in different loading conditions. 

Methods 

A prototypal 3D foot scanner, based on the Microsoft Kinect 

sensor, was designed and tested in this study. The Microsoft 

Kinect is a RGB-depth camera capable to acquire a 3D point 

cloud of objects within 0.5 to 8 m from the sensor [2]. The 

present foot scanner set-up is comprised of a wood box with a 

1.5cm thick glass plate at the top, and the Kinect sensor 

positioned above a rotating plate at the bottom (Figure 1a). 

Skanect (Occipital, v1.8) was used to acquire and pre-process 

the raw 3D data and export STL files of the foot plantar shape. 

Accuracy and repeatability were investigated in a population 

of healthy subjects presenting asymptomatic feet (age = 20 - 

63 years; BMI = 22 ± 2.8 Kg/m
2
). The accuracy was assessed 

by comparing the foot scans of 14 subjects (28 feet) in semi-

weight bearing condition with those obtained with a high-

resolution 3D foot scanner (i-Qube, Delcam, UK) used as 

reference. Geomagic Control
TM

 (3D Systems, US) was used to 

compute distance maps and corresponding RMS errors 

between Kinect and reference scans in the whole plantar 

aspect (Figure 1b) and in the isolated foot arch region (Figure 

1c). Repeatability was assessed by comparing foot scans of 10 

subjects acquired in three different sessions, few days apart. 

Results and Discussion 

The inter-subject average RMS error in the 3D shape of the 

full plantar surface was lower than 3 mm, both in the left and 

right feet. The accuracy in the 3D shape of the isolated foot 

arch region was less than 1.6 mm and very consistent in the 

left and right foot (Figure 1). 

The pairwise comparisons between scans of the same subject 

acquired in three different sessions showed an overall inter-

subject average RMS error of 1.2 ± 0.4 mm, both for right and 

left feet. The inter-session variability, assessed via coefficient 

of variation, was between 20 - 26%.  

Conclusions 

The accuracy of the present prototypal Kinect-based foot 

scanner appears adequate to obtain 3D scans of the foot 

plantar surface suitable for different clinical and 

biomechanical applications. The set-up showed good intra-

operator repeatability and similar errors can be reasonably 

expected inter-operator, since the process is almost fully 

automatic. The present scanner could represent a valid low-

cost alternative to commercial laser-based 3D foot scanners 

and could be used both for automatic measurement of the foot 

shape, and to support the design of custom insoles and 

footwear. 
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Figure 1 Left (a): exemplary acquisition with the Kinect-based foot 

scanner. Right: distance maps between the Kinect and the i-Qube 

scans of the full plantar surface (b) and of the isolated arch region (c). 
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Summary 

The internal foot power and work during the takeoff phase of 

the standing long jump were calculated using distal foot power 

and foot power imbalance techniques. The foot power profiles 

were very similar for the two methods with a period of power 

absorption followed by a period of power generation right 

before takeoff. The net work during takeoff was negative for 

both methods with the distal foot power method resulting in 

slightly more net energy absorption. 

Introduction 

The foot is frequently modelled as a rigid body when analysing 

experimental motion capture studies of human movement. With 

a rigid foot, the power absorbed or generated by structures 

internal to the foot cannot be quantified with standard inverse 

dynamics techniques. Two methods have been used to estimate 

the internal foot power: distal foot power (𝐷𝐹𝑃) [1] and foot 

power imbalance (𝐹𝑃𝐼) [2]. The purpose of this study was to 

calculate and compare the foot power and work calculated with 

these two methods for the standing long jump. 

Methods 

Seven healthy, adult, male volunteers (mean ± standard 

deviation: mass = 78.2 ± 5.5 kg; height = 1.796 ± 0.049 m; age 

= 24.7 ± 2.5 years) performed six maximum-effort standing 

long jumps. The positions of passive reflective markers were 

recorded (120 Hz) throughout the jumping movements using a 

16-camera motion capture system (Vicon Motion Systems Ltd., 

Los Angeles, CA). The ground reaction forces (𝐺𝑅𝐹), free 

moments, and center of pressure (𝐶𝑂𝑃) locations were recorded 

(1200 Hz) during the propulsive phase of the jumps with two 

in-ground force platforms (Advanced Mechanical Technology 

Inc., Watertown, MA).  

Inverse kinematics and dynamics analyses were performed with 

a rigid foot model to calculate the kinematics of the feet and the 

kinetics of the ankles. 𝐷𝐹𝑃 was determined bilaterally with: 

𝐷𝐹𝑃 = �⃑�𝐶𝑂𝑃 ∙ (�⃑�𝐺 + �⃑⃑⃑�𝑓𝑜𝑜𝑡 × 𝑟𝐶𝑂𝑃/𝐺) + �⃑⃑⃑�𝑓𝑟𝑒𝑒 ∙ �⃑⃑⃑�𝑓𝑜𝑜𝑡 

where �⃑�𝐶𝑂𝑃 is the 𝐺𝑅𝐹 at the 𝐶𝑂𝑃, �⃑�𝐺 is the velocity of the foot 

mass center 𝐺, �⃑⃑⃑�𝑓𝑜𝑜𝑡  is the angular velocity of the foot, 𝑟𝐶𝑂𝑃/𝐺 

is the position of the 𝐶𝑂𝑃 relative to 𝐺, and �⃑⃑⃑�𝑓𝑟𝑒𝑒  is the free 

moment from the ground acting on the foot. 

𝐹𝑃𝐼 was calculated bilaterally with: 

𝐹𝑃𝐼 =
𝑑𝐸𝑓𝑜𝑜𝑡

𝑑𝑡
− �⃑�𝑎𝑛𝑘 ∙ �⃑�𝑎𝑛𝑘 − �⃑⃑⃑�𝑎𝑛𝑘 ∙ �⃑⃑⃑�𝑓𝑜𝑜𝑡  

where 𝐸𝑓𝑜𝑜𝑡 is the mechanical energy of the foot, �⃑�𝑎𝑛𝑘 is the 

intersegmental force acting on the foot at the ankle, �⃑�𝑎𝑛𝑘 is the 

velocity of the ankle, and �⃑⃑⃑�𝑎𝑛𝑘 is the net ankle moment acting 

on the foot. Left and right side values were combined to get the 

total 𝐷𝐹𝑃 and 𝐹𝑃𝐼 at each point in time. 

Distal foot work and foot work imbalance were obtained by 

integrating the power over the 1.2 s prior to takeoff. Two-way, 

repeated measures, ANOVA models developed with SAS 9.4 

(SAS Institute Inc., Cary, NC) were used to compare the power 

and work values. Results are presented as least square means ± 

95% confidence intervals.  

Results and Discussion 

Both methods for calculating internal foot power produced 

similar results (Figure 1). From about 0.4 s until about 0.05 

before takeoff, power was absorbed reaching minimum values 

at −0.075 s of −270 ± 33 W for 𝐷𝐹𝑃 and −216 ± 33 W for 

𝐹𝑃𝐼. Positive power peaked at −0.02 s at 691 ± 71 W for 𝐷𝐹𝑃 

and 707 ± 87 W for 𝐹𝑃𝐼. Both methods resulted in net energy 

absorption with distal foot work slightly more negative than 

foot work imbalance (−7.2 ± 2.7 J vs. −3.8 ± 2.5 J, 𝑝 = 0.010). 

 

Figure 1: 𝑫𝑭𝑷 and 𝑭𝑷 for the last 0.4 s of the takeoff. 

The important contributions of structures internal to the feet in 

jumping are manifest when the peak internal feet power of 

about 700 W is compared with the peak power at the ankles, 

knees, and hips (about 2200 W, 1200 W, and 1400 W, 

respectively) in the same standing long jump experiments [3].  

References 

[1] Siegel KL et al. (1996). J Biomech, 29: 823-827. 

[2] Robertson DG and Winter DA (1980). J Biomech, 13: 845-

854. 

[3] Ashby BM and Alderink GJ (2018). 42nd Annual Meeting 

of ASB, Rochester, MN, USA 

Saturday, August 03 2019: Posters (1600-1800) 1749

Methlodologics + Data Analysis: Foot 3



 

 

A System for Quantifying Foot Temperature Changes Following Locomotion 
 

Andrew M Kern1, & Kota Z Takahashi1 
1Department of Biomechanics, University of Nebraska at Omaha, Omaha, NE USA 

Email: andrewkern@unomaha.edu 

 

Summary 

Energy dissipation in the foot, may lead to damaging soft 

tissue temperature increases in at-risk individuals. We 

developed a standardized system for semi-automatically 

measuring regional temperature changes on the plantar surface 

following walking. This system is utilized in a cohort of three 

healthy subjects. An elevation in the temperature of the 

metatarsophalangeal joints is found after 5 minutes of 

walking. 

Introduction 

During walking, the foot loses energy (negative net-work), 

which is likely dissipated into the plantar surface as heat. 

Elevated foot temperature may be harmful to soft tissue health 

and lead to skin breakdown or eventual ulceration, particularly 

in people with diabetes [1]. Previous work has identified that 

walking increases foot temperature in both healthy individuals 

and those with diabetes [2], yet it remains unclear to what 

extent foot temperature is influenced by mechanical 

deformation vs. other factors. 

In this study a system was developed for analyzing foot 

thermography images by identifying functional regions on the 

plantar surface. It is demonstrated on a small cohort of healthy 

individuals with the long-term goal of examining people with 

peripheral artery disease and diabetes. 

Methods 

Thermal data was processed by a custom written MATLAB 

protocol (Fig. 1). Pre-processing estimates approximate foot 

contour, which is refined with a minimum-cost graph-cut. 

Relevant foot regions (i.e. hallux, metatarsophalangeal (MTP), 

midfoot, arch and heel) are identified using an atlas-based 

approach. Mean temperature is extracted from these identified 

regions.  

 
Figure 1: A) An individual foot is identified. B) The foot segmented 

using a minimum-cost graph cut. C) Biomechanically relevant 

regions selected using an atlas-based approach. 

Three healthy participants were recruited who were between 

the ages of 40 and 85 and capable of walking on a treadmill 

for at least five minutes. Prior to temperature measurement, 

subjects rest for 20 minutes to normalize their foot 

temperature. Subjects then removed their shoes and their 

baseline plantar surface temperature was recorded with an 

infrared thermal camera (FLIR T540sc, FLIR Systems, 

Wilsonville, OR). Subjects replaced their shoes and walked 

for five minutes on a treadmill. At the completion of walking, 

the cooling behavior of the foot was examined with a series of 

time-lapse, thermal images acquired for 20 minutes. 

Results and Discussion 

Plantar temperature increased only in the MTP joints 

following walking. This agrees with previous findings of large 

magnitudes of negative work [3] and high magnitudes of shear 

adjacent to the MTP joint [4]. (Fig. 2) 

 
Figure 2: Ensemble average temperature difference from baseline in 

five functional regions of the foot, after 5 minutes of walking and 

during 20 minutes of cooling. 

Conclusions 

This system presents a first step toward region-specific 

comparisons of foot energetics, and temperature change. 

Future work will involve individuals with peripheral artery 

disease and diabetes. 
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Summary 

Basal myosin oscillation is barely dependent on actomyosin 

cortical tension, indicating that oscillation is mainly from 

biochemical reaction. During basal myosin oscillation, Rho1 

proteins and Rho1 activity are mainly distributed and enriched 

at and near basal junction and the major control of basal 

myosin oscillation is the flow movement of oscillatory ROCK 

signals from basal junction to medio-basal cortex. This ROCK 

flow movement is initiated from the transient interaction of 

ROCK with active Rho1 at and near basal junction, thus 

leading to the opening and activation of ROCK kinase 

capability. During the membrane-medial flow movement, 

ROCK kinase activity mediates the accumulation and thus the 

amplification of ROCK signals. This positive signal 

amplification turns on the phosphorylation of myosin 

regulatory light chain (MRLC), which governs the dynamic 

redistribution of myosin phosphatase MBS. Finally, enriched 

MBS signals shut off both ROCK and myosin signals. 

Introduction 

Actomyosin networks are very dynamic and often undergo 

cycles or pulses of assembly and disassembly [1, 2]. Pulses of 

actomyosin networks have been observed in several tissue 

morphogenesis processes. Consistent with the phosphorylation 

dephosphorylation control, spatiotemporal correlation between 

ROCK-Myosin phosphotase and Myo-II has been observed in 

these various morphogenetic processes [3, 4]. However, how 

the phosphorylation–dephosphorylation cycle of myosin 

occurs is very unclear. Moreover, it is still controversial about 

the role of actomyosin contractility in the regulation of this 

pulsatile biochemical reaction.  

Methods 

Images were processed with MATLAB and Image J. For all 

images the background (intensity of area without sample) was 

subtracted.  

Image J were used to calculate the intensity of an individual 

cell as the average value of all pixels within the cell area. In 

time-lapse experiments, images were processed by MATLAB 

to correct photo-bleaching automatically. For dual-color 

imaging, the intensities were calculated from manually 

outlined cell areas if membrane-fluorescent protein was not 

present to mark cell boundaries. 

Results and Discussion 

By analysing the main localization of ROCK signals at 

different time points, we detected that both intensity increase 

and flow movement begin to occur when ROCK reaches 

junctional membrane, where Rho1 is mainly distributed (Fig. 

1). This indicates that the initiation of both intensity and 

movement is highly dependent on the physical interaction 

between ROCK and membrane active Rho1, which opens and 

activates ROCK. Further experiments confirmed that the self-

accumulation and accumulation of myosin phosphatase MBS 

is the positive and negative regulator for ROCK signal 

amplification and dissemble respectively.  

 

Figure 1: ROCK and myosin phosphatase MBS are feedback loop 
for occurrence of myosin oscillations. 

Conclusions 

The biochemical oscillator controls the phosphorylation and 

de-phosphorylation of myosin, which leads to this pulsatile 

myosin flow and polarized force. Two activation ways of 

ROCK, through interaction with Rho and self-amplification, 

has been revealed in this process. Myosin phosphatase MBS is 

the negative regulator of this oscillator.  
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Summary 

The Facial and Ocular CountermeasUre Safety (FOCUS) 
headform was designed to evaluate injury risk and 
effectiveness of countermeasures. Many of its segmented 
facial regions have been evaluated previously and shown to 
have biofidelic responses. The current study investigated both 
the biomechanical response of cadavers and the mechanical 
response of the FOCUS mandible region. 

Introduction 

Within the U.S. Military, approximately 25% of injuries 
during recent conflicts were craniomaxillofacial in nature [1]. 
The FOCUS headform was developed to measure facial and 
ocular insults and predict injury risk so that the effectiveness 
of potential countermeasures could be evaluated [2]. FOCUS 
has been shown to be biofidelic for anterior-posterior (A-P) 
blunt impacts to the frontal bone, nasal bone, and maxilla [3]. 
Recently, a jaw restraint was developed to represent a 
helmeted individual [4]. The current study aimed to define the 
response of the restrained cadaveric jaw and assess the 
biofidelity of the mandible region of the FOCUS headform. 

Methods 

Twenty-five fresh-frozen male post-mortem human subject 
(PMHS) heads were used. Specimens were handled in 
accordance with institutional standard operating procedures 
and U.S. Army Policy for Use of Human Cadavers [5]. 
Specimens were secured in a potting fixture using 
polyurethane resin with the Frankfort plane vertical. To detect 
fractures, strain gauges were attached to the skull and acoustic 
emission sensors were secured to each angle of the mandible. 

Impacts were conducted using a gravity-driven cylindrical 
impactor with a 6.45 cm2 surface area and 3.2 kg mass. The 
impactor load cell and accelerometer data were collected at 1 
MHz and filtered using a 4th order low-pass Butterworth filter 
with a 500 Hz cutoff frequency. FOCUS internal load cell data 
were collected and filtered in the same manner. Tests were 
recorded at 10,000 frames per second using high-speed video. 

The impactor was centered on the symphysis of the mandible 
with the edge of the impactor below the alveolar process. A 
restraint fixture kept the jaw from opening during impact. 
PMHS impacts were repeated in increasing 5-J increments 
until fractured. The mandible of the FOCUS headform was 
impacted at 5, 10, 15, and 20 J. 

Force-displacement response, which was computed from 
initial impactor contact (defined as 10N of force) to 90% of 
peak force, was calculated for each test. Characteristic 
averages and corridors were computed for all PMHS and 
FOCUS tests using methods described by Lessley et al. [6]. 

Results and Discussion 

Sixty-five tests were performed on 25 mandibles to determine 
the PMHS biomechanical response. Impact velocity ranged 
from 1.7 to 4.4 m/s, corresponding to 4.5 to 31.4 J impact 
energies. Average peak force was 2476 N (SD 837 N) and 
maximum displacement was 8.6 mm (SD 3.0 mm). PMHS 
showed a bilinear response with initial (0-20% peak force) and 
secondary (20-80% peak force) stiffnesses of 152.3 and 324.6 
N/mm, respectively. The FOCUS headform response fell 
within the PMHS response corridors (Figure 1). 

 

Figure 1: PMHS and FOCUS responses compared. 

Conclusions 

PMHS mandible response to A-P impacts was characterized. 
The FOCUS headform response to A-P impacts is biofidelic, 
produces similar forces to cadavers, and can be used to 
evaluate insults to the mandible. 
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INTRODUCTION 

The incidence of cracked tooth syndrome (CTS) became 
common dental problems. The CTS refers to a partial fracture 
of a tooth, involving enamel, dentin. The bite force on the 
cracked tooth may increase the magnitude of the mechanical 
stress exerted onto the pulp, which may lead to pulp 
inflammation and necrosis. Many in vitro studies showed that 
the increase of mechanical stress leads to inflammatory 
response of the cells. However, the relationship of the 
magnitude of occlusal force transmitted to the dental pulp and 
dental pulp response could not be clinically translated. This 
study explored the expression of inflammatory markers in 
human dental pulp cells (HDPCs) upon the increase of 
mechanical stress. 

METHODS       

 
The 3D model of a lower first molar was generated in ANSYS 
software based on a patient’s Cone beam CT images. The 
method of 3D multicomponent tooth modeling was previously 
described [1]. An artificial tooth crack model from mesio-
distal 0.5 mm. depth into the dentin was modeled. The stress 
distribution was simulated and analyzed.  

 Experiment 
HDPCs received 2 hrs of compressive force using our 
customized mechanical force apparatus [2]. The live and dead 
cell assay was performed. Total RNA is extracted, cDNA was 
synthesized for qPCR. The inflammatory-related (BAD, BCL-
2, IL-1b IL-6, TNFα) genes expression were studied.  

RESULTS AND DISCUSSION 

From the FEA simulation, the highest stress in dental pulp of 
cracked tooth was located on the pulpal horn area. In 
concurrence with clinical situation, pulp horn area is the most 
susceptible area for developing pulp inflammation when tooth 
cracked is developed. The FEA revealed the 30-50% increase 
of compressive stress was observed when the crack was 
propagated into the dentin. The live and dead cell assays 

showed that the cells remained viable in all groups receiving 
compressive force from 2-4 g/cm3. 

 
Figure 1: The 3D multicomponent FEA model demonstrated the 
mechanical stress distribution on the enamel and the dental pulp. 
After 2 hrs of mechanical loading, MTT and live/dead cell assay and 
qPCR were performed (n=3 , *=p < 0.05). 

The qPCR showed that TNFα, IL-6 and BCL genes were up-
regulated (Fig.1). The cell experiment showed that the force 
on cracked tooth did not affect the cell viability, but increase 
of cellular inflammatory genes was observed. These results 
suggested of reversible pulpitis in clinical symptoms. It should 
be noted that the duration of loading force may affect the pulp 
viability which needs the further study.  

CONCLUSIONS 

The numerical simulation could bridge the gap between 
laboratory and clinical translation.  Predictive models can shed 
important insight into how dental pulp undergoes irreversible 
pulp inflammation in response to mechanical loading. The 
FEA model showed the crack of the tooth extended to dentin 
can lead to increase of mechanical stress in dental pulp. This 
suggested that, to avoid the damage to the dental pulp, proper 
intervention such as dental crowns is recommended. This 
study implicated the possibility of using FEA to help 
predicting the pulp viability in cracked tooth syndrome in 
clinical situation.  
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Summary 

Due to the high frequency of parastomal herniation (PSH) in 
colostomy patients, as well as general disagreement regarding 
its prevention, the application of lumbosacral orthoses (hernia 
belts) is explored as a non-invasive PSH prevention method of 
late. Five hernia belt materials were tested axially to quantify 
hyperelastic behaviour under varying strain rates. With the 
collected data, the recommended amount of tension in each belt 
material was defined for patient use. From a clinical standpoint, 
this data highlights minimum tensile requirements for hernia 
belts under standard loading, such as insufflation due to 
defecation or coughing. Consequently, patient-specific belt 
adjustments can be made given abdominal perimeter, physical 
activity level, and belt material to provide individualized 
support.  

Introduction 

Parastomal hernias (PSH) are the most common complications 
in ostomy procedures, with 10 to 70% of patients reporting the 
condition [1]. Though occasionally disputed [2,3], most authors 
agree that the highest rates of PSH occur in end colostomies 
[1,2,4]. Further, risks tend to decrease if a colostomy is made 
through the rectus abdominis (RA), as opposed to lateral to the 
muscle [4]. For the purposes of this study, PSH is defined as a 
localized, visible protrusion upon a standing Valsalva 
maneuver in end colostomy patients [4].  

The current recommended prevention method for PSH is the 
proactive implantation of a prophylactic mesh (prophylactic 
mesh augmentation, PMA) [5]. One other prevention method 
not well studied is the use of lumbosacral orthoses: waist 
support belts used to support the spine, or prevent herniation 
(hernia belts) [1].  

Due to the high frequency of PSH and disputes in literature 
regarding its prevention, the application of hernia belts is 
explored as a non-invasive alternative to PMA. 

Methods 

Five materials, provided by a local hernia belt manufacturer 
(CDRM Inc., Montreal Canada), were tested axially at a 
constant rate of elongation (CRE) using ASTM D76 standards 
for textiles. A Shimadzu EZ test machine was employed and 
four strain rates between 100 and 300 mm/min were used to 
evaluate the hyperelastic, cyclic behaviour, as well as the 
recovery of each material. To limit slippage at higher strains, a 
custom gripping fixture was used. The stress-strain curves of 
each material were obtained and compared to ensure complete 
recovery after testing.  

Results and Discussion 

The abdomen has repeatedly been modeled as a pressurized, 
thin-walled cylinder of incompressible fluid [6,7]. As such, the 

Laplace law holds for the system, assuming wall isotropy and 
rigidity, thus providing an estimate for abdominal wall stress 
during insufflation (i.e. Increased intra-abdominal pressure 
(IAP)). In this study, the average male and female with a 
standard end colostomy through the RA are considered. 

Using published data for RA muscle thickness (t), abdominal 
perimeter (AP) (2πr), and IAP during a Valsalva maneuver (P), 
the stress (σ) experienced by the abdominal wall could be 
estimated [4,7-10]. If abdominal stiffness is considered 
negligible due to severe weakness from herniation, then it can 
be said that a hernia belt assumes wall stress under applied IAP. 
As such, with the collected data from each belt material, desired 
belt tension (ε) was determined. To withstand the abdominal 
wall stress resulting from a Valsalva maneuver (approximately 
100 kPa), minimum recommended belt tension ranged from 15 
to 50% strain, depending on material type. 

The assumptions made in this research, including wall rigidity 
and homogeneity, may impact results. Regardless, this 
information stands as a relative guideline for patient and clinical 
use of hernia belts. To corroborate results, in silico testing using 
finite element analysis is underway. Further, in vivo validation 
of this research is required to confirm long-term efficacy of 
hernia belts, as well as their potential negative effect on 
abdominal strength, as suggested by some authors [11]. 

Conclusions 

In conclusion, this data highlights minimum tensile 
requirements for hernia belts used in PSH prevention. Patient-
specific adjustments can be made based on individual AP, 
physical activity level, and belt material. Long-term, in vivo 
studies are a necessary next step to confirm a decrease in PSH 
rates, while maintaining abdominal muscle health.  
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Summary 

Chemotherapy treatment of cancers by paclitaxel often 
results in peripheral neuropathy which is the main reason for 
patients to withdraw from the therapy [1]. The function of a 
peripheral nerve depends highly on biomechanical properties 
of its tissues and cells. The goal of this study is to investigate 
the alteration of biomechanical properties of autonomic 
neurons affected by pharmacokinetics of two paclitaxel 
dosing schedules by atomic force microscopy (AFM) and 
the finite element (FE) methods. 

Introduction 

Cell is the basic biological unit of life and change of 
mechanical properties will affect cell metabolism, migration 
and adhesion, all are closely related to cancer formation. 
Paclitaxel, one of the common chemotherapy drugs can bind 
to beta tubulins of microtubule, interfering hydrolysis of 
GTP and stabilizing intracellular microtubules. This breaks 
up the dynamic instability and disrupts transportation of 
organelles along neuronal axon and causes dysfunction of 
neuron cells.  The goal of this study is to investigate the 
alteration of biomechanical properties of autonomic neurons 
affected by pharmacokinetics of paclitaxel dosing schedules. 

Methods 

PC-12 cells were cultured in the standard medium and 
incubated at 37° C in a 5% CO2 environment. The axons 
were induced by 100 ng/mL of nerve growth factor (NGF) 
for 72 hours. To simulate the 3-hr and 24-hr infusions of 
paclitaxel in clinical practice, the concentration of paclitaxel 
was controlled by dissolving NGF (100 ng/mL) every 6 hour 
[2]. The concentrations were controlled to (1300/854/561nM) 
at times (6/12/18hr) to simulate the 3-hr infusion condition 
and (105/89/76nM) at same times for the 24-hr infusion.  

AFM compression-and-hold indentation of the living PC-12 
cells was performed at same time schedule. The morphology 
of the PC-12 cell was recorded by an inverse microscopy. 
Cells were fixed with 3.7% formaldehyde and imaged by an 
immunofluorescence microscope and 3D models were built 
from confocal images with frame thickness of 0.5 m. 

The cell was postulated as a double-layered body, with outer 
cytoplasmic layer made of cytoskeleton proteins and 
modeled as single term Ogden hyperplastic material [3]. The 
inner layer is an ellipsoidal nucleus modeled as linear elastic 
material. Simulation was conducted using FE software 
(Abaqus 6.13-1). Inverse FE analysis was performed and 
obtained material parameters of the cytoplasmic layer and 
the nucleus by fitting the simulation results to the AFM 
indentation force-deflection data. The results were compared 
to our previous results which employed a quasi-linear 
viscoelasticity model and contact mechanics theories [4]. 

Results and Discussion 

The tangential Young’s modulus of the cytoplasm of the 3-hr 
infusion group rises at time 12 hours and declines to control 
group level at time 18 hour (Figure 1). However, for the 24-
hr infusion group it remains the same for times 6, 12 and 18 
hours. The tangential Young’s modulus of nucleus of the 3-
hr infusion group has similar trend as that of the cytoplasm. 
On the contrary, tangential Young’s modulus of the nucleus 
of the 24-hr infusion group remains at same level as the 
control group. The finite-element analyses in this current 
study reveal that tangential Young’s modulus of cytoplasm, 
for both 3-hr and 24-hr infusion plans are lower than those of 
the quasi-linear viscoelasticity model which assumes the cell 
is homogeneous and isotropic [4]. 

 

 

 

 

 

 

Figure 1: Tangential Young’s modulus of cytoplasm and Young’s modulus 
of nucleus during paclitaxel infusion 

A three-dimensional cell and nucleus surface geometry were 
built from confocal microscopy image to improve 2D 
axisymmetric cell model (Figure 2).  

 
Figure 2:  nucleus and cell surface 3D geometry 

Conclusions 

The elasticity of the ultra-structures of the 24-hr infusion 
group is less affected by the pharmacokinetics of the 
paclitaxel.  
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Summary 

The purpose of this study was to investigate the effect of 
Kinesio taping on the functional movement for healthy 
athletes. 29 athletes were recruited and randomly distributed to 
the Kinesio group and the placebo group. The Deep Squat test 
and Inline Lunge test of Functional Movement Screen (FMS) 
were adopted as screening methods. The results found that 
Kinesio taping has no significant effect on functional 
movement of healthy athlete. 

Introduction 

The inhibitory application of Kinesio taping aims to relax 
muscle and increase flexibility and joint range of motion. A 
past study has indicated that Kinesio taping can increase joint 
range of motion [1]. FMS can be used to examine functional 
movement performance of athletes [2], however, the effect of 
Kinesio taping on functional movement has rarely been 
discussed in recent studies. Thus, this study is conducted to 
understand the effect of Kinesio taping on athlete’s functional 
movement. 

Methods 

Twenty-nine healthy athletes were recruited and randomly 
assigned to Kinesio taping group (n=14) and placebo group 
(n=15).  Kinesio taping group (mean height 171.9±8.2 cm; 
mean weight 64.7±8.8 kg, mean age 20±1.4 yrs, mean exercise 
frequency, 4.4±15 time/wk, mean exercise duration 2.9±1.2 
hr/wk) and placebo group (mean height 165.9±9.3 cm; mean 
weight 61.1±13.0 kg, mean age 19.7±2.9 yrs, mean exercise 
frequency, 3.5±1.5 time/wk, mean exercise duration 2.2±1.0 
hr/wk). Subject’s demography is presented in table 1. 
Functional movement was assessed using Deep Squat test and 
Inline Lunge test of FMS (Figure 1), both performed pre-
taping and post-taping immediately. A senior physical 
therapist was as evaluators. For Kinesio taping group, The 
Kinesio tape was applied from heel to popliteal on 
gastrocnemius muscle in Y shape (Figure 2); for placebo 
group, the Kinesio tape was applied on mid-calf in transverse 
direction. The homogeneity of the two groups was examined 
with independent-sample T test; the scores of Deep Squat test 
and Inline Lunge test of pre-taping and post-taping were 
examined with Pearson’s chi-squared test. 

 

Figure 1: Functional Movement Screen. (a) Deep Squat；(b) Inline 

Lunge 

 

Figure 2: Kinesio Taping Inhibition Methods 

Results and Discussion 

Test results are shown in Figure 3, no significant differences 
were found between the subjects’ demography of the two 
groups (p>.05). Since the scores of Deep Squat and Inline 
Lunge tests of the two groups have no significant differences 
(p>.05), the inhibitory application does not lead to prominent 
effect. A previous study shows that Kinesio taping has 
significant effect on Single Limb Hurdle test and Kinesthetic 
Balance test [3], the reason that this study has a dissimilar 
outcome may result from the test methods this study applied 
which were all for multi-articular movement or functional 
movement instead of single joint range of motion assessment. 
The other possible factor was that the Kinesio tape was 
applied only on calf muscle, nevertheless, functional 
movement may also be affected by movements of thigh and 
hip and lower-back flexibility. Therefore, more future studies 
of Kinesio taping’s effect on the kinetic link of lower 
extremity will be suggested.  

 

Figure 3: The score results of inline lunge and deep squat in 
inhibitory Kinesio taping group and placebo taping group. 

Conclusions 

No significant differences on the functional movement of 
Deep Squat and Inline Lunge test were found between groups 
with and without inhibitory application of Kinesio taping.  

Acknowledgments 

The research funding was provided by Ministry of Science and 
Technology, Taiwan (MOST 106-2410-H-040-013) 

References 

[1] Cho HY et al. (2015). Am J Phys Med Rehabil, 94(3): 
192-200. 

[2] Cook G et al. (2014). Int J Sports Phys Ther, 9(4): 549-
563. 

[3] Bicici S et al. (2012). Int J Sports Phys Ther, 7(2): 154-
166. 

 

Saturday, August 03 2019: Posters (1600-1800) 1757

Miscellaneous Posters 3



 

 

Qualitative and quantitative assessment of cardiovascular fitness and health for law enforcement personnel 

 

Jamie E. Hibbert, Daniel P. Klawiter, Matthew M. Schubert, Jeff A. Nessler, Deanna S. Asakawa 

Department of Kinesiology, California State University San Marcos, San Marcos, CA, USA 

Email: jhibbert@csusm.edu  

 

Summary 

Persons in law enforcement often encounter physically 

demanding tasks while working. However, this population has 

also been shown to have increased risk of cardiovascular 

disease and injury. We had 20 participants perform self-

assessment of fitness then quantitatively measured 
cardiovascular fitness and body composition. Our findings 

show that 75% of the law enforcement participants 

overestimated their level of fitness at above average. However, 

when measured, 90% of participants were average to below 

average VO2 maximum (VO2 Max). Therefore, assessment 

provides accurate information and, consequently, motivation 

that could lead to decreased risk of cardiovascular disease. 

Introduction 

Law enforcement personnel are a unique population who 

perform work comprised of both sedentary periods and 

periods that are physically demanding. Due to myriad factors 

associated with their occupation, law enforcement personnel 

have higher risk of developing cardiovascular disease than the 

general population [1-2]. One way to manage this increased 

risk is regular physical activity. Law enforcement personnel 

who have high fitness levels are less likely to experience some 

musculoskeletal injuries or report experiencing back pain [3]. 

The purpose of this study was to compare self-reported 

assessments of fitness with actual cardiovascular fitness level 

and body composition. We hypothesized that most participants 

would have average or above average cardiovascular fitness, 

based on VO2 Max. We also expected self-evaluation to align 

with measured values in this population. 

Methods 

20 Law enforcement employees (16 male, 4 female; age 39± 7 

years) were recruited from the Oceanside Police Department, 

Oceanside, CA. Participants provided informed consent prior 

to participating. They were asked to rate their current fitness 

level, on a scale from 1-10, 1 indicating very poor and 10 

indicating excellent. Body composition was measured using 

bioelectrical impedance (InBodyUSA, Cerritos, CA). 

Participants then participated in a treadmill based VO2 

maximum test (Cosmed, Rome, Italy). The protocol 

terminated when individuals reached exhaustion. We looked at 

both the numerical value for the VO2 Max as well as the 

categorical rank (very poor- superior) for the individual since 

the values may change based on age and sex. 

Results and Discussion 

18 participants self-assessed at fair or above for fitness level 
(Table 1). In contrast, when measured, 18 of the participants 

were scored at fair or below. 13 participants self-assessed 

themselves as above average, but only 2 were scored as such. 

Measured values for percent body fat ranged from 10.4% to 

44.7% with the average 26.52±8.02%. Analysis showed a 

significant correlation (r=-0.642, p<0.01) between percent 

body fat and VO2 Max. 

These data indicate that there is a significant inverse 

relationship between percent body fat and VO2 Max among the 

participants. Contrary to our hypotheses, the majority of 

participants were average or below in their VO2 Max test 

despite having rated their fitness level to be average or above. 

This clearly shows a disconnect between self-assessment 

values and quantitative cardiovascular fitness data. 

Conclusions 

One barrier to persuading individuals that they need to 

participate in more physical activity is unrealistic self-

assessment of their current fitness level. The data presented 

demonstrates that quantitative assessment of cardiovascular 

fitness can provide information to law enforcement personnel 

to encourage physical activity with the intent to decrease risk 

of developing cardiovascular disease. Current research with 

this cohort of participants is ongoing to investigate the success 

of these methods. 
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Table 1: Self-rated and measured values of VO2 Max and fitness for 20 law enforcement participants. 

VO2 Max scale Very Poor Poor Fair Good Excellent Superior 

Self-Rating scale 1-2 3-4 5 6-7 8-9 10 

Self-Rated Fitness (# participants) 1 1 3 10 5 0 

VO2 Max categorical Rank (# participants) 3 3 12 2 0 0 

Measured Mean VO2 Max per category (ml/min/kg) 27.57 37.17 40.85 42.65     
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Summary 

The purpose of this study is to classify the spinal curvature in 
a cross-legged sitting posture. The sitting position was defined 
as three positions (flat, lordosis, and slump) considering the 
spinal curvature. In this study, we developed a classification 
algorithm that reflects the characteristics of pressure 
distribution by spinal curvature, and it was able to distinguish 
three spinal curvatures. 

Introduction 

Asian who are accustomed to sitting on the floor sits naturally       
in a cross-legged sitting posture. A cross-legged sitting posture 
rotates the pelvis in a dorsal direction and lumbar lordosis is 
flatter than when sitting on a chair [1]. 

By comparing X-ray images of standing, sitting on chair, and 
sitting on floor, segmental lordosis at the level of L4-5 was 
significantly reduced on sitting on the floor than in other 
sitting positions. This means a high compressive load at this 
level and can cause back pain [2]. 

The cross-legged sitting posture on the floor can be more fatal 
to the waist health by increasing the compressive load on the 
lumbar spine when sitting in the wrong position (slump) than 
sitting posture on the chair. 

The purpose of this study is to classify the spinal curvature 
(flat, lordosis, and slump) in a cross-legged sitting posture. 

Methods 

Ten healthy adults (mean age: 24.5 ± 1.3 years) participated in 
this study. The pressure distribution was measured using a 
pressure mapping system (LX100, XSENSOR Technology, 
Canada). The sitting position was defined as three positions 
(flat, lordosis, and slump) considering the spinal curvature. 
Subjects were asked to sit in 30 seconds. 

Thoracolumbar angle (TLA) and lumbar angle (LA) were 
calculated from the lines between markers on the spinous 
process (T5, T10, L3, and S2) [3]. 

Because of the individual differences in the pressure 
distribution, the threshold setting step is performed based on 
each individual flat posture. Leg-hip ratio (RLH) means 
pressure ratio of leg and hip part, and hip pressure (HP) is 
total sum of hip part. 

Results and Discussion 

The angle of thoracolumbar and lumbar increased with the 
change from slump to lordosis posture. The three sitting 
positions showed significant differences. That is, the curvature 
of lumbar showed lordosis in kyphosis (Table 1). 

Table 1: The thoracolumbar and lumbar angle in various sitting 
postures  

slump flat lordosis p-value

TLA [deg] 158.3 (8.7) 173.8 (4.7) 179.2 (4.7) < 0.01 

LA [deg] 164.2 (5.7) 175.9 (6.2) 183.3 (6.4) < 0.001

Note: Mean value (standard deviation). 

If the leg hip ratio is greater than the threshold, it is classified 
as a slump posture. If the hip sum pressure is greater than the 
threshold, it is classified as lordosis posture, otherwise flat. 
Through the threshold optimization step, the threshold value at 
which the accuracy is 100% is obtained. Compared to a flat 
posture, the slump posture flexes the lumbar, so the ratio 
increases, and the lordosis posture slightly extends the lumbar 
so that the pressure is concentrated on the hip part. 

 
Figure 1: The classification algorithm for three spinal curvatures. 

Conclusions 

In this study, we developed a classification algorithm that 
reflects the characteristics of pressure distribution by spinal 
curvature, and it was able to distinguish three spinal 
curvatures. 
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Summary 
Cells are constantly exposed to extrinsic and intrinsic loads, 
which are sensed by their organelle and transduced into cellular 
events, a phenomenon called mechanotransduction. Despite 
receiving significant attention over the past years and 
exponential advances in cell characterization techniques, 
understanding how mechanical signals are transferred to cell’s 
internal components, remains challenging. Computational 
models could, in this context, act as a key-enabling technology, 
providing a cohesive element in the interpretation of 
biophysical- and biochemical-assays. Although already 
ubiquitous in the investigation of the underlying mechanisms 
based on which mechanical stress can elicit biophysical 
responses on the macro level, Finite Element (FE) models are 
still considered to be of limited predictive capacity in cellular 
mechanobiology. To address this, a 3D model of an osteoblast 
was reverse engineered and subjected to three types of analyses 
(FE modelling, Fluid–Structure Interaction and Smoothed-
Particle Hydrodynamics), as to evaluated the suitability of each 
technique for different loading scenaria. 

Introduction 
The notion of interplay between physical forces and cell 
function, was devised in 1926, when Murray [1] suggested that 
shear stress controls the size of blood vessels. Since then, it has 
become clear that nearly every biological process, is modulated 
by how these forces are decoded intracellularly. Several 
cellular components have been suggested as mechanosensing 
molecules, translating these mechanical cues into biochemical 
ones, e.g. resulting in the expression of mechanoresponsive 
genes [2]. Cell-matrix adhesion complexes, like integrin 
transmembrane receptors, and cell-to-cell complexes (e.g. 
vinculin and cadherin), are the best characterized of these 
mechanochemical switches. Over the past two decades 
however, the nucleus has also emerged as a cellular 
mechanosensor [3] that can activate changes in gene 
expressions. Notably, nuclear mechanosensing has been argued 
to offer a more direct and rapid pathway for cellular events [4], 
thus inspiring new concepts in mechano-transduction. 
Encouraged in part by this notion and the abundance of 
modelling techniques, we try to determine which one is 
preferable in drawing an analog between force magnitude/type 
(e.g.  point of application, compression vs shear loads etc.) and 
sensory mechanisms that could activate the nucleus. 

Methods 
An osteoblast’s external shape was reverse-engineered based 
on SEM images and its internal components reconstructed 
according to literature. The nucleus covered about 25% of the 
cell’s volume and was modelled as a linear elastic material, as 

was the actin network (resembling a 2,5μm thick filamentous 
layer) and all 26 mitochondria. The cytoskeleton was simulated 
by 300 microtubules (polymerized at the time of loading), 
while the cytoplasm was in all cases modelled as a non-linear 
compressible fluid. 
The model’s mesh grid was verified as to its conceptual 
soundness through convergence studies and validated against 
an AFM experiment, applying a 5 pN vertical load on the cell 
membrane. The model was then subjected to a static analysis, 
employing the three aforementioned types of solvers and the 
results compared as to their capacity to transduce external loads 
(compression and shear). The loads were applied on regions of 
the membrane superimposing the nucleus and eccentric of it. 

Results and Discussion 
The application of mechanical loads on the cell membrane, resulted 
in all cases in their non-linear transduction to the cell’s inner 
structures (see Figure 1). This non-linearity was less pronounced in 
the FE analysis, showing a reduced capacity of the method to 
simulate the cell’s domain exhibiting fluid-like properties. 

 
Figure 1: Characteristic stress filed transduced into the nucleus. 

Conclusions 
Regardless of the applied methodology, the results presented, 
were consistent with recent observations, that forces of 5pN are 
sufficient to decondense single chromatin fibers [5]. However, 
the extent to which mechanical loads can elicit conformational 
changes at cell entities, distant to their point of application, 
varied significantly among both, the computational approach 
and across the force magnitude. In conclusion, Fluid–Structure 
Interaction showed the most promising potential in applications 
involving cellular mechanobiology. 
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Summary 

The purpose of this study was to examine the effectiveness of 

different aquatic activity instructional methods for autistic 

children for motor skills development. Autistic children were 

evaluated over a three-week period of swim lessons between 

an upper extremity instructional method vs a lower extremity 

instructional method. Pre and post testings were conducted 

prior and after the three-week period on various motor skills. 

The participant in the lower extremity instructional method 

showed better motor skills improvement while the participant 

in the upper extremity demonstrated limited improvement. 

The study provides an important preliminary understanding 

for health practitioners and physical educators in designing 

and assessing appropriate aquatic program for children with 

mental disability and for parents in selecting an appropriate 

swim program for motor development for their autistic 

children. 

Introduction 

Physical activity is essential for everyone to lead a healthy 

life. For kids with Autism Spectrum Disorder (ASD), it may 

be challenging for them to perform certain motor skills 

because of their level of disability in direct relation to their 

level of movement coordination. Research have recommended 

a pool-based approach and have shown that aquatic activities 

foster the attainment of movement skills and encourage 

movement competence in autistic children [1,2]. The question 

of what type of aquatic activity or instructional method was 

most beneficial for children with mental disabilities remained 

to be addressed. Therefore, the purpose of this study was to 

examine how upper extremity vs lower extremity instructional 

methods in aquatic activity could improve motor skills of 

children with Autism Spectrum Disorder. The findings would 

assist health practitioners and physical educators design and 

assess appropriate aquatic program for children with mental 

disability. 

Methods 

Autistic children with ages seven and eight years old were 

recruited from a local YMCA (Young Men's Christian 

Association) Inclusion Program. The children were evaluated 

over a three-week period with 30 minutes per lesson per week. 

During the lesson, one child focused on the upper extremity 

during the lesson while the other child focused on the lower 

extremity. A pre-test was conducted prior to the start of the 

three-week period on throwing a tennis ball, kicking a soccer 

ball, jumping over small hurdles, and a broad jump, and a 

post-test was conducted with same tests after the three-week 

period. Joint reflective markers were placed on the participants 

and a 2D kinematic analysis was conducted with a video 

camera both quantitatively and qualitatively. Descriptive 

statistics were conducted for analysis.  

Results and Discussion 

The results of the study showed improvement with the 

participant who received the lower extremity instructional 

method in soccer kick and hurdle jumps. Before the lesson the 

participant kept his arms stationery when kicking and had no 

trunk rotation- both of which are characteristic of early 

kicking skill [3]. After three weeks of the lesson, the 

participant swung his arms while kicking, rotated his trunk, 

took a step forward before the kick, and had a large range of 

motion with his kicking legs (hip flexion pre-test = 131.0 ± 

10.4° and hip flexion post-test = 100.3° ± 9.0°). In the hurdle 

jump, the participant started more of a skip over the hurdles in 

the pre-test while starting with more two-feet hops over the 

hurdles in the post-test (hip extension during jump in the pre-

test = 100 ± 9.9° and hip extension during jump in the post-

test = 154.4 ± 3.5°). The participant in the upper body 

condition did not show much improvement qualitatively. The 

participant in both the pre-test and post-test showed 

characteristics of early skills (no step into throw, executes 

throw only by elbow extension; no step forward in kick, trunk 

does not rotate, arms stationery) [3]. Therefore, the results of 

this study suggest that focusing primarily on the lower body 

movements using larger muscle groups may improve mobility 

better, which could potentially improve the functioning of 

daily motor skills that could be challenging for people with 

mental disabilities. 

Conclusions 

This study supports that focusing lower extremity in the swim 

lesson could be helpful in improving the motor skills of 

children with autism. Future studies are warranted to conduct 

with a larger sample size and longer duration of swim 

program. 
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Summary 

Traumatic brain injuries have known negative effects on 

individuals. Brain morphometry plays a role in the degree of 

deformation of tissue under impact conditions. Two elastomer 

phantoms, one with true brain morphometric representation and 

the other with no morphometry, were subjected to the same 

loading conditions, being linearly dropped at velocities between 

1 to 4 m/s. The phantom with increased morphometric 

complexity experienced greater displacements around regions 

of increased folding. The orientation of the phantoms with 

respect to impact direction showed variation in displacement 

fields. Both morphometry and orientation of impact influence 

resulting displacements. 

Introduction 

Individuals who have sustained a traumatic brain injury (TBI) 

can experience negative changes to their lifestyle [1]. The 

suspected leading mechanism for TBIs is axonal damage 

through shear or axial deformation which alters the neural 

pathways within the brain [1]. The focus of the present work is 

to determine the link between brain morphometry on 

deformation thresholds. Between species, brain morphometry 

varies from minimal to no folding of the brain to a complex 

folding pattern as seen in humans. Given that the early stages 

of evidence of neurodegeneration are typically found at the base 

of the sulci [1], it follows that the geometry of the brain may 

have an influence on the development of tissue strains from 

impact events. An investigation into morphometric complexity 

and impact direction is undertaken in phantom brain slices 

prepared from tissue stimulants.  

Methods 

Open source magnetic resonance imaging scans of a domestic 

swine brain was used to create two phantoms: one with the 

exact coronal morphometry and one with a smoothed version of 

the same section. A tissue-simulating elastomer was used to 

create the phantoms. A radiopaque contrast sheet was 

introduced to the phantoms to allow for x-ray tracking of the 

displacement fields. Each phantom was encapsulated within a 

larger encasement to provide realistic boundary condition and 

water was introduced. The phantoms were linearly dropped 

together between 1- 4 m/s and the motion of the phantoms were 

recorded at 10,000 frames per second using high-speed x-ray 

cinematography. The phantoms were dropped in three different 

orientations; morphometry down, up and sideways. Digital 

image correlation was used to track the motion of the markers 

during the impact event [2]. The resulting displacements were 

mapped onto the phantoms and compared for the tissue 

variations. 

Results and Discussion  

Between phantoms, the least complex morphometry 

experienced lower displacement values along its surface, which 

translates to lower levels of strain. The complex morphometry 

saw greater variation and range of displacement along regions 

of complexity around the surface. Peak variations in 

displacement were found in locations of increased folding, with 

more evidence of shear deformation (Figure 1). Orientation of 

phantoms during impact influenced the degree of displacement 

and directionality of markers within the phantoms. 

Figure 1: Differences in displacement fields between downward- 

facing morphometries and seen during a 4m/s linear drop at 0.8ms 

post impact. Relative displacements are shown. 

Conclusions 

Differences in displacement fields as a result of morphometric 

complexity and phantom orientation during impact demonstrate 

that care must be taken in investigating brain injury 

experimentally as many factors can influence outcomes. 
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Summary 

Pubic symphysis width is measured using 3D freehand 

ultrasound in different birthing positions: supine, lithotomy 

position, standing and squatting. The relative position of the 

pubic bones would also be analysed. Preliminary results show 

that the motion at pubic symphysis in different positions 

includes rotation and translation and vertical positions tends to 

have a larger motion compared to lying down. The results may 

determine whether some positions may present a 

biomechanical advantage to ease birth. 

Introduction 

Studies have shown that certain postures, such as squatting 

and standing, may facilitate labour and birth and may be used 

by some practitioners [1]. However, a rigorous biomechanical 

understanding of how different postures affect a woman’s 

pelvis during labour is currently lacking. We hypothesize that 

there is a difference in relative pelvic bone position and 

orientation between different birthing positions that results in 

changes in pubic symphysis width. Therefore, we evaluated 

pubic symphysis width in positions that are used in clinics like 

lithotomy position and supine, and those suggested by 

midwives: standing and squatting, through 3D reconstruction 

of pubic symphysis ultrasound images.  

Methods 

Twenty women in their seventh-ninth month of pregnancy are 

being recruited to be participants. A 3D free hand ultrasound 

system was used to scan the pubic symphysis of each 

participant in the four birthing positions. Image data and the 

positions data of the probe were acquired. The system consists 

of an ultrasound machine, and an electromagnetic motion 

tracking system, The Plus software [2] developed by the Perk 

lab in Queen’s University, was used to collect the image and 

motion tracking data, which were then loaded in 3D Slicer. In 

each position, images were resliced from the reconstructed 3D 

volume and the same landmarks at the superior and inferior 

parts of pubic symphysis were located (Figure 1).  

 

 

 

 

 

 

 

 

Figure 1: Images from resliced 3D reconstructions in the four 

different positions. Same landmarks were found in each image to 

compare bone position and orientation.  

 

Results and Discussion 

We experienced challenges and limitations that come from 

recruitment, system setup, data collection and locating 

markers. Preliminary results from four participants (Table 1) 

suggest that pubic symphysis width measured from the 

reconstructed 3D volume is consistent with the results from a 

comparable study of measured pubic symphysis width [3].  

Table 1: Superior and inferior pubic Symphysis width measured 

from resliced 3D volumes from four participants 

                                                           

 Lithotomy Standing Squatting Supine 

 Superior Pubic Symphysis Width(mm) 

# 01 

# 02 

#03 

#04 

10.8 

10.5 

10.0 

6.8 

11.9 11.8 11.1 

12.8 12.7 10.0 

10.9 10.4 9.1 

8.5 7.2 9.0 

 Inferior Pubic Symphysis Width(mm) 

# 01 

# 02 

#03 

#04 

10.4 10.5 11.0 10.2 

12.7 13.8 13.2 11.6 

9.9 10.4 10.4 9.8 

7.0 8.3 7.9 6.0 

Conclusions 

Preliminary results show there are changes in the pubic 

symphysis width in different positions but conclusions can’t 

be made based on the limited data we have at present. More 

data is needed. To validate the results and evaluate the 

accuracy, phantoms made by 3D printed pubic symphysis 

models and gelatine will be tested. 
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Summary 
The purpose of this study was to investigate the individual 
fingertip forces between healthy and spinal cord injury (SCI) 
patients. Thirty volunteers participated in this study. 
Analysis showed that every p-value is a statistically 
significant difference for the independent t-test. In the 
comparison of the graph patterns between each group, only 
the middle finger of group level T showed differences trends 
with group healthy. To sum it all up, we concluded that the 
individual fingertip forces could be proportional to the 
strength of the human body. Therefore, we suggest that the 
individual fingertip forces should also be used as a 
biomarker.  

Introduction 
The grip strength is one of the useful elements to predict 
physical condition as a biomarker. A lot of study results have 
been reporting that the grip strength is proportional to a 
various physical health condition such as impairments, 
weakness, even hypertension as well as the overall muscle 
power of the human body [1]. Five finger-tip forces have a 
high correlation with the total grip strength [2]. It is expected 
that the analysis of the individual fingertip forces can 
provide more useful information about the physical 
condition than one single grip force amount. However, few 
studies tried to investigate the relationship between fingertip 
force distributions and functional levels of neuromuscular 
disease. Thus, we tried to investigate the maximal fingertip 
force distribution for healthy people. Then, we tried to find 
specific characteristics of fingertip force distribution with 
injury levels of SCI patients by comparison with those of 
healthy people. In this study, we hypothesized that 1) the 
maximum fingertip forces for five fingers would have their 
generalized patterns for each other from healthy people, 2) 
SCI patients would have different fingertip force 
distributions for each injury level.  

Methods 

We developed a device which can measure the fingertip 
forces for every five fingers respectively. The device was 
composed of five force-sensing resistors (FSR) connected to 
the analog input of a microcontroller such as an Arduino. 
The FSR sensors mounted on a 3D squeezing object that was 
fabricated by a 3D printer. Fifteen healthy people and fifteen 
SCI patients volunteered in this study. All subjects sat on a 
chair or a wheelchair and posed the grip force measurement 
posture suggested by American Society of Hand Therapists 
(ASHT). Then, subjects squeezed the instrument for five 
seconds with their maximum effort. This session was 
repeated three times during a trial. Totally two trials were 
performed for each subject. Three-second and one-minute 

resting times were given between sessions and trials 
respectively. The outcomes from SCI patients were grouped 
by level of injuries such as cervical level (C) and thoracic 
level (T). Independent t-test was applied to compare the 
mean fingertip forces between healthy and SCI groups.  

Results and Discussion 

Five maximum fingertip forces measured from a thumb to a 
little finger showed significant differences between healthy 
and SCI groups (Table 1). Interestingly, the T level SCI 
group showed significantly decreased force on the middle 
finger in comparison with the patterns from the healthy and 
the C level SCI group (Figure 1). 
Table 1: Comparison the maximum fingertip forces between 
healthy people and SCI patients 

 Thumb Index Middle Ring Little 

Healthy 1.233 1.190 1.176 .867 .712 

C level SCI .601* .405* .382* .344* .313* 

T level SCI .783* .650* .523* .513* .499* 

* represents significant differences with the healthy group. 

 
Figure 1: comparison of individual finger force within each group. 
The ASIA scales for all SCI patients participated in this 
study were C or D. Those ASIA scales and ages were not 
considered for analysis in this study.  In conclusion, we 
found the significant different patterns for distribution of 
maximum fingertip forces, and the maximum forces for each 
finger were low for a higher injury level. These results were 
expected to be a useful clinical biomarker for patient 
diagnosis. 
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Summary 
The stabilizing function of the ankle ligaments was extensively 
investigated in the past, primarily experimentally using serial 
sectioning in cadavers. However, controversies and lack of 
knowledge exist regarding their stabilizing function. The aim of 
this study was to use multiple subject-specific computational 
models of the ankle to identify the stabilizing function of the 
ligaments. Nine image-based computational models were 
produced from nine cadavers. Following extensive specimen-
by-specimen validation against experimental data, the forces in 
the ligaments produced during different 3D movements of the 
ankle were determined from these models  

Introduction 
In an attempt to develop objective diagnostic procedures and 
surgical reconstruction techniques for damaged/ruptured 
ligaments, studies were conducted in the past on the stabilizing 
function of the ankle ligaments. However, partially because of 
difficulty of accessing some ligaments experimentally, much of 
this knowledge is still incomplete and some is still 
controversial. The goal of this study was to expand this 
knowledge to all the ligaments of the ankle and help resolve the 
controversies regarding their function. This was achieved by 
assessing the forces developed in all these ligaments in multiple 
3D image-based subject-specific models subjected to different 
loading conditions. 

Methods 
Nine computational models were created from CT scans of 
corresponding fresh frozen cadaver legs. Briefly, each model 
included the bones of the hindfoot (Tibia, Fibula, Talus and 
Calcaneus), the articular cartilage with its mechanical 
properties defining the joint contact, and the ligament insertion 
sites [1]. Non-linear visco-elastic springs were used to model 
the mechanical properties of the ligaments [2]. The ligaments 
were pre-strained based on data from the literature [3]. Dynamic 
simulations were conducted in MSC AdamsTM. The tibia and 
fibula were fixed, and cyclic moments (± 3.4 Nm) were applied 
to the calcaneus in different directions (Plantarflexion/Dor-
siflexion, Inversion/Eversion, and Internal/External rotation) to 
replicate experimental conditions used previously to test each 
corresponding cadaver leg [4]. The output of the simulation for 
each model included the following: rotational range of motion 
(ROM), displacement-load curves, total laxity (defined as 
ROM/maximum torque), surface-to-surface proximity for both 
the ankle and subtalar joints, and forces in the ligaments. These 
parameters (with the exception of ligaments forces) were used 
for model validation by comparing the computational and 
experimental [4] values for each of the nine models. All 
ligament forces were obtained and analysed. For brevity, only 
the Anterior Talo-Fibular (ATFL), Anterior Tibio-Talar 

(ATTL), Tibio-Calcaneal (TCL) and Calcaneo-Fibular (CFL) 
Ligaments are included here. Mean ligament forces over the 
nine models were computed for the neutral position and for the 
extremes of the rotations in each direction. Repeated measure, 
one-way ANOVA with a Bonferroni post-hoc test was used to 
test for significant differences in ligament forces between 
neutral and these extremes for each ligament. 

Results and Discussion 
Dorsiflexion/Plantarflexion: ATFL and ATTL were recruited 
in plantarflexion, TCL in dorsiflexion, and CFL was not 
recruited in either plantarflexion or dorsiflexion (Figure 1). 
Inversion/Eversion: ATFL and CFL were both recruited in 
inversion, TCL in eversion, and ATTL was not recruited in 
either inversion or eversion. 
Internal/External rotation: ATTL, CFL and TCL were 
recruited in external rotation and ATFL in internal rotation. 

Figure 1: Ligament Forces compared in neutral, dorsiflexion and 
plantarflexion. 

Conclusions 
Variation in mechanical behaviour between the models 
demonstrate the importance of using multiple validated subject-
specific models rather than relying on a single ‘representative 
model’ as often reported. These results contribute to resolve 
controversies for some ligaments and to reveal the function of 
all the ankle ligaments. 
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Summary 
We investigate how noise during laxity trials affect 
optimisation-based estimations of knee ligament properties. 
One subject-specific knee model with known ligament 
properties was created. Four sets of laxity trials, with an 
increasing number of load cases, were simulated and uniform 
noise ([-0.5, 0.5] (mm and degrees)) were added to the 
resulting kinematics. Stiffness and reference strain for ACL, 
PCL, MCL, and LCL were estimated from 20 samples of 
noisy kinematics. Stiffness error ranges of 6 kN, 8 kN, 9 kN, 
and 4 kN; reference strain error ranges of 3 %, 3 %, 2 %, and 2 
% for ACL, PCL, MCL, and LCL, respectively, were found 
for the three sets of laxity tests (7, 13, and 22 load cases). The 
laxity test with 60 load cases resulted in stiffness and 
reference strain error ranges below 500 N and 1 %. 

Introduction 
Joint stability is important for a healthy joint and instability 
can lead to pain, joint degradation, decreased mobility, and an 
overall reduced quality-of-life [1]. Knee joint stability is 
primarily ensured by the ligaments in combination with the 
condyle geometry, menisci, and muscles. Despite the  
importance ligaments have on joint stability, existing 
investigations have primarily used in vitro methods [2] as 
these tissues are typically very difficult to assess in vivo.  
Laxity measurements can be employed to assess the overall 
joint stability. Such measurements have recently been 
introduced to estimate ligament properties by utilizing 
optimization-based techniques [3]. However, laxity 
measurements are exposed to noise and how this affects the 
estimated ligament properties is currently unknown. 
Therefore, the purpose of this study was to investigate how 
kinematic measurement noise during laxity trials affect 
estimated ligament properties. 

Methods 
A subject-specific knee model was developed in the AnyBody 
Modeling System; including the anterior cruciate (ACL), 
posterior cruciate (PCL), medial collateral (MCL), and lateral 
collateral (LCL) ligaments, with material properties obtained 
from the literature [4].   
The employed workflow to assess the effect of noise on the 
estimated ligament properties is shown in Figure 1. Four sets 
of laxity tests were performed on the model, each capturing 
translational (anterior, posterior) and rotational (varus, valgus, 
internal, external) load cases at varying knee flexion angles 
(0° or 30°) and load magnitudes, including seven (Set 1), 13 
(Set 2), 22 (Set 3) and 60 (Set 4) load cases. For each set, 20 
samples with uniform noise ([-0.5, 0.5] (mm and degrees)) 

were obtained and the ligament properties estimated from each 
noisy sample and compared to the known ligament properties.  

Results and Discussion 
We found a large range of estimated ligament properties 
(stiffness error ranges of 6 kN, 8 kN, 9 kN, and 4 kN; 
reference strain error ranges of 3%, 3%, 2%, and 2% for ACL, 
PCL, MCL, and LCL, respectively) for the three sets of laxity 
tests with fewest loads (7, 13, and 22 load cases). The laxity 
test with 60 load cases was able to keep the stiffness and 
reference strain error ranges below 500 N and 1 %, 
respectively.  

Conclusions 
Measurement noise, on the order of magnitude expected 
during bone pin marker-based motion capture or bi-planar x-
rays of bone poses, have a large impact on estimated ligament 
properties. Therefore, we recommend that future studies assess 
and report both the estimated ligament properties and the 
associated uncertainties that arise from measurement noise. 
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Summary  

MRI allows non-invasive, quantitative assessment of ACL 

healing in vivo. Previously, a linear model employing MRI T2* 

relaxometry has been shown to predict structural properties of 

the ACL post ACL-repair (ACLR). This study shows that a 

machine learning model using common MRI features can 

achieve statistically similar test sample accuracy to the T2* 

linear model when predicting ACL failure load post-ACLR. 

Introduction 

Quantitative MRI models may augment qualitative assessments 

of ACL healing post-ACLR. Previously, MRI T2* relaxometry 

has been shown to predict changes in biomechanical properties 

of the healing ACL in vivo [1]. There is also evidence that 

standard MRI features, such as signal intensity and ligament 

volume, are predictive of clinical outcomes, though predicting 

biomechanical properties has proven difficult with this method 

[2]. Given that the use of non-standard MRI sequences for 

modeling is a hurdle for clinical translation, utilizing common 

MRI features for prediction instead is potentially useful. 

We hypothesized that a machine learning model of ACL failure 

load post-ACLR built with common MRI features would be at 

least as accurate as a previously developed T2* relaxometry 

linear regression model [1].  

Methods 

Data were acquired from 2 previous studies of Yucatan 

minipigs, for which MRI data and ACL failure load data were 

available. 42 subjects underwent unilateral ACL transection and 

immediate ACL suture repair. In the first study, subjects 

received MRI follow-up at either 6 (n=8), 12 (n=8), or 24 (n=8) 

weeks post-ACLR. In the second study, only 24 week MRI 

follow-up data were acquired (n=18).  

Scans were performed on the surgical limb in vivo in a 3T 

magnet (Siemens PRISMA) with four-channel flexible coil 

(Flexcoil, Siemens) using a T2*-weighted 4-echo gradient echo 

sequence (FA=12°; TR=29ms; TE1=2.8ms,  TE2=7.9ms, 

TE3=1.3ms, TE4=18ms; FOV=160mm; 512x512 acquisition 

matrix with voxel size of 0.3125mm x 0.3125mm x 0.8mm). 

Data were randomly divided into a 50% train/50% test split. A 

random forest regression (RFR) model was constructed with 

ACL volume, normalized ACL signal intensity and standard 

deviation selected as features via manual forward selection. 

Normalization was performed with respect to cortical bone 

signal intensity. Features were standardized by Z-scoring. 

Hyperparameters were optimized with randomized search then 

grid search cross validation. Test sample root mean squared 

error (RMSE) of the models were compared by 2-tailed t-test. 

Results and Discussion 

The RFR model showed a decrease in test sample root mean 

squared error compared to the T2* linear model (Table 1), which 

was not statistically different (p=0.7). The RFR model was most 

accurate when predicting below average failure loads (Z<0, 

RMSE=97.4N), but underestimated high failure loads (Z>0, 

RMSE=194.6N; Figure 1). Improving prediction accuracy in the 

above average failure load region would improve overall RMSE. 

Model RMSE [N] 

T2* Linear Regression 165.2 

Random Forest Regression 153.6 

Table 1: Model comparison of test sample RMSE. 

The comparable accuracy suggests that a model built using 

common MRI features may be competitive with a T2* 

relaxometry linear model. Future work will test the RFR model 

on an MRI sequence with optimized contrast (ex. CISS) and 

apply machine learning to a T2* model. 

Conclusion 

A machine learning model utilizing common MRI features 

demonstrated comparable test sample accuracy to a T2* linear 

model when predicting ACL failure load. 
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Summary 
We investigated the effect of anterior cruciate ligament (ACL) 
injury on knee kinematics during walking using a 
musculoskeletal simulation. Motion data and ground reaction 
forces of five subjects during walking were captured. A 
detailed knee model with fourteen ligaments was developed 
and validated using cadaveric knee data. The ACL stiffness 
was reduced to mimic ACL injury. The intact and ACL injury 
models were embedded in full-body models for gait 
simulation. The knee kinematics was calculated during the 
stance phase. The average difference of anterior-posterior 
(AP) translation and internal-external (IE) rotation between 
ACL-deficient knee and intact knee were 5.3 mm and 2.7°, 
respectively. When the ACL stiffness was reduced to 25% of 
that of intact ACL, the peaks and average AP translations were 
significantly larger than those of the intact knee model. This 
study quantified the knee kinematics with different levels of 
ACL injury during walking. 

Introduction 
ACL-deficient knees have larger AP translation and IE 
rotation than intact knees and have a higher risk of 
degenerative joint disease [1]. There is a lack of information 
on the effect of ACL partial tear on knee kinematics during 
walking. A previous study investigated the effect of ACL 
loosening on knee joint laxity when only the quadriceps were 
activated using a simulation [2]. The knee kinematics changes 
by both muscles coordination and inertia force of body 
segment. A musculoskeletal dynamics simulation of walking 
can provide better insight into the effect of ACL partial tear on 
knee kinematics. The objective of this study was to quantify 
the knee kinematics of ACL injured knee during walking 
using a full- body musculoskeletal simulation. We developed 
intact and ACL injury knee models and used the knee model 
to simulate a full-body musculoskeletal walking model. 

Methods 
This study was approved by the Institutional Review Board at 
Chung-Ang University. Five normal subjects walked at a self-
selected speed. Ground reaction forces were measured with 
two force plates and reflective markers were captured by 12 
motion capture cameras. A detailed knee model with fourteen 
ligaments was developed and validated based on published 
cadaveric knee data [3]. To develop ACL injury models, the 
ACL stiffness was reduced to 75%, 50%, 25% and 0% of 
intact ACL stiffness [2]. The knee models were embedded in a 
full-body model of AnyBody Modeling System and were 
simulated using the measured gait data. The AP translation 
and IE rotation during walking were calculated. Peak and 
average values were calculated and the Kruskal-Wallis H test 
was performed using SPSS (IBM Corp., Armonk, NY, USA). 

Results and Discussion 
The ACL-deficient knee model had increased AP translation 
and IE rotation by 5.3 mm and 2.7° compared to those of the 
intact knee model. The average difference of AP translation 
and IE rotation between intact and ACL-deficient knee in 
previous studies were 5.4 mm [4] and 2.9° [1], respectively. 
The results of this study conform to those of the previous 
studies. The kinematics results are shown in Figure 1. 

 
Figure 1: A representative data of AP translation and IE rotation of 

the intact and ACL injury knee models during the stance phase 

When the ACL stiffness was reduced to 25% of intact ACL 
stiffness, peaks and average AP translation were significantly 
larger than those of the intact knee model. This result agreed 
with previous ACL injury simulation result [2]. In this study, 
the kinematics of ACL injured knee was quantified using the 
full-body musculoskeletal simulation of human walking. The 
limitation of this study was that we did not consider the 
muscles change after the ACL injury. 

Conclusions 
In this study, we demonstrated the kinematics with different 
levels of ACL injury using a musculoskeletal simulation of 
human walking. This study would help to understand the 
effect of ACL partial tear on knee kinematics during walking. 
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Summary 

Suture anchors are designed for use with arthroscopic 

techniques. In this study, finite element analysis was used to 

compare the stress distribution in 24 different designs of 

suture anchors. The results of von-Mises stress show that the 

optimal design reduces 14.7% von-Mises stress of a former 

design during pull-out testing. In conclusion, the optimal 

design will provide a greater mechanical strength for fixation. 

Introduction 

Soft-tissue injuries, such as ligaments and tendons, can be 

estimated to be more than 800,000 per year in the US. To 

restore the joint stability with injured soft tissue, the surgical 

repair of soft tissue is required. Tissue anchors enable 

reattachment of tissue to bone in most parts of the body. These 

anchors are subject to specific stresses depending on the type 

of tissues they are used to repair and can fail through a variety 

of mechanisms. Therefore, biomechanical evaluation of 

anchor design, such as pull-out strength and stress distribution 

under torsion, are considered to be the preliminary work for its 

development. 

 

Methods 

There are four design parameters in this study: Barb screw, 

double thread, outer groove and wedge screw as shown in fig. 

1. Total 24 experimental models of suture anchors and an 

existing anchor (CrossFT, CONMED, Germany) were 

constructed. The boundary condition and loading curve are 

followed by ASTM F-543 07, the standard specification of 

pull-out test for metallic medical bone screws. The results of 

maximal von-Mises stress and ROI were compared to evaluate 

the optimal design. 

 

 

 

 

 

Barb screw                            Double thread 

 

 

 

 

 

   Outer groove                                            Wedge  

Figure 1: Design features for a new suture anchor 

Results and Discussion 

The ROI of von-Mises stress locates on the top part of thread 

as fig.2 shown. The values of von-Mises stress of 24 

experimental models are lower than the yielding stress of 

magnesium alloy 193 MPa as shown in Fig.3. Comparing 

influence of each parameter on stress distribution, the barb 

screw has more significant effect than other parameters. 

                 

 

 

 

 

 

                                                         

Figure 2: The location of Maximal von-Mises on suture anchor and 
optimal design. 

 

Figure 3: Maximum of the von-Mises stress in suture anchors 

 

Parameters of the optimal design of a suture anchor can be 

decided according to minimize its von-Mises stress. 

Comparing with a product on the market, the optimal design 

reduces 14.7% of its maximal stress. In the future studies, 

mechanical testing of its prototype is needed, including pull-

out and torsional testing guided by ASTM F-543 to verify the 

results of this finite element analysis.  
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Summary 

A five-segment musculoskeletal model of the foot was used to 

estimate peak strains of the spring, deltoid, long plantar, short 

plantar, bifurcate, and cervical ligaments during two walking 

speeds. Significantly greater peak strains were found in the 3rd 

and 4th slips of the long plantar ligament, short plantar ligament, 

cervical ligament, and tibionavicular component of the deltoid 

ligament during the faster speed.  

Introduction 

Ligaments are passive structures that function to limit the 

motion of a joint beyond its normal range of motion. After a 

ligament has stretched sufficiently, it produces an opposing 

moment that resists the joint rotation in an amount proportional 

to the stretch [1]. The strain in these ligaments during walking 

is largely unknown. 

Therefore, the purpose of the study was to use a 

musculoskeletal model to estimate peak strains in several 

ligaments of the foot crossing the midtarsal joint while walking 

at two different speeds. Higher ranges of motion in the joints of 

the foot with increased walking speed have been reported [2], 

so it is hypothesized that peak strains will increase with 

increased walking speed. The results will be used as feedback 

in the design of a cadaveric study to validate the model and 

determine if a five-segment musculoskeletal model is 

appropriate to estimate foot ligament strains during gait. 

Methods 

12 healthy subjects (age: 26.7±9.1yrs; height: 1.8±0.1m; mass: 

72.7±11.8kg) provided informed consent before completing the 

study. Participants were fitted with marker triads glued over the 

right calcaneus, navicular, and hallux via holes cut in the 

provided shoe. They walked for 25 recorded steps on a treadmill 

at their preferred speed (PREF: 1.1±0.2m/s) and 20% faster 

than their preferred speed (FAST: 1.4±0.2m/s). 

A five-segment model of the foot (calcaneus, talus, forefoot, 

hallux, and sesamoids) was used to measure foot motion. 

Movement of the ankle joint was limited to sagittal plane, and 

frontal and transverse plane motion at the ankle joint were 

attributed to the subtalar joint. Peak strains of the spring, 

deltoid, bifurcate, cervical, long plantar, and short plantar 

ligaments were estimated as the maximum percent change in 

length relative to the resting model. T-tests and effect sizes were 

calculated between the two speeds (=0.05).  

Results and Discussion 

Peak strain was significantly higher during the FAST condition 

for the 3rd and 4th slips of the long plantar ligament (p=0.02 and 

p=0.04, respectively), the short plantar ligament (p=0.04), the 

cervical ligament (p=0.03), and the tibionavicular component 

of the deltoid ligament (p=0.01) (Table 1).  

There were no increases in peak strain due to increased speed 

in the spring ligament, bifurcate ligament, deep portion or 2nd 

slip of the long plantar ligament, or the tibiocalcaneal or 

tibiotalar components of the deltoid ligament (Table 1).  

Although the values of the strains in several of the ligaments 

were greater than is physiologically likely, the relative changes 

to the ligament strains during gait are reasonable. Therefore, it 

appears that with some modifications, a musculoskeletal model 

can be used to estimate ligament strains. Further research will 

be conducted to verify the origins, insertions, and lengths of the 

ligaments to get more accurate strain values, as well as to 

investigate the possibility of including additional segments to 

the foot model.  

Conclusions 

It was found that speed significantly increases peak strains in 

some of the ligaments crossing the midtarsal joint of the foot. 

This method of estimating ligament strain during gait shows 

promise and validation will be the next step in the process. 
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Table 1: Peak strains (Mean±SD) during preferred walking speed (PREF) and 20% faster than preferred walking speed (FAST).  

Ligament PREF FAST P ES 
 

Ligament PREF FAST P ES 

Spring  5.7±6.7 6.1±6.9 0.53 0.12  Long Plantar (4th) 3.9±2.1 4.3±2.3 0.04* 0.5 

Calcaneocuboid 24.3±11.6 24.6±11.4 0.65 0.09  Short Plantar 11.0±5.7 11.9±6.2 0.04* 0.46 

Calcaneonavicular 8.1±7.1 7.8±6.4 0.69 0.07 
 

Tibionavicular 7.2±6.1 8.9±7.2 0.01* 0.58 

Long Plantar (deep) 5.1±2.7 5.5±3.0 0.07 0.38  Tibiocalcaneal 13.5±12.2 14.5±12.9 0.16 0.29 

Long Plantar (2nd) 2.0±1.4 2.2±1.4 0.06 0.43 
 Tibiotalar 2.9±1.6 2.8±1.5 0.29 0.22 

Long Plantar (3rd) 2.7±1.6 3.0±1.7 0.02* 0.50 
 Cervical 6.8±5.1 7.5±5.0 0.03* 0.51 

* Represents significance at the p<0.05 level.  
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Summary 

The results of this study suggest that ACL stiffness predicted 

from a combination of 3D ACL graft volume and signal 

intensity explains up to 80% of the variation in anterior tibial 

position at the time of contact during a one-leg hop-for-distance 

test in a cohort of ACL-reconstructed patients. This relationship 

was not observed in the other kinematic variables associated 

with ACL function: internal ACL tibial rotation, anterior tibial 

translation and internal rotation excursions. 

Introduction 

The mechanisms that modulate PTOA risk after anterior 

cruciate ligament (ACL) reconstruction are unknown, but 

persistent kinematic abnormalities are thought to contribute in 

some way. The structural properties of the ACL graft change 

with healing time [1], and may influence the in vivo kinematics. 

The purpose of this study was to investigate whether kinematic 

parameters that reflect ACL function were associated with 

inferior ACL stiffness. We hypothesized that greater tibial 

internal rotation, anterior position and rotational and 

translational excursions within these two degrees of freedom 

would be inversely related to predicted ACL linear graft 

stiffness.  

Methods 

Ten subjects were recruited from an ongoing prospective 

longitudinal cohort (NCT00434837). Five subjects (1 female) 

had undergone an ACL reconstruction (ACLR) using a bone-

patellar-bone ACL autograft either 10 or 12 years prior to their 

participation in the current study; 5 matched controls (2 

females) were additionally recruited from the parent cohort. All 

subjects provided written informed consent in accordance with 

the IRB-approved study protocol.  

In vivo knee kinematics of the landing phase of a one-leg hop-

for-distance test were recorded using high-speed biplane 

videoradiography at a frame rate of 250Hz. Subjects landed on 

a force plate that recorded ground contact force synchronously, 

which was used to align the data temporally across subjects. 3D 

kinematics were reconstructed using a 2D-3D model-based 

tracking technique and open-source software (Autoscoper, 

Brown University) [2]. The 6 degree of freedom rotations and 

translations of the tibia with respect to the femur were expressed 

using the anatomical coordinate systems described by Miranda 

and colleagues [3].  

Magnetic resonance (MR) imaging was used to estimate in vivo 

ACL graft linear stiffness. The 3D ACL graft volume and the 

normalised median signal intensity (SI) that were segmented 

from the MR images were input into a previously derived 

multiple linear regression prediction model [4]. A DESS pulse 

sequence was used to acquire the MR images.  

ACLR and control group means and standard deviations were 

used to explore the data graphically. Hypotheses were tested 

using univariate linear regression. 

Results and Discussion 

ACLR subjects landed with the tibia aligned more anteriorly 

(Fig A) and the variation in this alignment across ACLR 

subjects was significantly related to the estimated linear graft 

stiffness (Fig B; R2=0.81, p=0.04). The other kinematic 

parameters – internal tibial rotation and translation excursions 

– were not significantly related to graft stiffness. 

 

Figure 1: Greater anterior tibial position at the time of ground 

contact (A) correlated significantly with estimated ACL stiffness (B). 

In this regard, our hypotheses were partially supported. Further 

analyses using a larger study sample size to investigate the 

dynamic contact kinematics and ACL graft geometries [5] 

alongside the changes in osteoarthritis scores over the 10-12 

year study period may reveal which combination of anatomical 

and biomechanical factors modulate PTOA risk in ACL 

reconstructed patients. 

Conclusions 

ACL linear graft stiffness explains a large proportion of the 

variance (80%) observed in the more anteriorly aligned tibia of 

ACL-reconstructed patients during a jump landing. The role 

that ACL graft stiffness plays in PTOA progression warrants 

further investigation. 
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Summary 

The lack of an efficient scientific framework that simplifies 

the analysis of socket-stump interaction is one of the key 

reasons why physics-based socket modelling techniques are 

not prevalent. Herein, we propose a novel scientific 

framework that generates detailed subject-specific 3D models 

of the stump, containing muscle fibre anisotropy, in less than 

20 minutes. The generated model is analysed under bipedal 

stance and dynamic gait conditions using a continuum-

mechanical damage model, which predicts soft tissue stresses. 

Upon comparing a state-of-the-art stump model with the 

proposed detailed model, it is evident that both stresses are 

underestimated by the state-of-the-art models. 

Introduction 

Good prosthetic sockets are indispensable for ensuring healthy 

limbs and for the acceptance of any prosthesis. However, to 

date, prosthetic sockets are prepared solely based on the 

prosthetists’ experience without much scientific basis. A 

scientific tool, which enhances their knowledge about the 

socket-stump interaction, will go a long way in ensuring 

comfortable sockets. 

To this end, a scientific framework is proposed, which 

automates the generation of detailed 3D patient-specific limb 

models with individual muscles, fat and bones. The detailed 

models are then used to perform finite element simulations of 

socket-stump interaction. For this purpose, a continuum-

mechanical model predicting stresses and deep tissue injuries 

is developed. 

Methods 

Detailed, patient-specific, three-dimensional geometric models 

stump models were generated from diffusion tensor imaging 

(DT-MRI) and T1-weighted MRI (T1-MRI) data (see [1]). 

The framework was developed in MATLAB, which pre-

processed the DT-MRI data, and prepared it for fibre 

tractography with MedINRIA. The skeletal muscle fibres 

tracked by MedINRIA were used to automate the 

segmentation of the limb into 3D muscles and fat. Muscle 

fibre information was capitalised to automate the modelling 

process. To predict the stress-strain state of soft tissues, a 

continuum-mechanical damage model capable of indicating 

areas of deep tissue injuries was developed. 

Three case studies were analysed with the generated stump-

socket model, namely muscle activation, bipedal stance and 

dynamic gait. A comparison between the mechanical 

behaviour of the detailed stump model and currently best 

practice examples, i.e., fused-muscle models, was conducted 

during bipedal stance simulations. For the bipedal stance 

simulation, the stump was fixed in all degrees of freedom 

while the socket was only free to translate along the femoral 

anatomical axis. Socket donning was simulated by translating 

the socket towards the stump by 130mm in 10s. At the end of 

the donning simulation, the socket was fixed in all degrees of 

freedom, and a load of 400N was applied on the femur for 2h. 

Following socket donning simulation, dynamic gait was 

analysed by applying displacement boundary conditions from 

experimental motion capture (stride) on the femur. 

Results and Discussion 

An overview of the proposed workflow is shown in Figure 1.  
 

 

Figure 1: Scientific framework for socket-stump interaction studies. 

The soft tissue stresses predicted by the fused-muscle model, 

during bipedal stance simulation, were underestimated by 

factors of 1.94 and 1.71, respectively. During gait, the peak 

interface stress was 16.94MPa, the peak muscle stress was 

147.1MPa, soft tissue damage was 0.24% at the end of the 

donning stage, 1.85% during heel-strike and 2.83% at toe-off.  

Conclusions 

The focus of this research was to develop a scientific 

framework for investigating the stump-socket interaction 

during bipedal stance using a nonlinear continuum-mechanical 

framework implemented in LS-DYNA. The framework is 

instrumental in showcasing the shortcomings of the state-of-

the-art models, and provides a diagnostic tool to design 

optimal sockets. 
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Summary 
Mechanical loading has been shown to positively influence 
tendon healing; however, the mechanisms remain unclear. This 
study aimed to evaluate the ability of biophysical stimuli - 
principal and deviatoric strain - in regulating healing using 
finite element (FE) method. Axisymmetric FE models were 
created based on a hyperelastic fibre-reinforced continuum 
formulation with distributed collagen fibre orientations, and the 
parameters were quantified using model fitting against 
experimental data of rat Achilles tendons during healing. A 
mechanoregulatory scheme proposed that tissue with more 
aligned fibre organisation could only form at lower strain. A 
stimulus was counted to promote healing when the pattern of 
fibre re-reorganisation predicted by the model comparable to 
experimental observations. Simulation result suggested that the 
mechano-adaptation when regulated by principal strain 
predicted re-organisation was comparable to experimental 
findings - the re-organisation in the middle of the repair area 
progressed from the core to the outer layer. 

Introduction 
The healing process of ruptured tendons is problematic due to 
scar tissue formation and deteriorated material properties. 
Controlled mechanical loading has been shown to positively 
influence tendon healing; however, the mechanisms remain 
unclear. Computational mechanobiological methods employed 
extensively to model bone healing have achieved high fidelity, 
but not yet been explored to understand tendon regeneration [1]. 
This study aimed to evaluate the ability of biophysical stimuli - 
principal and deviatoric strain - in regulating healing using 
finite element (FE) method. 
Methods 
Axisymmetric FE models were created based on a hyperelastic 
fibre-reinforced continuum formulation with distributed 
collagen fibre orientations [2], and the parameters at specific 
time steps were quantified using model fitting against 
experimental tensile testing data of rat Achilles tendons during 
healing. Four different tissue types were defined with different 
degrees of tissue organisation based on histological scoring. A 
mechanoregulatory scheme proposed tissue types with more 
aligned fibre organisation could only form at lower strain. The 
iterative procedure to simulate mechano-adaptive behaviours of 
healing tendons, starts with a strain analysis in ABAQUS using 
FE method. Biophysical stimuli were calculated at maximum 
loading and the output from the FE analyses was passed to 
MATLAB to determine new material properties for each 
element. If the stimulus in the element fell below the defined 
threshold for change from its current tissue type, its tissue type 

was changed and its material properties were updated. These 
properties were then used as input for the FE analyses in 
ABAQUS in the next iteration (Figure 1). A stimulus was 
counted to promote healing when the pattern of fibre re-
reorganisation predicted by the model was comparable to 
experimental observations. 

 
Figure 1: Mechano-adaptive simulation. 

Results and Discussion 
The results show fibre re-organisation pattern generally similar 
to those observed in experiments when regulated by principal 
strain - the re-organisation in the middle of the repair area 
progressed from the core to the outer layer. However, different 
pattern was observed when regulated by deviatoric strain 
(Figure 2).  

 
Figure 2: Simulated fibre re-organisation. 

Conclusions 
These preliminary findings show that there is potential for a 
hyperelastic fibre-reinforced mechano-adaptive continuum 
model with distributed collagen fibre orientations, to simulate 
fibre re-organisation in healing tendons, in response to 
biophysical stimuli. 
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Summary 

Cosimulation of glenohumeral dynamics employing contact at 

the glenohumeral interface predicted glenohumeral head 

displacements during shoulder elevation similar to those 

reported in cadaveric studies.  

Introduction 

Nearly 25% of people will experience a rotator cuff tear (RCT) 

within their lifetime; almost 33% of older adults are affected by 

shoulder osteoarthritis (OA) [1,2]. Although mechanical 

loading of bone and soft tissues is known to be an important 

contributor to OA development in the knee and hip [3], the 

mechanics of injury initiation in the shoulder is unclear. 

However, humeral head translation is thought to be related to 

OA initiation by altering tissue stress and centre of pressure, 

and increases following RCT [4]. 

Computational models can provide insight to joint translations 

and contact forces that are challenging to measure 

experimentally, but current shoulder models [5,6] are limited 

by a simplified glenohumeral joint that rotates without 

translation. Therefore the goal of this study is to create a novel 

tool for simulating upper extremity motion that captures 

translations and contact at the glenohumeral joint. 

Methods 

An existing upper-extremity model [6] with a ball-and-socket 

joint was modified to allow humeral head translation in 

Opensim (v.3.3) (Figure 1). Contact surfaces for the glenoid 

fossa and humeral head were defined from MR images and 

implemented using a bed of springs approach. Passive spring 

elements representing the coracohumeral ligament and the 

major portions of the glenohumeral ligament were included 

with mechanical properties and attachment points derived from 

prior anatomical and tensile strength studies [e.g. 7].  

  

Figure 1: Upper extremity model, depicting muscle lines of action 

(red), ligaments (green), and contact surfaces (cyan). Some structures 

omitted to allow visualization of contact surfaces. 

Simulations of upper limb elevation in the scapular plane were 

achieved using a forward dynamic simulation approach 

designed to mimic experimental measures of shoulder 

translation made with disarticulated and dissected shoulder 

girdles [8]. A constant 0.3 activation was applied to rotator cuff 

muscles with a starting shoulder elevation of 30°. Deltoid 

muscle activation was linearly increased over ten seconds until 

90° of abduction was reached. All other muscles had activations 

of 0.01 throughout the trials. 

Predicted humeral head translations from 30° to 70° elevation 

in the reference frame of the glenoid were compared to 

translations from cadaveric studies using analogous loading 

paradigms with 4 muscle stimulation protocols [8,9]. 

Results and Discussion 

Figure 2: Humeral head displacements from 30° to 70° elevation in 

the scapular plane. 

Predicted translations were 1.61mm, 1.60mm, and 1.05mm in 

the anterior, superior, and lateral directions, respectively. 

Comparison of predicted values to cadaveric studies (Figure 2) 

shows the simulation predicted translations of similar 

magnitude in all three anatomical directions. Ongoing work will 

assess model predictions of humeral head translations for other 

tasks and with rotator cuff deficient shoulders. 

Conclusions 

Humeral head translations predicted using contact-based 

glenohumeral articulation matched well with experimentally 

measured translations under similar loading conditions. This 

work represents a critical first step towards a computational 

framework for understanding the interactions between muscle 

and joint loading during functional shoulder movement that 

may have implications for initiation of OA. 

Acknowledgments 

Kerry Danelson, Daniel McFarland, NSF CBET #1405246. 

References 

[1] Yamamoto A et al. (2010). J Should Elb Surg, 19: 116-

120. 

[2] Chillemi C et al. (2013). Arthritis, 2013: 1-7. 

[3] Guilak F (2011). Best Pract Res Clin Rheumatol, 25: 815-

823. 

[4] Neer CS (1961). Clin Orthop., 20: 116-125. 

[5] Blana D et al. (2008). J Biomech, 41: 1714-1721. 

[6] Holzbaur KR et al. (2005). Ann Biomed Eng, 33: 829-840. 

[7] Yang C et al. (2010). Clin Biomech. 25: 137-141. 

[8] Sharkey NA et al. (1994). J Orthop Res, 12:699-708. 

[9] Kedgley AE et al. (2008). J Should Elb Surg, 17: 132-138.

Saturday, August 03 2019: Posters (1600-1800) 1777

Modelling: Musculoskeletal - Upper Limb/Trunk 3



 

 

HOW WELL DO COMPUTATIONAL EFFORT PROXIES REPRESENT METABOLIC COST OF REACHING? 
 

Garrick W. Bruening1, Alaa A. Ahmed1,2 
1Integrative Physiology and 2Mechanical Engineering, University of Colorado Boulder, Boulder CO 

Email: Garrick.bruening@colorado.edu, Web: https://www.colorado.edu/neuromechanics/ 
 

Summary 

In this study we compare common computational 
neuromechanical proxies for effort to the metabolic cost of 
reaching. We present a biomechanically accurate 
neuromuscular model of the arm, developed to estimate 
effort costs through measured metabolic cost in eight 
subjects making arm reaching movements. Neural drive 
squared and a model of muscle energetic expenditure are 
best at representing the metabolic cost of arm reaching. 

Introduction 

The amazing consistency with which we make reaching 
movements has led to the proposal that there are principle 
costs that humans attempt to minimize and that this cost is 
conserved across individuals [1]. Energetics likely plays a 
role in partly determining this cost and determining 
movement kinematics in arm reaching. Often a 
computational proxy for metabolic cost is used which vary 
from sum of squared torques, to muscle forces, to an 
estimate of energy expenditure in muscles [2]. This muscle 
energetics model has been widely adopted and been shown 
to be relatively accurate for walking [3]. Sum of squared 
torques is also commonly used, but it is unclear how well 
this represents the metabolic cost of reaching. We examine 
how model-based neuromechanical variables, used to 
represent costs, relate to the metabolic cost of reaching. 

Methods  

Metabolics: Metabolic rate was collected from eight 
subjects, making 10 cm out and back reaches to four 
different targets at 45, 135, 225, and 315 degrees from the 
right horizontal. Four masses, 0, 5, 10, and 20 lbs were 
added to the hand. Reaches were made at six different 
speeds, for a total of 24 conditions. 

Model: The biomechanical 
model of the arm consists of 
two joints (shoulder and 
elbow), two arm segments 
(upper arm and forearm), and 
eight muscles (Figure 1).  We 
used inverse dynamics to 
calculate joint torques from the 
subjects reach trajectories to 
eight targets with four different 
added masses at the hand. We 
estimated muscle force by minimizing muscle stress and 
calculated the corresponding muscle active state, neural 
drive, and estimated energetic rate. Active state, the fraction 
of muscle that is active, is computed from force-length and 
force-velocity properties. Neural drive, a representation of 
signal from the central nervous system to the muscle, is 
computed using a first-order differential equation relating 
change in active state to neural drive. Lastly, a model for 

energetic expenditure was used for an estimate of energetic 
rate at each time point [2]. 

We next compared the measured metabolic rate for each 
subject and each mass and speed condition to multiple 
neuromechanical proxies backed out of the subject-specific 
model including sum of joint torque, muscle force, stress, 
active state, neural drive, and estimated energetic rate over 
the course of the movement. Comparisons were made using 
linear regression. 

Results and Discussion 

Metabolic rate decreased with movement duration and 
increased with added mass (Figure 2A). Similarly, all effort 
proxies increased with movement speed and mass. Of the 
tested effort representations, the best linear fits to measured 
metabolic rate were squared neural drive (R2 = 0.611) and 
the energetics model (R2 = 0.597) (Figure 2B). A common 
function for estimating cost of reaching, the sum of squared 
torques performed worse (R2=0.464).  All the effort 
representations recreate the general shape of the measured 
metabolic rate. Results were robust across several muscle 
force distribution functions. 

 
Figure 2: A. Energetic Model Fit (lines) compared to metabolic 
data (circles) B. R2 values for different effort representations. 

Conclusions 

We found that the muscle energetics model [2] and neural 
drive squared can re-create the effect of mass and movement 
speed on the metabolic cost of reaching. A common effort 
representation, sum of torques squared, was poor at 
representing measured metabolic rate and should be used 
with caution. While the computational effort representations 
are able to predict the general shape of the metabolic curves, 
they are less accurate at faster speeds, and should be 
interpreted with caution. These results provide insight into 
predicting the effort costs of reaching movements 
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Figure 1: Arm model. 
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Summary 

In reverse shoulder arthroplasty (RSA), controversy exists 
over whether to repair the subscapularis and infraspinatus 
muscles.1–3 The objectives of this study were to investigate the 
effect of rotator cuff deficiencies and repairs on deltoid force 
in RSA and to assess for any interaction with humeral implant 
neck-shaft angle. This was achieved using a biomechanical 
model of an RSA shoulder to test abduction in the scapular 
plane. Combinations of rotator cuff deficiencies and repairs 
were simulated by modifying constant forces applied to the 
subscapularis and infraspinatus muscles using actuator driven 
cables. Testing was performed with both 135 and 155-degree 
humeral neck-shaft angle implants. It was found that the 
amount of deltoid force required to abduct the arm in the 
scapular plane increases with intact subscapularis and 
infraspinatus muscles, and that decreasing the humeral neck-
shaft angle may play a role in minimizing this force. 

Introduction 
In reverse shoulder arthroplasty (RSA), controversy exists 
over whether to repair the subscapularis and infraspinatus 
muscles.1–3 Repair of the transverse force couple may improve 
internal and external rotation and improve stability.1,4 
However, repairs may also put increased force on the deltoid 
in abduction leading to limited range of motion and deltoid 
fatigue.3,4 Therefore, the objectives of this study were to 
investigate the effect of rotator cuff deficiencies and repairs on 
deltoid force in RSA and assess for any interaction with 
different humeral implant neck-shaft angles. 

Methods 
A biomechanical model of a RSA shoulder was used to test 
abduction in the scapular plane. Cables representing the 
deltoid, subscapularis, supraspinatus, and infraspinatus 
muscles were driven by linear actuators. The humerus was 
elevated in the scapular plane by retracting the deltoid cables 
simulating muscle excursion. Various rotator cuff deficiencies 
and repairs were simulated by applying a constant 0N or 10N 
force to the subscapularis or infraspinatus cables. Testing was 
performed with both 135 and 155-degree humeral neck-shaft 
angle implants. Forces during abduction were recorded from 
the deltoid cables and compared with an ANOVA (p<0.05).  

 

 

Results and Discussion 

With the 155 neck-shaft angle implant, deltoid forces required 
for abduction were highest with both infraspinatus and 
subscapularis intact (114.4N). The subsequent highest 
abduction forces followed with the infraspinatus only intact 
(112.2N), followed by subscapularis only intact (107.8N) , and 
finally with neither subscapularis and infraspinatus intact 
(106.9N) (p<0.05). The mean deltoid forces required for the 
135-degree neck shaft angle followed similar force trends with 
respect to rotator cuff repair, but were lower than in the 155-
degree neck shaft angle implant (p<0.05). 
 
The amount of deltoid force required to abduct the arm in the 
scapular plane increases with intact subscapularis and 
infraspinatus muscles. However, the infraspinatus muscle 
plays a larger role in deltoid force. Decreasing the neck-shaft 
angle may have a positive effect on decreasing this force. This 
effect must be considered in relation to joint stability and 
range of motion when deciding to repair the transverse force 
couple in RSA.  

Conclusions 
It was found that the amount of deltoid force required to 
abduct the arm in the scapular plane increases with intact 
subscapularis and infraspinatus muscles; and decreasing the 
humeral neck-shaft angle may play a role in minimizing this 
force. 
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Summary 
This work presents the kinematics and dynamics results from a 
motion capture study that collected head and helmet motions 
of 12 subjects. The (translational and rotational) motions of 
the helmet relative to the head were obtained from the inverse 
kinematics analyses. Inverse dynamics analyses were 
performed to investigate the effect of helmet motion on the 
interaction forces between the head and helmet.  

Introduction 
As military helmet systems have evolved, their weight has 
steadily increased. The desire to better protect the warfighter’s 
head has required more coverage of the head-face-neck area 
and additional head-supported devices (such as Night Vision 
Goggles) further increases the weight. As a result, there is an 
increasing risk of neck fatigue, pain and injury caused by 
helmet inertial loadings generated during normal military 
operations or incidents. Nonetheless, there are relatively few 
studies that reported relative motions of head, neck, and 
helmet during regular activities such as walking and running. 
In this study, we aim to investigate the relative motion of an 
advanced combat helmet (ACH) and the dynamic loadings it 
generated on the wearer’s head.  

Methods 
Experimental data were collected on 12 subjects (6 male and 6 
female) aged between 18-40 years with a diverse 
anthropometric range. During a single lab visit of each subject, 
two sessions of data were collected for walking and running 
with 1) a large size ACH helmet and 2) the same helmet and 
an added mass. The helmet weighs 1.69kg and the added mass 
weighs 0.75kg. The movement of the head and the helmet 
were captured by a VICON system with the marker placement 
shown in Figure 1. A whole-body musculoskeletal model with 
7 cervical joints [1] and a 6-DOF free joint placed between the 
helmet and the head was created and used for inverse 
kinematics (IK) analyses.  

 
Figure 1: ACH helmet and marker placement. 

Inverse dynamics simulations were performed and compared 
for two modeling approaches: 1) the helmet was attached to 
the head with the free joint (motion included); 2) the helmet 

was fixed to the head at its mean position (motion not 
included). 

Results and Discussion 
We analyzed the motion of the helmet relative to the head for 
four selected subjects (3 males and 1 female). For each 
subject, we investigated two walking and two running trials: 
one with added mass and one without. For all subjects, the 
maximum displacement (translational DOF) occurred during 
running with added mass and in the vertical direction. 
Maximum vertical displacement was around 1.7cm for two 
subjects. The relative pitching angle between helmet and head 
also occurred during running with added mass. It was on 
average as high as 15° for one subject and lower for the other 
subjects. For both walking and running, the interaction forces 
between the helmet and head were consistent between subjects 
in the vertical direction (FY) and varied more in the anterior-
posterior (FX) and medio-lateral (FZ) directions. Forces were 
typically larger and more variable between subjects in running 
compared to walking. For walking, the interaction forces were 
very similar in magnitude and pattern between the simulations, 
whether the helmet motion was included or not. For running, 
the differences were larger in particular for the helmet with 
added mass. For walking, FY ranges from 10 to 22N without 
added mass and from 15 to 38N with added mass. For running, 
it ranges from 8 to 47N without added mass and from 8 to 65N 
with added mass. For running with added mass, modelling 
helmet as a fixture on the head predicted larger forces for all 
four subjects with the differences ranging from a few Newton 
to more than 15N.  

Conclusions 
The relative motions between an ACH helmet and the head 
were captured with motion capture experiments for 12 
subjects. Among the four subjects analyzed, it was shown that 
the helmet motion has a notable influence on helmet-head 
interaction forces when the relative motion is significant, for 
example, during running. During walking when the relative 
motion is small, the effect of including helmet motion in 
simulations is insignificant. Overall, including helmet motion 
tends to smooth or reduce the interaction forces between head 
and helmet. As an implication, allowing a comfortable range 
of helmet relative movement to the head could be beneficial in 
reducing neck loadings. 
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Summary 

Musculoskeletal simulation models are popular to investigate 

injury situations on a computer. The existing musculoskeletal 

simulation models typically consist of a rigid multi-body 

model and muscles. Rigid segments prevent some mechanical 

behaviour of bones from being considered. In this study a 

computational approach has been developed that allows for 

investigation of human locomotion with a simulation model 

considering the structural behaviour of bones. The rigid bones 

in the multi-body model have been replaced by Euler-

Bernoulli beams. The developed approach has been applied to 

simulate a drop in which a person lands on the ground with the 

ulna. 

Introduction 

Bone and ligament injuries are one of the most common 

serious injuries in sports. To prevent such injuries, it is 

necessary to understand the underlying injury mechanism and 

related risk factors. Musculoskeletal simulation models have 

become popular to investigate injury situations on a computer. 

Most of the existing musculoskeletal simulation models 

consist of a rigid multi-body model of the skeleton and 

muscles, which actuate the movement of model [1]. If bones 

are incorporated as rigid segments and not deformable 

segments, some mechanical behaviour of bones are not 

considered. Further, bone injuries or effects on the bone 

structure during human movements cannot be analysed. A 

computational approach was developed that takes into account 

the structural behaviour of bones in a multibody simulation 

model and was applied to study a fracture of the lower arm. 

Methods 

A simulation model with two segments (humerus, ulna) was 

developed in Matlab that takes into account the structural 

behaviour of bones. Especially, the bones were modelled as 

Euler-Bernoulli beams, which were incorporated into the 

simulation model using the floating frame of reference 

formulation [2]. The simulation model resulted in a system of 

differential algebraic equations (DAE): 

 
 

Here,  denotes the mass matrix,  the generalized 

coordinates (which include elastic coordinates),  the 

damping matrix,  the stiffness matrix,  the transposed 

Jacobian matrix w.r.t.  of the constraints ,  the 

Lagrange multipliers,  the quadratic velocity vector and  

the vector of external generalized force.  

The developed model was used to simulate a 22-A1.2 fracture 

(fracture of the ulna, i.e., bending stress > 100 MPa).  In 

particular, a drop (free fall) in which a person landed from a 

height of 1.3 m on the ground with the ulna was simulated (see 

Figure 1). The movement of the person’s arm during the fall 

was actuated by joint moments acting at the shoulder and 

elbow. The impact at the ground was considered in the vector 

of external generalized force .  

 

Figure 1: A drop in which a person lands on the ground with the 
forearm and suffers a fracture of the ulna. 

Results and Discussion 

Figure 2 shows the stick-figures (blue lines) of the humerus 

and ulna in the simulated drop at times t = 0, 0.2, 0.21 and 

0.22 s. At time t = 0.22 s the red star (*) depicts the position, 

where the ulna broke with a bending stress of 111 MPa 

(exceeding an assumed ultimate bending stress of 100 MPa).  

Figure 2: Stick-figures of humerus and ulna in a simulated drop. 

Conclusions 

The developed computational approach allows for 

investigation of injuries with a musculoskeletal simulation 

model considering the structural behaviour of bones. 
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Summary 

Ultrasonic imaging is a safe, established and non-invasive 

method to visualize the position of tissues within the body. 

Coupling existing skin mounted motion capture markers to 

ultrasound sensors could allow for precise measurement of 

bone position and orientation, without the loss in accuracy due 

to relative displacement between skin and bone that is present 

in standard motion capture techniques. Previously, we have 

shown that the use of 3 ultrasound sensors can reduce error to 

submillimeter levels in silico [1]. This work furthers the 

concept, demonstrating its feasibility in in vitro conditions. 

Introduction 

Several different measurement techniques have been used for 

tracking musculoskeletal kinematics. The most accurate 

techniques are invasive or use ionizing radiation. The most 

commonly used technique, skin mounted markers, assumes 

zero displacement between the markers and the underlying 

bone. Therefore, it is not ideal for tracking scapular motion. 

Ultrasound can dynamically measure the position of 

underlying bone relative to the skin surface. One major 

drawback is that the viewing window of ultrasound is small, 

so multiple sensors must be used. 

Methods 

Publicly available CT images of a human scapula were 

downloaded (Laboratory of Human Anatomy and 

Embryology, University of Brussels), reconstructed using 

Mimics software (Materialise) and printed with a 3D printer 

(See Me CNC). The 3D printed scapula was used to create a 

polyester resin phantom (Environmental Technology) and 

was set in ballistics gel media (Knox). 

Optical motion capture markers were attached to the phantom 

structure and the entire structure was scanned using a CT 

machine (Siemens). The CT data was imported into Mimics, 

and the surfaces of the scapula and optical markers were 

reconstructed to obtain the location of the scapula relative to 

the markers.  

Five scapular landmarks [1] were scanned 5 times each using 

a 7L3 linear ultrasound transducer (Acuson), coupled to an 

optical marker triad. The transducer position was tracked 

during the ultrasound scan using a Vicon motion capture 

system (Figure 1). The ultrasound images were manually 

digitized to yield the underlying bone using ImageJ (NIH) and 

reconstructed in Matlab (Mathworks). The ultrasound-derived 

position of the scapula was compared to the CT location using 

an iterative closest points algorithm. 

 

Figure 1: Phantom, ultrasound system, and motion capture triad 

used during experiment. 

Results and Discussion 

Rotational ultrasound measurement errors were 10.6 ± 1.4° 
in the sagittal plane, −10.61 ± 2.3° in the transverse plane, 

and 1.72 ± 1.1° in the coronal plane. This results in a target 

registration error due to rotation of 0.6 mm. Translational 

errors were 4.35 ± 3.9 mm in the mediolateral direction, 

−5.9 ± 4.3 mm in the superior-inferior direction, and 6.1 ±
3.5 mm in the dorsal-ventral direction. This results in a target 

registration error of 9.5 mm. Combined with the error due to 

rotation, this error is still substantially less than the error at 

maximum scaption using skin-mounted markers, which is 86 

mm [2]. While these preliminary results are promising, more 

works needs to be completed for the technique to be used in 

vivo. Hurdles, such as how to deal with specular reflection of 

the ultrasound signal, must be overcome to achieve sub-

centimeter registration accuracy. 

Conclusions 

This study used clinically-available ultrasound transducers to 

produce more accurate kinematic measurements of the 

scapula. This method represents a step towards expanding the 

limits of traditional motion capture to track movement of the 

scapula or other deep structures. Use of multiple specialized 

ultrasound probes could enable more accurate measurements 

of the scapula, even at high angles of shoulder scaption. 

References 

[1] Vicini A and Sabick M (2018). Comput Methods Biomech 

Biomed Eng Imaging Vis.  

[2] Matsui K, et al. (2006) J Orthop Sci.11(2):180-184 

Saturday, August 03 2019: Posters (1600-1800) 1782

Modelling: Musculoskeletal - Upper Limb/Trunk 3



 

 

Modelling Climbing Therapy Movement Patterns of Children with Cerebral Palsy 
 

S.D. Russell12, and J.T.N. Miller2 
1Department of Orthopaedics, University of Virginia, Charlottesville VA, USA 

2Department of Biomedical Engineering, University of Virginia, Charlottesville VA, USA  
Email: sdr2n@virginia.edu  

 

Summary 

Climbing is a sport requiring strength, flexibility, and 
coordination. Because children with cerebral palsy have 
deficits in each of those areas, climbing was proposed and 
evaluated as a recreational therapy. Participants completed a 
uniform set of lateral and vertical steps (8 to 16 in). Limb 
force generation, force assistance provided, joint excursion 
angles, and modeled muscle fiber lengths were examined. 
Results were compared with those of a typically developed 
control population. The CP population required more force 
assistance and had reduced ranges of motion, yet achieved 
similar/greater fiber lengths for ankle plantarflexor and knee 
flexor muscles. 

Introduction 

Climbing is a physical activity requiring and developing 
strength, flexibility, and coordination in typically developed 
(TD) children and adults [1]. Children with cerebral palsy 
(CP) have lower strength capabilities, poor flexibility, 
hypersensitive stretch reflex (spastic) responses, and reduced 
coordination/neuromuscular control [2]. Climbing may be an 
ideal environment to address the variety of movement issues 
for the CP population. 

We can study the CP and TD populations to establish whether 
or not climbers with CP can utilize body weight support and 
range of motion (ROM) comparable to TD climbers, with the 
goal of improving muscle strength, joint flexibility, and 
coordination. In turn, this evidence may support climbing as a 
therapeutic activity. 

Methods 

Three subjects with diplegic CP and 
the ability to independently ambulate 
(two with assistive devices) and five 
subjects for the TD population were 
recruited, all between the ages of 5-
18. An 18-foot tall climbing wall was 
instrumented (Fig. 1a) with six 
vertical force plates (Bertec Corp., 
Columbus, OH) and a 10-camera 
motion capture system (Vicon 
Motion Systems Ltd., 
Oxford, UK). Trials were 
collected from a uniform 
starting position to different 
climbing grip destinations 
(most difficult = 16” lateral, 
16” lateral, Fig. 1b). MSC.Adams and the LifeMod plugin 
were used to obtain joint excursion angles [3]. In OpenSim, 
joint angles were applied to the Gait2392_Simbody model to 

yield lower limb muscle-tendon lengths, which were analyzed 
to estimate muscle stretch [4]. 

Results and Discussion 

Outside assistance to support body weight on the climbing 
wall is nearly four times greater for the CP population (43.9% 
vs. 8.4%, p<0.01). Lower limb force production is 
significantly reduced (p<0.01 and p<0.001), while there was 
no statistical difference observed between populations for the 
upper limb force production. Joint excursion angle ranges 
were decreased compared to those of the TD population, yet 
OpenSim modeling reveals similar mean stretch for the ankle 
plantarflexors and knee flexors (Fig. 3).   

Climbing is a unique 
recreational activity 
in that it is already 
equipped to address 
biomechanical 
deficits with built-in 
belay rope support 
and conscious 
movement planning. 
Subjects with CP 
were able to climb 
even with 
significantly reduced 
lower limb force 
production. Additionally, muscle stretch was achieved even 
with inherent coordination and flexibility issues. Using climb 
training as a tool for strengthening and stretching may benefit 
children with CP as it does TD children, and it has the 
advantage of being fun for participants; this study elicited 
100% compliance along with requests for additional climbing 
sessions.  

Conclusions 

Future studies should investigate direct impact of climbing on 
functional measurements like dynamometer strength tests and 
passive stretch ROM. Ongoing studies in this laboratory are 
examining potential changes in body weight support and limb 
force production, ROM, and muscle stretch as a result of 
habitual climbing.  

Acknowledgments 

Funded in part by DARPA and Charles Stark Draper Labs 

References 

[1] Morrison, et al. (2007). BJSM, 41(12): 852-861. 
[2] Accardo. (2008) NeuroDev Dis in Inf and Child, 17. 
[3] Russell, et al. (2012). Sport Tech, 5: 120-131. 
[4] Delp, et al. (2007). IEEE Trans Biomed Eng, 54: 1940-50.

Figure 1 a) A climber on the 
instrumented wall.  

b) Foot transition from starting 
point (starred) to destination 

Figure 2 Muscle fiber length for all 
subjects, normalized by optimal fiber 
length 
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Summary 

We have engineered the first animal models to study Freeman-

Sheldon Syndrome (FSS) by expressing transgenic myosin 

containing FSS-causing point mutations Y583S and T178I in 

Drosophila [1]. We studied the mutations’ effects on indirect 

flight muscle (IFM) and jump muscle mechanical properties to 

elucidate possible mechanisms of disease. We found that 

increased muscle stiffness leads to diminished power 

production.  

Introduction 

Freeman-Sheldon syndrome is the most severe form of distal 

arthrogryposis and is characterized by facial and distal muscle 

contractures, paired with increases in muscle stiffness. These 

ailments lead to immobilization of patients’ extremities, 

resulting in a negative impact on their lives.  

Methods 

We performed skinned muscle mechanical analysis on 

Drosophila IFM and jump muscles dissected from 

heterozygous FSS mutant flies. Sinusoidal analysis and work 

loop experiments were used to measure maximum power 

generation, stiffness and overall muscle kinetics in IFMs by 

oscillating the muscle fibers at various frequencies and muscle 

length amplitudes.   

To investigate mechanistic changes of a single cross-bridge 

cycle step, we varied [ATP] and performed IFM sinusoidal 

analysis to assess how ATP response varied in the FSS mutants.  

Activation and relaxation experiments were performed on the 

jump muscles. Muscles underwent repetitive activation events 

using a rapid bath exchange system, while tension was 

continuously recorded. Data were fit with a logistic curve to 

calculate rates.  

Results and Discussion 

The most striking alterations were the 70% and 77% increases 

in elastic moduli for the Y583S and T178I IFM fibers, 

respectively, which coincides with the human disease 

phenotype of increased stiffness (Figure 1). Increased stiffness 

impaired maximum power production, as it decreased by 45% 

and 62% due to an increased amount of work being absorbed 

by the muscle during lengthening. A contributing factor to both 

decreased power and increased stiffness was a slowing of at 

least one cross-bridge cycle transition. This was inferred from 

17% and 31% decreases in the frequency that generated 

maximum power (fmax).  

 

Figure 1: FSS mutations drastically increase muscle stiffness. 
Dashed line at 500 Hz is where percent increases were calculated.  

fmax vs. [ATP] data were fit with a Michaelis Menten curve, 

which revealed that the T178I myosin has a lower affinity for 

ATP, as shown by a larger Km value. Therefore, T178I myosin 

spends a prolonged period of time bound to actin, contributing 

to the increase in stiffness.  

This prolonged binding also impedes T178I muscle’s ability to 

relax as shown by a 16% decrease in relaxation rate. 

Additionally, Y583S and T178I activation rates slowed by 21% 

and 15%, respectively. We speculate that the rate of Pi release 

is influencing these changes in activation rates since it has been 

shown to influence force generating steps of the cross-bridge 

cycle [2]. It could be valuable to examine the rate of Pi release 

in the Y583S mutant since no difference in ATP affinity was 

observed.  

Conclusions 

Understanding the disease mechanisms behind FSS will help 

improve research for treatment options in patients currently 

suffering from its symptoms. Our work suggests that FSS 

myosin spends prolonged periods of time bound to actin due at 

least in part to low ATP affinity. We conclude that contractures 

seen in Freeman-Sheldon Syndrome likely result from elevated 

muscle stiffness and decreased ability to power limb movement.  
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Summary 

Animals easily navigate complex terrain and can rapidly and 

safely reject unexpected perturbations. However, the 

underlying mechanism at the muscle-tendon level of this 

behaviour is unclear. To study this, we attached a real muscle-

tendon unit to a novel bio-robotic interface that emulates 

interaction with a mass in gravity to generate stable feedforward 

hopping. We then suddenly drop the height of the ground. We 

show that real muscle-tendon units can rapidly and safely reject 

perturbations within two hops across a large range of drop 

heights. This shows muscle-tendon units are robust against 

perturbations that span an order of magnitude in drop height 

during cyclic tasks without relying on closed loop feedback. 

Introduction 

Legged locomotion research has primarily been focused on 

studying steady state behaviours on flat ground and at constant 

speeds. However, humans – and animals in general – do not 

locomote in a flat world. Previous studies of uneven terrain 

locomotion have shown that purely feedforward strategies (i.e., 

clock-based muscle activations) are able to reject 

environmental perturbations. However, these studies were in 

freely moving whole animals with multiple joints [1] or 

multiple legs [2]. Therefore, it is unclear if this stability arises 

from joint level features or fundamental intrinsic properties of 

muscles. Thus we use a novel bio-robotic interface [3] to study 

hopping in a simple single joint context and we pose the 

question: Can purely feedforward driven hopping strategies 

rapidly and safely recover from a broad range of perturbations? 

Based on previous modelling studies [4], we hypothesize that 

muscle-tendon units will require larger number of cycles to 

dissipate energy with increased drop height while maintaining 

muscle lengths within a safe operating range. 

Methods 

We cyclically stimulated the muscle to generate hopping [3]. 

Once the hopping settled to a stable cycle, we suddenly dropped  

 

the height of the ground by one of three heights (0.01m, 0.05m 

and 0.1m). We measured the amount of energy dissipated in the  

 

 

first three steps after the perturbation and normalized it by the 

additional potential energy injected into the system due to the 

drop. 

Results and Discussion 

Excess energy from the drop in ground height was rapidly 

dissipated within two hops (p0 and p+1) across an order of 

magnitude of drop heights (Fig. 1B). Contrary to expectations,  

a larger proportion of the injected energy is dissipated in the 

first cycle after the drop as drop height increased – 

demonstrating that muscle-tendon units get better at dissipating 

energy with increasing heights. Muscle fascicle were shorter 

during the perturbed cycle compared to cycles prior to the 

perturbation indicating safe operation.  

Conclusions 

Contrary to models that use Hill-type muscle tendon units in 

silico, we found that biological muscle-tendon units in vitro can 

rapidly and safely reject perturbations across an order of 

magnitude range of drop heights. Given that in our preparation 

the neural control signals were invariant, implicating that 

intrinsic muscle properties enable this behaviour. Studying the 

mechanical properties of real muscles in unsteady conditions 

will allow for the development of wearable and legged robots 

with lower bandwidth control and better stability properties. 
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Figure 1: (A) Biorobotic interface setup. The muscle-tendon unit is cyclically stimulated with a feedforward signal to generate hopping 

and we suddenly dropped the height of the ground (B) As drop height increased, a larger proportion of the energy injected by the drop is 

dissipated in the first cycle (p0) after the drop. All of the injected energy is rejected within two cycles for all drop heights. 
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INTRODUCTION  

The drilling of bone is ubiquitous surgical procedure in 

orthopedics to accommodate screws or other threaded 

components for rigid fixation. Bone screws anchoring the 

bone are resistant to axial, transverse and bending loads and 

well suited to the load-bearing function of the skeleton 

during locomotion. Excessive cutting force, torque and 

temperature arising from the drilling process may adversely 

affect physiological state of the bone and the strength of 

fixation.  

The negative impact of excessive force, torque and elevated 

temperature on the structure, physical properties and 

viability of bone is well-acknowledged [1,2]. Large drilling 

force may cause cracking in the bone microstructure which 

can weaken postoperative strength of fixation [3]. 

Uncontrolled torque in drilling promotes chances of drill 

breakage during surgical incision. A more serious 

consequence of the drilling process is the rise of temperature 

above thermal threshold level compromising viability of 

bone tissue and pullout strength [4]. Safe and efficient 

drilling in bone can facilitate postoperative physiotherapy 

procedures by promoting osteogenic potential of the bone. 

Ultrasonically-assisted drilling (UAD), where 

microvibrations are superimposed on the drill, is a novel 

drilling technique that can overcome prescribed issues 

associated with conventional drilling (CD) in bone.  

MATERIALS AND METHODS 

Ex-vivo drilling tests are performed on bovine femur using 

surgical drills (4.5mm diameter) with and without the 

presence of ultrasonic vibrations imposed on the drill. Force 

dynamometer and infrared camera were used to measure the 

drilling force, torque and temperature produced during 

drilling. Micro-CT examination was performed to quantify 

microcracks in the drilled specimens. Post drilling 

microscopic examination of specimens was performed to 

visualize the death of osteocytes near the drilling track. A 

parametric study is conducted to explore benefits of UAD 

over conventional drilling (CD). 

 

RESULTS AND DISCUSSION 

UAD, using controlled frequency of vibration up to 20 kHz, 

demonstrated lower penetration effort (force and torque), 

lower temperature in the drilling region and fewer 

microcrakes surrounding the hole bone tissue compared to 

CD. In addition, histological investigations of the bone 

tissue revealed the death of fewer osteocytes in UAD in the 

immediate vicinity of drilled holes compared to CD. 

Cracking of the microstructure of bone and cell viability 

after drilling are shown in (Figure 1) and (Figure 2). Lower 

drilling force, torque and bone temperature in UAD were 

attributed to the reduced friction caused by the intermittent 

contact between the drill and the bone.  

 

Figure 1: Comparison of cracking in bone microstructure in CD 
and UAD. 

  

Figure 2: Histology of bone in drilling operation. Arrows and 

circles show viable cells and empty lacuna, respectively. 

CONCLUSIONS 

It is expected that utilization of UAD in bone surgical 

procedures will help stabilizing anatomically fracture and 

minimize complications associated with surgical drilling. 

Collateral damage of delicate structure of bone and 

subsequent morbidities can be minimized using advanced 

cutting techniques in bone surgical procedures.  
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Table 1: Data from bone drilling experiments (frequency – 20 kHz, drill speed – 2000 rpm, feed rate – 50 mm/min). 

Drilling Type Force (N) Torque (N.mm) Temperature (OC) Cell Damage (%) 

CD 65 22 70 65 

UAD 45 16 54 12 
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Summary 
Current clinical criteria for identifying bone cancer patients at 
high risk of fracture are not solid and comprehensive, which in 
many occasions result in unnecessary prophylactic 
stabilization. The goal of this study was to develop a validated 
biomechanical tool to assess bone strength, as the key 
determinant of its fracture risk, when the size and location of 
tumorous defects varied in distal femoral bone. Non-linear and 
heterogeneous finite element (FE) models of bones with 
simulated tumorous defects were created, and validated using 
corresponding in-vitro mechanical tests. Results of this study 
demonstrated a strong correlation between bone strengths 
predicted by in-silico analyses and in-vitro tests. Based on FE 
analyses, there was no considerable reduction in bone strength 
until the defect was 38% of epiphyseal volume or larger and 
laterally located defects, in comparison to the same in shape 
and size defects in medial, were at higher risk of fracture.  

Introduction  
The most commonly used criteria for identifying high-risk 
bone defects, e.g. Mirels’ and Haringtons’ rating systems, are 
conservative, due to lack of comprehensive biomechanical 
investigations at their background [1]. In these criteria, the 
effect of defect location is considered too generally, as upper 
or lower extremity, and defect size is roughly defined as the 
fraction of the bone diameter involved by tumor, which is 
measured based on 2D X-ray images [2]. In other words, the 
impacts of accurate location and actual size of the bone defect 
were not actually taken into account in previous studies.  

Methods 
Tumorous bone defects were created by an orthopedic surgeon 
on one side of 7 human distal femoral pairs with the 
contralateral intact side as a control. The specimens were 
quantitative CT (QCT) scanned and then tested under 
compression load applied with a displacement controlled rate 
of 1mm/min beyond failure, to calculate bone strength (FExp). 

 
Figure 1: Various steps of the study: specimen preparation by 
mimicking tumorous defects by a surgeon (left); QCT scanning 
(middle); and mechanical testing to calculate bone strength (right).  

Finite element (FE) models of the specimens, considering non-
homogeneity, as well as post-yield material properties of bone 
[3], were created and boundary conditions mimicking those 
applied in in-vitro tests were applied to predict bone strength 
(FFE). The accuracy and precision of the FE models were 

evaluated using statistical tests with P value less than 0.05, to 
be considered as statistically significant. Then, tumorous bone 
defects with different sizes were created in the validated FE 
model to determine the critical defect size, which result in 
considerable strength reduction of the bone, compared to the 
contralateral intact bone. Bone defects were considered as 
empty cavities, because no accurate and single set of material 
properties were available for tumorous bone lesions. 
Moreover, the impact of defect location was investigated by 
creating the same in size and shape defects in the medial and 
lateral parts of the distal femur FE model. 

Results and Discussion 
According to the results of paired t tests, no significant 
difference was observed between FExp and FFE, in all 14 
specimens evaluated (P=0.174). Regression analysis showed a 
good linear correlation between FFE and FExp 

.  It was found that there was no 
considerable reduction in bone strength for sizes of defect 
volume (DV) smaller than 38% of the epiphyseal volume 
(EPV). Regarding the effect of defect location, it was found 
that medially located defects result in a greater reduction in 
bone strength, compared to laterally located defects, with a 
similar defect size and shape, implying that bone with medial 
defects are at higher risk of fracture. Nonetheless, when the 
defect size exceeded 50% of EPV, the difference in the bone 
strength reduction between medial and lateral defects was 
negligible, based on the in-silico models’ prediction. 
 

  

 

Epiphyseal Volume (EPV) 

Defect 
Volume (DV) 

 
Figure 2: Fracture load normalized with intact bone fracture load 
versus DV normalized with EPV (Left). Considerable reduction in 
fracture load occurs when the defect volume exceeds 38% of EPV; 
and FE models of the bone with DV of 38% of EPV (Right).  

Conclusions 
QCT-based FE method is a promising tool for predicting long 
bone strength, which can be employed to improve currently 
used qualitative clinical fracture criteria by adding effective 
factors, such as the percent of epiphyseal volume occupied by 
tumors, as well as the location of defects, among many other 
contributing factors.  
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Summary 

The results when managing displaced humeral greater tuberosity fractures through 

conservative means are often disappointing. This biomechanical study, using porcine 

models, compares fixation of these fractures with locking plate, bridging suture and 

two-screws to determine which is the strongest, and to highlight suitable 

management options that can withstand the normal physiological forces through the 

shoulder joint. In addition, it is hoped that the results of this study can identify a less-

invasive alternative to open surgery, without compromise of strength of fixation. 

Introduction 

Isolated fractures of the greater tuberosity are a common presentation of trauma and 

increasing in incidence worldwide. Although there is guidance regarding an 

acceptable degree of displacement for maximum recovery, there is no gold standard 

for treatment and no consensus regarding the best form of surgical fixation.  

The aim of this study is to identify which method of surgical fixation is 

biomechanically the strongest, as well as identify whether there is a clinically-

acceptable, minimally-invasive alternative to open surgery. 

Methods 

Porcine humeral bones were collected and prepared, with preservation of 

supraspinatus. Greater tuberosity fractures were then created through osteotomies, 

before being randomised for fixation by one of the three surgical methods – locking 

plate, bridging suture, and screws. These were then subjected to tensile loading, to 

identify amount of displacement and ultimate load to failure. A pre-load of 25N was 

applied and all specimens were cyclically loaded, with each test repeated three times. 

Stiffness of each material was also calculated. 

 

Results 

The locking plate is the strongest fixation method, with the highest ultimate load to 

failure recorded (mean 479.3N). The humeri fixed by the suture method also resisted 

high loads (356.7N), and were significantly stronger than the screw fixation group 

(125.3N). Those fixed using two screws failed at clinically unacceptable levels of 

loading. 

 

Conclusion 

The proximal humeral locking plate is the biomechanically strongest construct 

available for fixation of isolated greater tuberosity fractures. This study has 

demonstrated that suture fixation, in bridge-suture configuration, provides a 

satisfactory minimally-invasive alternative, particularly in those patients in which 

large dissection procedures are to be avoided. 
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INTRODUCTION  
Wolff (1892) suggested that cortical or compact bone is 
simply denser cancellous bone [1]. This old hypothesis is 
commonly interpreted as, the regression equation of 
cancellous elasticity modulus can extrapolate cortical bones 
with adequate accuracy, or vice versa [2, 3]. Based on the 
above interpretation, Wolff’s hypothesis was tested in a 
number of studies. Both positive and negative results were 
reported. Using our recent experimental data, we demonstrate 
that cortical bone is denser cancellous bone, but not ‘simply’.   

METHODS 
First, we need to re-interpret Wolff’s hypothesis, because the 
previous interpretation is not reasonable. As indicated in 
Wolff’s hypothesis and verified by a large amount of 
experimental data [4], cortical and cancellous bones have 
different apparent densities (ρ𝑎𝑎 ). Experiment results also 
show that the relationship between bone elasticity modulus 
(E) and apparent density is nonlinear. It is well known that 
accurate extrapolation is only possible for linear 
relationships. We re-interpret Wolff’s hypothesis as, if three 
nonlinear regression equations are constructed respectively 
for cortical, cancellous and pooled specimens, and if the 
pooled equation has the same or similar validation accuracy 
as the cortical and cancellous equations in their respective 
density ranges, then Wolff’s hypothesis is valid. To test the 
new interpretation, we fabricated 120 cylindrical specimens 
(60 cortical and 60 cancellous bone) from bovine femora 
using a specially designed manufacturing procedure, so that 
the effect of bone anisotropy was minimized. Apparent 
densities of the specimens were measured. The specimens 
were then tested under the same conditions to measure their 
compressive Young’s modulus. The obtained experiment 
data were randomly and equally split into trial and validation 
sets. The trial sets were used to construct the three regression 
equations.  

The accuracy of validating the equations using the validation 
sets was measured by coefficient of determination (R2) and 
normalized root mean square error (NRMSE) between 
measured and predicted value.  

RESULTS AND DISCUSSION 
Variations of elasticity modulus with apparent density for 
both cortical and cancellous specimens are shown in Figure 
1. Validation results for the three regression equations are 
provided in Table 1. Although there was a small overlap 
interval, cortical and cancellous specimens had different 
ranges of apparent density. The regression equations (Table 
1) are highly nonlinear, which explains why extrapolation had 
much lower accuracy than interpolation. The cortical 
equation had an NRMSE of 166% when used to extrapolate 
cancellous data; the cancellous equation had an NRMSE of 
148% when applied to cortical data.  

 
Figure 1: Relationships between Young’s modulus and 
apparent density for all specimens 

The pooled equation had accuracy of 23.0% and 52.2% that 
were very close to those of cortical (15.8%) and cancellous 
(38.8%) equations in the respective density ranges, and were 
much higher than their extrapolation accuracies. It should be 
pointed out that the nonlinear regression equations were not 
optimized to improve accuracy. Nevertheless, the obtained 
results already verified our interpretation of Wolff’s law.    
Table 1 Validation accuracy of the three regression equations 

                  Equation 

Validation 

Cortical Cancellous Pooled 
E
= 473 × 𝜌𝜌𝑎𝑎3.9 

E
= 231 × 𝜌𝜌𝑎𝑎6.2 

E
= 183 × 𝜌𝜌𝑎𝑎5.5 

Cortical 
R2 0.842 0.506 0.816 

NRMSE 15.8% 166% 23.0% 

Cancellous 
R2 0.406 0.587 0.496 

NRMSE 148% 38.8% 52.2% 

CONCLUSIONS 
We concluded that cortical bone is denser cancellous bone. 
But since the relationship between elasticity modulus and 
apparent density is nonlinear, extrapolation is not applicable 
for either cortical or cancellous equation. The nonlinear 
relationship between elasticity modulus and apparent density 
is probably caused by the complex material compositions and 
micro-structures in bones.  
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Summary 

In this cadaveric study, radioulnar load-sharing behaviour at 

the elbow was investigated at various elbow positions by 

measuring the force transmitted to the radiocapitellar joint. 

Results show that pronation with flexed elbow tends to 

increase axial load transmitted via the radius, while supination 

promotes more even radioulnar load-sharing.  

Introduction 

Load transmission through the forearm is a complex event 

involving interaction between the radius and the ulna linked 

through the interosseus membrane (IOM). Radioulnar load-

sharing behaviour varies with changing positions at the 

proximal and distal radioulnar joints. Understanding the load 

transmission mechanism is essential in assessing changes in 

forearm function due to injuries and surgical interventions. 

Findings reported by previous studies using various techniques 

are often inconsistent. The objectives of this study are to 

investigate the radioulnar load-sharing behaviour at the elbow 

by measuring the forces transmitted to the radiocapitellar joint 

at various elbow positions (flexion-extension and pronation-

supination).  

Methods 

Four fresh-frozen cadaveric forearms including the hand to 

distal humerus were procured from three donors (mean age: 41 

years). Biomechanical testing was conducted on a customized 

loading platform where axial loads were applied to the distal 

radius in static steps using a weights and pulley system. With 

the hand resected, a rectangular loading fixture was secured 

onto the distal radius through two threaded bolts inserted into 

the shaft of the radius. The fixture was then fitted snuggly 

inside a 6-in PVC pipe with distal half of the forearm housed 

inside the pipe (Figure 1). This setup allows the fixture and 

forearm to slide axially inside the pipe, while constraining 

rotations. Pronation/supination of the forearm was facilitated 

by rotating the pipe in each direction and clamped to the 

platform. On the proximal end of the elbow, the distal 

humerus was skeletonized and potted in dental cement. The 

elevation of the potted humerus could be adjusted through two 

threaded rods. The elbow flexion/extension angle was adjusted 

by moving the potted humerus to the test positions, i.e. 

extension, 45- and 90-degree flexion, and secured to the 

platform. At each flexion-extension position, the test was 

repeated three times in 45-degree pronation, neutral, and 45-

degree supination. Axial loads up to 150 N were applied in 

three equal steps. To measure the responding force transmitted 

to the radiocapitellar joint, a joint pressure sensor (model 

6900, Tekscan Inc, Boston MA) was placed into the joint after 

an incision of the anterior joint capsule. The pressure sensor 

data were collected for 1 second at 100Hz following each step 

of loading. The average value of the 100 frames were obtained 

and converted to force based on an in-house calibration on an 

MTS load frame.  

Results and Discussion 

Results show that both forearm pronation and elbow flexion 

increase the load shared by the radius, while supination tends 

to offset it. When the elbow was fully extended, the average 

radiocapitellar joint force was 61.9±25.2 N, 81.9±25.8 N and 

92.0±0.1 N respectively with the forearm in supination, 

neutral, and pronation positions. These values represent 41%, 

55%, and 61% of the applied load. Flexing the elbow by 45 

degrees, the percentage radiocapitellar joint load increased to 

54%, 59%, and 88% respectively, and at 90-degree flexion 

these shares become 48%, 86%, and 94% (Figure 2). Previous 

study found that IOM stiffness in resisting axial displacement 

increases from pronation to supination, to almost 2-times as 

stiff in supination than in pronation [1]. This may explain the 

more evenly distributed radioulnar load sharing in our results.   

 
Figure 1: Closeup of the testing setup 

 

Figure 2: Radiocapitellar joint force (L to R: extension, 45-, and 90-

deg flexion; S-supination, N-neutral, P-pronation, †significant) 

Conclusions 

Assessment of radiocapitellar joint force indicates that forearm 

positions have notable impact on radioulnar load-sharing. 

Larger study is needed in the future to confirm the findings.  

References 

[1] Hotchkiss RN (1989) J Hand Surg Am,14:256-261. 

 

Saturday, August 03 2019: Posters (1600-1800) 1792

Orthopedic Bone 3



 

 

Effects of Supporting Location of Expandable Bone Implant on Spine Mechanics 
 

Po-Yu Chen*, Bing-Shiang Yang 

Department of Mechanical Engineering, National Chiao Tung University, Hsinchu City, Taiwan 

*Email: awds1023@gmail.com 

Summary 

We used finite element analysis to compare the effects of 

different support conditions on compression fractured 

vertebras. The results showed that front support is a better 

design for expandable bone implant systems. 

Introduction 

Percutaneous kyphoplasty (PKP) [1], which cannot only 

restore the vertebral height by expanding a balloon in the 

vertebral body but increase the mechanical strength of the 

vertebrae by injecting PMMA, is a well established minimally 

invasive treatment option for compression fractures of 

osteoporotic vertebral bodies. However, the outlook of the 

balloon expansion is different in each vertebral body, which 

means the location where the balloon support is different in 

each surgery. Therefore, percutaneous implant techniques (PIT) 

which include the placement of different types of expandable 

bone implant systems [1] appeared. However, each type of 

expandable bone implant systems is designed to support the 

different region of the vertebrae, and there have not been clear 

biomechanical evidence on optimal supporting location. 

Therefore, the purpose of this study is to examine the 

influence of different support regions on expansion of 

fractured vertebras.  

Methods 

We established a finite element model of one vertebral body 

including cortical bone, cancellous bone, end-plate, and 

assigned osteoporotic mechanical properties.[2]A cleft was 

horizontally penetrated into the vertebral body to simulate  a 

vertebral compression fracture.[3] Displacement of the front 

point, middle point, and back point of the vertebral body and 

stresses of the cortical bone and the cancellous bone were 

calculated in  three different support conditions (front support, 

middle support, back support), with a 100N supporting force 

at the support location under a 0.1 MPa pressure load [4]. 

Results and Discussion 

Figure 1 shows that front support and middle support have 

similar effects to restore the vertebral height, and back support 

was with worse results.  

Figure 2 shows that back support causes the largest stress in 

the cortical bone, and middle support causes the largest stress 

in the cancellous bone. 

Since compression fracture was at the front part of the 

cortical bone, the front support and the middle support showed 

similar results in the restoration of vertebral height and the 

maximum stress in the cortical bone. However, the middle 

support may have further fracture caused by a large stress in 

the cancellous bone, although usually with less clinical 

attention, since the support near the original crack may cause 

stress concentration. 

 

 

Figure 1: Displacements at three locations of the vertebral under three 

different support conditions. 

 

Figure 2: Maximum stresses in cortical bone and cancellous bone under three 

different support conditions. 

Conclusions 

We found that the front support showed better results in 

restoration the vertebral height, and caused smaller maximum 

stress in both the cortical bone and the cancellous bone. This 

model can further be used to evaluate the efficacy of 

supporting devices with different geometries of mechanism. 
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Summary 

A systematic review of the murine tibia axial compression 

model was carried out in order to explore the effect of static 

preload (SPL) on bone adaptation.  SPL is a recently identified 

potential inhibitor of loading-induced bone adaptation [1].  Of 

1766 initially identified references, 15 articles met the inclusion 

criteria and were selected for meta-analysis.  While meta-

regressions did not directly indicate that SPL moderated bone 

adaptation, data trends suggested that greater levels of SPL alter 

the anabolic response of bone to dynamic loading.  This study 

therefore supports the need for further investigation of the effect 

of SPL as a variable that confounds associations between bone 

anabolism and dynamic loading.  

Introduction 

Animal models of exogenous loading induced bone adaptation 

typically implement a SPL in order to enable precise, repeatable 

dynamic skeletal loading throughout an intervention.  Our 

group recently reported that the SPL magnitudes typically 

implemented in the literature (≥ 0.5 N) markedly inhibit the 

bone anabolism of superimposed dynamic loading [1].   Given 

that the inhibitory influence of SPL had not been previously 

recognized, we believe this variable may have unintentionally 

biased experimental outcomes, inter-study reproducibility, and 

interpretations across the bone adaptation literature.  Thus, we 

performed a systemic review and meta-analysis of the most 

widely adapted bone mechanotransduction model (murine tibia 

axial compression; [2-3]), to explore whether the influence of 

SPL on bone anabolism could be quantified across studies.  

Methods 

The systematic review was carried out in accordance with the 

PRISMA Statement guidelines [4].  A search of articles in the 

PubMed, SCOPUS, and Embase libraries using the search 

terms “mouse tibia loading” AND “adaptation,” “response,” or 

“formation,” as well as of citations to the primary sources for 

the tibia axial compression model, returned 1,766 references. 

Subsequent screening yielded 106 relevant articles of which 57 

of those reported SPL data.  Articles were considered for meta-

analysis if they included either cortical midshaft or metaphyseal 

trabecular bone µCT mean  SD data for experimental and 

contralateral limbs.  A primary meta-analysis was performed to 

determine if exogeneous mechanical loading was anabolic for 

bone, followed by a meta-regression to explore the interaction 

between SPL and several exogeneous loading parameters, 

including dynamic load magnitude, cycle number, rest-

insertion, loading duration, and loading frequency, as well as 

age and sex. 

Results and Discussion 

Based on our inclusion criteria, meta-analyses of either cortical 

and trabecular adaptation induced by exogenous loading were 

limited to 12 manuscripts (22 distinct loading groups) and 15 

manuscripts (31 distinct loading groups), respectively.  The 

meta-analyses determined that exogenous loading was anabolic 

in both trabecular and cortical bone compartments (p<0.01).  

However, subsequent meta-regression did not identify a 

significant interaction between SPL and any other parameter in 

moderating bone anabolism to exogenous stimuli.  In order to 

explore trends in the data set, we derived an ‘Osteogenic Index’ 

(i.e., Dynamic Load Magnitude x Total Loading Duration) to 

normalize diverse loading interventions across studies and 

performed a linear regression of the trabecular data set.  The 

slope of the regression trended lower for high SPL (> 0.5 N) 

when compared to low SPL (<= 0.5 N) consistent with our 

previous findings that increased SPL magnitudes blunts the 

anabolic potential of dynamic loading. 

 

 

Fig 1: SPL Effect on Loading-Induced Trabecular Alterations 

We believe that the inability of the meta-regression to reach 

statistical significance was associated with the lack of 

reproducible loading interventions across studies (none were 

identically replicated) and the inconsistent reporting of SPL that 

limited study inclusion (only ~15% of reviewed axial tibial 

loading manuscripts reported SPL and included the required 

raw data). 

Conclusions 

A systematic review of the tibia axial compression literature 

highlighted the difficulties of assessing the effect of SPL on 

bone anabolism across studies, even when limiting the analysis 

to a single bone adaptation model.  However, data trends 

support the premise that SPL alters the anabolic response of 

dynamic loading.   Taken together, these findings suggest that 

consideration and reporting of SPL would enhance 

reproducibility of exogenous loading studies. 
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Summary 
We aimed to find a relationship between mechanical stiffness 
and hysteresis of equine SCB, and in vivo fatigue-induced 
microdamage. We found mechanical properties of cartilage-
bone were associated with the damage volume of the 
specimens and were significantly different between specimens 
with and without microdamage.     

Introduction 
Fatigue-induced microdamage in the subchondral bone can 
lead to stress fractures and subchondral bone injury in athletic 
humans and racehorses. The process leading from the 
formation of microcracks at the joint surface to the final injury 
is unclear. To understand the role of mechanical loading in 
disease progression, it is essential to quantify the mechanical 
properties of cartilage-bone at different stages of the disease. 
Thus, we aimed to find a relationship between mechanical 
stiffness and hysteresis of equine third metacarpal SCB, and in 
vivo fatigue-induced microdamage. We identified microcracks 
and microfractures using microCT and hypothesized that there 
is a strong correlation between damage volume and the 
mechanical properties of these specimens. 

Methods 
N=15 cartilage-bone plugs (6.5 mm diameter x 10 mm length) 
were extracted from the metacarpal condyles of n=8 
Thoroughbred racehorses and imaged by microcomputed 
tomography (µCT50, Scanco) at 4 µm voxel size to identify 
specimens with and without microcracks and microfractures 
(grouped as damaged (Dmg) versus non-damaged (NDmg)) 
and to assess bone volume fraction and tissue mineral density. 
Areas of damage were manually segmented using paint-
threshold (Simpleware) to estimate the percentage of damage 
to bone volume (DV/BV). DV/BV of NDmg specimens were 
specified as zero. Specimens were tested in unconfined 
compression perpendicular to cartilage surface to measure 
cartilage-bone mechanical properties (displacements = 0.19 
mm, 5 Hz). The linear portion (R2>0.99) of the loading curve 
was specified as the overall stiffness of cartilage-bone. The 
area enclosed by the loading-unloading curve was specified as 
the relative energy loss (Eloss) [1]. Pearson correlations 
determined relationships between mechanical parameters and 
DV/BV. ANOVA was used to find any significant differences 
in measured variables between damage groups. 

Results and Discussion 

N=7 specimens exhibited microdamage (Fig. 1) with DV/BV 
of 2.45 ± 2.64 %. Damaged specimens had 56.1 % lower 
stiffness compared to undamaged specimens (Dmg: 1.12 ± 
0.68 GPa; NDmg: 2.56 ± 0.54 GPa, p = 0.001) and showed 
60.3 % greater energy dissipation (Dmg: 48.86 ± 11.05 %; 

NDmg: 30.47 ± 8.80 %, p=0.003). There was no difference in 
bone volume fraction and tissue mineral density between 
damage groups. Cartilage-bone stiffness and energy 
dissipation of all specimens significantly correlated with 
damage volume fraction (n=15 P<0.05) with respective 
Pearson’s correlation coefficients of -0.83 and 0.70.  

In agreement with our hypotheses, the mechanical properties 
of cartilage-bone were associated with the damage volume of 
the specimens and were significantly different between the 
NDmg and Dmg specimens. Our findings indicate that a small 
damage volume fraction of 2 % in the bone tissue led to a 
significant deterioration of the mechanical properties of 
cartilage-bone without a significant change in the bone 
microstructure. Such reduction in the stiffness of bone near the 
joint surface markedly changes how load and strain are 
transferred to the underlying bone as well as the adjacent 
articular surface. This study was limited to detecting damage 
in bone using microCT scanning. Further investigations will 
employ a contrast-enhanced microCT technique to quantify 
finer microcracks and diffuse microdamage.  

Figure 1: µCT images of a sagittal cross-section of a typical 
cartilage-bone with no microfractures (A), with microfractures (B), 

and segmented (red) microfractures (C). 

Conclusions 
Our results demonstrate the important effect of fatigue-
induced microdamage on the mechanical performance of 
cartilage-bone from metacarpal condyles of racehorses which 
helps to better understand the mechanism of articular surface 
injury and stress fractures. 
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Summary 

Providing load during dynamic lower limb CT acquisition has 
not been possible yet. This study aimed to explore the feasibility 
of a new device to create a weight-bearing condition during 
horizontal squat (HS)and to compare it to a wall orthostatic 
squat (OS). 3D kinematics and surface EMG (sEMG) were 
investigated in 15 healthy subjects. sEMG showed from 
moderate to excellent reliability across different resistances 
provided. The ICC ranged between 0.14 and 0.78. The highest 
value (0.78) was found for 55BW%. This study demonstrates 
the possibility to achieve adequate similarity regarding muscle 
activity between HS and OS with our device. This knowledge 
should allow us to perform dynamic CT technology acquisition 
of the lower limb during loading in clinical practice. 

Introduction 

Dynamic Computed Tomography (4DCT) is a novel approach 
to examine intra-articular affections as it provides excellent 
spatial and temporal resolution of bone motion. Although some 
research is available regarding the lower limb [1], no studies 
have examined the leg during dynamic motion in a weight 
loading condition during dynamic motion. The aim of this study 
is to validate a loading device we specifically developed for 
4DCT scan evaluation of the lower limb during horizontal 
squads and to identify the optimal load for clinical study. 

Methods 

15 healthy subjects between 18 and 48 years-old volunteered 
for the study. The structure of the device investigated was 
similar to a leg press, with a platform for feet positioning, a 
moving component where the subject lies on and a counter 
weight system. The latter provided opposite force to the subject 
movement and brings the bed backward in starting position. 
Each participant performed 8 series of 6 squats in orthostatic 
position (OS) with the back against the wall and 6 squats in 
horizontal position (HS) on the experimental device. The 
counter resistance was randomly set considering following 
body weight percentage (BW%): 30, 35, 37, 40, 42, 45, 50, 55. 
Surface electromyography (sEMG) and 3D-kinematics were 
acquired. The muscles assessed by sEMG were the Rectus 
Femoris (RF), Bicep Femoris (BF), Tibialis Anterior (TA) and 
Gastrocnemius Lateralis (GaL) bilaterally. A wireless 8 
channels bioPLUX research unit with a sampling frequency of 
1000Hz was used. Maximum Voluntary Contraction (MVC) 

was recorded before the start of the experiment. sEMG was 
expressed in percentage of MVC. Maximum EMG activation 
was considered and Intraclass Correlation Coefficient (ICC) 
was computed between OS and HS for each BW% using SPSS. 
In addition, a 6-camera VICON MX F20 system at 250 Hz was 
also adopted for 3D-kinematics recordings (Figure 1). 
 

 
Figure 1: Subject set up with sEMG on BF, RF, TA and GaL and 
VICON reflective markers. 

Results and Discussion 

ICC showed values ranging from 0.50 to 0.91, from 0.24 to 
0.88, from 0.14 to 0.76 and from 0.51 to 0.9 for sEMG activity 
of the RF, BF, TA and GaL respectively across different BW%. 
Average ICC of the 8 muscles range between 0.46 to 0.73 for 
the right leg and from 0.49 to 0.78 for the left leg (Table 1). 
Highest correlation between HS and OS was observed for 
55BW% with average ICC between left and right leg of 0.76 
(95%CI: 0.66-0.85), followed by 42BW% (0.67, 95%CI: 0.58-
0.82). A 55BW% load provided excellent repeatability between 
the two settings for both legs.  

Conclusions 

The squat on the device showed acceptable correlation with an 
actual orthostatic movement when a resistance approximating 
55% of BW is provided. Considering that 3D kinematics 
showed no substantial difference among different BW%, 55% 
will be used as optimal resistance in future clinical studies to 
assessed lower limb motion. 
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Table 1: ICC between OS and HS at a range of BW% for the right and left leg 

Average ICC 30%BW 35%BW 37%BW 40%BW 42%BW 45%BW 50%BW 55%BW 
Right Leg 0,51 0,56 0,61 0,46 0,58 0,59 0,68 0,73 
Left Leg 0,68 0,57 0,69 0,67 0,77 0,75 0,49 0,78 

Mean Right/Left 0,60 0,57 0,65 0,57 0,68 0,67 0,59 0,76 
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Summary 
Grip force has been related to bone size and strength at the 
radius shaft in children. We assessed whether grip force would 
independently predict variance in finite element derived bone 
strength estimates (failure load and stiffness) at the fracture-
prone distal radius. We also assessed whether grip force 
reference data could help to differentiate children with poorer 
bone strength by comparing bone strength between children 
with a grip force below the 50th percentile to those children with 
a grip strength equal or above the 50th percentile. Results 
indicated that grip force independently predicted variance in 
distal radius failure load and stiffness in both boys and girls. 
Boys with a grip force below the 50th percentile had, on average, 
18-19% lower failure load and stiffness than their peers with a 
grip force equal or above the 50th percentile of Canadian grip 
force reference data. 
Introduction 
Grip force has been associated with bone size and strength at 
the radius shaft in children [1]. However, the role of grip force 
in predicting variance in distal radius bone strength, specifically 
bone failure load and stiffness obtained from high-resolution 
imaging and finite element (FE) analysis, has not yet been 
reported. This is important as grip force measures may help in 
identifying children with poor bone strength.  
Our objectives were to test the following hypotheses: (1) Grip 
force would independently predict distal radius bone failure 
load and stiffness at the distal radius in children; and (2) 
Children with a grip force below the 50th percentile would have 
lower failure load and stiffness at the distal radius when 
compared to those with a grip force equal or above the 50th 
percentile. 
Methods 
We recruited 137 typically developing children (75F, age 7-
14yrs) from local schools. We measured maximal grip force (N) 
and obtained high resolution peripheral quantitative computed 
tomography (HR-pQCT) scans at the distal radius of dominant 
limb [2]. We analyzed scans with manufacturer-provided FE 
software to obtain bone failure load (N) and stiffness (kN/mm) 
[2]. We tested Hypothesis 1 using hierarchical regression 
analyses to predict variance in failure load or stiffness by 
entering grip force in the (base) model with forearm muscle area. 
We report R2 change and standardized beta coefficient (std.𝛽) 
for predictors. Significance was set at p<0.05.  

To address Hypothesis 2, participants were first categorized as 
having a grip force less than or above the 50th percentile groups, 
based on Canadian grip force reference values [3]. We 
compared bone failure load and stiffness between groups using 
MANCOVA, adjusting for maturity in boys and body mass and 
forearm muscle area in girls (p<0.05).  
Results and Discussion 
Grip force improved model fit (R2 improved 0.03 to 0.15 with 
std. 𝛽 of 0.29-0.48, p<0.05) when included with muscle area to 
predict variance in failure load and stiffness in both boys and 
girls. Boys with a grip force <50th percentile had 18% and 19% 
lower distal radius failure load and stiffness, respectively, than 
boys with a grip force ≥50th percentile group (p<0.01). In girls, 
there were no differences in failure load and stiffness between 
the groups. Grip force may help to identify boys with poorer 
radius bone strength. This identification may have clinical 
relevance as our findings correspond with reported 10-21% 
lower failure load in children exhibiting a low-energy fracture 
[4,5]. Future interventions are warranted to test if children with 
a grip force <50th percentile would benefit from interventions 
(e.g., exercise) aiming to optimize bone strength development 
at the distal radius. 
Conclusions 
Grip force independently predicted distal radius failure load and 
stiffness in both boys and girls. Boys with a grip force below 
the 50th percentile had, on average, 18-19% lower failure load 
and stiffness than their peers with a grip force equal or above 
the 50th percentile of Canadian grip force reference data. 
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Summary 
Trabecular morphology correlates with the stiffness and 
strength of the cancellous bone. The present study aims to 
investigate the differences in the elastic modulus and 
nanostructure between the rod- and plate-like trabeculae. We 
dissected 37 rod-like and 11 plate-like trabeculae from the 
proximal cancellous bone of 2-year-old bovine femurs. The 
elastic modulus was measured by tensile and micro-cantilever 
bending tests and that of the rod- and plate-like trabeculae was 
10.6 ± 4.9 and 8.5 ± 2.5 GPa, respectively, with no significant 
difference. Furthermore, we measured the c-axis orientation of 
hydroxyapatite crystals in the tissue using X-ray diffraction 
and calculated the degree of orientation. No significant 
difference was noted in the degree of orientation between the 
rod- and plate-like trabeculae. The present study demonstrates 
that the elastic modulus of a single trabecula and its causal 
nanostructure were independent to the trabecular morphology 
in bovine femurs. 

Introduction 
Mechanical and structural factors for ascertaining the stiffness 
and strength of the cancellous bone warrant complete 
elucidation to further understand the risk of bone fracture. The 
structure model index (SMI) is widely used to assess the 
trabecular morphology in the cancellous bone, i.e., rods and 
plates, which correlates with the stiffness and strength of the 
cancellous bone. However, the differences of mechanical 
properties in the trabecular morphology and the impact on the 
correlation remain unclear. Prior studies have investigated the 
elastic modulus of rod-like single trabecula by tensile [1] and 
micro-cantilever bending (MCB) tests [2]. Hence, the present 
study aims to investigate the differences in the elastic modulus 
and causal nanostructure between the rod- and plate-like 
trabeculae. 

Methods 
We dissected 37 rod-like single trabeculae from 4 adult bovine 
femurs (2-year-old). To measure the elastic modulus, we 
examined 18 trabeculae from the proximal metaphysis (at least, 
3 mm in length) using the tensile test [1]. In addition, 10 and 9 
trabeculae from the metaphysis [2] and neck, respectively (up 
to 1.5 mm in length), were examined by the MCB. 
Furthermore, we dissected 11 plate-like trabeculae from 3 
femurs of the same age bovines and trimmed the side of the 
trabeculae for the MCB, as needed (Figure 1). To evaluate the 
elastic modulus in the longitudinal direction of the specimens, 
we obtained the shape of a single trabecula using a microfocus 
X-ray CT instrument and the shape was assumed to be a 
vertical circular cylinder or plate of the orthotropic material. 
Then, we observed the c-axis orientation of hydroxyapatite 
(HAp) crystals using X-ray diffraction (XRD). All specimens 
were perpendicularly irradiated with characteristic X-rays of 

Mo-Ka, and the XRD pattern was detected by a 2D detector. 
The degree of orientation was calculated as <cos2b> from the 
XRD pattern of the (002) plane [1]. As the c-axis aligned with 
the trabecular axis in the rod-like trabeculae [1], <cos2b> was 
calculated with respect to the trabecular axis. Furthermore, the 
<cos2b> of the plate-like trabeculae was calculated with 
respect to the c-axis orientation. 

 
Figure 1: The preparation of a plate-like single trabecula specimen. 

Results and Discussion 

The elastic modulus of the rod- and plate-like trabeculae was 
10.6 ± 4.9 and 8.5 ± 2.5 GPa, respectively, with no significant 
difference (P = 0.06). The c-axis of HAp crystals in the plate-
like trabeculae aligned to 7.8° ± 7.1° with respect to the 
longitudinal direction of the trimmed specimens. In addition, 
the <cos2b> was 0.344 ± 0.002 and 0.344 ± 0.004 in the rod- 
and plate-like trabeculae, respectively, with no significant 
difference (P = 0.86). In literature, the SMI demonstrated a 
negative correlation with the stiffness and strength of the 
cancellous bone (e.g., [3]); whereas it appears that the elastic 
modulus is independent of the trabecular morphology locally. 
Our findings suggest that the single trabecula stiffness 
resulting from the length and cross-sectional shape as well as 
the elastic modulus, might affect the correlation between the 
SMI and the cancellous bone stiffness and strength. 

Conclusions 
The present study demonstrates no differences in the elastic 
modulus and degree of the c-axis orientation of HAp crystals 
between the rod- and plate-like trabeculae in bovine femurs. 
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Summary 

This study dealt with temperature investigation during drilling 

into the artificial bone. The main aim was to develop suitable 

method for experimental temperature measurement. The 

experiments were realized with several different dental drills, 

and different drilling conditions (speed, cooling etc.).  

Introduction 

The aim of presented study was to develop suitable method for 

temperature investigation in the material surrounding of drill. 

In the variety of situations the temperature level can be limit. 

In case of bone surgery, orthopaedics and traumatology, where 

drilling into the bones are often used, the temperature limit is 

very important. In high level of temperature, the surrounding 

bone tissue can died (temperature limit for bone cells is 47°). 

Methods 

For experimental measurement of thermal diffusion 

differences in the surrounding of the drill during hole drilling, 

the polyurethane (PUR) foam block was used. This material 

was taken from Sawbones Europe AB (www.sawbones.com), 

the “artificial bone”. Biomechanical test blocks also offer 

uniform and consistent physical properties that eliminate the 

variability encountered when testing with human cadaver 

bone. They’re primarily used for testing orthopaedic implants, 

instruments and instrumentation.  

 

Figure 1: PUR block with designed holes for Thermocouples in 
perpendicular direction to drilling direction. 

Polyurethane (PUR) block was 15x15x10mm with 6 holes in 

5mm depth for semiconductor termoelements. Holes for 

thermocouple were distributed in perpendicular direction 

along the drilling direction. These thermocouples measure 

thermal diffusion in according to the drill depth into the PUR 

block. Thermocouples were fixed into the PUR block with 

silver thermo paste for better temperature transmition between 

block material and thermocouple. 

In front of the PUR block was installed IR camera (FLIR) for 

recording the temperature in the cutting edge of experimental 

drills during perforating the PUR Block. 

 

Figure 2: Experimental setup: 1 - IR camera with conncetion to PC 2 

- PUR block with installed thermocouples connection to PC; 3 - 
measured drill; 4 - W&H surgical drilling. 

Experiments were realized in three different rotational speeds 

800, 3000, 5000rpm and high-speed drilling 10000, 25000 and 

40000rpm. Every measurement combination of specific drill 

type, diameter and rpm was with and without cooling. For 

cooling, the surgical drilling machine cooling system was 

used. Cooling medium was water. Cooling water was applied 

by showering on the used drill. Axial movement of a drill was 

in all cases 30mm/min. Drills were used dental drills with 

diameter 2,9mm and 3,7mm. 

Results and Discussion 

From the experimental results can be said that the used setup 

is suitable for monitoring of thermal diffusion in the 

surrounding material by thermocouples. The temperature on a 

cutting edge of specific drill registered during perforating the 

material was always the maximum. Finally the temperature 

during drilling with rotational speeds 800, 3000, 5000rpm and 

using cooling by water was under limit temperature, maximum 

was about 35°, and drill diameter was with minimal influence 

on the temperature. During high-speed drilling was the 

temperature maximum in 10000rpm and with increasing the 

revolutions speed the temperature is the same or goes down. 

This result agree with literature [1].  
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Summary 

The purpose of this research is to evaluate the influence of 

surface condition of culture substrate on cell adhesion, cell 

activity and cell differentiation. It is well known that 

photofunctionalization on surfaces promotes the osteogenesis. 

It is common knowledge that cells strongly adhere to UV 

irradiated substrate because UV surface modification 

improves affinity of titanium surface and cells. However, there 

are not many studies investigating the influence on cell 

dynamics and cellular activity changes by UV irradiation. In 

this research, a substrate treated with various UV irradiance 

conditions was used for evaluation. The cell activity and cell 

differentiation were evaluated using a fluorescence 

microscope and absorbance measurements. As a result of the 

experiment, Cell adhesion effect to substrate was improved by 

UV irradiation. The cell activity and cell differentiation effects 

were changed by dependence on the irradiation time. 

Introduction 

The culture surface is very important factor for culturing the 

cell. There is the methods of coating an extracellular matrix 

such as collagen and fibronectin for strongly adhere the cell to 

the substrate, and method of coating the gel materials [1] or 

fluororesin for inhibition effect of protein adsorption. Also in 

the medical field, UV irradiation method had been proposed 

for effective cell adhesion to implant surface [2]. This research 

objective is to evaluate the influence of surface condition of 

culture substrate on the cell behaviour such as adhesion, 

morphology, activity, and differentiation. 

Methods 

The titanium substrate of 25 mm × 25 mm was used as culture 

substrate. The VUV (vacuum ultra violet) irradiation device 

was used for photofunctionalization. In order to evaluate the 

photofunctionalization depending on the irradiation amount, 

the titanium substrate was irradiated by VUV for 0, 5, 15, and 

30 min. The osteoblastic cells were cultured on the prepared 

substrate, and the cell behaviour such as adhesion, 

morphology, activity, and differentiation was evaluated by a 

fluorescence microscope and an absorbance measurements.  

Results and Discussion 

The adhesion area, activity, and differentiation of the cells 

cultured on the titanium substrate irradiated under various 

light irradiation conditions were evaluated. As a results (Fig.1), 

adhesion ratio of the cell was increased by increasing UV 

irradiation time to titanium substrate. On the other hand, the 

cellular activity was gradually decreased along with time 

passed in the case of UV irradiation time was 0 min to 15 min.  

Moreover, cell differentiation (Alkaline Phosphatase 

production) behaviour was also changed by the VUV 

irradiation amount to the substrate. These results suggest that 

the cell state such as activity, adhesion ability, proliferation or 

etc. is potentially able to be control by regulating the 

photofunctionalization of titanium substrate. 

        

 

Figure 1: Experimental results of cell adhesion rate (upside) and cell 
activity (downside) of cell cultured on the UV irradiated Ti substrate. 

 

Conclusions 

We clarified that cell adhesion, activity, and differentiation 

change depending on irradiation amount of VUV by culturing 

the cells on the substrate irradiated with VUV. These results 

suggest that cell behaviour can be controlled by regulating 

VUV irradiation to the substrate. 
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Summary 

The purpose of this study was to quantitatively measure the 

strain induced upon the bone by an electrically induced 

contraction of the muscles in order to analyse the potential of 

using Functional Electrical Stimulation (FES) as a method for 

targeted osetogenesis. With the force output of a joint during a 

contraction and anthropological measurements, we  

determined the force of the muscle contraction at the muscle 

origin and insertion points on the bone. We applied these 

internal force measurements to a femur model to determine the 

strain on the bone. The level of strain observed governs the 

amount of loading cycles required, and therefore the 

practicality for its use as therapy.  

Introduction 

FES is a therapy technique that uses programmed electrical 

pulses to create a muscular contraction. It has been adapted for 

use with spinal cord injury patients and allows individuals to 

perform full body exercises. Studies have shown improvement 

in maxmimun oxygen uptake (V02 Max), and muscle and 

bone mass from FES use [1].  

The muscle-bone interaction plays an important role in strain 

development that leads to bone maintenance and growth. 

Studies have demonstrated that the internal forces on the bone 

are greater than the external forces [2] and that impacts and 

gravitational loading are not the sole driver of bone growth [3] 

There exists an inverse relationship between bone strain and 

loading cycles that leads to osteogenesis. By analyzing the 

muscular force created during FES, the required loading 

cycles can be posited to create a regimen that could 

theoretically produce bone growth [4] with applications for 

Osteoporosis patients, as well as Astronauts who face severe 

bone atrophy in microgravity despite a rigorous exercise 

regimen  

Methods 

The FES device used in this study was developed at MIT in 

collaboration with the University of Lisbon. It uses an 

Arduino Microcontroller chip and is controlled via MATLAB 

and Simulink [5]. Forces are measured with a MicroFet2 

handheld dynamometer.  

Subjects were seated with their legs hanging at a 90 degree 

angle. The front of the ankle was placed securely against the 

dynamometer which was secured to a stable mount. The FES 

electrodes were placed upon the one quadriceps muscles at a 

time (Vasti Medialis, and Vasti Laterialis). The pulse gain of 

FES induced contractions were slowly increased, with 

maximum force output measured by the dynamometer 

wirelessly transferred to the computer. Internal force analysis 

for the quadriceps were completed using the following model 

(Figure 1) and anthropological measurements.  

Figure 1:Quadricep Muscle Force Analysis 

Similar methods were applied to measure and model forces 

from the hamstrings.  The internal force measurements were 

then applied to a Finite Element Analysis (FEA) model of a 

Femur to determine the overall strain induced from the muscle 

contractions.  

Results and Discussion 

We hypothesize that there will be a  positive relationship 

between the force output of the electrically innervated muscle 

and the pulse gain output of the FES with a corresponding 

increase in strain on the FEA Femur Model. If the data 

supports this hypothesis, the data will help quantify to what 

extent the muscle contraction stresses the bones, lay a basis of 

scientific understanding as to why FES exercise therapy 

improves bone density, and set up the framework for future 

FES research. Also, by applying the found strain levels to the 

model by Qin et al, we  hypothesize that there exists a number 

of loading cycles that will theoretically support osteogenesis. 

Conclusions 

Further research will utilize co-contractions of antagonist 

muscles so there is no movement of the joint, as well as 

incorporating EMG data. Future work can also involve more 

complex joints and muscle groups. Similar to research 

surrounding vibration therapy [6], FES show promise as a 

method for cyclic loading of the bones to promote growth.  
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Summary 

Trabecular microstructure was characterized in the proximal 

humerus in murine models of preganglionic and 

postganglionic BPBI. The preganglionic injury group had 

detriments in trabecular bone (e.g., BMD) in the affected 

forelimb compared to sham and postganglionic injury, 

consistent with restricted growth in humeral head 

morphology observed in this group of rats previously.  

Introduction 

Brachial plexus birth injury (BPBI) is the most common 

nerve injury in children [1], resulting in lifelong arm 

impairment in 30-40% of cases [2]. Injury is known to cause 

gross morphological glenohumeral joint changes, but effects 

to underlying microstructure are unclear, especially with 

respect to injury location. Injuries distal to the dorsal root 

ganglion (postganglionic) present with more severe postural 

and osseous deformities than injuries proximal to the dorsal 

root ganglion (preganglionic) [3], but their relative impact 

microstructurally is unknown. The objective of this study 

was to characterize the trabecular microstructure in the 

proximal humerus following post- and preganglionic BPBI.  

Methods 

Male and female Sprague Dawley rat pups were separated 

into 3 groups (n=8 each): sham, postganglionic neurectomy, 

and preganglionic neurectomy. The C5-C6 nerve roots 

underwent postganglionic [4] or preganglionic [5] excision. 

Surgeries were performed at postnatal days 3-5 on one limb 

(affected); the contralateral limb acted as an additional 

control. Rats were sacrificed at 8 weeks. Affected and 

unaffected humeri were harvested, fixed, and stored at 4°C.  

Bone microstructure was assessed in the proximal epiphysis 

and metaphysis of the humerus via microcomputed 

tomography (micro-CT, SCANCO µCT 80). Humeri were 

reconstructed at an isotropic voxel size of 10 µm and 

analyzed using standard trabecular metrics [6]. The 

epiphyseal region of interest was 12.5% of the total humeral 

length proximal to the growth plate. The metaphyseal region 

of interest was 5% of the total humeral length distal to the 

growth plate. Comparisons were made between groups via 

one-way ANOVA with a Tukey posthoc test (α=0.05). 

Analyses are ongoing, and a subset of data are presented.  

Results and Discussion 

Trabecular bone metrics were not statistically different 

between postganglionic and sham in both the epiphyseal and 

metaphyseal regions. In contrast, the preganglionic group 

(n=2, preliminary data) exhibited less robust trabeculae 

compared to sham and postganglionic groups. For example, 

in the epiphyseal region bone mineral density (BMD) 

(Figure 1) in the affected limb was lower in the 

preganglionic group compared to sham (-36.7% p=0.026) 

and tended to be less than postganglionic (-28.4%, p=0.13). 

In the metaphysis, BMD was not significantly different 

among groups. In concordance with the current study’s 

trend, previous analyses of trabecular bone in the glenoid 

fossa for this same group of rats also showed more severe 

trabecular detriments in preganglionic compared to 

postganglionic and sham groups [7]. We also previously 

reported macrostructural growth restrictions (e.g., smaller 

humeral head) in pre- but not postganglionic [8]. Overall, 

these results show consistent effects of injury location on 

macro- and microstructural characteristics, with restricted 

growth in humeral bone following preganglionic BPBI.   

 

Figure 1: Compared to sham, preganglionic (n=2) was associated 

with reduced bone mineral density in humeral epiphysis. *p<0.05. 

Conclusions 

Our work suggests trabeculae are less robust in the proximal 

humerus after preganglionic neurectomy compared to sham 

and postganglionic groups. Data analyses are ongoing to 

confirm these results in the full sample. This work 

contributes to understanding of glenohumeral deformity as a 

foundation for developing more effective BPBI treatments.  
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Summary 
Mechanisms for rapid stroke-induced bone loss are unknown. 
Using a mouse stroke model, we examined whether vascular 
changes in bone may contribute. Compared to sham, stroke 
mice had transiently lower perfusion yet higher blood vessel 
volume in hindlimb bones; these vessels were larger and located 
farther from bone surfaces, likely not stimulating osteogenesis. 

Introduction 
Stroke patients lose bone and fracture more than attributable to 
bedrest, yet mechanisms contributing are unknown. Forearm 
bone loss is associated with reduced vascular elasticity [1]. 
Blood supply is key for bone maintenance [2], and stroke may 
detrimentally affect vasculature in bone (osteovasculature). 
Our objective was to determine changes in osteovasculature 
after ischemic stroke and elucidate responsible biomarkers. 

Methods 
C57Bl/6J male mice received either stroke (n=15) or sham 
surgery (n=12) at 12 wks. During a 4-wk recovery laser Doppler 
flowmetry (LDF) measured weekly intraosseous perfusion in 
vivo in the tibial proximal metaphysis.  
Vascular structure (distal femur) was quantified with a poly-
oxometalate contrast agent and micro-computed tomography 
(CE-CT, 2µm voxels) [3]. After segmenting scans, vessel 
thickness (CT-Analyzer), bone surface-to-vessel distance 
(Matlab), and vessel branching (BoneJ) were measured [3].  
Endothelial composition (proximal tibia) was assessed in 100-
µm thick cryosections immunostained for type H (osteogenic) 
vessels via confocal microscopy [4]. All hind- and forelimb 
bones from a separate group (2 stroke,1 sham) were flash frozen 
in isopentane and are being analyzed using matrix-assisted laser 
desorption electrospray ionization (MALDESI) mass 
spectrometry imaging [5] to identify stroke biomarkers in bone. 
Group means compared with ANOVA; histograms analyzed 

with linear mixed models, and bins compared with LS-means 
(SAS, α=0.05 with Tukey’s correction). 

Results and Discussion 
Tibial perfusion was reduced for 2 weeks after stroke (-28% wk 
1, -33% wk 2 vs. sham) but returned to sham levels in wks 3-4. 
Vascular structure in distal femur had 38% higher blood vessel 
volume fraction and 26% more branches in stroke vs. sham 
mice, perhaps compensatory for early perfusion drops in stroke. 
Mean vessel thickness was similar, but stroke mice had more 
large (34-58µm) and fewer small (6-26µm) vessels (Fig. A) and 
also reduced fewer vessels close to bone surfaces (4-8µm) (Fig. 
B) than sham, which is dissimilar from osteogenic vasculature 
(5-20µm thick, close to bone surfaces) [2]. Stroke causes 
systemic inflammation, stimulating angiogenesis, but new 
vasculature may be dysfunctional. Type H osteogenic vessels 
were few in the proximal tibia (<5% area) for both groups, 
likely related to rapid decline in type H vessels at 4-11 wks age 
in mice [4]. Ongoing mass spectrometry imaging may identify 
stroke-specific metabolites contributing to bone loss in stroke. 

Conclusions 
Stroke-induced changes in osteovasculature do not have an 
osteogenic phenotype and may contribute to bone loss.  
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Figure 1: A) Stroke had fewer thinner, more thicker vessels that were B) closer to bone surfaces, and C) more branched vs. sham. 
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Summary  
Comminuted, intra-articular distal tibia/fibula fractures remain 
a surgical challenge. It has been suggested that plates be applied 
on the compression side of the fracture; hence, medial plates for 
varus fracture patterns. No prior biomechanical investigations 
have examined this in a model that includes the tibia, fibula and 
syndesmotic tissue. Distal tibia and fibula comminuted intra-
articular fractures with varus fracture pattern were generated in 
12 specimens. Specimens were repaired using either an 
anterolateral plate or a medial plate and loaded in axial 
compression. The repair technique was evaluated using the 
construct stiffness. This study will guide the treatment of varus 
fractures, resulting in improved patient outcomes following 
these debilitating injuries. 

Introduction 
Open reduction and internal fixation (ORIF) is the mainstay 
treatment for intra-articular distal tibia and fibula (pilon) 
fractures. Two surgical plating techniques are frequently 
utilized: medial plating and anterolateral plating [1]. It has been 
suggested that the orientation of the fracture in the coronal plane 
be used for guiding plating technique, with plates applied on the 
compression side of the fracture pattern; thus, anterolateral 
(AL) plates for valgus-oriented fractures and medial (M) plates 
for varus fracture patterns [2]. However, there are no good 
clinical or biomechanical studies to support this dogmatic 
teaching. The purpose of this study was to investigate the 
construct stiffness for anterolateral and medial plates when used 
to treat a varus fracture pattern. 

Methods 
Six pairs of cadaveric tibia/fibula complexes (mean age 77±9.3 
years, 2 male and 4 female) were used to complete this study. 
The use of paired facilitated direct comparison of the 
anterolateral and medial fixation methods. Each specimen was 
aligned and potted proximally, and then had an extra-articular 
wedge removed from the tibia with a 1cm gap on the medial 
cortex (15° wedge), creating a varus fracture pattern (Figure 
1A). A typical intra-articular Y-fracture was simulated as well 
as a simple fibular fracture. Pre-contoured distal anterolateral 
and medial locking plates were utilized to fix the tibia and a 
one-third tubular plate to fix the fibula (Depuy Synthes, 
Markham, ON).  The talus from the original ankle was optically 
scanned and a replica 3D printed to provide natural pressure 
distribution over the articular surface. This was mounted to a 
uniaxial materials testing machine (Instron 5967, Norwood, 

MA, USA). Specimens were preloaded to 10 N, then cyclically 
loaded from 10-50 N at a rate of 0.1mm/s for 10 cycles. The 
construct stiffness was calculated for each specimen based on 
the average of the last three cycles, and compared between plate 
types.  

Results and Discussion 

Preliminary data are based on two pairs of specimens. The 
medial plates were on average 41% stiffer than the anterolateral 
plates (Figure 1B). This agrees with a previous study on 
extra-articular varus fractures [1]. A stiffer plate is preferred as 
it will be able to securely hold the bone fragments in position 
while undergoing post-operative loading. Ongoing work will 
expand the sample size and apply higher loads to simulate 
post-operative rehabilitation conditions.  

  
Figure 1: A) Testing set-up, B) Comparison of the anterolateral and 

medial plating stiffnesses for a varus fracture pattern  

Conclusions 
Early data suggest that varus fractures should be treated with a 
medial plate. This biomechanical study aims to help clinicians 
optimally select fracture treatment for these complex injuries to 
improve patient outcomes. 
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Summary 

Higher risk of fracture in individuals with Autism Spectrum 
Disorder (ASD) may be related to poor bone development in 
childhood. Prior research indicates that children with ASD 
have a lower areal bone mineral density (aBMD) but similar 
aBMD gains during development when compared to typically 
developing (TD) children. Little is known about bone mass, 
structure and estimated strength development in children with 
ASD. The primary aim of this study was to compare bone 
mass, structure and strength at baseline and over 1-year 
between children with ASD and their TD peers. Results 
indicate that children with ASD had 19-28% smaller area at 
the radius shaft and tibia and 37% lower strength at the radius 
shaft while annual changes did not differ from their TD peers. 

Introduction 

Poor bone development during childhood may explain an 
elevated risk of fracture in individuals with ASD [1]. Previous 
studies reported 13-30% lower aBMD z-scores for total body, 
lumbar spine, hip and femoral neck measures in children with 
ASD when compared to TD children while aBMD changes 
were comparable [2,3]. One study also indicated 10-20% 
deficit in bone microstructure and strength at the distal radius 
and tibia in children with ASD [3]. The literature has limited 
prospective evidence of bone mass, structure and estimated 
strength development in children with ASD. Our objective 
was to compare radius and tibia bone mass, structure and 
estimated strength between children with ASD and their TD 
controls at baseline and after 1-year follow-up. 

Methods 

We followed 13 children with ASD (12 boys) (mean age at 
baseline: 10.2, SD 2.8 yrs) and 32 TD children (15 boys) 
(mean age 10.7, 1.7 yrs). We used our standard protocols to 
obtain radius and tibia peripheral quantitative computed 
tomography (pQCT) scans at the distal and shaft sites of the 
radius and tibia at baseline and after one year [4]. Outcomes 
included total area (ToA), cortical area (CoA) and cortical 
content (CoC) as well as density-weighted polar section 
modulus (SSIp), a strength measure assessing resistance to 
torsional loading. As there were no between-group differences 
in age, body size or maturity (age from peak height velocity), 
we used MANOVA to compare bone outcomes between the 
groups at baseline. We normalized follow-up bone outcomes 
to 1-year change. We used repeated measures MANOVA to 
compare 1-year changes between the groups. 

Results and Discussion 

At baseline, radius shaft ToA, CoA, CoC and SSIp were 22-
37% lower in children with ASD when compared to TD 
children (Table 1). Tibia shaft CoA and CoC were 19-22% 

lower (Table 1). Bone strength gain at radius shaft over 1-year 
was 107% lower in children with ASD when compared to TD 
children (Table 1). 

Table 1- Selected bone outcomes at baseline and after 1-year 
for children with ASD and their typically developing peers.  

 Baseline  

Mean (SD) 

P
-v

a
lu

e 

1-year 
Change  

P
-v

a
lu

e  ASD  TD ASD TD 

Radius Shaft 

ToA 94.8 (29.8) 120.1 (26.1) .019 10.0 4.8  .317 

CoA 59.1(20.1) 78.6 (19.9) .015 6.2 2.9  .423 

CoC 47.5 (18.6) 66.8 (17.6) .008 3.8 5.6  .189 

SSIp 131.0 (72.0) 189.6 (68.5) .033 7.9 26.4  .042 

Tibia Shaft 

CoA 212.2 (52.9) 256.3 (57.2) .021 18.4 17.1  .776 

CoC 184.1 (58.1) 229.4 (57.0) .021 25.7 25.6  .956 

 

Although children with ASD sustained 19-37% deficits, 
particularly in cortical bone size and mass at radius and tibia 
shafts, bone development in children with ASD was similar to 
TD children. These findings agree with the report of lower 
spine and hip aBMD z-scores in boys with ASD when 
compared to controls at 4-year follow-up [2]. Future studies 
need to include younger children with ASD and identify 
factors underpinning bone deficits as well as develop 
therapeutic interventions to optimize skeletal health in 
children with ASD. 

Conclusions 

Observed 19-37% deficits in bone mass, structure and strength 
at radius and tibia shafts in children with ASD were sustained 
over 1-year follow-up.   
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Summary 
This study investigates how material properties of the pelvic 
bone are impacted by the presence of a cancerous tumor.  
Orthopaedic Oncologists are often faced with the challenging 
decision of knowing how much surrounding bone should be 
resected when extracting a tumor. Conservative estimations of 
how much anatomy to remove results in large portions of 
patients’ anatomy being resected, and often time limits the 
patient’s walking function.  By using patients’ CT imaging 
data to calculate the material properties (Elastic Modulus) of 
the pelvic bone, this study investigates how bone material 
properties are affected by the presence of a cancerous tumor. 

Introduction 
Orthopaedic Oncologists are often faced with the challenging 
decision of knowing how much bone surrounding a cancerous 
tumor needs to be resected in order to reduce the likelihood of 
cancer reoccurring. Further, the biomechanical consequences 
of this decision are not well studied in pelvic sarcoma 
reconstruction. The goal of this research is to develop a 
software tool that uses CT imaging data to calculate the elastic 
material properties of the pelvic bone near osteosarcoma and 
determine if there may be compromised mechanical function. 

Methods 

This study was performed on human patient CT imaging data.  
The cortical and cancellous bone of patient’s CT imaging data 
was segmented to generate geometric models of the patient’s 
pelvic bone. However, only the unaffected portion of the 
cancerous pelvic hemisection was generated, therefore a 
geometric model of the top portion (above acetabulum) of the 
pelvis was generated for this study.  A mesh of the pelvic 
model was then generated to determine which pixel centroids 
resided in each element of the pelvic mesh.  Using the 
empirical relationship provided by Zhou [1], the pixel 
intensity (Hounsfield Unit – HU) of each CT pixel that was 
contained within an element was converted into an elastic 
modulus.  The accuracy of our algorithm was validated by 
comparing the results of test data from our algorithm to the 
open-source software Bonemat [2].  The differences of cortical 
and trabecular bone were studied by taking cross sectional 
slices of the pelvis at various heights along the z-direction.  
The first cross section was taken along the z-direction through 
the tumor, and additional slices were taken at along the 
upward z-direction – away from the tumor.  These slice 
locations were selected to test if a change in material property 
occurs due to presence of a pelvic sarcoma, and if the greatest 
change occurs in the bone closes to the tumor site.  At each 
slice the average elastic modulus values of the cortical and 

trabecular bone were calculated for both hemisections of the 
pelvis. 

Results and Discussion 
The cortical bone of this patient was found to have an average 
difference of 16MPa between the healthy and tumor pelvis.  
However, there were only an average difference of 
approximately 2MPa for the trabecular bone.  Given that there 
are no significant changes in the difference of bone materials 
as you travel from away from the tumor, these initial findings 
do not suggest that bone material properties are sensitive to 
distance from the tumor in the z-direction.  Additional patient 
data will need to be analyzed to better quantify and understand 
the impact that pelvic sarcoma has on bone material 
properties, and to investigate if other factors (e.g., bone 
atrophy from bed rest, radiation-induced density changes, etc.) 
have an effect on bone material properties.  

 
Figure 1: A pelvis (a), excluding the osteosarcoma (left) with the 
material properties calculated at the cross-sectional area of a CT 

slice. Includes colormaps of the material properties of bone nearby 
osteosarcoma (b), and in healthy pelvis hemisection (c). 

Conclusions 
Initial findings suggest that there are minimal differences 
between both hemisections as you travel away from the tumor 
in the z-direction.  Additional patients are being studied to 
better understand how the bone materials are affected near the 
tumor.  
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Summary 

The findings from recent investigations have alluded to a   

greater reliance on visual information and processing in 

individuals following anterior cruciate ligament reconstruction 

(ACLR) during motor tasks involving the knee. The objective 

of this study was to determine how manipulation of visual 

information affects performance in persons with ACLR. 

Healthy controls (CON) and ACLR individuals reached to a 

target with their toe while wearing prism goggles that shifted 

their visual field. When vision was perturbed, ACLR 

individuals were able to reach to the target more accurately 

during the first reach with prism goggles compared to CON. 

The results indicate this subset of ACLR individuals do not 

demonstrate increased reliance on the visual system and may 

utilize other resources, such as sensory feedback from other 

lower extremity structures or prior knowledge of task 

mechanics, to effectively perform novel tasks. 

Introduction 

Emerging research has proposed a growing reliance on visual 

processing in individuals following ACLR [1-4]. ACLR 

individuals display increased activation of visual processing 

areas during task execution [4] and exhibit dramatic 

performance decrements when vision is completely removed 

[1,2], however the effect of visual information manipulation 

remains unknown. Complete visual information removal may 

not accurately reflect the role vision plays in decision making 

and movement [5]. Rather, evaluating performance when the 

visual field is perturbed provides a newfound insight into the 

reliance on visual information. The purpose of this study was 

to determine how manipulation of visual information changes 

performance in ACLR individuals. 

Methods 

Twenty-one persons with ACLR (40±20 months post-surgery) 

and 21 matched CON participated. Reflective markers were 

placed in accordance with the Vicon Plug-In Gait lower 

extremity model. Three dimensional kinematics (eight camera 

Vicon Motion System, 120 Hz) were collected as participants 

reached to a target with their toe while wearing prism goggles 

that shifted their visual field (Thorlabs) (Figure 1). 

Participants established initial accuracy by reaching as 

accurately as possible and then completed baseline, prism, and 

post-prism conditions as quickly as possible. Endpoint error 

was calculated as the difference between the endpoint 

positions during initial accuracy and the respective condition. 

A 2×5 (Group×Condition) repeated measures ANOVA was 

conducted to test for group differences in endpoint error 

during baseline, first and second prism reach, late prism 

exposure, and early post-prism exposure. 

Results and Discussion 

When vision was perturbed, ACLR individuals were able to 

reach to the target more accurately during the first reach with 

prism goggles compared to healthy adults (P=0.04) (Figure 2).  

The results suggest these ACLR individuals are not relying 

more heavily on visual information. When initially presented 

with the visual field shift, ACLR individuals reached closer to 

the target than CON, suggesting perhaps ACLR individuals 

were relying more on prior experience rather than current 

visual information.  

Conclusions 

Based on these results, a subset of persons with ACLR do not 

demonstrate increased reliance on the visual system and may 

utilize other resources, such as sensory feedback from other 

lower extremity structures or prior knowledge of task 

mechanics, to supplement performance. Researchers and 

therapists should be aware this group of ACLR individuals 

exists when drawing conclusions regarding their research or 

when designing therapy programs. 
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Figure 1: Target board with single black target (A) placed at leg 

length in front of participant along with small table under chin 

(B). Participants only able to see terminal reach when reaching 
(C). Participants wore prism goggles during adaptation trials (D). 

Figure 2: Endpoint error during prism visuomotor adaptation. 
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Summary 
Double-bundle (DB) anterior cruciate ligament (ACL) 
reconstruction is thought to improve kinematic outcomes after 
ACL reconstruction. Using a dynamic stereo X-ray (DSX) 
system, the side-to-side (SS) kinematic differences between 29 
single bundle (SB) and 28 DB ACL reconstructed participants 
during downhill running were measured at 6 and 24 months 
after surgery. Abnormal SS kinematics differences were 
detected in the ACLR limb at 6 months and were still 
significant (but reduced) at 24 months. No kinematic 
differences were found between SB and DB reconstructions.   

Introduction 

Reconstruction using SB of the ACL may not completely 
restore rotational kinematics of the knee [1]. The DB surgical 
technique was proposed using grafts with two bundles to more 
closely mimic native ACL anatomy. The goal of this work was 
to evaluate knee kinematics in patients with SB and DB at 6 
and 24 months after surgery. It was hypothesized that SS 
kinematic differences between the ACLR and contralateral 
limbs (H1) were smaller using DB compared to SB, and (H2) 
decreased over time.  

Methods 

Details of the study design are presented in [3]. Participants 
were between 14 and 50 years old with complete ACL tears 
(with or without meniscal injury), with no other prior injury or 
surgery to either knee, inflammatory or other forms of 
arthritis. SB (n=28) and DB (n=29) ACL reconstructions using 
quadriceps tendon with patellar bone block were performed. 
The same size graft was harvested for both SB and DB, with 
the graft split evenly down to the bone block for DB. All 
subjects followed an identical post-surgery rehabilitation 
program. At 6 and 24 months after surgery, knee kinematics of 
3 repetitions of downhill treadmill running per limb (ACLR, 
contralateral) was measured using a custom-designed dynamic 
stereo X-ray (DSX) system (inter-beam angle 60°, source to 
detector distance 1.8 m, sample rate 150 Hz, and 1 ms pulsed 
exposures with a 90 kVp, 160 mA protocol) as previously 
described [2]. Bilateral CT scans were acquired to create 3D 
bone models, identify anatomical landmarks and define the 3D 
location of bone tunnel centers. The DSX data was 
automatically tracked and tibio-femoral kinematics were 
calculated. ACL length was defined as the 3D origin-to-
insertion distance. Mean stance kinematics (first 10% of the 
running gait) were used in a repeated-measures ANOVA 
followed by a post-hoc test (Bonferroni correction). 

Results and Discussion 

No significant SS kinematic differences were detected 
between SB and DB ACL reconstruction at 6 (Figure 1(a)) and 
24 months (results not shown). Significant kinematic 
differences were detected between the ACLR and contralateral 
limbs at both 6 and 24 months, though the differences were 
smaller at the later time point. (Figure 1(b)). The increase in 

peak ACL length indicates graft elongation over time, which 
may be due to a combination of graft remodeling and partial 
correction for initial over-constraint of the joint.   

 

 
Figure 1: (a) Effect of surgical technique (SB vs. DB) at 6-months 
(b) Effect of time since surgery (6 vs. 24 months). Error bars 
represent 95% confidence interval 

Conclusions 

Knee kinematics after ACL reconstruction were similar 
between single- and double-bundle graft techniques. 
Regardless of graft type, significant SS differences were found 
early on and persisted 2 years after surgery. Thus, there is no 
kinematic basis for routinely recommending DB over the less 
technically demanding SB reconstruction. The size and shape 
of the ACL insertion sites was not considered in this analysis. 
Thus, it is possible some patients (with large and/or dispersed 
ACL insertion sites) may benefit from the DB procedure. 
Further analyses will be required to determine the potential 
benefits of more personalized graft selection. 
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Summary 

Despite the growing amount of literature suggesting a greater 

reliance on visual information and cognitive processing 

following an anterior cruciate ligament reconstruction 

(ACLR), no known study has investigated the interplay 

between cognition and visual feedback in an ACLR 

population. The purpose of this study was to determine 1) how 

performance is affected when visual feedback is removed, and 

2) how manipulation of visual feedback and cognitive 

difficulty affects dual-task performance. Healthy controls 

(CON) and ACLR individuals performed a cognitive and 

angle-matching task separately and concurrently as a dual-

task. ACLR individuals performed similarly to CON during 

single- and dual-tasks, regardless of visual feedback or 

cognitive difficulty. ACLR individuals were able to maintain 

motor performance in the absence of visual feedback, 

potentially by using other feedback mechanisms to perform 

the task equally well, thereby allowing more cognitive 

resources to be allocated to completion of the cognitive task.  

Introduction 

Vision, proprioception, and cognition all play critical and 

intertwining roles in task selection and execution. Recent 

studies suggest these elements may be altered following an 

ACLR; however, none have thoroughly examined this 

relationship. Joint position sense, a measure of proprioception, 

has previously been assessed in ACLR individuals [1-3], but 

much of the literature has produced conflicting findings. The 

combination of varying visual inputs across studies may lend 

to this discontinuity. In addition to sensory feedback, 

cognitive processing has also been shown to be affected 

following an ACLR [1]. Taken together, this literature 

suggests alterations in a triumvirate of faculties but does not 

fully quantify and qualify them and their interplay. The 

current study sought to determine 1) how visual feedback 

removal impacts performance during a proprioceptive task, 

and 2) how visual feedback and cognitive difficulty 

manipulation affects performance during a dual-task.  

Methods 

Twenty-one persons with ACLR and 21 matched CON 

performed serial two and seven subtractions, an angle-

matching task, and the two congruently as a dual-task. Single-

task serial subtractions were completed standing. TrakSTAR 

wire sensors (Ascention Technology Corp., 1,000 Hz) were 

placed on the lateral thigh and shank and participants 

performed a single leg squat to a target angle (MotionMonitor) 

(Figure 1). Participants then completed a cognitive-motor 

dual-task requiring serial subtractions while simultaneously 

angle-matching. Drift was quantified as the absolute value of 

the difference in knee angle between the first and last one-

second bin average. Motor and cognitive dual-task effects 

were calculated as [(single-dual)/single]*100 [4]. A 2×2 

(Group×Vision) ANOVA was conducted to assess differences 

in knee angle drift between the vision and no vision conditions 

during the single-task. Two 3-way Group (2) × Vision 

Condition (2) × Cognitive Difficulty (2) ANOVAs assessed 

group difference in motor and cognitive dual-task effects. 

Results and Discussion 

Statistical analysis failed to detect a significant group effect or 

Group×Vision interaction for angle drift. Likewise, motor and 

cognitive dual-task effects yielded a non-significant group 

main effect and non-significant group interactions. ACLR 

individuals demonstrated similar proprioceptive performance, 

evident via similar drift during the single-task conditions, and 

exhibited similar dual-task effects when the angle-matching 

task was performed concurrently with a cognitive test 

compared to CON. Thus, it appears this subset of ACLR 

individuals do not utilize visual feedback or cognitive 

resources more than CON.  

Conclusions 

The current investigation found a subset of ACLR individuals 

do not exhibit increased reliance on visual or cognitive 

systems, and instead may use input from other sources, such 

as sensory feedback from other lower extremity structures, to 

maintain motor task performance. 
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Figure 1: Condition started with no target angle displayed (A). 

Target angle appeared (B) and participant bent their knee to reach 

target angle (C). During vision conditions, biofeedback displayed 

total duration of trial. During no vision conditions, biofeedback 

displayed for the first five seconds and then participant’s knee 

angle and the target angle disappeared for remainder of trial (D). 
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Summary 

A fibril-reinforced poroviscoelastic material model was 

introduced to model anterior cruciate ligament stress-

relaxation behaviour in tension. The proposed model with an 

exponential fibril formulation was able to capture the stress-

relaxation response at physiological strain levels. It provides 

insight on the roles of different constituents on the mechanical 

behaviour of ligaments and could be applied in whole knee 

joint models. 

Introduction 

The knee joint ligaments are mainly composed of water, 

highly oriented type I collagen, elastin, proteoglycans and a 

low number of cells. Compositionally motivated material 

models can be used to investigate the effects of different 

constituents on the mechanical response, and accurately 

capture the experimentally observed behaviour [1,2]. In this 

study, for the first time, we present a fibril-reinforced 

poroviscoelastic material model for anterior cruciate ligament 

and fit the model to experimentally measured stress-relaxation 

data. Two fibril formulations were investigated to capture the 

relaxation behaviour at physiological strain levels. 

Methods 

Anterior cruciate ligaments were harvested from 10 bovine 

stifle joints. Dumbbell-shaped samples were subjected to a 

four-step stress-relaxation experiment in tension, with 

incremental steps of 2 % strain (ramp speed 1 %/s) and 30 

minutes relaxation. The stress-relaxation data from 10 samples 

was averaged. One average finite element model (2592 

elements) was created assuming elliptical cross-section 

(Figure 1). The ligament was modelled as a fibril-reinforced 

poroviscoelastic material [2] using Abaqus. The non-fibrillar 

matrix was modelled as a porous neo-Hookean material, fully 

saturated with water. The fibril network (mainly collagen) was 

modelled using a standard linear solid with (a) linear and 

nonlinear springs and (b) exponential springs (Figure 1), with 

the fibrils oriented along the loading direction. In (a) the 

elastic equilibrium response of the fibrils is linear, whereas in 

(b) it is exponential. The reaction force vs. time output of the 

model was fitted to match the experimental data of 3rd and 4th 

steps by optimizing the related material parameters. Finally, 

contribution of the fibrils was assessed by excluding the 

fibrillar network from the model. 

Results and Discussion 

The model with the exponential fibril formulation performed 

better than that with the fibril formulation using linear and 

nonlinear springs (Figure 2, R2=0.92 vs. R2=-0.04). The 

contribution of fluid was almost negligible and the model 

without fibrils could not capture the time-dependent relaxation 

at all. On the other hand, none of the models was able to 

accurately capture the rapid initial relaxation. This suggest that 

there may be two time-dependent mechanisms, fast and slow 

relaxation. The former could be related to fluid or collagen, 

while the latter is likely connected to collagen. The role of 

elastin should also be investigated. 

 

Figure 1: Different fibril-reinforced poroviscoelastic material models 

(fibril network as in (a) and (b)) were implemented in a finite element 

model of anterior cruciate ligament in a tensile stress-relaxation 

experiment. 

 

Figure 2: A stress-relaxation response of anterior cruciate ligament 

(blue line, average of 10 samples) and the material model fits (green 

and magenta lines) with the optimized material parameters. 

Conclusions 

The proposed model with the exponential formulation for the 

fibrils was able to capture the stress-relaxation response of 

anterior cruciate ligament in tension. The model could be 

applied for ligaments when investigating the mechanical 

behaviour of the whole knee joint. 
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Summary 
Quantitative measures related to mechanical strength of the 
anterior cruciate ligament (ACL) graft are needed for timely 
return-to-sports decisions after the ACL reconstruction 
surgery (ACLR). Ultra-short echo-time (UTE)-T2* magnetic 
resonance imaging (MRI) was used to study structural changes 
in grafts of 9 ACLR patients longitudinally (1, 3, 6, and 9 
mos. after surgery) and the results were compared to the native 
ACL and semitendinosus tendon (SemiT) of the contralateral 
limb. The grafts were initially well-organized (low T2*), with 
T2* relaxation times gradually increasing until 6 mos 
followed by a decrease by 9 mos. after surgery. The rising T2* 
values suggest increasing tissue disorganization associated 
with graft remodeling and may reflect compromised 
mechanical properties of the ACL graft. UTE-T2* shows 
potential for assessing the remodelling state of the ACL graft, 
and may have value as a measure for timely return to sports.  
Introduction 
Return to sports decisions after ACL reconstruction are based 
primarily on the restoration of symmetry between limbs for 
muscle strength, range of motion and functional performance. 
The healing/remodeling state of the graft, however, is not 
considered. Animal models show up to 50% reduction in 
mechanical strength of grafts within 12 mos. after surgery, 
likely due to structural remodeling. Since return to sports often 
occurs at 5 to 9 mos. after ACLR, the graft may show a 
compromised mechanical strength that contributes to high 
rates of early graft failure (5-20%). There is currently no 
assessment tool available that has been validated for reliably 
assessing graft readiness for return to sports. Ultra-short echo 
time (UTE)-T2* MRI shows potential for assessing ligament 
structural state. T2* relaxation times are lower in 
healthy/organized tissues than damaged/disorganized tissues 
[1]. The goal of this work is to use UTE-T2* imaging to study 
longitudinal changes in ACL graft structure. It is hypothesized 
that the graft will initially resemble the harvested tendon (with 
low T2*), with T2* increasing with time as the graft becomes 
more disorganized and then decreasing/stabilizing to approach 
the value of the native ACL as remodeling is completed.   
Methods 
Nine participants (14-45 years age) with unilateral ACLR (3 
with bone-patellar tendon -bone graft, 6 with SemiT 
autografts) with no history of other injury/surgery to either 
knee were recruited in this IRB approved study. MRI scans 
were obtained for the contralateral (1 mo.) and ACLR (1, 3, 6, 
and 9 mos.) limbs on a Philips Ingenia 3T system including 
high-resolution (slice thickness: 0.6mm, TR: 18.7ms; TE: 
11.5ms) and quad-echo UTE sequences (slice thickness:1mm, 
TR: 20ms; TE: 0.3, 3, 6, 9 ms). The ACL grafts and 
contralateral ACL and SemiT were segmented from the 
surrounding tissues using Mimics software (Materialize, 

Leuven, Belgium). The segmented regions were co-registered 
to UTE images to identify voxels of the desired tissues. T2* 
relaxation times (mean (not presented here)) and standard 
deviation (SD) for the segmented regions) were calculated by 
fitting an exponential decay curve to the four TE values for 
each voxel.  Within-subject changes over time (1, 3, 6, and 12 
mo.) and tissue type (native ACL, ACL graft, and SemiT) 
were compared with the Wilcoxon signed ranks test (p<0.05).  
Results and Discussion 
Imaging data are currently available for 8 participants at 1, 3, 
6 mos. and 6 participants at 9 mos. One participant was lost to 
follow up. Significantly smaller SD was observed in SemiT 
compared to native ACL (Fig. 1(top)). SemiT and Graft at 3 
mo. were significantly different, perhaps due to early graft 
remodeling.  Qualitatively, the SD in the graft was small 
initially (similar to SemiT) indicating well-organized 
structure, and became more disorganized over time (larger 
SD), appearing to reach a maximum by 6 mos. The data at 9 
mos. shows reduction in SD that might be related to re-
organization in the graft. Remodeling was not uniform through 
the graft (Fig. 1(bottom); single subject example).  

 
Figure 1: (Top) Standard dev. of T2*. (Note: n=6 for 9 mos. 
data). (Bottom) ACL graft changes over time; typical subject. 
Conclusions 
UTE T2* can provide a unique insight into the remodelling of 
the ACL graft and might prove a valuable tool to determine 
timely return to sports in patients with ACLR.  
References 
[1] Chu CR. (2014), Am J Sports Med, 42:1847–56.   

 

0.0

1.0

2.0

3.0

4.0

SemiT Graft 1
month

Graft 3
months

Graft 6
months

Graft 9
months

Contra ACL

Standard Deviation of T2* Relaxation Time [ms]

*

*

* represents significance at 0.05 level

Saturday, August 03 2019: Posters (1600-1800) 1812

Orthopedic Ligaments 3



 

 

The contribution of quadriceps and hamstrings to ACL tension changes based on landing technique    
 

 Alessandro Navacchia1, Nathaniel Bates1, Nathan Schilaty1, Aaron Krych1, Timothy E. Hewett1 
1Department of Orthopedic Surgery, Mayo Clinic, Rochester, Minnesota, USA. 

Email: Navacchia.Alessandro@mayo.edu 

 

Summary 
Sensitivity of the force in the anterior cruciate ligament 
(ACL) to quadriceps (Q), lateral and medial hamstrings (LH 
and MH) forces during drop landing was evaluated using a 
finite element (FE) model of the knee. 

Introduction 
Non-contact ACL injuries occur during high-demand 
activities such as landing from a jump, in which knee 
muscles play a significant role. The Q and hamstrings (H) 
act as antagonist and agonist of the ACL, respectively [1]. 
However, their contribution to ACL tension might depend on 
the tibiofemoral relative pose, which is affected by the 
external loads on the knee produced by impact with the 
ground. The goal of this study was to determine the 
contribution of Q and H to ACL force, when the knee is 
subjected to different external loads, corresponding to 
different landing techniques.  

Methods 
One male cadaveric limb was tested in an impact simulator 
[2]. Sixty-four combinations of knee abduction moment 
(KAM), anterior shear forces (ATS), and internal rotation 
torques (ITR), derived from 44 healthy athletes and stratified 
based on injury risk (0%, 33%, 67%, 100%), were applied to 
the cadaveric limb, while an impulsive vertical force was 
delivered to the foot by dropping a 34 kg sled from 31 cm. Q 
and H forces (Q = 450 N, LH/MH = 225 N) were applied 
through the respective tendons. ACL strain and knee 
kinematics measured with a differential variable strain 
transducer (DVRT) and an Optotrak camera system, 
respectively, were used to validate the FE model of the 
specimen’s knee developed from CT and MRI (the 
validation process is described in another abstract). Seven 
loading combinations spanning the variability in external 
loads were selected to assess the contribution of Q and H 
forces on ACL force. Specifically, the three muscle forces 
were scaled by 0.5, 1, 2, and 3, and all the combinations of 
these scaled forces that did not produce Hforce > Qforce (for a 
total of 34 combinations) were applied to the model while 
simulating the seven drop landings. Correlations between 
ACL and muscle forces during impact were calculated.  

Results and Discussion 

The LH and MH forces presented statistically significant 
negative correlations with ACL force (p < 0.01), but not for 
every landing type (Fig. 1). The different contribution of the 
three muscles with different landing strategies is motivated 
by the interaction between external, ligament, muscle, and 
contact forces that affects the tibiofemoral pose. The tibial 
plateaus present posterior slopes that progressively become 

steeper as contact moves posteriorly. Therefore, the contact 
force produced by the impact will present a larger anterior 
component when contact occurs more posteriorly (steeper 
slope). LH force significantly decreased ACL force when 
low ITR were applied (ITR = 0% or 33%), as it counteracted 
the internal rotation associated with loads in other planes 
(ATS and KAM), reducing the anterior component of the 
contact force on the lateral plateau. On the contrary, when 
large ITR were applied, the contribution of the LH was not 
sufficient, and no significant correlation was found. The 
largest correlations were found between ACL force and LH 
(r = -0.89, -0.86, and -0.75 for KAM0%-ATS0%-ITR0%, 
KAM0%-ATS100%-ITR0%, and KAM33%-ATS33%-
ITR33%, respectively) rather than MH, since the lateral 
plateau presented a steeper slope than the medial plateau. 
Significant positive correlations between ACL and Q forces 
were found when ITR was 100%. As the patellar tendon was 
mostly parallel to the tibial long axis, the Q force translated 
into compressive force, which produced large anterior forces 
when the tibia was internally rotated and the femoral condyle 
was on the posterior edge of the lateral plateau.         

 
Figure 1: Muscle forces (described on the x-axis with the scaling 
factor with respect to baseline values) vs. ACL force (y-axis). Top 
row: LH; middle row: MH; bottom row: Q. The seven columns of 
graphs represent the seven external loading conditions (red title at 

the top: X-Y-Z = KAM X% - ATS Y% - ITR Z%) 

Conclusions 
The contribution of knee muscles to ACL force changes with 
the external loads due to ground forces. Personalized training 
protocols may benefit from the analysis of this interaction. 
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Summary 
Anterior cruciate ligament reconstruction (ACLR) patients 
were grouped into four distinct clusters, based on walking 
vertical ground reaction force (VGRF) traces and knee injury 
and osteoarthritis outcome subscores (KOOS), using a novel 
statistical approach. Distinct representative VGRF traces 
resulted for each cluster, and significant between-cluster 
differences existed for certain KOOS subscores, time post-
ACLR, and number of symptomatic and asymptomatic patients. 

Introduction 
Walking VGRF and KOOS subscores are thought to be related 
[1], yet assignments of ACLR patients to specific cohorts, for 
comparison, are often based on ranges of time post-ACLR. A 
more precise understanding of the relationship(s) between 
VGRF and KOOS subscores may result by defining ACLR 
cohorts based on VGRF and KOOS subscores, via cluster 
analyses. The two purposes of this study were to: (1) cluster 
ACLR patients based upon VGRF traces and KOOS subscores, 
using a novel statistical approach, and then (2) compare certain 
patient attributes between the resulting clusters. 

Methods 
VGRF for five walking trials was measured for 156 patients 
who ranged from 6 to 161 months post-ACLR (age = 21 ± 3 
years; BMI = 24.6 ± 3.8). KOOS scores were collected and 
patients were categorized as symptomatic or asymptomatic [2]. 
A Bayesian hierarchical model, embedded with a predictor 
dependent partition model [3], was used to model each patient’s 
VGRF and create clusters consisting of similar VGRF traces 
and KOOS subscores; the final clusters were created using a 
least squares method [4]. One-way ANOVAs were used to 
compare KOOS subscores and time post-ACLR between 
clusters, and a chi-squared test of independence was used to test 
for associations between cluster and number of symptomatic 
and asymptomatic patients. 

Results and Discussion 
Four distinct clusters were identified, with corresponding 
representative VGRF traces (Figure 1) and mean KOOS 
subscores and times post-ACLR (Table 1). Representative 
VGRF traces were similar for Clusters 1 and 2; however, mean 
KOOS Quality of Life (QOL) subscore and time post-ACLR 
differed between these clusters (p = 0.05). Relative to Clusters 
1 and 2, Cluster 3 patients exhibited different loading patterns 
and less favourable KOOS Symptoms subscores (p = 0.01). 
Additionally, patients were more (p < 0.01) likely to be 
classified as asymptomatic if they belonged to Cluster 1: 64% 

of Cluster 1 patients were asymptomatic, while only 36% and 
28% of Cluster 2 and 3 were asymptomatic. This might be due 
to decreased VGRF peaks and increased time post-ACLR for 
Cluster 1 patients. Perhaps, certain patient-reported outcomes 
improve as time post-ACLR increases, if certain VGRF 
characteristics (Cluster 1) are maintained; conversely, if VGRF 
peaks are too high (e.g., Cluster 3) patient-reported outcomes 
might be less likely to improve, regardless of time post-ACLR. 
We hesitated to interpret Cluster 4 results due to its small size. 

Conclusions 
These findings describe a novel statistical method that can be 
used to define post-ACLR cohorts. Four distinct clusters of 
ACLR patients were identified, based upon VGRF and KOOS 
scores. This approach might be helpful in categorizing other 
musculoskeletal impairments and pathologies, and other 
biomechanical and clinical variables. 
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Figure 1: Representative VGRF traces for four distinct 
clusters of ACLR patients. 

Table 1: Mean (stdevs) KOOS subscores and times post-
ACLR (months); paired asterisks indicate between-cluster 
differences. ADL = activities of daily living.  
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Summary 

Knee kinetics were measured in a cadaveric simulation of 

drop landing, in which clinically-relevant anterior cruciate 

ligament (ACL) injuries were obtained. A principal 

component analysis (PCA) was performed on the knee 

kinetics to identify the most relevant parameters linked to 

injury. The findings indicated that lateral and anterior shear 

forces on the tibia at impact with the ground contributed to 

ACL tear. Lateral force may tilt the ACL to a non-

anatomical orientation and increase the risk of rupture at the 

femoral side while an anterior shear force is present.   

Introduction 

A previously developed in vitro study produced clinically-

relevant ACL injuries on cadaveric specimens during 

simulated drop landings [1]. ACL rupture was induced by a 

combination of high-risk loading conditions in knee 

abduction moment, anterior tibial shear force and internal 

tibial rotation moment. However, it remains unclear what 

combination of internal forces or moments at the knee cause 

injury. The purpose of this study was to identify predictive 

factors of ACL rupture using PCA and logistic regression 

models on the 6-axis knee kinetics measured in vitro.  

Methods 

Drop landing simulations were performed and analysed on 

29 fresh frozen cadaveric knees with the mechanical impact 

simulator [1]. The simulator was designed to generate 

impulsive force combined with knee abduction moment, 

anterior tibial shear force and internal tibial rotation moment 

based on motion analysis data from a cohort of 44 athletes. 

The randomized combinations of kinetic loading were 

repeated until ACL failure was induced. A 6-degrees-of-

freedom (DOF) load cell recorded forces and moments at the 

knee joint center point on the tibia with respect to the femur 

during testing. A differential variance reluctance transducer 

was used to measure ACL strain and detect ACL rupture. A 

total of 978 trials that included 29 ACL injury trials were 

used as inputs for a PCA in order to identify the most critical 

features of the loading waveforms for each DOF. Significant 

principal components (PCs) were chosen using the broken 

stick method [2]. Logistic regression analysis with a 

stepwise selection was used to select the PCs that predicted 

ACL injury.  

Results and Discussion 

Logistic regression showed a significant model (P < .01) 

with 83% sensitivity, 83% specificity and 0.88 area under 

the ROC curve. The antero-posterior (AP) force PC1 and 

PC2, the medio-lateral (ML) force PC1, the infero-supeior 

(IS) force PC1 and the internal-external (IE) rotation 

moment PC1 were selected as independent variables in the 

regression model (P < .01 for all variables). Lower score of 

AP-PC1, ML-PC1 and IE-PC1 and higher score of AP-PC2 

and IS-PC1 increased ACL injury risk (Figure 1). 

AP-PC1 showed that the trial that resulted in ACL injury 

showed decreased peak posterior force on the tibia, which 

means that the ACL was no longer pulling the tibia 

posteriorly after rupture. AP-PC2 showed that a decreased 

peak anterior force on the tibia right after impact predicted 

ACL injury. During injurious trials the ACL was already taut 

because of the higher loading condition and resisted the 

anterior force during the impact. Therefore, AP-PC1 and AP-

PC2 indicated that anterior tibial force was necessary to 

induce ACL injury. ML-PC1 showed that larger lateral force 

on the tibia predicted the ACL injury. The lateral force may 

distort the ACL femoral insertion (71% of ACL injury was 

on femoral side in the present study), which was shown to 

decrease the ACL ultimate load and, consequently, increase 

risk of rupture [3].  

 

Figure 1: Raw waveforms, representative trial with high and low 
PC-score and loading vector for each PCs. 

Conclusions 

A lateral tibial force may distort the ACL femoral insertion 

and facilitate ACL injury. Concurrently, an anterior tibial 

force was needed to induce injury during impact.  
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Summary 

The medial structures of the knee such as the superficial 

medial collateral ligament (sMCL), deep medial collateral 

ligament (dMCL) and posteromedial capsule (PMC) are the 

most frequently injured tissues and a lot of research has been 

conducted. However, the length change patterns of these 

tissues have not been fully reported, such as isometry. 

Isometry has an important role when positioning grafts to 

reconstruct ruptured ligaments, in order to reproduce normal 

knee motion. The purpose of this study was to investigate the 

length change patterns of sMCL, dMCL and PMC. 10 

cadaveric knees were tested to measure the patterns using 

linear variable displacement transducers between 0° and 

100° (in 10° increments) of flexion. The result shows the 

desirable length patterns which depend on their anterior or 

posterior orientation as the knee flexes.  

Introduction 

The medial aspect of the knee plays a key role to stabilise 

against valgus and rotational loads. Especially, the sMCL, 

the dMCL and the PMC are important to maintain medial 

knee stability. However,  little data has been reported on the 

length change patterns to investigate isometry. The purpose 

of this study was to examine the length change patterns of 

the passive medial knee structures along their anterior and 

posterior fibers. 

Methods 

Skin and subcutaneous fat were removed from 10 fresh-

frozen cadaveric knees. The knee was mounted in a 
kinematics rig and quadriceps and hamstring muscles were 

loaded to ensure joint contact pressure after the dissection. 

Length changes were studied at 4 different loading 

conditions between 0° and 100° (in 10° increments) of 

flexion (unloaded, 90 N anterior load, 5 N･m tibial external 

and internal torque).  The length changes were measured by 

the use of a linear variable displacement transducers, and 

were normalised to percentage relative to the initial length at 

0° flexion. 

Results and Discussion 

The anterior sMCL was significantly tightened during 

flexion up to 6 % at 100°, and further significant tightening 

occurred with tibial rotation at all flexion angles (p<0.05). 

Meanwhile the posterior sMCL was slackened by 7% at 100°  

flexion (p<0.05, Figure 1). Moreover, tibial external rotation 

at posterior sMCL resulted in significantly tightening 

between 10° and 100° (p<0.001). The unloaded anterior 

fibers of the dMCL displayed sinuous course, and tightened 

10% at 0° (p<0.001, Figure 2) when applied to external load. 

As the knee was flexed the anterior and posterior part of 

PMC were continuously slackened up to 28 % and 35 % 

from 0° to 100°, respectively (p<0.05). Internal rotation 

tightened the anterior and posterior PMC significantly from 

0° to 20° (p<0.05) and from 30° onwards (p<0.001).  

 

 

Figure 1: Length change patterns in sMCL. 

 

Figure 2: Length change patterns in anterior part of dMCL. 

Conclusions 

The various medial structures experienced different length 

change patterns depending on flexion angle and applied 

loads. The anterior part of sMCL and dMCL were tightened 

and the posterior parts were slackened during knee flexion. 

These results are important for understanding normal knee 

behaviour of sMCL, dMCL and PMC as well as under 

applied external loads. Overall, it can be used to develop 

better reconstruction methods in cases of chronic instability. 
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Summary 

This work proposes a method for creating a finite element 
model (FEM) of knee joints considering the ligament 
geometry and material properties. Experiments were 
conducted to obtain the material properties of the anterior 
cruciate ligament (ACL) and the posterior cruciate ligament 
(PCL) through a tensile test while the geometry were extracted 
from MRIs using image segmentation. The geometry and 
material properties measured were imported into a FEM. 
Simulating drawer motions with the FEM showed that the 
load-displacement characteristics of both the ACL and PCL 
were consistent with those of previous studies, with a 
maximum difference of 7.4 N. This work aims at using this 
method for assessing knee joint ligament damage risk. 

Introduction 

A damaged or ruptured ligament may lead to instability of 
the knee joint. Therefore investigating the mechanical 
properties of a ligament is of great intrest. The most common 
method for obtaining these properties involves conducting 
mechanical tensile/compression tests on the knee joints with 
proprietary fixation setups[1,2,3]. However these methods 
involve selective desmotomy of ligaments fibers, thus causing 
irreversible change to the knee joint mechanical properties 
Therefore, making it impossible to conduct follow-up 
experiments with the same specimen on different knee joint 
flexion angles. The objective of this study develop a finite 
element model of a knee joint using specimen specific 
geometry and material properties. This will allow simulations 
to be made on follow-up experiments under desired knee joint 
flexion angles. Consequently, the proposed method would act 
as a tool for better assessing the risk to knee joint ligament 
damage or rupture. 

Methods 

10 porcine stifle joints were used as the knee joint models in 
this work. All tissue structures other that the femur, tibia and 
cruciate ligaments were removed from the model. The models 
were placed in a material testing machine and tensile tests 
were performed until failure. The dimensions of the cruciate 
ligaments were measured using a digital micrometer and a 
high-speed microscope camera. The stress-strain curve and the 
Young’s modulus of each individual ACL and PCL were 
calculated from the measured dimension and load. MRI 
images of the knee joint model were used to obtain the 
geometry of the femur, tibia, ACL and PCL through image 
segmentation. Afterwards, 3D meshing was conducted and 
imported to a finite element software (ANSYS Workbench 
17.1, Ansys Inc.) (Figure 1). Displacement simulating an 
anterior-posterior (AP) drawer test was applied in the FEM 
analysis and the load-displacement characteristics of the ACL 
and PCL were estimated. 

Results and Discussion 

Figure 2 shows the results of the load-displacement curves 
calculated from the FEM and a reference AP drawer test[3] for 
the (a)ACL and (b)PCL respectively. The reference AP drawer 
test were conducted with the same AP drawer displacement 
conditions as the FEM analysis presented in this work. The 
PCL FEM results showed a maximum load difference of less 
than 5 N when compared with the reference result, while there 
was a 7.4 N difference at 5 mm displacement for the ACL. 

Conclusions 

It was found that the method proposed here allowed for 
creating specimen specific FEMs considering the ligament 
geometry and material properties. Simulating AP drawer 
motions showed that the load-displacement were consistent 
with those of previous references. However, results reported 
here only account for the elastic range of the ligament material 
properties and further investigation is required to account for 
plastic deformation range.  
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Figure 1: Finite element knee joint model considering the actual 

geometry and material property of ACL and PCL. 

 
Figure 2: Load-displacement curves from the FEM and reference AP 

drawer test[3] for (a) ACL and (b) PCL.
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Summary 
Individuals with anterior cruciate ligament reconstruction 
(ACLR) exhibit asymmetry in a variety of tasks. The use of 
quadriceps strength symmetry as a rehabilitation guideline 
may not reflect biomechanical asymmetry in other tasks.  

Introduction 

Anterior cruciate ligament (ACL) injury is common in young 
athletes that may contribute to neuromuscular impairment, 
greater risk of secondary injury, and accelerated post 
traumatic osteoarthritis (PTOA). ACLR is common for those 
who wish to return to sport after injury. However, those with 
unilateral ACLR have altered biomechanics in a variety of 
tasks such as walking, jump landing, and running when 
compared to controls [1, 2] or the contralateral limb [1, 2]. A 
criterion for return to sport following ACLR rehabilitation is 
to achieve quadriceps strength symmetry (>90%) [3] using a 
limb symmetry index (Q-LSI), of the ACLR relative to the 
contralateral limb. Previous research has shown an inter-limb 
difference in strength of 10% in individuals without ACLR 
[4]. Therefore, clinicians suggest a value of ≤ 10% strength 
asymmetry as the cut off for return to sport [3]. However, 
asymmetry in muscle strength [4] and knee flexion during gait 
and landing [1, 2] is present despite the completion of 
rehabilitation. Asymmetry during running and walking may 
contribute to PTOA, and asymmetry during landing may 
contribute to secondary ACL injury risk.  

The purpose of this study was to determine the relationship 
between Q-LSI and knee flexion symmetry during walking, 
running, and landing. It was hypothesized that Q-LSI would 
be associated with knee flexion symmetry during all tasks. We 
further hypothesized that there would be a larger association 
between Q-LSI and running and landing symmetry compared 
to with walking symmetry due to the elevated neuromuscular 
demand.   

Methods 

27 individuals with primary unilateral ACLR participated in 
this study (74% female, BMI (kg/m2):25±4.77, graft type: 15 
patellar tendon, 52% with concomitant meniscal injury, 
IKDC:86.6±9.83, Tegner score:6.81±1.68). Peak torque was 
extracted from three maximal isometric knee extensor 
contractions using an isokinetic dynamometer at 45° of knee 
flexion. Gait biomechanics were collected as participants 
completed 5 trials along a 10-m runway across 2 force plates 
(AMTI, Watertown MA) at preferred walking and running 
speed. Speed was kept within ±5% for each trial and 
monitored using infrared photocells (model TF100, 
TrakTronix, Lenexa KS) that were positioned 2-m apart 
around the force plates. Participants also completed 3 drop 

jump landings from a 30cm height located at a distance of 
50% of their height onto 2 force plates.  Marker position and 
force plate were sampled at 240 Hz (Qualysis, Göteborg 
Sweden) and 2400 Hz, respectively. Marker position and 
force plate data were exported to Visual 3D for model 
construction and low pass filtered at 12Hz and 75 Hz, 
respectively. Peak vertical ground reaction force (vGRF), 
knee flexion angle (KFA), external knee flexion moment 
(KFM), and knee flexion excursion (KFE) were extracted 
from the first 50% of stance for walking, from the entire 
stance phase for running, and from the loading phase of 
landing (vGRF > 20N). Limb symmetry index (LSI) was 
calculated as the ratio of the involved divided by the 
uninvolved limb for all variables.  Pearson correlation was 
used to assess the relationship between quadriceps, walking, 
running, and landing LSIs. 

Results and Discussion 

Q-LSI was related to KFM LSI (r=.538, p=.002) and KFE LSI 
(r=.374, p=.03) for landing, KFA LSI (r=.539, p=.002) and 
KFM LSI (r=.407, p=.018) for running, and KFA LSI (r=.341, 
p=.041) for walking. Q-LSI was not related to GRF LSI in any 
task or KFE LSI during walking and running (p>.05). 
Correlations between Q-LSI and knee flexion during walking, 
running and landing were weak to moderate, which suggests 
that there are other factors that may contribute to 
biomechanical asymmetry. Factors such as impaired 
neuromuscular control or fear of re-injury may also be 
contributing to asymmetry. Furthermore, limb symmetry may 
be task specific.  

Conclusions 

Q-LSI is only moderately associated with knee flexion 
symmetry during walking, running, and landing. As such, 
evaluation of limb symmetry following ACLR should 
incorporate multiple assessments of biomechanical 
symmetry. 
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Summary 
Anterior cruciate ligament (ACL) injury has been shown to 
compromise joint position sense (JPS) in the knee, which is 
necessary for controlling joint positioning and movement. 
This study showed that mechanical noise vibration (MNV) 
improved JPS in the ACL reconstructed (ACLR) patients at 6 
months after surgery. Since deficient JPS might be related to 
ACL re-injury risk, this finding provides initial evidence to 
use MNV as an additional tool to enhance knee JPS early post-
surgery and provides a foundation for future studies on the 
role of MNV on ACL re-injury in the ACLR population. 

Introduction 
ACL reconstruction surgery is often performed after ACL 
injury, especially if the aim is to return to sports. However, the 
ACL (re)-injury rate is up to 6 times higher in ACLR 
individuals compared to healthy controls [1]. This might be 
related to the JPS deficiency usually reported in ACLR 
patients. Enhanced JPS is strongly correlated to positive 
clinical outcomes such as joint stability (80%) [2]. Thus, 
augmenting JPS may be a valuable strategy to improve overall 
joint stability and potentially to reduce ACL re-injury. Adding 
a certain level of MNV is shown to enhance sensory signal 
(e.g. JPS) transmission in biological systems in patients with 
comparable pathologies [3]. The goal of this study was to 
investigate the effect of MNV on JPS in the knee at 6 months 
after surgery when ACLR patients are typically preparing to 
return to sports. MNV is hypothesized to improve JPS in the 
ACLR patient. 

Methods 
Nineteen female participants [unilateral ACLR, age 25 (5) 
years, BMI 24.4 (3.7) kg/m2, 12 patellar tendon and 7 
hamstring grafts] were tested (informed consent obtained) at 6 
months after surgery in this ethics approved study (REB13-
0024). Exclusion criteria included: major injury to any other 
ipsilateral structures, the need for assistive devices, abnormal 
range of motion, and joint instability. The method, detailed in 
[4], introduced a white noise MNV (1-500 Hz) applied using 
an array of five C2 vibrotactile transducers (EAI, FL, USA) to 
the distal quadriceps. The MNV amplitude was set to 90% of 
vibration sensation threshold according to [3]. While 
participants were seated in a Biodex machine (Biodex Medical 
Systems, NY, USA), JPS was measured with MVN randomly 
set as ON or OFF (5 trials each, 10 total) for two conditions. 
In Condition 1, starting at 15° flexion, the knee was moved 
passively to 45° and held for 3s, then extended to 15˚. The 
knee was then passively flexed (10°/s) and when the target 
angle (45˚) was perceived the participant pressed the stop-
button and the position (°) was recorded. Condition 2 was 
conducted using the reverse order to condition 1 (i.e., start 
angle = 45˚, target angle = 15˚). JPS error was calculated as 

the absolute difference between the perceived and target angle 
of 45˚ (Condition 1) or 15˚ (Condition 2). The averages of 10 
trials (Conditions 1+2) for each vibration setting (ON or OFF) 
were calculated. A one-way repeated measures analysis of 
variance (p < 0.05) with a post-hoc test (Bonferroni 
correction) was performed.  
Results and Discussion 
MNV improved proprioception by significantly reducing JPS 
error by 1.1˚ in the ACLR limb (p = 0.005) (Figure 1). This 
indicates that MNV causes 35% improvement in knee JPS 
compared to the baseline (MNV OFF). JPS strongly correlates 
to knee stability (80%) and patient satisfaction (90%) after 
surgery in ACLR patients [1,5]. These results suggest that 
MNV may provide a valuable tool to support the joint at early 
stages of return to sports. It is speculated that JPS 
augmentation may be beneficial in this early stage to assist 
adaptation of active and passive elements of the knee to more 
demanding physical activities and physiotherapy exercises.  

  
Figure 1: JPS error (°) with MNV ON vs. OFF *p<0.05 

Conclusions 
This study provides initial evidence that sub-threshold MNV 
can improve proprioception in ACLR individuals 6 months 
post-surgery. Future work will assess the suitability of MNV 
to assist rehabilitation in individuals with ACLR.  
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Summary 

Limb symmetry indices during single-limb hop tasks and 

counter-movement jumps are often used as screening tools for 

evaluating knee joint function in injured populations, although 

no evidence exists to support their use in a paediatric 

population. We sought to determine whether clinically 

significant differences were present in a paediatric population 

with confirmed ACL-ruptures. Few differences were found in 

performance, kinetic, or limb symmetry index variables. The 

use of these tests for determining knee joint function should be 

re-considered. 

Introduction 

There is currently a lack of consensus in determining when a 

paediatric patient’s knee joint is healthy enough for a safe 

return to play after ACL injury [1]. Meanwhile, high re-injury 

rates in children with reports of up to 29.5% of graft rupture 

within 2 years [2]. The use of limb symmetry indices during 

rehabilitation assessments during hop tasks are commonly used 

to evaluate return to play readiness. However, their isolated use 

may be overvalued [3]. The purpose of this study was to 

determine whether limb symmetry differences existed during a 

reliable battery of hop tasks [3,4] and a counter-movement 

jump in ACL-deficient paediatric patients. 

Methods 

Preliminary data (ten of 38 recruited thus far) of patients with 

confirmed ACL-ruptures performing five single-limb hop tests 

and counter-movement jumps. Participants were instructed to 

hop maximal distances using one limb for the following: 

anterior, lateral, triple, and cross-hop tasks. In addition, a timed 

six-meter hop task was completed following recommended 

guidelines [4]. All tasks were first performed on the 

contralateral limb first and then repeated on the injured limb. 

Five maximum counter-movement jumps were then recorded 

starting from a standing position, taking off and landing with 

feet on separate force platforms. Normalised ground reaction 

force peak and impulse ratios were calculated for each limb 

during the jump and landing phases of counter-movement 

jumps (Table 1). 

Paired sample t-tests (p=.05) determined between-limb 

differences in each of the six tasks. The mean spatiotemporal 

and kinetic variables were calculated for each limb and 

expressed as a limb symmetry index (injured limb/contralateral 

limb), with a ratio <.90 being deemed clinically significant. 

Results and Discussion 

Paired sample t-tests indicate there were no differences 

between limbs for all variables except performance on the 

triple and cross-hop tasks, with p-values of .014 and .002, 

respectively. Limb symmetry ratios were all greater than .90, 

with the exception of the lateral (.87), timed (.89) and cross-

hop (.89). 

We had hypothesised that between-limb differences in 

performance would exist in paediatric patients seeking surgical 

intervention; however, few significant differences were found 

and did not all translate to limb symmetry indices. Despite the 

counter movement jump being a highly cited screening tool for 

screening knee joint injury risk/function [4], we did not 

identify any between-limb differences. Clinically, this 

evaluation would be a single, within-subject evaluation. Our 

results indicate that this test is not sensitive enough to 

determine pre-operative functional capacity between limbs, 

despite it being used as an important rationale for surgical 

intervention [2]. 

Conclusions 

Our preliminary results demonstrate that limb symmetry during 

single-leg hops in the ACL-injured paediatric population is not 

sensitive enough to identify pre-operative inter-limb 

differences. Consideration of symmetry indices from their 

healthy counterparts during these tasks may help improve 

assessing knee function progression and could benefit patients 

and clinicians in the decision-making regarding return to play. 
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Table 1: Means, standard deviations and limb symmetry indices (LSI) of ground reaction forces (GRF) maximums and impulses for 

the injured (INJ) and contralateral (CON) limbs during the jump and landing phase of a counter-movement jump. 

 Jump Phase 

GRF: Max 
LSI 

Landing Phase 

GRF: Max 
LSI 

Jump Phase 

Impulse 
LSI 

Landing Phase 

Impulse 
LSI 

 INJ CON  INJ CON  INJ CON  INJ CON  

Females w 

ACL injury 

.927 

(.062) 

.946 

(.049) 

.980 

(.045) 

1.99 

(.528) 

1.84 

(.421) 

1.09 

(.127) 

.337 

(.050) 

.348 

(.051) 

.967 

(.027) 

.183 

(.032) 

.168 

(.034) 

1.09 

(.069) 

Males w 

ACL injury 

1.14 

(.550) 

1.17 

(.467) 

.958 

(.085) 

1.83 

(.844) 

1.99 

(.966) 

.925 

(.109) 

.423 

(.198) 

.428 

(.178) 

.977 

(.092) 

.317 

(.128) 

.340 

(.138) 

.949 

(.154) 
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Summary 

The purpose of this study was to examine the strength ratios 

between limbs, and the muscular performance in paediatric 

patients with an ACL injury throughout an isokinetic muscular 

endurance task. Ten paediatric participants completed 44 

dynamic maximal flexion/extension repetitions on a Biodex 

Dynamometer. At the end of the endurance task, males’ 

exhibited a higher torque on their injured limb compared to 

the contralateral limb during extension. Both groups had 

greater deficits in the contralateral limb; however, greater 

deficits are seen in the females compared to their male 

counterparts highlighting the need to include muscular 

endurance training after an injury. 

Introduction 

The muscles of the lower limb play an important role in 

maintaining knee joint stability. However, following an injury 

such as an anterior cruciate ligament (ACL) rupture, their 

function may be compromised [1]. Changes in lower body 

mechanics associated with injury risk during landing and 

change of direction tasks have been seen following muscular 

fatigue [2]. While muscular strength is typically used in 

conjunction with functional performance in return to play 

guidelines [3], muscular fatigue is not typically examined. The 

purpose of this study was therefore to examine the strength 

ratios (injured/contralateral) and muscular deficits in 

paediatric patients throughout an isokinetic muscular 

endurance task. 

Methods 

Preliminary results (10 of 38 recruited) from paediatric 

participants (5 females, age = 15.7 ± 1.2) with an ACL 

ruptured completed an isokinetic muscular endurance task on 

a Biodex Dynamometer with the contralateral limb followed 

by the injured limb. Participants were instructed to perform 

seated maximal knee flexion/extension for 44 continuous 

repetitions with the velocity set at 90°/s for a single trial on 

each limb. The participants were not instructed on the number 

of repetitions to ensure they did not pace themselves 

throughout the task. The ratio of the injured and contralateral 

limb was calculated for the maximal extension and flexion 

torques at the beginning (first 3-7 cycles) and the end (cycles 

37-42) of the trial. The first and last two cycles were removed 

from analysis to account for variability in the signal. The 

muscular performance was calculated using the ratio of the 

mean torques of each limb from the selected cycles. 

Results and Discussion 

Preliminary results indicate both groups had a larger deficit in 

their contralateral limb for both muscle groups. Females had 

greater deficits in both limbs compared to males (Table 1). 

These differences may be due to the effect of sex on muscular 

strength [4] and the types of pre-injury activities. In addition, 

males produced a larger torque on their injured limb at the end 

of the task as displayed by a ratio over 1 compared to the 

contralateral limb; whereas, the hamstrings appear to be 

similar between limbs and sex (Figure 1). This difference 

could be attributed to the participants protecting their injured 

limb from maximal exertion. 

 

Figure 1: Mean ratio between the limbs at the beginning and end of 

the muscular endurance task for flexion and extension cycles. 

Conclusions 

These findings indicate both females and males with an ACL 

rupture should include muscular endurance training after an 

injury as muscular deficits can be seen between limbs. 

References 

[1] Schmitt et al. (2015). Med Sci Sport Exerc, 7:1426-34. 

[2] McLean et al. (2009). Med Sci Sports Exerc, 41:1661-72. 

[3] Wright et al. (2015). Sports Health, 7: 239-43. 

[4] Myer et al. (2005). J Electromyogr Kinesiol, 15:181-9.

 

Table 1: Group means and standard deviations of quadriceps and hamstrings strength performance ratios following the muscular endurance tasks. 

 ACL deficient limb Contralateral limb 

Group Extension Flexion Extension Flexion 

Females 0.712 ± 0.191 0.661 ± 0.107 0.650 ± 0.164 0.578 ± 0.050 

Males 0.923 ± 0.245 0.743 ± 0.121 0.708 ± 0.223 0.670 ± 0.193 
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Summary 

The purpose of this study was to evaluate the dynamic knee 

joint stiffness of paediatric females with and without an ACL 

rupture. Healthy and injured paediatric females performed five 

bilateral squats and completed the Pedi-IKDC questionnaire. 

While the Pedi-IKDC indicated a significant change in function 

in the ACL injured group, there were no differences in knee 

joint stiffness during the squat task. 

Introduction 

With the increased prevalence of ACL ruptures in the female 

paediatric population [1], there is a need better the 

understanding of female specific knee joint biomechanics and 

how they are altered following injury. Dynamic knee joints 

stiffness (DKJS) can be used to make objective comparisons in 

joint control during a movement. The aim of this study was 

therefore to compare the dynamic knee joint stiffness of 

paediatric females with and without ACL ruptures and to 

investigate its association with a subjective knee performance 

questionnaire, the Pedi-IKDC [3]. 

Methods 

Forty-eight paediatric females (24 with confirmed ACL rupture 

(ACL), 24 with no history of knee injuries (CON)) completed 

the Pedi-IKDC questionnaire and five bilateral squats. 

Participants were instructed to stand with their feet at a 

comfortable width and hands on their head while squatting as 

low as possible and return to their original position at a self-

selected pace. Lower body kinematics and kinetics were 

recorded using a motion capture system and force platforms. 

Squat descent and ascent phases were defined as maximal to 

minimal pelvis height and minimal to subsequent maximal 

pelvis height, respectively, and time normalized. DKJS was 

calculated as the rate of change in knee flexion moment over 

knee flexion angle for each squat phase (Figure 1). Independent 

and paired sample t-tests (p=0.05) evaluated mean difference 

between groups (ACL limb vs CON, ACL limb vs contralateral 

limb) for ascent and descent DKJS and Pedi-IKDC scores. CON 

group was match to ACL for limb dominance. 

Results and Discussion 

Uninjured participants scored significantly higher on the Pedi-

IKDC than the injured group (ACL: 57.70, CON: 97.42, 

p<0.01), indicating a lower perception of knee joint function, 

while no differences were found in DKJS for either squat phase 

between groups (Table 1). 

 

Figure 1: Knee flexion moment over knee flexion angle for the 

descent phase. DKJS was calculated as the slope of the line of best fit 

(ACL is blue; contralateral is red and control is green) 

The similarities in joint stiffness between injured and uninjured 

participants may be due to the task and population studied. As 

the task was performed at a self-selected pace and to a self-

selected depth, the task may not have been demanding enough 

to elicit any changes. Furthermore, due to the studied 

population’s high risk of ACL rupture [1], it is possible that the 

factors that place these young females at risk [4] persist 

following an injury and may have a larger effect on squat 

performance than the injury itself. Thus, the injury could be 

contributing to the participant’s subjective evaluation of their 

knee joint’s function despite the lack of change in their 

underlining biomechanics as observed by the comparable knee 

joint stiffness. 

Conclusions 

These findings indicate females with and without ACL injuries 

perform bilateral squats with comparable knee joint control yet 

have different perceptions of their overall knee joint functions’. 
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Table 1: Bilateral squat ascent and descent DKJS group means with standard deviations (Nm/kg/°). 

Phases ACL deficient limb Contralateral limb CON 

Descent 0.324 (0.06) 0.318 (0.06) 0.324 (0.07) 

Ascent 0.322 (0.08) 0.322 (0.07) 0.322 (0.05) 
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Summary 
We investigated the use of shear wave tensiometry to detect 
modulation of Achilles tendon loading induced via exosuit 
assistance. Tendon shear wave speed, and hence tendon 
loading, exhibited systematic variations with walking speed, 
load carriage, and the timing of active ankle exosuit 
assistance. 

Introduction 
Exosuit effectiveness is often assessed based on metabolic 
cost reduction and decreased ankle torque, which imply 
energy savings and injury risk mitigation, respectively. 
However, metabolic measurements reveal only gross 
changes. Additionally, ankle torque reduction, estimated 
from inverse dynamics or EMG, relies on many assumptions 
to resolve the underlying tissue loads. We recently 
introduced shear wave tensiometry (SWT), which uses shear 
wave speed as a metric of tendon tissue loading [4]. This 
study investigated the potential for using SWT to detect 
changes in tendon loading induced via exosuit assistance.   

Methods 
One healthy male adult walked on a treadmill while wearing 
an active bilateral ankle exosuit [2]. The exosuit was similar 
in principle to [3], but unlike previous versions, the exosuit 
applied a pure ankle plantarflexion assistance without 
additional hip flexion assistance. Bowden cables transmitted 
assistive forces from an offboard actuation system to the 
exosuit. Achilles tendon shear wave speed was continuously 
measured via a tensiometer consisting of a piezoelectric 
actuator and two accelerometers [4]. Squared wave speed 
was used as an indicator of tendon loading [4]. 

 
Figure 1: An active ankle exosuit and a tensiometer. 

The subject performed three sets of treadmill walking tasks: 
1) Walking at different speeds (1.25, 1.50, 1.75 m/s) with 
and without exosuit assistance (300-N tension). 2) Load 
carriage walking (20-kg backpack) with and without exosuit 
assistance (300-N tension). 3) Walking at 1.5 m/s as the 
timing of exosuit assistance was manipulated (Fig. 1). 

Results and Discussion 
Achilles tendon loading increased with walking speed and 
load carriage, as expected biomechanically (Fig. 2). With 
exosuit assistance, peak tendon loading was reduced by 11-
15% during normal walking and by 5% during load carriage 
walking. The timing of exosuit assistance had a substantial 
effect on tendon loads. Relatively small changes (2.5% of 
gait cycle) in the onset/offset of assistance caused tendon 
loading to vary from a 11% reduction to a 6% increase. 
These results indicate that tendon loading, directly measured 
via SWT, is highly sensitive to exosuit assistance. 

 
Figure 2: Squared wave speed was used to assess change in tendon 

loading with exosuit assistance during: (1) normal walking at 3 
speeds, (2) load carriage, (3) 1.5 m/s walking with altered timing. 

Conclusions 
SWT can detect modulations in tendon loading resulting 
from exosuit assistance.  Further work could use SWT to 
evaluate exosuit effectiveness and inform future designs. 
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Summary 

A child with hemiplegic cerebral palsy (CP) who has stiff 

knee gait (SKG) was trained by real-time feedback on his knee 

joint pattern during treadmill walking. The participant’s knee 

flexion angle increased remarkably in the first feedback trial 

and this change was maintained in the same training session 

when feedback was removed.  

Introduction 

Among gait deviations that limit motor performance and 

development in children with CP, SKG is one that can be 

difficult to correct even after surgery or pharmacologic 

management of spasticity and contracture. To motivate 

children’s motor learning with precise cues towards targets, 

our research team developed a prototype visual kinematic 

feedback platform and found that the maximum knee flexion 

of typically developing children were redirected to the target 

patterns in response to the feedback [1]. In the current study, 

this feedback platform with added functionality in isolating 

the extension and flexion period was used to train a child with 

CP. The purpose was to explore the short term effect of such 

gait retraining in patients with a specific deficit. 

Methods 

A child with right hemiplegic CP (male, age 11) who presents 

with SKG participated in this study. Three inertial sensors 

(MTW Devkit, Xsens, NL) were placed on the participant’s 

thigh, shank and heel. The knee flexion angle was defined as 

the difference between the thigh and shank sensors’ rotation 

about their longitudinal axis. The feedback calculation and 

interface were developed using MATLAB (The Mathworks, 

Natick, MA), and the target knee flexion pattern was selected 

from typically developing children’s patterns [2]. The 

feedback was provided separately for the extension and 

flexion periods of the gait cycle (Figure 1b). A baseline trial 

was recorded while the participant walked on the treadmill at a 

comfortable speed. The participant then underwent three 6-

minute gait training bouts of Feedback (FB) and Non-

Feedback (NFB) trials. In the beginning of each FB trial, the 

participant was asked to follow the cue on a monitor and try to 

modify his knee flexion pattern to rotate an indicator needle 

towards the target range. In the beginning of each NFB trial, 

the participant was asked to recall his walking pattern from the 

FB trial and try to maintain it. The root-mean-square error 

(RMSE) between the measured and target knee flexion angles 

was calculated for the last ten strides of the baseline and 

training trials. The mean RMSE across the ten strides in each 

trial was then compared (Figure 1a). The mean knee flexion 

angle curves of the last ten strides in the baseline and 3rd FB 

trials were compared with the target knee flexion curve 

(Figure 1b). 

Results and Discussion 

A reduction in 

the knee flexion 

angle RMSE 

was observed in 

the 1st FB trial 

relative to 

baseline, with 

NFB trial errors 

showing recall 

of the FB 

pattern, which 

ended in 

progressive 

reduction from 

baseline to the 

3rd NFB trial 

(Figure 1a). 

Adaptation to 

the feedback 

showed 

increased swing 

phase knee 

flexion and 

maintenance of 

appropriate 

extension through the majority of stance (Figure 1b). 

Conclusions 

A positive training effect of the use of real-time visual 

kinematic feedback by a child with a gait deviation secondary 

to hemiplegic CP was demonstrated. Further study in a larger 

sample to determine effects of long term training, overall 

changes in gait pattern, and functional changes is ongoing. 
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Figure 1: Feedback gait retraining effect. (a) Mean and 

SD (error bar) of knee flexion angle RMSE over repeated 

training bouts. (b) Mean and SD (shaded band) of knee 

flexion angle curves in the baseline and last FB trial 

comparing with the target curve. 

(a)

(b)
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Summary 

The progressive declines in motor function of multiple 

sclerosis (MS) are typically preceded by decreases in sensory 

function. The goal of our study was to evaluate the influence 

of a treatment that targets sensory nerve fibers (augmented 

Transcutaneous Electrical Nerve Stimulation; aTENS) on 

mobility and balance in persons with MS. Fifteen persons with 

MS were assessed before and after 9 sessions of aTENS. The 

tests included the 25-ft walk, 2-min walk, chair-rise test, 

grooved pegboard test (GPT), Patient Determined Disease 

Steps (PDDS), Modified Fatigue Impact Scale (MFIS), and 

Multiple Sclerosis Walking Scale (MSWS-12). There was an 

improvement in both walking tests (p < 0.01), chair-rise test (p 

< 0.01), MFIS (p < 0.02), and MSWS-12 (p < 0.01), but not in 

the GPT. The gains were greater for participants with PDDS 

scores <4, suggesting the treatment is more effective early in 

the disease progression. 

Introduction 

Declines in mobility and manual dexterity experienced by 

individuals with MS evolve over a progressive time course [1, 

2]. However, deficits in the sensory function occur early in the 

disease and they usually constitute the presenting symptoms of 

the disease [3]. These deficits in sensation are closely 

associated with the declines in motor function rendering the 

sensory system as a target for therapeutic modalities designed 

to restore motor function [4]. One of these modalities is 

TENS, which can be modulated to target sensory nerve fibers.  

The purpose of our study was to assess the capacity of a TENS 

treatment protocol to restore some of the decline in mobility 

exhibited by persons with MS. The TENS current was set at 

an intensity slightly above the motor threshold to engage a 

broad range of sensory fibers. We refer to this procedure as an 

augmented TENS (aTENS). 

Methods 

Fifteen subjects with MS (11 women, 56 ± 9 yrs) were 

recruited to participate in this study. The protocol included 

tests of mobility, dynamic balance, and manual dexterity. The 

assessments were performed before and after nine sessions of 

aTENS. The tests included: 25-ft walk, 2-min walk, PDDS, 

MFIS, MSWS-12, chair-rise-test, and GPT with both hands. In 

each session, aTENS was delivered to both legs and both 

hands with ten minutes of stimulation for each limb. 

Paired t tests and Wilcoxon sign rank tests were performed for 

parametric and non-parametric data, respectively. 

Results and Discussion 

Time to walk 25 ft decreased from 8.1 ± 5.8 s before the 

treatment to 7.4 ± 5.7 s after the treatment (p < 0.01, [effect 

size = 0.49]) (Table 1). The distance walked in one minute 

increased from 65 ± 24 m to 71 ± 28 m (p < 0.01 [0.85]) and 

the distance walked in 2 min increased from 127 ± 47 m to 

141 ± 55 m (p < 0.005 [0.89]). Similarly, the number of times 

participants were able to stand in 30 s during the chair-rise test 

increased from 9.4 ± 4.9 to 11.5 ± 6.2 (p < 0.01 [0.79]). The 

self-reported fatigue score (MFIS) also decreased from 48 ± 

19 to 38 ± 21 (p < 0.02 [0.68]) and the MSWS.12 score 

dropped also from 43 ± 12 to 37 ± 14 (p 0.01 [0.81]). Time to 

complete the GPT was not statistically significant for either 

the right or the left hand (p < 0.07, p < 0.9, respectively).  

Table1: Assessment Values Before and After the 9-wk aTENS 

treatment. 
Test Before After P-value Effect size 

25-ft walk (s) 8.1 ± 5.8 7.4 ± 5.7 0.01 0.49 

1-min walk (m) 65 ± 24 71 ± 28 0.01 0.85 

2-min walk (m) 127 ± 47 141 ± 55 0.005 0.89 

CRT (count) 9.4 ± 4.9 11.5 ± 6.2 0.01 0.79 

MSWS-12 43 ± 12 37 ± 14 0.01 0.81 

MFIS 48 ± 19 38 ± 21 0.02 0.68 

 

The results showed that 9 sessions of aTENS applied to the 

limbs of persons with MS can significantly improve mobility 

and dynamic balance. The gains in mobility included both gait 

speed and walking endurance, but the effect was greater for 

walking endurance. Similarly, there were substantial 

improvements in dynamic balance and self-reported walking 

limitations, and fatigue. In contrast, the change in manual 

dexterity was not statistically significant, perhaps due to a 

small sample size. Critically, the improvements were more 

pronounced in those participants with PDDS scores < 4. 

Conclusions 

Treatment with aTENS applied to the limbs of individuals 

with MS can reduce symptom severity by restoring sensory 

contributions to balance-challenging activities (walking 

endurance and chair-rise test) and disease status (walking 

limitation and fatigue). The treatment appears to be more 

effective early in the disease progression.  
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Summary 

Gait variables, even temporospatial parameters, have close 
relationships between each variable. Previous study revealed 
some independent components among temporospatial 
parameters in normal subjects. In this study, we measured 
temporospatial and CoP related parameters with foot pressure 
measurement system in post-stroke hemiplegia. We explored 
independent parameters by principal component analysis. 
There were 3 independent components which could explain 
73.9% of total variance. We interpreted 1st component as 
representing impairments in more affected lower limb function. 
We interpreted 2nd component as representing compensations 
in less affected lower limb function. We interpreted 3rd 
component as representing variability and stability. These 
findings could be helpful in rehabilitation for post-stroke gait 
 

Introduction 

To investigate structure of dependencies among gait variables 
from insole pressure measurement system in post-stroke 
hemiplegia, we measured temporospatial parameters and 
excursion of center of pressure (CoP) during level walking and 
conducted principal component analysis.  
 

Methods 

Fifty eight participants with acute post-stroke hemiparesis 
were included in this study. They performed 10 meter level 
walking without cane or walker. Insole foot pressure 
measurement was applied. Temporo-spatial parameters 
included walking speed, stride length, cadence, double support 
phase, stance phase for more and less affected limbs, stride 
time and its standard deviation, stance phases and their 
standard deviations. Effective foot length (EFL) was a 
normalized anterior-posterior displacement of center of 
pressure for individual foot length, respectively (Figure 1).  
Principal component analysis was conducted for the variables 
from insole pressure measurement system. Principal 
components which could explain more than 70% of variability 
were selected. After selection of components, each component 
was interpreted by variables with more than absolute value 0.3 
loadings.  
 

Results and Discussion 

Cumulative proportions of variations explained by first 3 
components are 73.9% (Figure 1) 

.  
Figure 1. Variances explained by each component. 1st component explains 
46.10% of total variance. 2nd component explains 16.48%, and 3rd components 
explains 11.37%.  
 
Each components and variables with their loading on 
components are reported (Table 1). We interpreted 1st 
component as representing impairments in more affected 
lower limb function. We interpreted 2nd component as 
representing compensations in less affected lower limb 
function. We interpreted 3rd component as representing 
variability and stability.  
 
Table 1. 4 components and each variable’s loading on each 
components.  
 Component1 Component2 Component3 

Stride length -0.350   

Cadence -0.231 -0.243 0.149 

Initial DS 0.339   

Terminal DS 0.337  -0.210 

SS_MA -0.354 -0.260 0.119 

SS_LA -0.272 0.394 0.145 

EFL_MA -0.330 -0.172 -0.158 

EFL_LA -0.219 0.250 0.388 
DSD sd 0.176 -0.303 0.562 

Stance sd MA 0.243 -0.246 0.474 

Stance sd LA 0.298 -0.182 -0.111 

Sym_EF 0.194 0.366 0.404 

Sym_SS 0.151 0.547  

DS: double stance phase, SS: single stance phse, MA: more affected side, LA: 
less affected side, EFL: effective foot length, DSDl: double stance phase 
duration, sd: standard deviation, Sym: symmetrical index. 

Conclusions 

For post-stroke hemiplegia, gait variables from insole type 
pressure measurement system have independent components 
explaining total variance. The largest proportion of variance is 
from impairment of more affected side.  
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Summary 

Equistasi® device has been proposed as an innovative 

neurological rehabilitation device for the treatment of motor 

symptoms in people affected by Parkinson’s disease (PD). The 

aim of this study was to investigate its effects on gait 

parameters in a population of PD. Twenty-five PD patients 

were recruited in a randomized double blinded study. Gait 

analysis was performed before and after 8 weeks of Equistasi 

or placebo treatment. Results show a recovered ankle first 

rocker and increased hip flexion in swing after the treatment. 

This may suggest that increased proprioception at lower leg 

improves ankle joint mobility during gait. Beside the small 

number of subjects, the adoption of Equistasi® leads to 

encouraging results. These effects may open a new possibility 

on the  management  of PD’s gait impairments.      

Introduction 

PD is a progressive neurological condition, characterized by a 

dopamine deficiency causing tremor, rigidity, bradykinesia 

and gait problems [1]. Gait disturbance is a key component of 

motor disability in PD patients, particularly, the gait cycle is 

influenced by rigidity, postural instability and camptocormic 

posture [2]. Recently, Equistasi®, a wearable device based on 

vibrational technology that it self-generates focal mechanical 

vibrations at a non-constant frequency of about 9000 Hz, has 

been proposed as innovative rehabilitation therapy: focal 

mechanical vibration applied on the affected muscular areas 

interacts with the mechanoreceptors and, stimulated by the 

vibrations, the higher motor centres improve the 

proprioceptive information that underlies motor control. The 

aim of this study was to verify the effects of Equistasi® on 

gait parameters in PD patients.  

Methods 

Twenty-five subjects participated in the randomized double-

blinded study and data of 10 of them were analyzed for the 

purpose of this work (5M/5F, BMI 26.8±4.5 kg/m
2
, age 61±13 

years). Subjects walked barefoot at their preferred walking 

speed on a 8m walkway at BioMovLab (University of Padua) 

before and after 8 weeks of Equistasi® device treatment (2 

placed on gastrocnemius and one on C7) or placebo. A 

minimum of 3 walking trials per subject were collected. Gait 

analysis was performed with a 6 cameras 

stereophotogrammetric system (60-120 Hz, BTS Srl). The 

kinematic protocol reported in [3] was applied and joint angles 

were calculated in Matlab (R2016): flexion-extension, 

abduction-adduction and internal-external rotation angles of 

trunk, hip, knee and ankle joint. Space-time parameters were 

also extracted: stride length, stride time, velocity, stance and 

swing duration, cadence and step width. Statistical analysis 

was performed by comparing pre vs post  treatment data with 

Student’s paired T-test (p<0.05). 

Results and Discussion 

With respect to joints kinematics, results on hip, ankle and 

knee flexion-extension angles are reported in Figure 1. An 

increment in first rocker range of motion and in hip flexion 

range of motion during swing were observed (p<0.05). 

Regarding space-time parameters, after treatment the 

following changes were recorded: cadence and step width 

decreased, stride time and stride length increased, the stance 

phase decreased and the swing phase increased (p<0.03, 

Paired T-test). 

Figure 1. Top: Hip and knee 

flexion-extension angle on % 

of gait cycle. Bottom: Ankle 

dorsi-plantarflexion angle on % 

of gait cycle. Coloured bands 

represents mean joint angle ± 1 

standard deviation. Blu is pre 

treatment, red is after 

treatment. * means a significa-

tive difference between pre and 
post with p<0.05. 

Conclusions 

Beside the small number of subjects, the adoption of Equistasi 

leaded to encouraging results, assessing a positive effect of the 

mechanical focal vibration as stimulation of proprioceptive 

system in PD’s patients. These effects may open a new 

possibility on PD’s management.      
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Summary 

Large force variability is a potentially unique signature of 

spastic muscle that can be estimated using analysis of the 

force trace during voluntary contractions. Underlying 

mechanisms of force variation remain largely unknown. 

However, recently reported findings indicates changes in 

motor unit discharges in the muscle. Botulinum toxin (BT) 

deactivates portion of the active contractile fibers in spastic 

muscle by means of cholinergic neuromuscular blockade. 

Accordingly, we sought to assess force variability during 

isometric contractions of BT injected muscles in chronic 

stroke survivors. We assess force variability by estimating the 

coefficient of variation and peak frequency of recorded force 

signals for 12 weeks after BT injections of the biceps brachii. 

We found higher force variation immediately after the 

injection and this is followed by a lowering of the values at the 

end of 12 weeks. The results provide insight into the force 

production capacity of the BT injected muscle. 

Introduction 

Botulinum toxin (BT) injections are a common clinical 
practice to remediate spasticity by means of chemical 
denervation of the neuromuscular junction in the treated 
muscle[1]. Alterations in motor unit size and potentially 
function in post-stroke spasticity is a major contributor for the 
associated deficit in voluntary capacity[2]. Inefficient control 
may result in higher force variability[3] and thus act as a 
potential index of motor performance impairment after the BT 
injection. Force variability during isometric contractions of BT 
injected muscle has not been reported to our knowledge. Here 
we have studied the variation in isometric elbow contraction 
force both prior to and up to 12 weeks after BT injections at 
biweekly intervals.  

Methods 

Two hemiplegic stroke survivors (Tab.2) have been identified 

at their chronic stage who have got BT injection in their biceps 

brachii as a part of their clinical care routine. Both subjects 

were studied for 12 weeks. Participants were seated in a 

Biodex, Inc. chair with the forearm cast from elbow to the 

wrist and fixated to a ring-mount interface attached to a six-

degrees-of-freedom force-torque sensor (ATI, Inc.). The 

shoulder and elbow angles were kept constant for all the 

session (elbow flexion 120⁰, wrist pronation 45⁰, shoulder 

abduction 45⁰ and flexion 10⁰). The force generated at the 

wrist was used to record an isometric, non-fatiguing elbow 

flexion. Subjects were asked to perform a maximum voluntary 

contraction (MVC) followed by a trapezoidal force trajectory  

 

at 40% of the MVC at each session, for which visual feedback 

was provided. Surface electromyogram (sEMG) recording was 

performed to ensure that the injected muscles were active 

during the contraction. Clinical measurements were also 

performed at each testing time point. After appropriate pre-

processing of the force data, the resultant force was calculated 

from the individual axis, the frequency content of the resultant 

force trace was calculated during the steady-state section of 

the force trapezoid. Variation of the highest amplitude of 

frequency is addressed as the dominant amplitude of 

frequency (DAF) spectrum of the force variation and was 

analyzed during the experimental sessions along with the 

variation of the force trace.  

Results and Discussion 

We found that for both the subjects, the absolute force drops 

initially and then recovers slowly. Whereas the DAF of the 

force trace increases for both the subjects within a few weeks 

after the injection but eventually falls back to the pre-injection 

session level over the rest of the experimental sessions (Fig.1). 

The coefficient of variation of the peak frequency across 

different repeated session also followed an identical pattern 

like DAF. 

Conclusions 

The absolute force in each subject exhibited a decline after the 

BT injection as the number of active fibers ostensibly becomes 

smaller due to chemodenervation after BT. A reduced number 

of available MU and associated fibers results in increased 

variation of the contraction that results in higher variability of 

the force trace with increased frequency content. These 

findings suggest that further investigation is necessary to 

understand the quality of the force production after BT. 
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Figure 1: Normalised DAF and the resultant force for two subjects. 

 

Table 1: Specific details of the recruited subjects. 

Sub Age Gender 
Impaired 

Side 
BT 

Dosage(U) 

MAS 

Before 

Injection 

FM Scores 
Before Injection 

B2 40 Female Left 80 1+ 19 

B3 60 Male Right 50 2 11 
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Summary 

We aim to determine whether intermittent theta burst 
stimulation (iTBS) has potential to promote motor re-
education. We found iTBS to have a facilitatory effect on 
biceps corticomotor excitability in individuals with spinal cord 
injury (SCI) and an individual with SCI and upper limb 
reconstruction. This suggests that iTBS may be a promising 
adjunct to physical training. 

Introduction 

A powerful tool to improve upper limb function in individuals 
with SCI at the low cervical levels (C5-C8) is upper limb 
reconstruction (ULR), which involves surgical transfer of 
tendon or nerve. Neuromodulation of the primary motor cortex 
(M1) in pair with physical therapy may be a promising method 
for improving motor re-education after a ULR because 
increased excitability of the corticospinal motor pathway (i.e. 
corticomotor excitability) is associated with motor learning 
[1,2]. Intermittent theta burst stimulation (iTBS) is a form of 
non-invasive brain stimulation which can increase 
corticomotor excitability. However, the ability for iTBS to 
increase the corticomotor excitability of proximal muscles 
such as the biceps brachii is currently unknown. Thus, the 
purpose of this on-going study is to determine the effect of 
iTBS on the corticomotor excitability of the biceps in non-
impaired (NI) individuals, individuals with tetraplegia, and 
individuals with tetraplegia who have undergone ULR. 

Methods 

Fifteen individuals have participated in this on-going study 
(10 NI, 4 SCI, 1 ULR). The ULR participant had a biceps to 
triceps tendon transfer, with the biceps acting as the primary 
elbow extensor and the brachioradialis acting as its antagonist. 
Participants completed three sessions of the protocol, each 
including sham and active iTBS. Sessions were separated by a 
minimum of three days to prevent the potential for carry over 
effects. Participants were instrumented with surface 
electromyography electrodes on the biceps and its primary 
antagonist of their dominant arm. The maximal compound 
action potential (Mmax) was recorded from these muscles for 
the normalization of MEPs (nMEP). Resting motor threshold 
(RMT) and active motor threshold (AMT) were then 
determined by delivering single pulse TMS using a Super 
Rapid Plus stimulator (Magstim) via a 70 mm figure-of-eight 
coil. Fifteen MEPs were recorded via single pulse TMS 
delivered at an intensity of 120% RMT, at intervals before, 10, 
20, and 30 min after sham and active iTBS. The iTBS 
parameters consisted of three pulses presented at 50 Hz, 
repeated every 200 ms for 2 s at an intensity of 80% of the 
participant’s AMT. Two second bursts were repeated every 8 s 

for a total of 600 pulses [3]. iTBS was also delivered with the 
Super Rapid Plus stimulator. 

Results and Discussion 

Change in nMEP amplitude after iTBS was not different 
between sham and active coils in the NI group, but nMEP 
amplitude was increased after active iTBS to a greater degree 
compared to sham in the SCI and ULR groups (p = 0.45, p < 
0.001, p < 0.001). Mean values for each condition are found in 
Table 1. 

Table 1: Average change in log transformed nMEP amplitude 
between pre- and post-iTBS, for NI, SCI, and ULR groups 

Group NI SCI SCI with ULR 

Sham 0.102 ± 0.93 -0.317 ± 1.8 -0.342 ± 0.68 

Active 0.0742 ± 0.96 0.305 ± 1.9 0.509 ± 0.92 
 

Active and sham iTBS had no effect in NI participants. In 
agreement with this finding, some studies have reported no 
effect of iTBS targeting the first dorsal interosseous in NI 
individuals [4,5]. Active iTBS had a facilitatory effect on the 
corticomotor excitability of the biceps in the participants with 
tetraplegia: both with and without biceps transfer. This is 
consistent with studies that found iTBS to have a facilitatory 
effect on the FDI in individuals with SCI [5,6]. iTBS may 
have a more consistent modulation of MEPs in individuals 
with SCI who may have larger cortical map representations of 
the non-paralyzed biceps. Currently, our results are 
preliminary and testing is on-going. 

Conclusions 

iTBS targeting the biceps has variable effects on corticomotor 
excitability in NI individuals, but our current data suggests 
iTBS is excitatory in individuals with tetraplegia, both with 
and without biceps transfer. 
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Summary 

We aim to develop a more reliable paradigm in which to 

measure cortical voluntary activation (cVA) in nonimpaired 

and patient populations. Modulation of joint angle and paired 

pulse transcranial magnetic stimulation (ppTMS) were 

examined as means of improving the measurement of cVA 

due to their ability to alter the motor evoked potential (MEP) 

response of target muscles at rest. A more flexed elbow angle 

yielded no difference between cortical and peripheral 

voluntary activation.  

 Introduction 

A combination of cVA, VA assessed using TMS, and 

peripheral VA (pVA), VA assessed using peripheral electrical 

stimulation, provides a more holistic view of voluntary drive, 

lending to  the ability to better identify changes in voluntary 

drive and mechanisms of deficit. However, cVA is often 

underestimated compared to pVA in non-impaired individuals, 

a population in which presumably pVA and cVA would be 

similar [1]. Literature suggests that measurement of cVA is 

more reliable under conditions yielding a very large agonist 

motor evoked potential (MEP) and a small antagonist MEP 

during a maximal voluntary contraction (MVC) [1]. 

Modulation of corticomotor excitability, and therefore MEP 

responses, of target muscles at rest can be achieved through 

static changes in multi-joint arm posture and use of paired 

pulse TMS [2, 3]. The objective of this study was to determine 

the effect of modulating corticomotor excitability via ppTMS 

and elbow flexion angle on the measurement of cortical VA as 

compared to peripheral VA.  

Methods 

Elbow joint force-moment, and elbow flexor (biceps) and 

extensor (triceps) electomyographic (EMG) data were 

collected on 10 non-impaired subjects (19-27 years old, 7 

males) seated in a chair with their dominate arm immobilized 

in a supinated position. Subject’s maximal m-wave response 

(Mmax), elbow flexion MVC, maximal motor point response, 

and peripheral and cortical VA were measured in each session, 

over the course of three sessions, separated by at least one day. 

Each subject’s VA was assessed using five modified 

paradigms of cVA in addition to the standard cVA and pVA 

measures. Standard pVA and cVA (AP90) were measured 

with the elbow joint at 90° [1,4] and cortical stimulation 

involved single pulse TMS at 120% resting motor threshold 

(rMT) delivered via a 110mm double cone coil (Magstim). 

Paradigm modification involved increasing/decreasing elbow 

flexion angle to 45° (AP45) or 120° (AP120), or addition of a 

conditioning TMS pulse of 90% rMT at an interstimulus 

interval (ISI) of 1.5, 10, or 30 ms (PP1.5, PP10, and PP30).  

Percent VA was calculated using the interpolated twitch 

technique as described by [4] for pVA and [1] for cVA. Paired 

t tests compared measures of cVA to pVA for a given subject 

and session. 

Results and Discussion 

All conditions of cVA, except AP120 – an increased elbow 

flexion angle of 120° (p = 0.436) – lead to underestimation of 

voluntary activation relative to pVA (Figure 1).  
 

 

Figure 1: Comparison of cVA (blue) paradigm measurements to 

respective pVA (red) of the non-impaired biceps.  

Increasing elbow flexion angle may reduce type Ia/b afferent 

nerve feedback in the biceps while increasing feedback in 

triceps [2]. Our data suggest that this afferent feedback 

relationship between the biceps and triceps may be important 

for improving the measurement of cortical VA.  

Conclusions 

Cortical VA has not been shown to be reliable in impaired 

patient populations [5] and thus improved methods for 

measurement cVA are needed. Our data suggest that, in the 

elbow flexors, increasing the flexion angle compared to the 

standard 90° reduces the underestimation of cortical voluntary 

activation as compared to peripheral voluntary activation.   
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Summary 

Non-invasive brain stimulation techniques are typically applied 

at rest, but may be more effective or representative of neural 

changes when applied during a range of voluntary effort. We 

investigated the effect of voluntary drive on intracortical 

facilitation (ICF), short-interval intracortical inhibition (SICI) 

and static arm posture (AP) in the non-impaired biceps. We 

found that high voluntary effort (≥ 50% MVC) increased ICF, 

SICI, and static elbow angle mediated changes in biceps 

corticomotor excitability. Thus, changes in corticomotor 

excitability may be more detectable at high voluntary effort. 

Introduction 

Transcranial magnetic stimulation (TMS) can detect changes in 

motor pathway excitability (i.e., corticomotor excitability) 

following plasticity-inducing protocols. Corticomotor 

excitability is commonly assessed in muscle at rest or during 

minimal voluntary contraction (i.e., low voluntary drive), which 

does not fully reflect the range of neuromuscular function. 

Paired-pulse TMS (PP) and arm posture modulate corticomotor 

excitability at rest – as measured by motor evoked potentials 

(MEPs). Specifically, studies have shown that increasing elbow 

flexion angle correlates to higher MEP amplitudes [1] while PP 

TMS induced ICF and SICI increases and decreases MEP 

amplitudes, respectively [2]. The objective of this study was to 

investigate the effect of high levels of voluntary drive on ICF, 

SICI and elbow angle mediated changes in biceps corticomotor 

excitability. 

Methods 

Ten healthy participants (age 19 to 27; 7 males, 3 females) were 

seated in a chair with electromyographic (EMG) sensors placed 

on their dominant arm supinated in a cast attached to a force 

transducer. For three sessions separated by at least a day, 

maximal voluntary contraction (MVC) and maximal m-wave 

response (Mmax) were collected prior to the TMS trials. 

Baseline TMS trials consisted of single-pulse stimuli (120% 

resting motor threshold) delivered to the biceps cortical hotspot 

via a 110mm double cone coil (Magstim) during 0, 50, 75 or 

100% MVC at 90° elbow flexion (AP90).  

Condition modifications involved modulating the elbow angle 

to 120° (AP120) and 45° (AP45), and addition of a conditioning 

TMS pulse of 90% RMT at an interstimulus interval of 1.5 ms 

for SICI (PP1.5) and 30 ms for ICF (PP30). All MEPs were 

normalized to the Mmax recorded during the corresponding 

session per standard practice [3]. A two-way ANOVA was 

performed to compare baseline (i.e., AP90 condition) measures 

of MEPs to all other conditions across voluntary effort levels. 

Results and Discussion 

All MEP amplitudes increased from 0% to 50% MVC with no 

further increase beyond. At rest (0% MVC), no significant 

differences between conditions were measured. At effort levels 

above 50% MVC, MEPs recorded in AP60 and PP30 were 

increased relative to the baseline AP90 condition. Also, at effort 

levels above 50% MVC, MEPs recorded in the PP1.5 condition 

were decreased relative to baseline. Increases in MEP 

amplitudes relative to baseline were most significant at 75% 

MVC for both AP60 and PP30 (P < 0.01) (Figure 1). 

 

Figure 1: Mean differences in biceps MEP amplitudes (normalized to 

Mmax) from baseline AP90 across effort levels (%MVC) and 

conditions. Error bars represent ± SEM. Significance set at p < 0.05. 

While arm posture mediated facilitation occurs via reduced 

afferent feedback to the brain and reduced reciprocal inhibition 

at the spinal level [1], ICF and SICI reflect a balance between 

excitatory and inhibitory processes in the motor cortex [4]. 

Voluntary effort levels ≥ 50% MVC appear to have an overall 

catalyst effect that acts across these mechanisms, but the effect 

plateaus between 50-75% MVC. 

Conclusions 

Our results suggest that changes in corticomotor excitability are 

more detectable at high levels of voluntary drive due to the 

overall increase in TMS responsiveness. In addition, delivering 

PP TMS to probe the neuromuscular system at rest and at 

various levels of voluntary effort may constitute a more 

comprehensive measure of corticomotor excitability. 
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Summary 

Visual feedback has been shown to assist rehabilitation in 

populations with motor control deficits. This study uses a laser 

light worn on the lower limb and a target board to provide 

visual feedback to post-stroke and MS participants. Kinematic 
and temporal responses were recorded during a box step up 

exercise with and without feedback. Pelvic kinematics 

improved but toe clearance was reduced. 

Introduction 

Stroke and multiple sclerosis (MS) cause lower limb 

impairment that makes walking and other daily tasks difficult 

[1]. Visual feedback can be used in real time to adjust 

movement and assists rehabilitation in populations with motor 

control deficits, such as stroke and MS [2,3]. Visual and 

auditory feedback is often utilized by physical therapists to 
help subjects perform a desired motion [3,4]. In MS, virtual 

reality visual cues have improved stride length and gait speed 

[2]. Our study uses a body-worn laser light on the lower limb 

and a target board to provide feedback on stepping movement 

patterns. We used a box step-up exercise to simulate activities 

of daily life. The purpose of this study is to investigate the 

impact of laser light visual feedback on movement patterns.  

Methods 

Post-stroke and MS participants with lower limb motor control 

deficits provided written consent prior to the study and 

completed a physical therapy screening (Table 1). Inclusion 
criteria included diagnosis of stroke or MS, ability to stand for 

5 minutes (with handrail), and ability to clear a 3-inch step 

height. Exclusion criteria included any additional diagnosis, 

recent injury or leg pain, current illness, or condition affecting 

balance. Motion capture (Vicon) recorded movement of lower 

body and torso. The laser light was placed on the distal, lateral 

thigh of the affected (or more impaired) leg. Participants stood 

in front of the box (3 inch height) and the target board (2x6 
foot with 1-inch wide vertical target line). Participants 

completed ten repetitions of the box-step exercise for Baseline 

(laser off), Feedback (laser on), and Post (laser off) conditions. 

We instructed participants to keep the laser on the target line 

to the best of their ability. Nexus and Visual3D were used to 

process motion data to determine kinematics including hip 

abduction and flexion, knee flexion, toe clearance, pelvic 

obliquity, and time for each task repetition. Events were 
created to indicate foot off/on ground and off/on box. We 

determined maximum angles between events from ground to 

box (on) and box to ground (off). Statistical significance 

(p<0.05) was assessed using NCSS repeated measures 

ANOVA with factor of condition (Baseline, Feedback, Post).  

Results and Discussion 

Feedback trials had significantly decreased pelvic obliquity 

stepping on and off the box compared to Baseline (both 

p<0.02). Pelvic obliquity can have a significant impact on 

frontal plane trunk and limb orientation, which increases 

challenge for maintaining frontal plane balance. Thus this 

response to the feedback appears advantageous. Maximum 
kinematic angles for the hip and knee were not significant for 

condition (all p>0.05). Stepping on the box, Feedback and 

Post trials had significantly decreased max toe height 

compared to Baseline (both p<0.01). Stepping off the box, 

Feedback trials had significantly decreased max toe height 

compared to Baseline and Post (both p<0.05). This decrease in 

toe height was likely due to increased ankle plantarflexion and 

potentially due to attention diverted from toe clearance to laser 

feedback. If used in therapy, clinicians should monitor toe 
clearance or place a laser light on the foot if greater focus on 

toe clearance is required. Stepping task duration was 

significant for condition with longer Feedback task duration 

(mean 4.5 sec) compared to Post (mean 3.2 sec) (p<0.02). 

Biofeedback appears to encourage participants to spend more 

time performing the stepping task. This could be beneficial for 

therapy, as increased time spent on the task may improve 

balance and muscle endurance. 

Conclusions 

Body-worn laser light is an easy and low-cost feedback tool 

for clinic and home use. A short intervention yielded an 

improvement in pelvic obliquity and longer time spent 

completing each repetition. However, hip and knee kinematics 

were unchanged and additional feedback may be required to 

maintain adequate toe clearance. 
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Berg Balance Fugl Meyer

Male Female Max = 54 Max = 34

Stroke 5 0 63.2±3.52 170.8± 15.39 67.8±1.44 41±2.59 26.1±1.93

Multiple Sclerosis 0 5 66.4±2.30 189.3± 17.76 68.9±1.83 39±2.96 24.4±2.43

Diagnosis Group
Gender

Age (years) Weight (lbs) Height (in)

Table 1. Participant characterization and clinical scores 
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Summary 

Our preliminary results indicate that a closed-loop tactile 
cueing can improve gait and modify turning in people with 
Parkinson’s disease (PD), without further burden to the pre-
frontal cortex (PFC) beyond usual walking.  

Introduction 

Gait and turning impairments are common in PD and are 
among the most disabling features of the disease that are 
central to reduced mobility, independence, and quality of life 
[1]. To date, pharmacological treatment of mobility deficits 
has been partly unsatisfactory due to its refractory nature to 
dopaminergic treatments. Therefore, non-pharmacological 
therapeutic interventions, such as cues, are used in clinical 
practice to alleviate PD-related deficits. Recently, due to 
advance in miniaturize technology, closed-loop cueing devices 
have been engineered using wearable technologies to monitor 
gait and provide real-time feedback to improve motor 
performance. For example, our recent work has shown that 
closed-loop tactile cueing can improve turning performance to 
the same extent as open-loop auditory cueing in PD [2]. 
Although evidence suggests that attention stemming from the 
pre-frontal cortex (PFC) may play a role in cue response, the 
contribution to a specific closed-loop cue modality is unclear. 
Using a mobile fNIRS device, this pilot study aimed to 
investigate changes in PFC activity in response to a closed-
loop (intermittent vibratory stimuli based on individuals 
walking pattern) tactile cueing during walking and turning in 
people with PD. Our hypothesis was that cueing would 
increase PFC activity due to the increased attentional burden 
of integrating external sensory feedback into motor control. 

Methods 

A mobile functional near-infrared spectroscopy device (50Hz, 
Octamon, Artinis) measured PFC activity during walking and 
turning in 25 people with PD [mean (SD) age: 69(4)]. 
Participants performed a two minute walk and a two minute 
turning in place under single and dual-task with and without a 
closed-loop tactile cue (described in details in [2]). The 
secondary cognitive task involved a modified continuous 
performance task where participants wore headphones that 
played random letters and were required to press a button 
every specific sequence. Each of the tasks started and ended 
with 20 seconds of standing. To objectively characterize gait 
and turning, 8 inertial measurement units (128Hz, IMU, 
Opals, APDM, Inc., USA) were placed on the feet, shins, 
lumbar (L5), sternum and wrists. The primary outcome 
measure was relative change in oxyhemoglobin (HbO2) 
concentration while walking and turning, which was used as a 
marker for cortical activation. Specifically, we divided 
between early (first 40s of walking-20s baseline) and late 
(second 40s of walking-20s baseline) periods [3]. IMU data 
determined gait and turn characteristics [2,3]. Linear mixed 

models were used to test the effect of closed-loop cueing on 
PFC activity, walking and turning measures.  
Results and Discussion 

PFC activity did not change with closed-loop tactile cueing 
compared to baseline during walking and turning (p>0.05, 
Figure 1). Instead, there were significant improvements in 
dual-task cost of stride length and foot strike angle with 
cueing (p<.001 and p=0.031, respectively). A similar 
improvement was found for turning velocity and turning 
jerkiness in the cueing condition (p=0.04, p=0.03). 

-0.6	
-0.4	
-0.2	

0
0.2
0.4

Early Late Early Late Early Late Early Late

CONTROL BASELINE CLOSED-LOOP OPEN-LOOP

Single Dual

Re
la
tiv
e	
ch
an
ge
	in
	H
bO

₂	(
m
icr
oM

/L
)

PFC	activity	when	walking	(Median	± SE)	

PD
Healthy	Controls

 
Figure 1: PFC activity when walking in healthy controls and PD 

(median and SEM). 

Interestingly, we found greater PFC activity in the early period 
(first 40seconds) compared to the late period (last 40seconds) 
of walking in PD during the baseline condition. This may 
indicate that executive-attentional resources are required to 
compensate for underlying motor deficits in the beginning of 
walking, with return to more automatic walking after the 
initial period or when task demands reduce.  

Despite being able to modify behavioural outcomes closed-
loop tactile cueing did not change PFC activation during 
walking or turning in PD. Therefore, rather than increased use 
of executive-attentional resources at the PFC, closed-loop 
tactile cues may prompt a more appropriate focus of these 
resources for application to particular task or movement 
elements (e.g. selection, sequencing, timing or amplitude of 
movements) that may involve PFC projections to alternative 
brain regions.  

Conclusions 

The use of closed-loop tactile cues to improve gait and turning 
in PD without further burdening executive-attentional 
resources may allow such interventions to be used regardless 
of cognitive status.  
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SUMMARY 

People with transtibial amputation, due to diabetes, vascular 

diseases, congenital, cancer, or trauma, are custom fitted with a 

prosthetic limb to regain mobility and independence.   

However, the cost of the prosthesis varies, depending on the 

design, materials used, and function of the user.  The prosthetic 

limb, in general, needs to be replaced every 3-4 years due to 

wear and tear. For this project, a low cost transtibial prosthetic 

limb was developed using materials that are commonly 

available in any country.  The socket of this prosthetic limb was 

easy to fit onto the user’s stump and was adjustable to varying 

size of the stump.  The pylon could be lengthen to accommodate 

the growth of the user, especially children.  

INTRODUCTION 

Transtibial prostheses are available for people who have a limb 

amputation below the knee.  The amputation can be a result of 

diabetes, vascular diseases, congenital, cancer, or trauma [1-2].  

The transtibial prosthesis is custom made for the user.  The cost 

of the prosthesis ranges from $5000 to $50,000 depending on 

the design and materials used [2] which is determined by the 

need of the user such as dwelling, daily activities, and health.  

The prosthetic limb, in general, needs to be replaced every 3-4 

years due to wear and tear.  Any physical changes such as 

growth (in children), weight gain or lost, and change in shape 

of the amputated limb would require a new prosthesis. Through 

rehabilitation, the fitted prosthetic limb allows the user to regain 

near normal motion and, thus, improves the user’s mobility and 

independence, which leads to better quality of life.  The 

objective of the study was to develop a low cost transtibial 

prosthesis that could be built with materials available in any 

country and could accommodate a wide range of users. 

METHODS 

The design developed in this project had four main criteria: (1) 

it had to be inexpensive; (2) parts need to be interchangeable 

when needed; (3) parts are easily available; and (4) it had to be 

simple to build.  A transtibial prosthesis consists of four 

components: the foot, ankle, pylon, and socket.  The ankle 

should have some flexibility so that users can walk on slightly 

inclined surface.  The pylon should be adjustable to 

accommodate changes in users’ height, especially in children.  

The socket requires easy access and comfort to accommodate 

changes in the shape of the stump. 

The design process started with Solidwork modeling of each 

component, using the dimensions from an amputee subject who 

had signed an IRB informed consent form.  Once the model was 

made, each component was imported into ANSYS and 

assembled for finite-element analysis of force and stress on the 

prosthetic components.     A prototype was then built and tested 

by test subjects for feedback.    The first design concentrated on 

the foot/ankle and pylon (Figure 1, left).  The second design 

focused on the adjustability of the pylon (Figure 1, middle).   

The third design was the socket (Figure 1, middle and right).  

RESULTS AND DISCUSSION 

The low cost transtibial prosthetic limb was constructed with  

steel, aluminium, PVC, and foam.  The original design of the 

pylon used PVC pipe.  Even though PVC pipe was easily 

accessible, it does not have the mechanical strengthen for 

adjustability.    Aluminium was chosen instead and the pylon 

used a slip-lock design for stability and adjustability.  The 

socket was fabricated with aluminium, PVC, memory foam, 

and nylon belt bucket. 

Figure 1: Development of the design of the transtibial prosthesis.  

(left) foot/ankle and pylon, (middle) aluminium pylon, (right) socket. 

CONCLUSIONS 

A novel design of a low cost transtibial prosthetic limb using 

everyday available materials was created.  The final design 

resulted from the work of several senior design projects and an 

independent study over several years conducted by mechanical 

engineering students at VMI.  The design is simple, easy to fit 

onto the stump, and adjustable for any user. 
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Summary 

Prediction of uneven terrain through motor intent pattern 
recognition has potential for real-time lower-limb prosthesis 
control to improve balance in lower-limb amputees. Subject-
specific pattern recognition algorithms based on residual limb 
muscular and inertial sensors predicted an uneven step with 
greater than 75% accuracy in a laboratory environment.  

Introduction 

Motor intent recognition algorithms with surface electro-
myography (EMG) and mechanical sensors (e.g., IMU) have 
the potential to control an actuated prosthesis to transition 
between specific terrains [e.g., 1]; however, the ability to 
predict coronally-uneven terrain (i.e., cross-slopes) has been 
mostly overlooked. Classification with mechanical sensors 
demonstrated potential to predict cross-sloped terrain, with 
training accuracies of 99%, but accuracies diminished for 
predictions made on testing datasets (70-90%) [2]. Because 
ankle inversion has been linked to increased lower limb 
muscle activity with pre-activation of the everters and 
plantarflexors [3], we predicted the fusion of EMG with IMU 
sensors would bolster the prediction accuracy for real-time 
classification of coronally-uneven terrain. 

Methods 

Five unilateral transtibial amputees (4M, 70.5±14 kg, 1.7±0.1 
m, 43.8±19 yrs) provided informed consent to participate in 
this IRB-approved study. All participants were fit with a 
custom coronally-clutching ankle system (CCA) and walked 
on an instrumented walkway with a middle force plate that 
could be rigidly mounted at 0° (flush) or at ±15° cross-slopes 
(uneven) [4]. The CCA operated in locked mode, where 
rotation of the foot-mount relative to the pylon was physically 
disabled to avoid confounding effects of a novel adapting 
device. EMG data (Noraxon) were collected at 1200 Hz from 
sixteen lower limb muscles. IMU data were collected at 120 
Hz from a 6-axis custom device attached to the prosthetic 
shank. All data were demeaned and filtered with a 4th-order 
Butterworth filter offline (EMG: band pass, 20-450 Hz; IMU: 
low-pass, 10 Hz cutoff). For each walking trial, overlapping 
sliding windows began at mid-swing before prosthetic limb 
heel strike (HS) on the middle force plate (~250 ms before 
HS) and progressed until the end of the final window reached 
75 ms post-HS. These windows were used to segment the data 
for continuous classification into flush or uneven categories 
[2]. A 150 ms window length and increment of 8.33 ms were 
chosen based on reported optimal classifier performance for 
window lengths between 120-200 ms and small increments 
[e.g., 5]. Mean absolute value, number of zero crossings, 
number of slope sign changes [5] and integrated EMG were 
the extracted EMG features; mean, standard deviation, 
maximum and minimum were the extracted IMU features [2]. 

Pattern recognition performance was compared for four 
algorithms, chosen based on ease of implementation and 
calculation speed [6]: ensemble bagged decision tree (Ensemble), 
K nearest neighbor with weighted dimensions (KNN), and support 
vector machines with a linear (SVM_lin) and quadratic 
(SVM_quad) kernel. Data sets included all sensors (16 EMG + 
IMU), prosthetic limb (8 EMG + IMU), residual shank and 
hamstring (4 EMG + IMU) and principle component analysis with 
the five highest variant contributors (PCA5). Half of the trials for 
each participant per condition were used to train the classifier 
(training dataset) with five-fold cross-validation and a “leave-one-
out” approach (MATLAB). The remaining trials were used to test 
the classifier (testing dataset) and assess prediction accuracy. 

Results and Discussion 

SVM_Quad and KNN produced the highest testing accuracies 
(83%) with EMG placed only on the residual shank and 
hamstring (Table 1). Optimizing the model and feature set by 
participant increased prediction accuracy to 90.8% (86.6-95.8%) 
with the SVM_Quad model and residual shank and hamstring 
feature set being optimal for three of the five participants.  

Table 1: Mean prediction accuracies (%) for training (train) and 
testing (test) datasets across all walking trials and participants. 

Features

Models Train Test Train Test Train Test Train Test

Ensemble 100 70.9 99.6 72.2 98.8 77.7 96.6 71.4

KNN 100 76.5 99.9 82.9 100 82.6 90.9 74.7

SVM_Lin 100 76.2 99.7 77.9 98.9 82.0 91.1 73.8

SVM_Quad 100 77.6 100 79.9 100 82.9 97.3 75.2

All Sensors
Prosthetic 

Limb
PCA5

Residual Shank 
+ Hamstring

 

Conclusions 

These preliminary findings demonstrated the potential of terrain 
prediction with greater than 75% accuracy using motor intent 
pattern recognition algorithms. Participant-specific models 
using a support vector machine with quadratic kernel and 
residual limb EMG and an IMU may optimize prediction 
accuracy. Future work should mitigate training overfitting and 
assess whether an actuated prosthesis with this control scheme 
can improve amputee balance on uneven terrain. 
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Summary 

Falls are significant events for those at greater risk.  How people 
regulate stepping movements to maintain lateral balance is crit-
ical.  Here, we quantified how persons with lower limb ampu-
tation regulate lateral stepping movements both with and with-
out lateral perturbations. 

Introduction 

Up to 50% of persons with lower limb amputation fall each year 
[1]. Walking humans are inherently less stable in the lateral di-
rection.  Healthy humans regulate lateral stepping movements 
to maintain primarily consistent step width, but also absolute 
lateral body position on their path (see companion abstract). 
Here, we quantified the lateral stepping control strategies of in-
dividuals with unilateral transtibial amputation (TTA) walking 
in laterally destabilizing environments. 

Methods 

Eight physically active traumatic TTA (age 22-40) and 13 able-
bodied (AB) controls (age 18-40) walked in a CAREN virtual 
environment.  Each participant completed five 3-minute trials 
each for: walking with no perturbations (NOP), or walking with 
pseudorandom mediolateral visual field (VIS) or platform 
(PLAT) perturbations [2-3]. For each trial, we computed step-
to-step time series of absolute lateral position (zB) and step 
width (w).  Standard deviations of zB and w quantified move-
ment variability. Detrended Fluctuation Analysis (DFA) quan-
tified statistical persistence, reflecting the strength of step-to-
step control [4]. Lastly, we quantified how deviations from the 
mean values were directly corrected on the subsequent step [5]. 

Results and Discussion 

Standard deviations for zB and w increased (p < 0.0005) with 
both VIS and PLAT perturbations (Fig. 1). Thus, these pertur-
bations significantly destabilized both groups [2-3]. Persons 
with TTA exhibited greater increased variability of zB (p = 
0.025) and w (p = 0.054) during PLAT perturbations.  

Across conditions and groups, DFA α exponents were substan-
tially smaller (closer to 0.5) for w than zB (Fig. 2), reflecting 
tighter step width control.  DFA α exponents of both zB and w 
decreased (p < 0.0005) with both VIS and PLAT perturbations.  
However, there were no between-group differences for either zB 
(p = 0.27) or w (p = 0.55).  

All participants corrected deviations in w much more strongly 
than deviations in zB in all conditions (not shown).  All partici-
pants also corrected deviations in both zB and w significantly 

more (p < 0.0005) with both VIS and PLAT perturbations. 
Again, there were no differences between groups (all p > 0.40). 

  
Figure 1: Box plots of variability of absolute lateral position (zB; 
Left) and step width (w; Right) for both groups in all conditions. 

  
Figure 2: Box plots of DFA α exponents of absolute lateral position 
(zB; Left) and step width (w; Right) for both groups in all conditions. 

Conclusion 

All participants tightly corrected deviations in step width (w), 
but also weakly corrected deviations in lateral position (zB).  
Furthermore, participants controlled both w and zB more tightly 
when perturbed. These high-functioning TTA adopted approx-
imately the same control strategies as AB across all conditions. 
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Summary 

The in vivo knee joint kinematics of five different knee 

implant designs were analysed during level walking and stair 

descent using moving videofluoroscopy. Even though 

individual motion characteristics were observed between 

subjects, especially in less constrained designs, different 

implant features play a key role in governing knee joint 

kinematics. 

Introduction 

Reproduction of healthy tibio-femoral kinematics is thought to 

be beneficial in total knee arthroplasty (TKA) for avoiding 

overload to the surrounding soft tissue structures. In this 

respect, several design concepts have been developed to 

govern knee kinematics. However, a direct comparison of the 

in vivo performance of different implant designs during 

complete cycles of dynamic gait activities using consistent 

methods is still lacking. Therefore, the objective of this 

moving videofluoroscopy study was to compare the in vivo 

kinematics of five TKA designs throughout complete cycles of 

level walking and stair descent. 

Methods 

60 subjects (70±8y, BMI 27±3kg/m2) with a good clinical 

outcome and a unilateral TKA design (Medacta: Sphere n=10, 

Primary PS n=10, Primary UC n=10; DePuySynthes: Attune 

CR n=15, Sigma CR n=15) were assessed at least one year 

postop during five complete cycles of level walking and stair 

descent (0.18m steps) using a moving fluoroscope (25Hz, 1ms 

shutter time) [1, 2]. 2D/3D registration of the 2D fluoroscopic 

images was performed using CAD models of the implant 

components, and relative rotations between the femoral and 

tibial components were determined [3]. Tibio-femoral 

anterior-posterior (A-P) translations were described using the 

nearest points of the femoral condyles relative to the tibial 

baseplate and normalized to a medium implant size. 

Results and Discussion 

Comparable ranges of flexion were observed for all designs 

(level walking: 59.3-63.5°, stair descent: 85-90.2°). The 

Sphere implant showed significantly larger internal/external 

rotation compared to all other designs for level walking and 

stair descent, except when compared to the Primary PS for 

level walking. Only the Attune and Primary UC implant 

differed significantly in adduction/abduction. The Sphere 

implant showed very constrained A-P characteristics with low 

variability between subjects for the medial condyle and highly 

individual motion patterns for the lateral condyle, while all 

other designs showed similar characteristics between the 

condyles (Fig. 1). The Primary PS showed a significantly 

larger range of medial A-P translation for complete cycles of 

level walking and stair descent (10.3±2.2mm, 11.6±1.6mm) 

compared to the other designs (Sphere: 3.6±0.9mm, 

3.9±1.3mm; Primary UC: 5.7±1.0mm, 8.7±1.9mm; Attune: 

6.7±1.7mm, 7.9±1.6mm; Sigma: 6.1±1.7mm, 7.9±2.1mm). 

For the lateral condyle, the Primary PS (8.4±1.6mm, 

10.7±2.6mm) and the Sphere (10.6±4.4mm, 12.1±2.2mm) 

showed similar A-P translation, which was significantly larger 

compared to the other designs (Primary UC: 5.5±1.4mm, 

6.9±1.6mm; Attune: 6.1±1.8mm, 7.1±2.1mm and Sigma: 

5.4±1.1mm, 6.3±1.4mm). 

 

Figure 1: Subject means of A-P translation for the Sphere (red), 

Primary PS (blue), Primary UC (green), Attune CR (purple) and 

Sigma CR (brown) throughout full cycles of level walking. The 

average instance of toe-off of each subject is shown as a vertical line. 

Conclusions 

Design features were clearly able to constrain the implant 

kinematics but individual motion patterns were observed 

between subjects in unconstrained compartments. These 

results indicate that implant design is able to govern joint 

kinematics during gait activities, but also to allow room for 

subject specific motion patterns through less constrained 

geometries. 
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Summary 
Current researches related to patient-specific knee prosthesis 
designs are mainly mimicked the anatomical structure of 
femoral condyle, but the kinematics and the long-term 
performance are still questionable. What’s more, since the end-
stage knee osteoarthritis patients are usually associated with 
large bone deformation and wear, the CT based anatomical data 
would not be adapted to those patients. In this paper, the major 
objective was to develop an implementable workflow for 
designing and process the knee prosthesis from design to 
manufacturing in consideration of both the patient-specific 
anatomical structure and biomechanics characteristics. 
Introduction 
Achieving a natural kinematics with deep flexion and overall 
more normal performance of the TKR knee joint is the ultimate 
goal of all knee implant designs. After Themistocles Gluck 
created first hinge joint knee prosthesis, there are at least 150 
different knee prosthesis designs have been developed and used 
in the market [1]. Patient-specific knee prosthesis has come to 
be a hot research topic in the recent years, which could improve 
the coverage between bone and implant, and the contact 
mechanics between implant components through mimicking 
the anatomical structure of femoral condyle [2]. However, the 
kinematics and the long-term performance due to the change of 
material compared to the normal knee joint are not fully 
understood yet. What’s more, the late-stage knee osteoarthritis 
patients are usually associated with large bone deformation and 
wear, the CT based anatomical data would not be adapted to 
those patients.  
Methods 
The detailed workflow of design and process of knee prosthesis 
was shown in Fig.1. Firstly, a set of CT data from osteoarthritis 
patient was used to create the 3D model of knee joint and the 
bone resection contour were extorted by Python script. 
Secondary, anatomical analysis of health knee based on CT data 
was conducted to understand the anatomical characteristics. 
Then, the sagittal and coronal functional curves of femoral 
component were created based on the intact femoral condylar 
with the mapping of patient data. Finally, a patient-specific 
knee prosthesis design was designed based on the patient data 
and the concept of surface-guided for deep flexion and natural 
kinematics. To be specific, the medial pivot motion was 
generated by the ball-in-socket on the medial side of TF joint. 
The enhanced rolling back was generated by special shapes of 
the articulating surfaces at the TF joint. An in-vivo 
experimental evaluated subject-specific finite element 
musculoskeletal model was used to implement the preclinical 
testing which include the kinematics, contact mechanics, and 

soft tissue balance [2]. After the in-silico testing, the model was 
printed by a metal 3D printer (LUMEX Avance-60) and manual 
polished. 

 
Figure 1: The workflow of patient-specific knee prosthesis design with 
normal knee joint kinematic 
Results and Discussion 
The entire workflow took 7 days from implant design to finish 
the manufacturing of the prosthesis. For the kinematic 
performance, the medial pivot motion was found during the 
stance phase of the gait cycle and deep squatting. The largest 
external rotation (8.5º) at the 40% of the gait cycle. There is no 
anterior translation observed during stand phase of gait. The 
averaged contact area on the medial side of tibial insert 
component is around 600 mm2 during the stance phase of the 
gait cycle, while that on the lateral side is around 110 mm2. For 
the processing of prosthesis, the casting could also be a 
candidate method, which has similar quality and efficiency with 
much cheaper compared to additive manufacturing. 
Conclusions 
This study has presented an integral workflow for the patient-
specific knee prosthesis design from preclinical testing to 
manufacturing in order to improve the satisfaction of patients 
with knee disease. 
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Summary 

Timing of peak muscle activity of the biceps femoris long 

head during stance phase of running was compared for people 

with a transtibial amputation using running-specific and daily-

use prostheses. The amputated leg had earlier peak activity 

compared to the intact leg using both prostheses, suggesting a 

compensation for the lost function of the ankle plantarflexors. 

Earlier amputated leg biceps femoris peak activity when using 

the daily-use prosthesis compared to the running-specific 

prosthesis likely stems from prosthesis design differences.  

Introduction 

People with a unilateral transtibial amputation (TTA) have 

altered muscle coordination patterns compared to non-

amputees [1] resulting from their altered musculoskeletal 

system. However, muscle coordination during running with 

TTA is not well-understood.  While running is becoming more 

popular for people with TTA, access to running-specific 

prostheses (RSPs) may be limited. Thus, people with TTA 

may instead run with their daily-use prosthesis (DUP). 

Differences in muscle coordination in response to different 

prosthesis designs is important to understand injury risk, such 

as hamstring strain, and to improve prosthetic technology. 

People with TTA have greater amputated leg biceps femoris 

long head (BFLH) muscle activity compared to the intact leg 

during walking [1], but it is unclear if these results extend to 

running. Thus, the purpose of this study was to compare 

timing of peak muscle activity in the BFLH during stance 

phase of running for people with TTA using RSPs compared 

to DUPs and compared to people without TTA. We 

hypothesized that there would be differences in peak muscle 

activation timing between intact and amputated legs. 

Methods 

Six people with TTA (4M/2F, 1.76m±0.081m, 70.3kg±12.3kg, 

31±5.5 years) and six people without TTA (4M/2F, 1.73 

m±0.10m, 74.5kg±13.4kg, 28±3.7 years) provided informed 

consent to participate in the study and ran at 3.5 m/s on a 

treadmill. People with TTA ran using their clinically 

prescribed DUP and RSP. Surface electromyographic (EMG) 

signals were collected bilaterally from lower-limb muscles 

(2000 Hz, Bortec, Inc., Canada). EMG electrodes were applied 

parallel to the muscle fiber and along the muscle belly. 

EMG signals were demeaned, band-pass filtered (4th-order 

Butterworth, 20-500Hz), full-wave rectified, and low-pass 

filtered (4th-order Butterworth, 6Hz FC). Peak muscle activity 

timing was compared using a non-parametric version of three, 

two-factor ANOVAs [2] with main effects of group and side. 

Post-hoc pairwise comparisons were made using a Wilcoxon 

rank sum test (p≤0.05).  

Results and Discussion 

The amputated leg BFLH had significantly earlier peak 

muscle activity using the RSP (peak = 16.9% stance) and DUP 

(peak = 20.7% stance) compared to the intact leg (RSP peak = 

51.9% stance, DUP peak = 53.0% stance) and compared to 

people without TTA (peak = 46.7% stance) (p ≤ 0.03), 

supporting our hypothesis. The amputated leg of people 

wearing RSPs had earlier peak BFLH activity compared to 

those wearing DUPs (p = 0.03) (Fig. 1).  

 

Figure 1. BFLH activity during the stance phase of running at 3.5 

m/s. ‘*’ = difference in peak timing from intact leg, ▲= difference in 

peak timing from no TTA, ● = difference in peak timing from RSP: 

Amputated. 

Earlier peak BFLH activity in the amputated leg compared to 

the intact leg may help propel the body in the absence of the 

ankle plantarflexors during running, which are mainly 

responsible for propulsion [3]. In addition, earlier activity in 

BFLH may be associated with co-contraction of the BFLH and 

vasti in the amputated leg, which will be analyzed in future 

work. Stiffer prostheses have been shown to reduce positive 

contributions of the BFLH to the anterior/posterior ground 

reaction force during walking [4], which may be a factor in 

later BFLH peak activity when running with the stiffer DUP.  

Conclusions 

Changes in peak muscle activity indicate altered 

neuromuscular control for people with TTA. Understanding 

effects of prosthesis design on muscle activity is important for 

avoiding injuries for runners with TTA, such as hamstring 

strain, and should be investigated at higher running speeds. 

Acknowledgments 

Supported by DoD Award #W81XWH-15-1-0518 and 

American Society of Biomechanics Grant in Aid (2018).  

References 

[1] Fey et al. (2010). J Elec & Kines, 20. 155-161. 

[2] Noguchi et al. (2012). J Stats Software, 50. 1-23. 

[3] Hamner et al. (2010). J Biomech. 43. 2709-2716. 

[4] Fey et al. (2013). J Biomech, 46. 637-644. 

Saturday, August 03 2019: Posters (1600-1800) 1842

Rehabilitation: Prosthetics + Orthotics - Lower Limb 3



Left side margin 1.5cm                         Margin from the top 2 cm            Right side margin1.5.cm  

Margin from the bottom 2 cm 

 

NEUROMUSCULAR ADAPTATIONS AFTER A LOWER-LIMB TRASNFEMORAL AMPUTATION 

 

 1Ramos Claret, Claudia, 2Herget, Georg, 2Kouba, Lukas, 3Wiest, Daniel, 3Adler, Jochen, 4von Tscharner, Vinzenz, 
1,5,6Stieglitz, Thomas, 1Pasluosta, Cristian 

1Laboratory for Biomedical Microtechnology, Department of Microsystems Engineering, University of Freiburg, Germany 
2Department of Orthopaedics and Trauma Surgery, Medical Center, Faculty of Medicine, University of Freiburg, Germany 

3Sanitätshaus Pfänder, Germany 
4Human Performance Laboratory, Faculty of Kinesiology, University of Calgary, Canada 

5Bernstein Center Freiburg, University of Freiburg, Germany 
6BrainLinks-BrainTools, University of Freiburg, Germany 

corresponding author email: cristian.pasluosta@imtek.uni-freiburg.de 

 

INTRODUCTION  

The ability to maintain postural stability is impaired in 

lower-limb amputees. Following an amputation, the human 

postural control system develops compensatory mechanisms 

to counteract the loss of proprioceptive and cutaneous 

sensations and regain an effective postural control. While 

prosthetic devices are an alternative to partially circumvent 

this disability, commercially available technologies do not 

provide sensory feedback. In this work, we investigated the 

neuromuscular adaptations occurring after a lower-limb 

amputation.  

METHODS 

Center of pressure (CoP) data in the medio-lateral (ML) and 

anterior-posterior (AP) directions of 12 unilateral 

transfemoral amputees and 12 age-matched able-bodied 

subjects were recorded with a FDM force platform (zebris 

Medical GmbH). Participants performed three 30-second 

trials of quiet stance with eyes open (EO) and closed (EC). 

The spatial structure of the CoP displacements was 

characterized by measuring the mean distance, the mean 

velocity of the CoP adjustments, and the sway area. The 

Entropic Half-Life (EnHL) quantifies the complexity of the 

CoP adjustments and was used to analyze the dynamics of 

the CoP excursions. Changes in the EnHL reflect 

neuromuscular adaptations of the postural control [1, 2]. The 

weight-bearing imbalance factor and asymmetry were used 

to further characterize the postural control system. Two 

standardized balance assessments, the Berg Balance Scale 

(BBS) and Timed Up-and-Go (TUG), were performed and 

correlated with the CoP measures. Statistical analysis was 

performed using a four-way mixed ANOVA. 

RESULTS AND DISCUSSION 

There was no difference in the EnHL values of amputees 

and controls when combining the contributions of both 

limbs (p=0.754). However, amputees presented significant 

differences between the EnHL values of the intact and 

prosthetic limb (Figure 1, p<0.001). Amputees presented an 

asymmetrical stance in the ML and AP directions, while 

controls did not exhibit. Suppressing visual information 

reduced the EnHL in amputees (p=0.003) but not in 

controls. With eyes closed, amputees presented a higher 

mean distance (p<0.001), velocity (p<0.001) and sway area 

(p=0.007). The EnHL values of the group of amputees were 

positively correlated to the BBS scores (intact limb, EO: 

ρ=0.43, EC: ρ=0.44) and negatively correlated to the TUG 

times (intact limb, EO: ρ=-0.59, EC: ρ=-0.69). 

 
Figure 1: Group x Leg interaction of the EnHL (**p < 0.001). The 

table on the right shows the p-values between limbs within groups. 

These results suggest that there is no difference in the 

complexity of the CoP dynamics between amputees and 

controls. However, the shorter EnHL and larger sway area 

of the intact limb in amputees suggests compensations for 

the impaired control of the prosthesis. Amputees relied more 

on the visual inputs than controls, since the suppression of 

the visual system had a larger impact on the CoP dynamics. 

Without visual feedback, the CoP adjustments of amputees 

became faster and more frequent but less precise, indicating 

an impaired ability to maintain balance with eyes closed. 

CONCLUSIONS 

Altogether, these findings suggest that besides the 

asymmetry in load distribution observed in amputees, there 

exist neuromuscular adaptations following an amputation. 

These neuromuscular adaptations counteract the loss of 

sensory information, which are not entirely circumvented by 

current prosthetic technologies. 
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Summary 

Lower-limb amputees are at an increased risk for falls due to 

balance impairments and lack of sensory feedback. 

Dysvascular amputation is especially associated with a lack of 

sensory feedback from both limbs, although studies measuring 

balance impairments after amputation have primarily focused 

on traumatic limb loss. The purpose of this study is to analyze 

the balance of lower-limb amputees and determine the extent 

to which impaired sensation in the intact and residual limbs 

affects measures of postural control and sensory integration. 

Using clinical measures of sensory impairment and the 

Sensory Organization Test (SOT), we evaluated sensation and 

postural control in four lower-limb amputees. 

Introduction 

Each year, as many as 50,000 people in the United States 

undergo lower-limb amputations [1]. This population can 

suffer from several gait and balance impairments, with 52.4% 

of lower-limb amputees reporting a recent fall [2]. Amputees 

rely more heavily on vision for balance, in lieu of 

somatosensory feedback. However, there has been little 

research to date to correlate severity of sensory impairments 

and measures of postural control in this population.  

Methods 

In this study, we measured both sensory impairments and 

balance control in four lower-limb amputees. Two subjects 

had dysvascular amputations and accompanying diabetic 

neuropathy bilaterally, while two subjects had traumatic 

amputations with no known neuropathy. Somatosensory 

integrity of both the intact and residual limb was assessed by a 

trained physical therapist. These tests included monofilament 

testing, light touch sensation, protective (pinprick) sensation, 

two-point discrimination and joint position sense. Participants’ 

balance was assessed with the SOT, using the NeuroCom 

Equitest. In the SOT, participants stand on a force platform 

while either visual (eyes closed, surround sway) or 

somatosensory feedback (platform rotation) are altered across 

six conditions. Each condition consists of three 30-second 

trials. Standard measures of postural control (excursion, 

velocity and 95% confidence interval ellipse) were collected 

in addition to equilibrium scores. Equilibrium scores indicate 

the participant’s ability to stay within a normative 12° 

anteroposterior sway envelope.  

Results and Discussion 

Subjects with dysvascular and traumatic amputations 

demonstrated different patterns across balance conditions both 

with and without vision. In the eyes open condition, excursion 

in the mediolateral direction was greater for dysvascular 

amputees (dysvascular: 2.77 cm vs. traumatic: 1.29 cm), while 

excursion in the anteroposterior direction was greater for 

traumatic amputees (dysvascular: 0.45 cm vs. traumatic: 1.81 

cm). In the condition without vision, all four subjects had 

lower equilibrium scores (75.05+18.22) than normative 

controls (92.045+2.98), with dysvascular amputees 

performing substantially worse than traumatic amputees 

(60.65+25.68 vs 89.44+2.08, respectively). Despite a lack in 

statistical power due to sample size, monofilament threshold 

on the residual limb has a strong inverse relationship with 

equilibrium score on the eyes closed condition (Figure 1). 

These results suggest that the degree of sensory impairment in 

lower-limb amputees may impact balance ability in cases 

where they are unable to rely on visual feedback.  

 

Figure 1: Equilibrium score in the eyes closed static condition vs 

monofilament threshold in the residual limb. Increased monofilament 

thresholds indicate more severe sensory impairment, while increased 

equilibrium scores indicate less anteroposterior postural sway. 

Conclusions 

No known studies to date have evaluated balance and 

sensation in lower-limb amputees to determine the extent to 

which sensory impairments contribute to an increased fall risk. 

These promising results suggest there may be a strong 

correlation between sensory impairment and postural control. 

Further data collection on lower-limb amputees is necessary to 

further evaluate this relationship.  
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Summary 

Posterior tibialis tendon dysfunction (PTTD) is the most 
common cause of adult-acquired flatfoot. As PTTD is 
associated with the eversion of the rearfoot, it is important to 
know if foot orthoses can reduce this movement during gait. 
Results of this study show that custom foot orthoses (FOs) 
reduced eversion of the rearfoot when inserted in the 
footwear, whereas prefabricated FOs did not. These results 
support the biomechanical effectiveness of custom FOs for 
PTTD. 

Introduction 
Posterior tibialis tendon dysfunction (PTTD) is characterized 
by a loss of strength of the posterior tibialis muscle. The 
progression of the pathology is frequently associated with a 
valgus rearfoot. Tome et al. [1] found that eversion of the 
ankle in the support phase of gait is increased compared to a 
healthy population. Typical treatment in the early stage of 
this pathology includes prefabricated foot orthoses (FOs) and 
custom FOs [2]. To our knowledge, no comparative study of 
these types of FOs has been conducted to distinguish their 
respective biomechanical effects. So, the aim of this project 
is to compare the effects of three different types of FOs on 
ankle kinetics and kinematics during gait. 

Methods 

Currently, five of 15 participants with stage 1 or 2 PTTD 
have taken part in this study. Kinematic data were collected 
with a 10-camera (Vicon) three-dimensional motion analysis 
system at a sampling frequency of 100 Hz. Two force plates 
(AMTI) were used to record the ground reaction force at a 
sampling frequency of 1000 Hz. For each testing condition, 
participants wore a neutral running shoe (Athletic works, 
Rupert). Five walking trials were performed for each of the 
four testing conditions: without FOs (Shoe Only), with a 
prefabricated FO (Prefab), with a neutral custom FO 
(Custom) and with a 5° varus (medial wedge) and a 4 mm 
medial heel skive custom FO (Custom - Varus). The custom 
FOs were taken from a subtalar joint neutral cast. For each 
condition, mean value of the first 75% of the support phase 
of walking was calculated for the frontal ankle angle and 
moment of force. Dependent variables were entered in a 
repeated measures analysis of variance (ANOVA) (P < .05). 

Results and Discussion 
The ANOVA shows a significant difference between 
conditions for both variables (P < .001). The Custom - Varus 
condition yielded a lower ankle eversion than the Shoe Only 
condition (Fig. 1). Ankle eversion moment of force was 
lower in the Custom condition than the Shoe Only condition 
(Fig. 2).  

  
Figure 1. Mean frontal ankle angle during stance phase of gait 
cycle. * P < .05 ; † P <.10 

 

Figure 2. Mean frontal ankle moment of force during stance phase 
of gait cycle. * P <.05 ; † P <.10 

With regard to the Shoe Only condition, the custom FO 
significantly reduced the overall eversion of the ankle during 
the stance phase of the gait cycle. This result complements 
those reported by Barn et al. because it clarifies the minimal 
effect of wearing footwear per se on ankle movement in the 
frontal plane, especially when combined with custom FOs 
[3]. Surprisingly, the addition of a medial heel skive and a 
medial wedge to the custom FO did not further reduce the 
eversion of the ankle. These additions may not be effective 
at reducing ankle eversion or may not be appropriately 
adjusted to participants' feet to add to the effect of the 
custom FOs. Furthermore, prefabricated FOs did not 
significantly alter the ankle movement in the frontal plane as 
they did not provide sufficient support to the medial arch of 
the foot.  

Conclusions 
These preliminary results showed that custom FOs were 
effective in reducing ankle eversion moment of force, which 
is known to be abnormal in PTTD patients and may be 
related to clinical symtoms in that pathology.  

Acknowledgements 
Funding: FRQS scholarship to DC and NSERC grant to PC. 
References 

 
1. Tome et al., J.O.S.P.T., 2006. 36: p. 635-44. 
2. Yao et al., Orthopedics, 2015. 38: p. 385-91. 
3. Barn et al., Rheumatology (Oxford), 2014. 53: p. 

123-30. 

4.13
3.80

2.10

1.33

0

1

2

3

4

5

6

Shoe Only Prefab Custom Custom - Varus

An
kl

e 
ev

er
sio

n 
an

gl
e 

(°)

Conditions

�

Ɨ

.102

.088

.071
.064

0,000

0,020

0,040

0,060

0,080

0,100

0,120

Shoe Only Prefab Custom Custom - Varus

An
kl

e 
ev

er
sio

n
m

om
en

t  
 (N

*m
)

Conditions

�

Ɨ

Saturday, August 03 2019: Posters (1600-1800) 1845

Rehabilitation: Prosthetics + Orthotics - Lower Limb 3



 

 

INDIVIDUAL MUSCLE CONTRIBUTIONS TO PROPULSION IN ABOVE-KNEE AMPUTEES WITH 

OSSEOINTEGRATED PROSTHESIS DURING WALKING  

 

Vahidreza Jafari Harandi1, David C. Ackland1, Raneem Haddara1, L.Eduardo Cofre Lizama2, Mark Graf2,  

Mary P. Galea2, Peter Vee Sin Lee1 

1Department of Biomedical Engineering, The University of Melbourne, Australia 
2 Department of Medicine, Royal Melbourne Hospital, The University of Melbourne, Australia 

Email: vjafari@student.unimelb.edu.au  

Summary 

Osseointegrated prostheses for individuals with lower limb 

amputation are an alternative to socket-based prostheses that 

mitigate the residual limb pain and discomfort at the socket-

stump interface during walking. In transfemoral amputees, 

propulsion is primarily generated by the prosthesis, with 

considerable contributions also by gluteus maximus and 

hamstrings. 

Introduction 

Transfemoral amputees fitted with osseointegrated prosthesis 

have shown reduced gait asymmetries compared to those with 

conventional socket prostheses [1].  Because transfemoral 

amputees have lost ankle and knee muscles, which play 

critical role in body propulsion, support and mediolateral 

balance among able-bodied people [2]. Therefore, other 

compensatory strategies must be employed by amputees to 

assist them walk. The purpose of this study was to analyse 

individual muscle contributions of osseointegrated amputees 

to forward progression using rigid-body 3D musculoskeletal 

modelling.      

Methods 

A 3D subject-specific musculoskeletal model was developed 

using OpenSim comprising 10 rigid body segments with 23 

degrees-of-freedom actuated by 76 Hill-type muscle-tendon 

units. The residual limb’s ankle and uniarticular spanning knee 

muscles were removed, while the insertion of selected 

reanchored muscles was changed based on the surgical 

reattachment site. The moment of inertia and centre of mass of 

the prosthesis were calculated from a CAD model of the 

prosthesis (SolidWorks, Massachusetts, USA), which was 

subsequently integrated into the musculoskeletal model. 

Lower limb joint motion in 4 transfemoral amputees (mean 

age, 56±3.5 yrs; mass, 80.4±12.5 kg; height, 1.8±0.1 m) 

during walking at self-selected speed was calculated from 

retro-reflective marker trajectories measured using high-speed 

cameras (Vicon, UK). Ground reaction force (GRF) data were 

simultaneously acquired using 3 mounted force plates. Motion 

and force data were low pass Butterworth filtered with a 6 Hz 

and 20 Hz cut-off, respectively. 

Static optimization was used to calculate muscle forces by 

decomposition the joint moments computed by inverse 

dynamics into discrete actuator loads. Muscles contributions 

to the fore-aft centre of mass acceleration (COM) were 

quantified using a pseudo-inverse GRF decomposition method 

[3]. 

Statistical analysis was performed in SPSS 24 between the two 

legs using Wilcoxon sign-ranked test. Significance level was 

set at p<0.05.  

Results and Discussion 

In the intact limb, the vasti contributed more to breaking, 

while soleus and gastrocnemius contributed more anteriorly to 

acceleration when compared to other muscles. The prosthesis 

provided the majority of propulsion in the residual limb during 

the whole stance. The gluteus maximus and hamstrings 

contributed to posterior and anterior COM acceleration during 

the first half of stance. However, there were no significant 

differences in hip muscles contribution between the intact and 

the residual limbs (Figure 1).  

 

Figure 1: Individual muscle contribution to fore-aft body 

COM acceleration. The shaded areas represent the summed 

contributions from all actuators.   

Symbol definitions are as follows. HAM: hamstrings; GMED: 

gluteus medius; GMAX: gluteus maximus; IL: iliacus+psoas; RF: 

rectus femoris; SOL: soleus; GAS: gastrocnemius; VAS: vastus; 

Conclusions 

In transfemoral amputees, propulsion of the body during 

stance is primarily generated by the prosthesis, but with 

considerable contributions from gluteus maximus and the 

hamstrings. The intact limb ankle plantarflexors, knee and hip 

extensors generated the fore-aft progression during stance. The 

outcome may be helpful in improving walking ability, 

designing prosthesis and devising new rehabilitation 

programs.  
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Summary 

Asymmetric loading of unilateral bone-anchored limb 
prostheses in walking animals has been attributed to low 
power production at the passive ankle prosthesis due to high 
stiffness of the prosthetic foot. We compared power developed 
by a bone-anchored prosthesis with stiff and compliant feet 
during walking in cats. We found that foot compliance alone 
does not improve symmetry of loading. 

Introduction 

Animal models have been used to optimize design of pylons 
for bone-anchored limb prostheses, particularly for improving 
pylon integration with skin and reducing the infection rate 
[1,2,3]. Asymmetric loading of unilateral bone-anchored 
prostheses during quadrupedal walking has been attributed to 
the fact that the passive prosthetic foot was too stiff to 
contribute to propulsion [3].   

The goal of this study was to compare ankle power developed 
by a stiff carbon fiber foot and a compliant fiberglass foot 
during walking in cats with a transtibial bone-anchored 
prosthesis. We tested the hypothesis that a compliant 
prosthetic foot will contribute more to positive ankle power 
and thus reduce loading asymmetry of the prosthetic limb. 

Methods 

The Institutional Animal Care and Use Committee of Georgia 
Tech approved all experimental procedures. Limb kinematics 
and ground reaction forces of 4 cats were measured before and 
at least 2 months after the animal received a J-shaped 
transtibial prosthesis anchored to the right tibia via a porous 
titanium pylon (SBIP, Poly-Orth International, USA). 
Experimental, surgical and rehabilitation procedures were the 
same as described previously [3,4]. Ankle power of the 
prosthetic foot was computed using inverse dynamics analysis. 
Two types of passive J-shaped feet were fabricated for this 
study. One foot type was made of 6 lamination layers of 
carbon fiber; its stiffness, determined by mechanical testing 
(MTS, Eden Prairie, MN), was 6 N/mm. The other foot type 
was made of 6 lamination layers of fiberglass; the design of 
this foot was optimised for low stiffness (1.22 N/mm).  

Results and Discussion 

The peaks of vertical ground reaction forces of the prosthetic 
hindlimb was lower than in the same limb before surgery 
(mean±SE: 12.7±0.7 N/kg and 8.9±0.3 N/kg for the stiff and 
compliant foot, respectively, vs. 15.6±0.7 N/kg in the intact 

limb; Figure 1). The negative and positive power peaks of the 
compliant foot (-0.09±0.01 W/kg and 0.015±0.005 W/kg, 
respectfully) were substantially greater than that of the stiff 
foot. The peaks of ankle power during intact walking were 
much greater (-0.29±0.05 W/kg and 0.19±0.06 W/kg).  
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Figure 1: Vertical ground reaction force (left) and ankle 
power (right) during intact (black lines) and prosthetic 
walking with stiff (blue) and compliant (red) foot. 

Although the passive compliant foot substantially increased 
negative and positive power production at the prosthetic ankle, 
the power magnitude was still low and loading of the 
prosthetic limb actually decreased compared to the stiff foot. 
Thus, foot compliance alone was insufficient to improve 
symmetry of loading. A powered ankle prosthesis developed 
for cats [5] has the potential to improve walking symmetry. 

Conclusions 

The compliant passive foot does not improve symmetry of 
loading during prosthetic walking in cats.  
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Summary 

The step length-step rate relationship in unilateral transfemoral 

amputee was investigated using linear regression analysis. The 

coefficient of determination R2 of unaffected limb was 

significantly lower than able-bodied participant’s limb. 

Current results suggest that unilateral transfemoral amputees 

modulate walking speeds by various combinations of step 

length-step rate than able-bodied participants. 

Introduction 

Step length and step rate are the key determinants of walking 

speeds. Although each parameter can be modulated 

independently, able-bodied participants keep a linear 

relationship between the two parameters across a range of 

speeds [1]. However, the disturbed sensory-motor control (e.g. 

unilateral transtibial amputation) is known to induce the 

weaker coupling of step length-step rate relationship [2]. 

Hence, the relationship has been used as the ‘summary index’ 

to classify spatiotemporal patterns in abled-bodied and 

pathological gaits. However, little is known about if the 

relationship is maintained in unilateral transfemoral amputees. 

The aim of this study was to investigate the relationship 

between step length and step rate across a range of speeds in 

transfemoral amputees. 

Methods 

Thirteen individuals with unilateral transfemoral amputation 

and twelve able-bodied participants performed walking on a 

split-belt instrumented treadmill at eight different speeds (2.0, 

2.5, 3.0, 3.5, 4.0, 4.5, 5.0 and 5.5 km/h). Foot-ground contact 

was determined from a vertical ground reaction force recorded 

at 1000 Hz using force plates. We used the consecutive five 

steps for both unaffected and affected limbs at each speed, 

where step length and step rate were determined.  

The linear regression was derived from all step length-step 

rate pairs across the eight speeds for comparison between the 

unaffected (UL), affected (AL) and able-bodied participant’s 

limb (ABL). The slope and coefficient of determination (R2) 

were also used to evaluate the tendency of step length-step 

rate relationship across a range of speeds. 

The Kruskal-Wallis test was conducted to test the differences 

in R2 and slope between UL, AL and ABL. Post-hoc test for 

multiple comparisons was performed using Mann-Whitney U 

test with Bonferroni correction of the p-value. The 

significance level was set at p-value < 0.05 for each analysis.  
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Figure 1: Examples of the step length-step rate linear regression for a 

representative transfemoral amputee and able-bodied participant. 

Results and Discussion 

Fig. 1 shows the examples of the step length-step rate 

relationships for a representative unilateral transfemoral 

amputee and able-bodied participant. There was no significant 

main effect of limbs in the slope. These results suggest that 

individuals with lower limb amputation change the walking 

speed with no difference in the proportion of step length/step 

rate, when compared to able-bodied participants. A previous 

study also showed no significant difference in the slope of the 

linear step length-step rate relationship between the transtibial 

amputee and able-bodied participants [2]. Therefore, current 

results and a past finding indicate that neural control 

mechanism of fundamental spatiotemporal parameters during 

walking may remain after lower limb amputations. 

On the other hand, we found a significant main effect of the 

limbs on R2 value (p < 0.01), where the R2 value of UL was 

significantly lower than ABL (p < 0.01). These results suggest 

that UL in unilateral transfemoral amputees have a weaker 

coupling between step length and step rate than ABL. 

Therefore, unilateral transfemoral amputees may modulate the 

walking speeds with more various combinations of step 

length-step rate than able-bodied participants. 

Conclusions 

These results suggest that transfemoral amputees modulate the 

walking speeds with similar fundamental spatiotemporal 

proportion compared to able-bodied participants. However, 

they adopt more various combinations of step length and step 

rate than able-bodied participants.  

References 

[1] Egerton T et al. (2011). Gait & Posture, 34: 178-182. 

[2] Howard C et al. (2013). Gait & Posture, 38: 883-887.

 

Saturday, August 03 2019: Posters (1600-1800) 1848

Rehabilitation: Prosthetics + Orthotics - Lower Limb 3



 

 

Transfemoral Amputee sEMG Classification for Gait Detection  

 

Taekyeong Lee1, Hunhee Kim1, Jaemin Kim1, Youngho Lee1, Soonmoon Jung1, and Junghwa Hong1# 
1Department of Control and Instrumentation engineering, Korea University, Sejong, Republic of Korea 

Email: hongjh32@korea.ac.kr 

 

Summary 

Many investigations have been performed to understand the 

biomechanical relationship using biosignal. Surface EMG 

(sEMG) signal is particularly interesting part for human 

rehabilitation system in order to detect the gait intention and 

widely studied in the field of rehabilitation system. Intention 

detection of gait initiation using sEMG under dynamic 

condition is essential to understand mechanisms of movement 

control in areas of clinical research, such as rehabilitation 

medicine, orthopedic and sports. In this study, a method using 

adaptive filter and ANN algorithm was applied to predict gait 

state in the various walking environment. Estimated sEMG 

signal was used to artificial neural network (ANN) input data 

for training to prediction of gait environment, then it was used 

for prediction of level walk, slope and stair walk. 

 

Introduction 

For the rehabilitation system, several devices have been 

developed such as prosthetic arm and leg. One of them, lower 

limb prostheses are the rehabilitation system or apparatus for 

recovering the loss or amputee. However, most previous lower 

limb prostheses are the mechanical type prostheses using 

hydraulic or pneumatics system. Passive type prostheses, such 

as using hydraulic or pneumatics system, have a limitation and 

inconvenience which is difficult to use under slope or stair 

environment. Nowadays, therefore, the using human biosignal 

has been perceived as a major breakthrough and a method of 

improvement in prostheses devices. Among them, EMG signal 

is particularly interesting part of human rehabilitation system 

in order to detect the gait intention and widely studied in the 

field of rehabilitation system. In this study, a gait detection 

algorithm using sEMG was studied applied to adaptive filter 

and artificial neural network (ANN) for aware of the various 

gait stats for transfemoral amputees. 

 

Methods 

Gait process for acquiring EMG was occupied each 3 times of 

statements for level walk, stair walk, slope walk (1 subject, 

left transfemoral amputee). After each state was measured, a 

consecutive data that were a level walk to slope walk and a 

stair walk to a level walk was measured. Motion data and 

sEMG data were measured using wireless sEMG (Noraxon, 

1200Hz), 3D motion analysis camera (Motion analysis, 

120Hz).  

Each of states data were used for training data, the consecutive 

data were used for testing. In the experiment, a rate of 

inclination of slope was 1/12, stair height was 11cm. sEMG 

signal was acquired on transfemoral amputation part 

(hamstring and quadriceps) from a subject. For obtaining 

accuracy of gait intention detection of the algorithm, a subject 

triggered a self-contraction of transfemoral amputee part 

before subject gait start. In slope walking case, co-contraction 

(rectus femoris and biceps femoris) was triggered. In stair 

walking case, hamstring (biceps femoris) was triggered. 

EMG signal processing was digital filtered and features were 

extracted before the classification process begins. The 

classification is divided two distinct phased by training phase 

and gait state prediction phase. EMG amplitude was estimated 

using adaptive filter through acquiring MA (Moving average) 

model to estimate coefficient of AR (Autoregressive) model. 

Because of adaptive filter reject noise effect such as motion 

artefacts and additive noise without sEMG amplitude loss. 

Using these data, the feature extractions were performed. Then, 

the extracted features were classified by artificial neural 

network approach, which is normally used in literature. In the 

classification, artificial neural networks (ANN) were trained 

by using simple cross-validation algorithm. After 

classification process, bayesian optimization was performed 

for mis-classification and reduction of features. 

 

Results and Discussion 

After using ANN classification, the result show the accuracy 

at slope 84.16%, stair 95.67% respectively. At the result of 

optimization, however, time delay was occurred a bit, but 

trained EMG data predicted well comparing with a gait state 

of motion analysis data by predictive accuracy 91%.(Figure 1) 

   

Figure 1: Classification result (left) and optimization result (right). 

Conclusions 

In this study, the result of learning shows that the gait state 

was predicted successfully, but, to avoid difficulties, this was 

the result of using insertion of trigger signal when subject  was 

walking. For the algorithm accuracy, the test should be more 

performed because the only 1 subject test data was used. 
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Summary 

This study examines the biomechanical and patient reported 

outcomes for patients using an Intrepid Dynamic Exoskeletal 

Orthosis (IDEO) whom are one year post rehabilitation. It is 

unknown how well these devices are being used and how 

these patients feel they are doing compared to other patients 

who underwent limb salvage procedures previously.  

 

Introduction 

The Intrepid Dynamic Exoskeletal Orthosis (IDEO) has 

provided an alternative to amputation for patients with distal 

lower extremity trauma. Patients complete a four week Return 

to Run (RTR) training program to learn to properly utilize the 

device. The device is typically worn during high level 

functional activities to reduce pain and enhance training 

capacity. However, little is known how these patients are 

utilizing their IDEO after leaving the program. The purpose of 

this study is to evaluate walking biomechanics both in and out 

of the IDEO as well as patient reported outcome measures 

(PRO). We are especially interested in any biomechanical 

variables that are correlated with the patients’ perception of 

their mobility and ability to perform daily activities. 

 

Methods 

A retrospective data analysis was conducted utilizing a 

registry protocol (NMCSD.2014.0026). Patients must have 

been fit with an IDEO at Naval Medical Center San Diego 

(NMCSD), have completed the RTR program, and have 

undergone a 3-D gait analysis one year post completion of the 

program. 13 patients met the inclusion criteria. Biomechanical 

data was collected at a self- selected walking velocity in and 

out of the brace using a six degrees of freedom markerset, and 

the Short Musculoskeletal Function Assessment (SMFA) was 

completed for PRO data. Time distance parameters were 

calculated in addition to power, work, and mechanical 

efficiency using the unified deformable (UD) segment model 

[1]. Paired T-Tests were utilized to compare data between the 

IDEO and Shod (SSS) conditions, while Pearson Correlations 

were used to determine if any biomechanical variables were 

correlated to the PRO scores. PRO scores were also compared 

to previous literature [2]. 

 

Results and Discussion 
Time Distance, UD, and PRO data are displayed in Table 1. 

Significant differences between IDEO and SSS are in bold. 

Compared to SSS, patients donning the IDEO walked faster 

and, on their affected side, displayed the following: longer 

step length, greater negative work in stance, lower net work in 

stance, and lower mechanical efficiency. SMFA scores were 

comparable to those reported in the METALs study [2], with 

all scores slightly improved compared to the unilateral salvage 

group. An improved affected step length in the SSS condition 

significantly correlated to lower reported disability scores for 

all SMFA scores. Additionally, improved peak power 

produced by the affected limb in the SSS condition correlated 

with less perceived disability when performing daily activities.  

 

Conclusions 

It is encouraging that after one year without training, patients 

utilizing the IDEO brace are able to improve their velocity and 

step length when wearing the device, and still demonstrate 

similar power and work profiles in both conditions. It is 

especially interesting that the ability to take a longer step and 

produce more peak positive power on the affected side when 

not wearing the IDEO are correlated to improved PRO scores 

in multiple domains.  This would appear to support the 

conclusion that removing pain barriers with the IDEO to 

enable high level training in turn manifests as carryover into 

functional gains and decreases in perceived disability 

especially when not in it.  
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Table 1:  Time distance, UD, and PRO data for IDEO patients one year post RTR (AFF – affected side, UF – unaffected side) 

 Time Distance Mean SD Power (W/kg) Mean SD Work (J/kg) Mean SD Efficiency Mean SD

Velocity IDEO (cm/s) 133.08 12.78 IDEO AFF Peak Positive 1.43 0.40 IDEO AFF + Work 0.11 0.04 IDEO AFF 0.44 0.11

Velocity SSS (cm/s) 118.38 15.04 SSS AFF Peak Positive 1.63 0.63 SSS AFF + Work 0.13 0.05 SSS AFF 0.63 0.17

Cadence IDEO (steps/min) 107.62 5.75 IDEO UF Peak Positive 2.44 0.43 IDEO UF + Work 0.23 0.05 IDEO UF 1.10 0.29

Cadence SSS(steps/min) 107.46 6.44 SSS UF Peak Positive 2.41 0.37 SSS UF + Work 0.22 0.03 SSS UF 1.06 0.25

Aff Step Length IDEO (cm) 74.92 7.37 IDEO AFF Peak Negative -1.24 0.40 IDEO AFF - Work -0.25 0.06

Aff Step Length SSS (cm) 68.46 7.43 SSS AFF Peak Negative -1.21 0.43 SSS AFF - Work -0.20 0.05 Patient Reported Mean SD

IDEO UF Peak Negative -1.49 0.42 IDEO UF - Work -0.22 0.04 SMFA: Daily Activities 22.31 11.43

SSS UF Peak Negative -1.48 0.28 SSS UF - Work -0.22 0.04 SMFA: Emotional 43.41 17.85

IDEO AFF Net Work -0.14 0.04 SMFA: Mobility 30.13 13.02

SSS AFF Net Work -0.08 0.03 SMFA: Function Index 30.03 12.15

IDEO UF Net Work 0.01 0.06 SMFA: Bother Index 28.53 14.69

SSS UF Net Work 0.00 0.05
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Summary 

The Intrepid Dynamic Exoskeletal Orthosis (IDEO) has been 

utilized as an alternative to amputation for patients with lower 

extremity trauma. Two distinct versions of the device have 

been built; one that has laminated rods and one modular 

device that has a bolted on strut. This study utilizes the unified 

deformable (UD) segment model to compare differences in the 

power, work, and efficiency of the two different designs. 

Introduction 

In 2011, Intrepid Dynamic Exoskeletal Orthosis (IDEO) was 

developed at Center for the Intrepid in San Antonio and has 

provided an alternative to amputation for patients with distal 

lower extremity trauma. The original paper offered two design 

options for the brace: 1) two carbon fiber rods that were 

laminated onto the proximal cuff and distal footplate and 2) a, 

flat, modular strut that was bolted onto the cuff and footplate 

[1]. From 2014 to 2018, the laminated option was the standard 

design produced at Naval Medical Center San Diego 

(NMCSD); however, as need to streamline and increase device 

production arose, the modular strut attachment option became 

the ideal choice. The purpose of this study is to utilize the 

unified deformable (UD) segment model [2] to compare 

differences in the power, work, and efficiency of the two 

different designs prior to initiation of a rehabilitation program.    

Methods 

A retrospective data analysis was conducted utilizing a 

registry protocol (NMCSD.2014.0026). Patients had to have 

been fit with a laminated double rod or single bolt-on, flat 

strut IDEO at NMCSD and have undergone a 3-D gait 

analysis prior to starting a rehabilitation program. Twenty-two 

patients met the inclusion criteria (16 with laminated rods, 6 

with modular single flat strut). Patient data was collected at a 

self-selected walking velocity in the brace. A six degree of 

freedom marker set was utilized, and power, work, and 

mechanical efficiency were calculated using the UD segment 

model. A one-way ANOVA was utilized to examine 

differences between the two types of device at α = 0.05.   

Results and Discussion 

The UD power, work and efficiency data are presented in 

Table 1, and significant differences between the brace types 

are in bold. Both groups have similar walking velocities.  The 

laminated IDEO had significantly higher mechanical 

efficiency (p<.01) as well as non-significant trends in greater 

positive work (p=.11) and less negative work (p=.17). 

Visualization of the two power curves (Figure 1) shows 

greater negative power in the modular device in terminal 

stance. 

 

Conclusions 

It appears there are some biomechanical consequences due to 

changing the style and interface of the rods/strut on the IDEO. 

While no significant power changes were found, the reduction 

in mechanical efficiency may be less than ideal. The power 

curves follow similar trajectories with the exception of 

terminal stance. This is important because at this point, the 

maximal force of the shank is being supported by the proximal 

cuff, and the bolts securing the modular strut would be 

experiencing peak torque at the distal attachment point.  This 

may lead to greater flexion of the strut allowing for a sub-

optimal amount of late stance negative work to be produced. 

Future work looking at increasing the stiffness of the strut to 

counteract the increased flexion may be useful since these 

devices are utilized frequently for high level activities with 

even greater loads. 

Table 1: Power, work, and efficiency for the affected limb 

Variable N Mean SD

Peak Positive Power - Modular 6 0.86 0.42

Peak Positive Power - Laminated 16 1.03 0.30

Peak Negative Power - Modular 6 -1.23 0.45

Peak Negative Power - Laminated 16 -1.28 0.45

Positive Work - Modular 6 0.05 0.03

Positive Work - Laminated 16 0.08 0.04

Negative Work - Modular 6 -0.24 0.07

Negative Work - Laminated 16 -0.20 0.05

Mechanical Efficiency - Modular 6 0.22 0.08

Mechanical Efficiency - Laminated 16 0.40 0.13

Table 1: Power, Work, and Efficiency for the Affected Limb

 

 

Figure 1: Power curves (+/- 1 SD) comparing laminated (blue) and 

modular (red) IDEO braces. 
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Summary 
Fretting corrosion has emerged as one important reason for 
failure of modular hip prostheses during the last decade. This 
increase might be associated with the reduction of the taper 
diameter to improve the range of motion of the hip joint, 
which occurred about 20 years ago. The magnitude of the 
micromotion at the taper junction is an important factor for the 
risk of fretting, which is speculated to occur with thinner 
tapers due to larger differences of the bending stiffness 
between the prosthesis head and stem. This study investigates 
how micromotion is affected by taper diameters and neck 
geometries. Less rigid tapers are shown to lead to increased 
micromotion between the head and stem, enlarging the risk for 
fretting corrosion. The influence of the neck design on 
micromotion appears to be small.  

Introduction 
Taper corrosion as a potential reason for failure and successive 
revision of modular hip prostheses has been associated with 
micromotion at the head-neck taper junction (fretting) in a 
body fluid environment [1]. The magnitude of micromotion, 
which determines the extent of material loss, depends on 
various factors such as assembly force, taper surface 
condition, BMI or patient activity level [2]. Tapers with a 
smaller diameter lead to an improved range of motion at the 
cost of reduced taper stiffness which might increases the 
probability for fretting corrosion [3]. Reduced taper stiffness 
can also be related to the use of less rigid titanium alloys such 
as TMZF as material for the stem. The range of motion can 
also be increased by modifying the shape of the necks cross 
section [4]. The aim of this study was to determine how taper 
and neck design influence the amount of micromotion at the 
taper interface and such potential fretting corrosion. 

Methods 
Two successful stem designs (Corail, DePuy Synthes, 12/14 
taper, Ti6Al4V; Accolade, Stryker, V40 taper, TMZF) were 
used as basis for the analysis. Based on their 3D scanned 
geometries, four different stem designs (n = 3 each) with 
respect to taper and neck cross section (all Ti6V4Al) were 
manufactured: (a) V40 round, (b) 12/14 round, (c) 12/14 
round-square, d) 12/14 oval. Stems were assembled (2000 N, 
ISO 7206-10) with metal femoral heads (CoCr29Mo, Ø36 
mm, +1.5 mm) and exposed to sinusoidal cyclic loading (ISO 
7206-4, 8h, 1 Hz, Mini Bionix, MTS) representing different 
activity levels: walking (230-2300 N), stair climbing (230-
4300 N) and stumbling (230-5300 N) [5]. Apparent relative 
motion at the head-stem taper junction was recorded by 
contactless eddy current sensors (ES05(78), MicroEpsilon 
[2]). Elastic deformation computed from validated FE models 
(Abaqus) was subtracted from relative motion to obtain pure 
micromotion. Relative motions for a V40 round stem design 
made from TMZF were determined numerically.  

Results  
Micromotion increased with higher loading for all stem 
designs (p < 0.001). The thinner taper with a lower stiffness 
(V40: 126.0 Nm2 vs. 12/14: 162.1 Nm2) exhibited twice as 
high rotational micromotion (V40: 0.017° vs. 12/14: 0.008°) 
and higher translational micromotion (V40: 1.8 ± 0.8 μm up to 
6.7 ± 1.2 μm vs. 12/14: 1.6 ± 0.2 μm up to 3.8 ± 0.2 μm; 
p=0.004). The respective values for the V40 taper made from 
TMZF (stiffness: 82.7 Nm2) determined numerically were 
even higher (up to +25%). Variations of the neck geometry 
had no significant effect on the amount of micromotion at the 
head-neck taper junction (Fig. 1). 

 
Figure 1: Total translational micromotion of the various models of 

different taper and neck designs during simulation of stumbling. 

Discussion and Conclusions 

The thin taper design (V40) exhibited clearly higher micro-
motion and could thus be more susceptible to fretting 
corrosion, especially if a less stiff alloy such as TMZF is used. 
High loading as consequence of an enlarged lever-arm due to 
greater head-offset, larger head diameters, patient weight and 
activity worsen the situation [6]. Smaller taper geometries, 
especially in combination with flexible materials and high 
offsets should be avoided. Since the neck shape showed minor 
influence on micromotion, a round-square neck geometry 
instead of a small taper could be an option to increase the 
range of motion as long as fatigue strength is maintained. 
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Summary 

The study presents the preliminary result of a semi-qualitative 

analysis of lower limb joint angle coordination during gait in a 

lower limb amputee’s population.  

Introduction 

After a lower limb amputation, the prescription of a prosthesis 

helps for gait recovery and, it has been largely assessed in the 

literature [1]. Previous gait studies assessing lower limb 

amputees (LLA) focused mainly on the characterization of 

lower limb joints, but without investigating their coordination. 

In order to evaluate joint coordination, angle-angle diagrams 

could be used. This analysis remains qualitative but can help 

to better understand movements [2]. 

The aim of this study is to evaluate and compare the kinematic 

joint coordination between LLA and healthy individuals (and 

their possible links with ground reaction force (GRF) and 

spatio-temporal gait parameters). 

Methods 

Two of the targeted ten unilateral trans-tibial amputees have 

been recruited at the Quebec Rehabilitation Institute. Both 

LLA were able to walk without aids and used a dynamic foot. 

One was a female (37yo, 1.7m and 60kg) with a traumatic 

amputation (tTTA), the other a male (58yo, 1.75m, 89kg) with 

a respiratory amputation (rTTA). The control group consisted 

of 3 individuals (2 females, 65±7yo, 1.67±10m and 1 male, 

72±9kg) without any musculoskeletal disorder. Both groups 

have no central neurological disease impairment. 

A 10-camera motion-capture system (Vicon Motion Systems, 

V5, England) was used to collect kinematics at 100Hz. 

Reflective markers were placed bilaterally (and symmetrically 

on the prosthesis) using a 6 degrees of freedom model based 

on ISB recommendations. The GRF was recorded by four 

force plates (AMTI, OR6, USA) at 1000Hz. All subjects 

walked at their self-selected speed along a 10-m walkway. The 

1st and 2nd horizontal (hPk) and vertical GRF peaks were first 

detected. Then, ankle/knee, knee/hip, and hip/ankle kinematics 

were plotted using angle-angle diagrams (Figure 1). Five gait 

cycles were used for analysis of the control right lower limb, 

and for the LLA intact (ILL) and amputed lower limb (ALL). 

Results and Discussion 

ILL: The rTTA has a decrease of the 1st and 2nd hPk. At the 

moment of the 1st hPk, the rTTA has the same coordination as 

control individuals with a movement of hip and knee 

extension while the tTTA has a hip flexion. At the moment of 

the 2nd vPk, the tTTA has the same coordination as control 

individuals with a movement of knee extension and hip 

flexion, but the rTTA also produced a hip extension. 

ALL: Both LLA have a decrease of the 1st and 2nd hPk. At the 

moment of the 1st hPk both LLA have a movement of hip 

flexion, while control individuals have hip extension with a 

knee extension. In addition, the rTTA has a knee flexion. At 

the moment of the 2nd hPk, the tTTA combined a movement of 

hip extension with a knee extension. 

The tTTA and rTTA coordination is consistent with a 

reduction of the stance phase for ALL (60%) and an 

augmentation for the ILL (69 %), respectively. The rTTA and 

control individuals have the closest pattern but different hPk. 

Conclusions 

Lower limb joint coordination seems to have potential to help 

to understand gait in LLA population. A larger sample is, 

however, required to confirm our first analysis. 
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Figure 1: Illustration of the horizontal ground reaction force with the hip/knee joint coordination in the sagittal plane  
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SUMMARY 

Unilateral transtibial amputees lose the afferent pathways of the 

limb when amputation occurs. The addition of vibration has 

shown to increase sensation on the applied limb. This study 

looks into how the addition of subthreshold vibration affects 

amputee gait and posture. Vibration applied to the residual limb 

was shown to have worked in posture, but not in gait. 

INTRODUCTION 

Amputation below the knee causes a person to lose important 

pathways to the central nervous system used in sensation and 

balance [1]. A lack of sensation in the residual limb [2] has been 

shown to be a factor in poor balance [3]. The ‘stochastic 

resonance’ phenomenon, where the addition of subthreshold 

noise enhances detection of a weak stimulus, has been shown 

to improve sensation and subsequently balance [4]. White noise 

has been typically used in previous stochastic resonance 

studies; a random signal with equal intensity throughout its 

frequency spectrum. We also investigated a pink noise (1/f) 

vibration structure based on the fact that it is more often seen in 

natural processes [5]. We hypothesized that stimulation would 

improve control of the prosthesis, which would decrease step 

variability during walking and increase postural control. 

Further, we expected the change to be greater with the pink 

noise stimulation when compared with the white noise. 

METHODS 

Fourteen participants with a unilateral transtibial amputation 

(height 1.79m±0.07, weight 100.3kg±15.6, age 59.7±15.0) 

completed a balance test, overground walking, and treadmill 

walking trials, under three different vibration conditions: None, 

pink noise, and white noise. Vibration was provided by a 

vibrating device set on the thigh of the residual limb. The three 

conditions were randomized and kept from the subject. The 

vibration thresholds were set at the beginning of the session and 

then set to 60-90% of this threshold to ensure that the 

participant could not feel the vibration. Kinematic data for all 

walking trials was collected at 100Hz, and balance testing was 

collected at 60 Hz, with a twelve-camera motion capture system 

(Motion Analysis Corporation, Santa Rosa, CA). Averages and 

standard deviations for all kinematic variables were computed 

using Visual 3D (C-Motion, Germantown, MD) for all three 

conditions. A series of linear mixed effects models was 

conducted in order to understand the effects of vibration 

condition on various kinematic variables obtained from walking 

(treadmill and over ground) and quiet standing. Baseline 

models were ‘intercept-only’ models. Final models contained 

fixed main effects and interactions of noise type and diabetic 

threshold (above and below) and random intercepts. 

Overground and treadmill walking trials were analyzed 

separately, as distinguishing between those conditions was not 

of central interest.  

RESULTS AND DISCUSSION 

Walking. Analysis of the sound leg step length variability 

during over ground walking trials revealed that the white noise 

condition produced lower step length variability than the none 

condition (Fig. 1; Estimate=-.003, SE=.001, p=.034). Also, 

above threshold participants produced greater sound leg step 

length variability than those participants classified as below 

threshold (Fig. 1; Estimate = -.004, SE = .002, p = .008).  

 
Figure 1. Bar chart of sound leg step length variability during over ground 

walking as a function of vibration condition and diabetic threshold. Error bars 
reflect 95% confidence intervals. Step length variability was height normalized. 

Quiet standing. The analysis revealed that the pink noise 

condition reduced mediolateral COP range when compared 

with the none condition (Fig. 2; Estimate = -.004, SE = .002, p 

= .013. Similarly, mediolateral RMS COP displacement was 

also lower in the pink noise condition than the none condition 

(Estimate = -.001, SE = .0002, p = .008. 

 
Figure 2. Bar charts of mediolateral COP range (left) and RMS displacement 

(right) during quiet standing as a function of noise and diabetic threshold. Error 
bars reflect 95% confidence intervals. Range and RMS were height normalized. 

CONCLUSIONS 

In conclusion, the addition of subthreshold vibration has shown 

to have an effect in amputee gait and posture. During quiet 

standing, results show that pink noise subthreshold vibration 

has the ability to decrease sway in the mediolateral direction for 

all amputees. The weaker results during walking indicate that 

an alternative option should be explored for use during gait.  
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Summary 

According to the American College of Rheumatology, there        
are approximately 14 million people suffering from       
symptomatic knee Osteoarthritis (OA), two million of those        
being under the age of 45 [1]. Usual treatments for OA consist            
of total knee replacement, and use of knee orthosis [2].          
However, the biomechanical effects of various knee orthotics               
have not been quantified. The purpose of this study is to               
quantify the biomechanical response of the knee joint complex         
to a newly proposed non-linear spring-loaded knee orthosis.        
Our preliminary results suggest the knee orthosis causes an         
increase in the ankle dorsiflexion, and a decrease in the knee           
and hip flexion. In addition, a decrease in muscle activation in           
the quadricep muscles suggest proper off-loading by the        
orthosis in the knee joint. 

Introduction 

Knee orthosis has become the gold standard to help prevent          
knee injuries, and aid in recovery after surgery. For this study,           
a specific non-linear spring-loaded knee orthosis was used.        
The knee orthosis manufacturer claims it can decrease the         
moments and muscle forces about the knee joint using stored          
energy. This effect can aid those recovering from knee injuries          
and common ailments in the knee joint, such as OA. 

Methods 

The test subject was instrumented with reflective markers        
placed on the leg ipsilateral of the right knee orthosis and           
pelvis to capture kinematic data with VICON Nexus motion         
capture system while DELSYS mini trigno EMG sensors were         
used to collect activation data for the primary and secondary          
muscles that play a role in performing a squat. 

Motion capture data was simulated using an Opensim        
musculoskeletal model. The effect of the knee orthoses on the          
lower extremity joints ROM (hip, knee, and ankle) was then          
analyzed on the model using inverse kinematics. 

Maximum Voluntary Contractions (MVICs) were recorded      
before data collection to present the raw EMG data in the form            
of percent activation using three separate exercises, for the         
major muscle groups considered. 

Results and Discussion 

 
 

 
Figure 1. Lower Extremity Joints Average Range of Motion  

 

 
Figure 2.Vastus Lateralis with and without Brace muscular 

activation  

Conclusions 
Preliminary data from this study shows a change in the hip           
flexion, and ankle dorsiflexion with the knee orthosis than         
without. Despite the decrease seen in knee flexion, the         
muscular activation in the vastus lateralis provides preliminary        
results that show the knee orthosis could potentially lower the          
knee joint forces and moments. Future studies will quantify         
joint moments, individual muscle forces and internal contact        
forces in the lower extremity to further investigate the lower          
extremity response to the knee orthosis. 
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Summary 

Patients who are candidates for transtibial amputation have a 

limb preservation option in the Intrepid Dynamic Exoskeletal 

Orthosis (IDEO). Power and work produced by structures 

distal to the knee are compared between these patient groups 

in this study. IDEOs and prosthetic ankle-foot devices are 

found to have similar effects, suggesting the IDEO can be 

effective for limb preservation. 

Introduction 

The Intrepid Dynamic Exoskeletal Orthosis (IDEO) provides 

an additional limb preservation option as an alternative to 

undergoing a transtibial amputation (TTA). Limited research 

has compared the functional outcomes between IDEO users 

and patients with a TTA, though some initial findings have 

suggested that TTA may more closely mimic the power and 

work of the limbs of uninjured individuals at a self-selected 

speed [1]. The purpose of this study is to compare mechanical 

variables of structures distal to the knee during gait at a 

controlled velocity between IDEO and TTA patients at 

comparable rehabilitation timepoints. We hypothesize that 

patient groups will present similarly across all variables. 

Methods 

We retrospectively analyzed NMCSD Gait Analysis 

Laboratory patient registry data (CIP# NMCSD.2014.0026), 

with inclusion criteria consisting of either 1) patients using an 

IDEO who had completed the Return to Run rehabilitation 

program and 3-D gait analysis at its completion OR 2) patients 

with unilateral TTA who underwent 3-D gait analysis 

approximately 3 months after independent ambulation as their 

rehabilitation focus shifted towards high-level activities. All 

velocities were controlled using a 0.2 Froude speed. Three 

IDEO patients were identified (age: 34.33±14.57yrs; height: 

1.81±0.03m; weight: 99.03±17.12kg), and due to contralateral 

injury of one patient, four out of five identified TTA patients 

were included (age: 22.25±1.26yrs; height: 1.72±0.07m; 

weight: 90.58±10.81kg). 

Using 6 degrees of freedom marker data, the unified 

deformable (UD) segment model [2] was applied to calculate 

and compare power, work, and mechanical efficiency for 

devices (IDEO and ankle-foot prostheses) and anatomical 

ankle-feet of all patients. Descriptive statistics (Table 1) were 

compared due to low sample size. 

Results and Discussion  

Overall, both the affected and unaffected limbs have similar 

power profiles for each patient group (Figure 1, Table 1). 

Differences are seen at minimum power: the IDEO group has 

slightly better interlimb symmetry while the TTA unaffected 

limb has larger power absorption (Table 1), suggesting TTA 

patients may have an increased reliance on their intact limb.  

  

Figure 1: UD power over 100% of stance during gait. 

Notably, both devices have similar late stance timing and 

similarly reduced magnitudes of power generation (Figure 1). 

A clinical goal would be to restore timing and magnitudes 

within the range of healthy individuals so as to reduce the risk 

of overuse injuries in the unaffected limbs of both groups. 

Conclusions 

IDEOs and prosthetic ankle-foot devices have similar effects 

distal to the knee with regards to power and work, suggesting 

the IDEO can be an effective limb preservation option from a 

functional standpoint. To best serve present and future injured 

servicemembers, tracking and understanding the long-term 

effects and general functional ability over time is warranted.  

Acknowledgments 

Thanks to General Dynamics Information Technology and 

NMCSD Gait Lab staff, past and present. The views expressed 

herein do not necessarily reflect those of the Department of 

the Navy, Department of Defense, or U.S. Government. 

References 

[1] Mangan KI et al. (2016). J Orthop Trauma, 30: e390-5. 

[2] Takahashi KZ et al. (2012) J Biomechanics, 45: 2662-7. 

Table 1: Descriptive statistics for the affected (AF) and unaffected (UF) limbs of IDEO and TTA groups 

. Max Power (W/kg) Min Power (W/kg) Positive Work (J/kg) Negative Work (J/kg) Mechanical Efficiency 

 AF UF AF UF AF UF AF UF AF UF 

IDEO 1.72±0.58 2.21±0.47 -1.27±0.29 -1.41±0.23 0.12±0.06 0.21±0.06 -0.27±0.05 -0.25±0.04 0.46±0.24 0.87±0.30 

TTA 1.56±0.62 2.16±0.42 -1.35±0.46 -1.99±0.64 0..12±0.05 0.20±0.06 -0.22±0.03 -0.27±0.02 0.54±0.15 0.76±0.26 
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Summary 

The prosthesis and the stump must fit together in an 

optimal way for pressure to be distributed correctly. However, 

despite these efforts, this contact is not always the most 

appropriate. The contact between the stump and socket 

generates high pressure points, causing discomfort and 

damage to the stump. Furthermore, the musculature presents 

after amputation undergoes volume changes during different 

phases of gait or during the time the patient use the prosthesis. 

As the fitting is rigid, it restricts these changes from 

happening. This causes a patient discomfort, and in some 

cases, the prosthesis to be rejected. The objective in this work 

is obtaining an adjustable socket BK-TSB that optimizes the 

pressure in the stump by means of hands off methodologies, 

3D printing reinforced with composite materials. 

Introduction 

This research focuses on the TSB (Total Surface Weight 

bearing) socket type, as it is the most widely used in prosthetic 

practice. The patient often must use a trial prosthesis during 

the adaptation process, because the stump changes volume as 

time goes on. It is necessary to wait about 6 months for the 

stump to reach its final volume [1]. Literature reports cases in 

which interface pressure eventually deformed the stump [2]. 

Zeng [3] analyzed possible methods for the geometry and the 

biology of the residual limb tissue evaluation. To optimize the 

distribution of pressure on the interface stump-socket and 

achieve a full contact technique more accurately, we propose 

obtaining the socket from: laser scanning of the stump, three-

dimensional reconstruction using software, 3D printing, as 

well as measuring pressure using piezo-resistive sensors.  

Methods 

Two subjects with transtibial amputation were selected for the 

study. Both have slackening of the socket and pain in some 

contact areas. For the residual limb morphology acquisition, a 

laser scanner Pholemus® (Aranz Scanning Ltd.) was used. 

This allows for a less invasive technique. The second part was 

made with 3-Matic® (Materialise, Leuven, Belgium) software 

[10]; this software was used to make the first design 

modifications in which the surface turned out completely 

smooth, and without imperfections. To determine pressures in 

the interface stump-socket of the prototypes and the socket 

that currently uses both subjects, deformable template F-

Socket System (Tekscan, Inc.), were joined to the liner. The 

detailed model, connector elements and the three-dimensional 

geometry of the socket were assembled and exported from 

Solid Edge® as a "parasolid” file. The FEA analysis was done 

with Autodesk Simulation Mechanical® Software (Autodesk, 

Inc.). The socket was obtained with the 3D printer is ABS, 

however for feasibility purposes in terms of mechanical 

resistance, this will be reinforced on the exterior with carbon 

fiber and epoxy resin Araldite®. 

Results and discussion 

Pressures in specific areas were reduced: distal portion of tibia 

DT, patellar tendon PT, head of the fibula HF, lateral LT and 

medial MT tibia; this is due to the design of the adjustable 

socket. In Figure 1, the areas of high pressure are observed in 

red in the left illustration and in the right illustration, the loss 

of red color is observed due to a better pressure distribution of 

the pressure turned mainly blue.  

 

 

 

 

Figure 1: Pressure distributions around of socket, left illustration 

conventional socket, right illustration adjustable socket. 

Table 1 shows the decrease in pressure in the adjustable socket 

when coupling the prosthesis in the stump in the static test. 

 

Table 1: Pressure values in stump (Kpa) 

 
DT PT HF LT MT 

After  
276 44 59 131 109 

Before 
116 48 55 93 115 

Conclusions 

Laser scanning and 3D printing methods make it possible to 

obtain precise sockets that allow full contact optimization of 

the socket and the stump surface. Pressure analysis was used 

to achieve and accurately determine the optimum pressure 

map of the socket-stump interface. The appropriate fabrication 

implemented materials help us to understand the behavior of 

the pressures with different forces submitted to the stump with 

the socket. ABS socket obtained from a 3D printed reinforced 

is a viable material for the construction of BK-TSB prosthesis. 
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Summary 

Surgical resection of pelvic sarcomas requires the 

determination of one or more cutting planes by the surgeon. 

The biomechanical consequences of choosing the location and 

angle of the cutting plane are not well known and may require 

attention to patient-specific conditions. This study investigated 

the use of a multi-objective optimization technique to describe 

the trade-offs between bone preservation, bending stiffness of 

remaining periprosthetic bone, and shear versus normal load 

balance. Computational simulation of the surgical conditions 

revealed that bending stiffness improvements are possible with 

small reductions in bone preservation volume. 

Introduction 

One treatment option for Type-II pelvic sarcoma involving the 

hip joint is implantation with a patient-specific endoprosthesis. 

These devices require carefully planned tumor resection 

planes. It is not exactly known how the consideration of 

patient-specific information, such as bone shape and density, 

influences the choice of resection plane and additionally how 

resection planes may affect implant fixation and 

biomechanical performance. A patient’s bony anatomy may be 

readily used to predict sets of optimal choices for resection 

plane position and orientation, but how to evaluate an optimal 

solution is challenging. A computational framework was 

developed to incorporate patient-specific information to 

address the problem of determining optimal cutting planes. 

Several fitness functions for a multi-objective optimization 

strategy were developed to understand the biomechanical 

trade-offs of various cutting plane possibilities. 

Methods 

IRB approval was obtained to receive retrospective CT images 

of patients who underwent resection of a Type-II pelvic 

sarcoma. A hemipelvic, cortical bone surface was segmented 

for one representative patient and the corresponding volume 

mesh was generated using tetrahedral elements. Bone material 

properties were computed from the Hounsfield units of the CT 

scan. To simulate a virtual tumor resection zone, a sphere with 

a radius of 40 mm was centered at the acetabulum. An initial 

cutting plane was planned in the ilium, superior to the 

resection zone. A multi-objective optimization problem was 

formulated to find solutions to cutting position and orientation 

using two fitness functions: bone preservation fraction and 

bending stiffness fraction. Bone preservation fraction was 

computed as the remaining bone volume after resection 

divided by the total bone volume. Bending stiffness fraction 

was computed as the ratio of the minimum principal bending 

moments of the evaluated cutting plane to initial cutting plane. 

A controlled, elitist genetic algorithm was used to determine 

the local pareto front (MATLAB, The Mathworks, Inc) [1]. 

Results and Discussion 

Bending stiffness of the periprosthetic bone can be improved 

by 50% with a change in bone volume of 4.5% compared to 

the initial reference plane (Figure 1). 

 

Figure 1: The local Pareto front of noninferior cutting plane positions 

and orientations show a clear trade-off between bone preservation 

fraction and bending stiffness fraction. 

The cutting plane solutions with the highest bending stiffness 

fraction and highest bone preservation fraction show relatively 

small differences in cutting plane position (Figure 2). 

 

Figure 2: Two cutting plane solutions with high bending stiffness 

fraction (left) and high bone preservation fraction (right). 

Conclusions 

Multi-objective optimization was used to assess two aspects of 

selecting pelvic sarcoma resection planes based on patient-

specific bone information. Further improvements will include 

more surgical design constraints and patient-specific loading. 
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Summary 

Knee orthoses are medical devices intended to stabilize or 

limit the movement of the knee. This study aimed to examine 

the effect of a valgus knee orthosis on the tibio-femoral 

contact point (CP) location of the osteoarthritic (OA) subjects. 

Six subjects performed a quasi-static squat task in the EOS® 

low-dose biplane imaging system with and without wearing 

the knee orthosis. A multiple view reconstruction/registration 

method was used to reconstruct the bones in different squat 

postures. A weighted center of bone-to-bone proximity was 

applied to estimate the CP locations. The orthosis increased 

the medial-to-lateral range of motion of CPs in anterior-

posterior (AP) direction. 

Introduction 

It has been demonstrated that the tibio-femoral CPs in OA 

subjects are shifted medially with respect to the healthy 

controls [1]. However, the impact of the orthoses on the 3D 

joint kinematics and tibiofemoral CP locations have never 

been measured. EvokeTM is a valgus knee orthosis, which is 

adjusted to the morphology of the subjects through 3D 

printing of the brace. The orthosis has a hinge with a 

polycentric axis capable of generating an articular coupling 

between flexion/extension and internal/external rotations close 

to joint kinematics of the normal knee [2]. The goal of this 

project is to accurately assess the immediate effect of wearing 

Evoke knee orthosis on the tibiofemoral CP location during a 

controlled squat using EOS® biplane x-ray images.  

Methods 

Six subjects with severe medial knee OA participated in the 

study with a Kellegren-Laurence grade 4. A personalized 

EvokeTM orthosis was fabricated for each participant. A 4-

week adaptation period is required for wearing the orthosis 

before doing the test. Each subject adopted 5 weight-bearing 

squat postures from the standing to a maximum flexion of 70ᵒ 

i.e. at 0ᵒ, 15ᵒ, 30ᵒ, 45ᵒ, and 70ᵒ knee flexion. The subjects then 

performed the same 5 postures while wearing the orthosis. A 

positioning support with adjustable height helped the 

participants to keep the posture. The posture was monitored in 

real-time with 3 inertial APDM sensors placed on the shank, 

thigh, and sternum and then adjusted by the subject if 

necessary. For each of the 10 postures a pair of EOS biplane 

images was acquired. A reconstruction/registration process 

was used to create 3D models of the bones from bi-planar X-

rays images (Figure 1). A weighted centroid of proximity 

algorithm was used to calculate the tibio-femoral CP locations 

as explained in [1]. 

 

Figure 1: (a) EOS biplane x-ray images acquisition during a 

squatting task. (b) 3D reconstruction of the bones and the orthosis. (c) 

CP calculation 

Results and Discussion 

The CP locations of the subject in this study did not 

demonstrate big shifts after wearing the orthosis (Figure 2). 

However, the AP range of motion of CPs on the medial 

compartment was remarkably greater after wearing the 

orthosis (With: 9.7±5.0 mm vs.  Without: 6.6 ±2.6 mm). The 

AP range of motion on the lateral side did not exhibit a big 

difference between the two conditions (With: 9.3±4.3 mm vs.  

Without: 9.4±1.2 mm). This means the orthosis allowed more 

range of motion of CPs in AP direction on the medial 

compartment.  

 
 Figure 2: tibio-femoral CP locations of 6 OA subjects with (red *) 

and without (blue o) wearing the orthosis 

This project was a proof of concept for the use of biplane 

imaging 3D/2D registration techniques to investigate the effect 

of a knee orthosis on the tibio-femoral CP locations. Using the 

3D/2D imaging techniques for the analysis of the orthoses also 

allows accurate localization of the orthosis with respect to the 

skeleton and the joint (Figure 1). More subjects are required 

to draw a conclusion about the effectiveness of the orthosis.  
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Summary 
Erroneous conclusions about game effects may be made when 
game simulations or laboratory-based fatigue protocols are 
used, due to the task-dependent effects of fatigue. This study 
was the first to investigate how playing an elite U20s basketball 
game alters trunk control during an anticipated cut task. Post-
game, players significantly increased their trunk flexion and 
reduced their trunk rotation, but did not change their peak joint 
moments during the cut task versus pre-game. Biomechanical 
assessment of a fresh player’s agility technique may not be 
representative of what is occurring on court, and is likely to 
provide clinicians with a non-optimal assessment of their injury 
risk and athletic performance during a game. 

Introduction 
Understanding how a player alters their agility technique during 
and after playing a game is likely to assist coaches with 
individual workload prescription to reduce injury risk but 
maximize athletic performance. Fatigue effects are task-
dependent [1] and inferring fatigue effects induced by a game 
simulation or laboratory-based protocol or different movement 
tasks to a game is likely erroneous. The trunk plays an integral 
role during agility and changes in trunk control has been linked 
with athletic performance [2] and injury risk [3]. This study 
aimed to examine how playing an elite U20s basketball game 
alters trunk control during an anticipated cut task. 

Methods 
Twelve elite U20 male basketball players at a 4-day national 
scouting camp at the Australian Institute of Sport performed an 
cut task pre (n=12), and post (n=11) a competitive game. Three-
dimensional ground reaction forces (GRF; Kistler; 2000 Hz) 
and kinematic (Qualisys; 250 Hz) data were recorded and 
analyzed according to Edwards [2]. Repeated measures 
factorial analyses of variance were used to identify any 
significant pre/post-game changes (p<0.05). 

Results and Discussion 

On average, players ran 3.2±1.1 km per game with 9.5% of this 
distance running faster than 4.2 m·s-1 (ClearSky, Catapult). 
Post-game, players displayed significantly higher Lumbopelvic 
and Trunk-Pelvis (trunk relative to pelvis) flexion in the stance 
phase (Figure 1), whilst utilising similar range of motion 
(ROM) (Lumbopelvic: pre 12.4±0.7º; post 13.2±1.0º; Trunk-
Pelvis: pre 17.9±1.1º; post 17.7±1.2º) versus pre-game. It 
remains equivocal if this trunk position change alters injury 
risk, as both less torso [4] or greater trunk flexion [5] are 

associated with greater injury risk. This strategy is also 
associated with superior agility performance [2], suggesting it 
may enable players to maintain their agility performance. 

Figure 1: Mean (±SE) trunk angles across the five temporal events. 

Post-game trunk rotation was significantly (Thoracolumbar and 
Trunk-Pelvis) decreased away from the direction of travel 
during the weight acceptance phase and increased towards the 
direction of travel during the propulsion phase, leading to a 
decreased ROM (Trunk-Pelvis: pre 20.4±1.9º; post 17.9±1.7º) 
versus pre-game. This strategy has been associated with inferior 
athletic performance [2], yet has been recommended to reduce 
injury risk [3]. No significant changes in any ankle, knee, hip, 
lumbopelvic or thoracolumbar peak joint moments were 
observed, supporting previous findings that differences in trunk 
control do not lead to joint moment changes [2]. 

Conclusions 
Biomechanical assessments of players in a fresh state may not 
represent how they move during or after game play. Assessing 
player’s agility technique under game conditions may be more 
relevant in studies of injury risk and athletic performance. 
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Summary 

Fatigue appears to be task dependant, as there is conflicting 

evidence regarding the influence of fatigue on an athletes’ 

lower limb agility technique. This between-study disparity may 

reflect the different laboratory-based or game simulation 

fatigue protocols employed as surrogates for game play. No 

research exists on the impact game play has on agility 

mechanics. Analysis of an anticipated cut task post elite youth 

basketball games show athletes significantly decreased their hip 

flexion, increased their ankle dorsiflexion, forefoot abduction 

and knee external rotation, with no change in peak joint 

moments. Biomechanical analysis of athletes fatigued from 

game play demonstrate altered load absorption strategies.  

Introduction 

Employing controlled fatigue protocols to simulate game play 

leads to conflicting findings, where fatigue is associated with 

higher [1], lower [2] or unchanged [3] injury risks during an 

agility task. These results may misrepresent changes occurring 

during actual game play, as the effects of fatigue are task-

dependent [4]. Analysis of athletes’ lower limb mechanics 

during fatigue enables the prescription of injury prevention 

strategies to avoid lower limb injuries [5]. This study aimed to 

investigate the effect of playing an elite U20s male basketball 

game on the mechanics of an anticipated cut task.  

Methods 

Elite male U20s basketball athletes performing an anticipated 

cut task against a static defensive mannequin both pre (n=12) 

and post (n=11) game at a national scouting camp at the 

Australian Institute of Sport. 3D ground reaction force (Kistler; 

2000 Hz) and kinematic (Qualysis; 250Hz) data were recorded. 

Significant pre/post-game changes were evaluated via repeat 

measures factorial analyses of variance (p<0.05). 

Results and Discussion 

Athletes averaged a distance of 3.21.1 km per game, 9.5% of 

which involved running faster than 4.2 m·s-1 (ClearSky, 

Catapult). Significantly greater ankle dorsiflexion was adopted 

from first local peak of vertical ground reaction force (VGRF) 

(FV1) to second local peak of VGRF (FV3) post-game, despite 

athletes landing in slight plantarflexion at initial contact (IC) 

pre- and post-game (Figure 1). Prior laboratory-based fatigue 

protocols suggest fatigue would not alter dorsiflexion [2,4]. 

Higher dorsiflexion post-game may reflect an improved ankle 

load absorption strategy. Greater ankle inversion was present at 

IC post-game compared to pre-game but then reached similar 

values throughout the rest of the stance phase. Forefoot 

abduction was also significantly increased post-game from FV1 

to FV3, which may have influenced the increased knee external 

rotation at first local minimum of VGRF (FV2) and FV3.  

 Ankle Dorsifleion/Plantarflexion  Ankle Inversion/Eversion  Forefoot Adduction/Abduction 

 Knee Flexion  Knee Adduction/Abduction  Knee Interal/External Rotation 

 Hip Flexion/Extension  Hip Adduction/Abduction  Hip Interal/External Rotation     
Note: IC  to TO defined according to Edwards et al. [3].   *significant difference p<0.05
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Figure 1: Mean (±SE) lower limb joint angles across the five 

temporal events of the anticipated cut task.  

Significantly lower hip flexion (IC to FV3) was identified and 

might present an effective injury prevention strategy given 

higher hip flexion is associated with lower limb injury [5,6]. 

However its use in preventing injury is unclear as players only 

flexed their hip 1.31.9º after IC, a load absorption strategy 

associated with knee joint injuries [6,7]. Despite these ankle and 

hip kinematic changes, there was a lack of pre/post-game 

changes in ankle, knee and hip peak joint moments. 

Conclusions 

Post-game, basketball athletes demonstrate greater ankle 

dorsiflexion, reflecting an altered load absorption strategy 

versus pre-game. Athletes also exhibit increased hip flexion 

post-game, although it is unclear if it is beneficial to them.  
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Summary 

Professional basketball players experience a high rate of 

game-related injuries and a large number of non-contact 

injuries have been documented [1]. Neuromuscular risk 

factors have provided strong theoretical support to clinical 

observations, in relation to non-contact Anterior Cruciate 

Ligament (ACL) injury prevention. However, many 

publications addressing neuromuscular risk factors were 

performed in controlled laboratory studies [2]. This study 

aims at investigating the association between altered 

movement patterns and neuromuscular risk factors during 

tasks which athletes frequently perform during competition, 

such as side-cuts with and without attending to a ball. Our 

results indicate that the effect of attending a ball while 

performing a side-cut impact on lower limb biomechanics and 

lead to greater knee valgus moment and flexion angles.  
 

Introduction 

The incidence of ACL is rising in noncontact injuries among 

professional basketball players, and authors agree that the 

majority of them occur during single leg weight bearing tasks 

as rapid change of directions [1-2]. Neuromuscular risk 

factors have proven to provide important insight in 

determining athletes at risk of ACL injuries therefore they 

have been frequently analyzed. However, the majority of the 

studies have been performed in laboratory conditions [2-3] 

and athletes during a side-cut are frequently analyzed. We 

investigated effects of performing a running side-cut on lower 

extremity joints’ kinematics and kinetics and the impact of the 

attending to a ball. We hypothesized that neuromuscular risk 

factors may be increased if participants are required to attend 

to a ball during the task. 
 

Methods 

After signing the informed consent, 10 male professional 

basketball players (mean (±SD) age and BMI respectively of 

21.89 (±1.69) years and 23.75 (±1.98) kg/m2) were requested 

to perform 3 side-cut maneuvers while attending or not 

attending to a ball at their usual basketball court. 4 GoPro 

Hero3 cameras and Novel Pedar pressure insoles were used to 

acquire the data; black and white marker were applied as in 

[4], and a self-developed automatic tracking of feature 

software was adopted [5]. Peak of Pressure, its position in % 

of the task duration, the Centre of Pressure displacement, 

vertical ground reaction forces (VGRF), 3D lower limb joints’ 

rotations [4] and moments [6] were extracted. Data 

comparison were carried out applying a Paired T-Test 

between the two conditions.  

Results and Discussion 

Results found agreement with [3], indeed:  

 VGRF is greater in the condition not attending to a 

ball (NAB), 221.4 (±73.2) %BW vs attending to a 

ball (AB) 209.2 (±41.4) %BW; 

 Knee flexion angle is 65.52° (±29.76) in the 

condition AB vs 50.94° (±22.83) NAB; 

 Knee valgus moments is 12.86 (±31.87) %BW*H in 

the condition NAB vs 20.33 (±19.1) %BW*H AB. 
 

 

Figure 1: A side cut 3D reconstruction (top left); GRF, knee 

angles and torques. Comparison between side-cut manoeuvres 

in the two conditions: AB vs NAB (*=p≤0.05). 
 

Conclusions 

Our findings showed that attention to a ball promoted higher 

knee flexion angles and knee abduction moments compared 

with performing the same task without attending to a ball. 

Results of this study suggest that these variables associated to 

this task, could be used as a screening test for investigating 

neuromuscular risk factors on professional athletes and guide 

neuromuscular training protocols. 
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Summary 

Three-point jump shot is a necessary skill for basketball 

players. However, the injuries often occur while landing. This 

injury may be caused by an accident while competing or 

practicing sports. 

Introduction 

Causing injury to the knee ligament due to the twisting. Knee 

injuries are common in basketball players, especially ACL 

injuries, which are considered serious injuries for athletes. The 

aim of this study was to compare the biomechanical 

characteristics of single-leg landing and double-leg landing 

during basketball 3 point jump shot. 

Methods 

Ten male basketball athletes ages 18-30 participated in the 

study. A set of spherical retro-reflective markers placed on 

their body segments to measure movement performance. 

Marker models are based on a set of skin markers. The landing 

motion was measured using the QTM™ motion system. 

Participants performed single-leg and double-leg 3 point jump 

shot landing tests. Subjects landed on Kistler force plate 

during all performance trials. Paired t-tests were used to 

compare the kinematic and kinetic variables of the knee joint 

and ground-reaction forces between the single-leg and double-

leg jump shot during the landing 

Results and Discussion 

Statistically significant differences between groups were 

found for the vertical ground reaction force, knee joint angles, 

knee valgus angle, and knee angular velocity. For the single 

leg during landing, the subjects’ knees were less flexed and 

less angular velocity but greater knee valgus angle and vertical 

ground reaction force (p < 0.05).. The average vertical ground 

reaction force during single-leg landing was significantly 

greater than that during double-leg landing (p < 0.05). The 

average maximal knee joint angles during single-leg landing 

were significantly lower than that during double-leg landing (p 

< 0.05). The average knee valgus angle during single-leg 

landing was significantly greater than that during double-leg 

landing (p < 0.05). In addition, the average knee angular 

velocity during single-leg landing was significantly lower than 

that during double-leg landing (p < 0.05). 

Conclusions 

This study shows that single-leg landing during basketball 3 

point jump shot increased the vertical ground reaction force, 

decreased the knee joint angles, increased the knee valgus 

angle and decreased the knee angular velocity. Due to the 

lesser flexion of the knee and greater knee valgus angle during 

the single-leg landing condition, the vertical ground reaction 

forces were increased. The ground reaction force was lower 

during the double-leg landing condition. The previous study 

shows that the greater vertical ground reaction force has been 

related to ACL injury. It suggests that Injury prevention for 3 

point jump shot in basketball should landing with the good 

technique.  
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Summary 

Basketball is a sport that requires a high level of cognitive and 
mental effort. This mental effort might affect to technical 
skills such as shooting. Shooting depends on biomechanical 
factors that determine the path, accuracy, and performance. 
There is evidence that mental load and fatigue may cause a 
decrease during sport performance. The purpose of this study 
was to assess the effect of mental load on the acceleration of 
the upper limb during free throw shooting. Methods: Twelve 
professional players of the Chilean basketball league 
performed three sets of ten free throws before and after a 
mental load test (Stroop test). Results: Jerk reduction in the 
hand and a significant increase in the jerk of the trunk during 
free-throw shooting were found, without changes in 
performance. Conclusions: the mental load produces changes 
in the jerk’s values to maintain the shooting performance. 

Introduction 

Basketball is a cognitively demanding sport, that requires the 
execution of multiple and constant mental processes, high 
level of attention and mental effort [1]. It has been shown that 
load and subsequent mental fatigue influence motor tasks, 
decrease physical power and speed of reaction, and reduce the 
performance in pointing tasks (velocity and accuracy) [2]. To 
date, mental load and fatigue have been shown to negatively 
impact on endurance; however, little is known on technical 
skills such as shooting. Free-throw shooting is a cognitively 
demanding task that depends on biomechanical and cognitive 
factors. Biomechanical factors determine the kinematics 
(trajectory, velocity and acceleration) and accuracy of the shot 
[3], while cognitive factors are relevant for motor planning, 
adjustment of the speed, precision and power of the throw [4]. 
The purpose of this study was to evaluate the effect of mental 
load on throwing performance and upper limb of acceleration 
values changes (jerk) during free-throw in basketball players. 

Methods 

Six men professional basketball players between 21 and 28 
years old were recruited. Kinematic data was captured using 
two tri-dimensional accelerometers sensors (Delsys Trigno 
Wireless System, Boston, USA); one sensor was fixed on the 
dorsal side of the dominant hand and the second sensor on the 
centre of the sternal manubrium. On day one, each player 
started with five minutes of free-shooting warm up and then 
performed three series of ten consecutive free throws, with 
thirty seconds of rest between series. On day two a mental 
load test (Stroop-test) was added between series; after each 

Stroop test, a CR-10 Borg scale was asked to measure the 
perception of mental fatigue. 

Results and Discussion 

A repeated measures ANOVA analysis revealed a significant 
jerk reduction in the movement of the hand and a significant 
increase in jerk of the trunk (Figure 1). In addition, no 
significant differences were found in successful free-throws (p 
= 0.1815). 

 
Figure 1: Change of the jerk of hand and trunk, between mental load 
and no-load condition. 

Conclusions 

There are changes in the magnitude of the acceleration of the 
hand and trunk during free-throws in the mental load 
condition, that would indicate that it increases the control of 
the movement (lower jerk) of the hand at the expense of 
controlling the movement of the trunk (higher jerk), with the 
aim of maintaining accuracy of shoot 
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Summary 
Single-leg cycling is known to provide a more potent training 
stimulus than double leg cycling [1]. However, special 
ergometers used to facilitate single-leg cycling while 
maintaining biomechanics similar to double leg cycling (DLC) 
are not widely available. Therefore, we explored the extent to 
which individuals could emphasize one leg and deemphasize 
the other to perform “single-leg emphasis cycling” (SLEC). 
Participants were able to produce 75% of overall power with 
the emphasized leg during SLEC. Further, biomechanics 
during SLEC closely approximated DLC insuring that training 
adaptations are highly applicable to DLC. These results 
demonstrate that single-leg emphasis cycling provides a 
convenient alternative to specialized single-leg ergometers, 
therefore facilitating improved training using commonly 
available equipment. 

Introduction 
Researchers have attenuated biomechanical differences 
between single-leg and double leg cycling in several ways by 
employing systems like electronic motors, counterweights, 
human motors, fixed wheel ergometers, and spring 
mechanisms [1,2,3]. Although these systems reduce 
differences between double and single-leg cycling, each of 
these methods requires specialized equipment that can be 
expensive and difficult to attain. Emphasizing one leg while 
deemphasizing the other could be a practical and cost-effective 
solution to this problem. This method eliminates any need for 
specialized equipment and instead employs the deemphasized 
(passive) leg to reduce the requirement for flexion work 
during single-leg cycling.  

Our purpose for performing this study were to (1) determine 
the extent to which individuals could emphasize one leg and 
deemphasize the other and (2) compare joint-specific work 
and power profiles at the hip, knee, and ankle during single-
leg emphasis cycling (SLEC) and Double leg cycling (DLC). 
We hypothesized that subjects would achieve a 2:1 ratio 
between their emphasized and de-emphasized pedal powers 
and that SLEC work and power profiles would closely 
resemble those of DLC. 

Methods 

17 subjects each performed a 5-minute warm-up in which they 
were instructed to familiarize themselves with SLEC. 
Following the warm-up subjects completed two 6-second trials 
of each cycling condition on an isokinetic cycle ergometer. 
Both DLC, and SLEC trials were completed at 80 rpm at 
powers calculated based on their mass. Subjects were 
instructed to target a specific power and then to maintain that 
power for the duration of the 6-second data collection period. 

Data were collected on an instrumented spatial linkage system 
(ISL). 

Results and Discussion 

Athletes achieved a mean ratio of 2.97 ± 0.268 to 1 between 
the emphasized and deemphasized leg during SLEC trials. 
Relative muscular work did not differ between DLC and 
SLEC leg flexion or extension (P = 0.26). There was no 
significant difference between DLC and SLEC in relative 
extension work from the ankle (P = 0.93), the knee (P = 0.83), 
or the hip (P = 0.67, Figure 1). Relative pedal work differed 
during flexion and extension between DLC and SLEC (P = 
0.001). Knee flexion was significantly different between DLC 
and SLEC (P < 0.001, Figure 1). Relative work during hip 
flexion was also different between DLC and SLEC (P < 0.001, 
Figure 1). 

 
In support of our hypothesis, subjects were able to sufficiently 
emphasize one leg over the other. Relative muscular work was 
not different between SLEC and DLC, and extension was 
similar at all joints. There was also a decrease in knee flexion 
work during SLEC compared to DLC. 

Conclusions 
Biomechanics of SLEC are sufficiently similar to DLC to be 
used as a viable training method. Providing an inexpensive 
and accessible alternative training method that can be used in 
research, clinical, and athletic settings. 
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INTRODUCTION  

Stationary cycle ergometers have become a key tool in 

rehabilitation. Bike fit optimizes a bike for both improving 

performance and reducing overuse injuries. Saddle height is 

one main aspect of optimizing a bike [1,2].  

Previously, the optimal saddle height has been defined 

between the range of 20-30° knee flexion angle while the 

pedal is at the bottom crank position [3]. However, there has 

been very little research examining the impact of saddle 

height on lower extremity joint moments [4], especially the 

frontal-plane joint kinematics and moments. While this 

saddle height range is beneficial for performance, more 

research is needed to understand how modifying the saddle 

height impacts joint moments and the implications for 

personalizing bike fit for rehabilitation. The purpose of this 

project was to examine the impact of adjusting saddle height 

on hip joint biomechanics and the implications for cycling 

rehabilitation.  

METHODS 

Fourteen healthy trained cyclists (57.14 ± 6.37 yrs) were 

recruited for this study. Participants were all active cyclists 

that cycled for 6 or more hours per week. All participants 

were free from lower limb injury or neurological condition 

that would impact human movement.  

Participants took part in a single testing session and cycled 

in six conditions: three saddle heights (20°, 30°, and 40°) 

and two workrates (80 and 120 Watts), which were 

randomized by saddle height first then workrate. 

Participants warmed up and adjusted to the saddle height for 

at least 2 minutes. Participants cycled for two minutes at 

each condition, with data being collected for the final 15 

seconds. Five consecutive revolutions of data were truncated 

into five trials for analyses.  

Three-dimensional motion capture (240 Hz) and pedal 

reaction force data with a customized pedal (2100 Hz) were 

collected and processed in Visual3D. A 3 x 2 (saddle height 

x workrate) repeated measures ANOVA was run with an 

alpha of 0.05. Post-hoc comparison with Bonferroni 

correction was run when interactions and main effects were 

found using pairwise t-tests.  

RESULTS AND DISCUSSION 

Peak hip abduction moment had a significant interaction, 

with both 30° and 40° saddle heights were greater than the 

20° only at 120 W (both p = 0.001, Table 1). Hip extension 

ROM had a significant main effect of saddle height, with 

ROM increasing with saddle height (all p < 0.001).  A 

significant main effect of saddle height was seen for both 

the first and second peak hip extension moments (p = 0.031 

and p = 0.003, respectively). However, there were no 

significant interactions or main effects of saddle height for 

hip adduction ROM.  

Saddle height did affect the frontal-plane joint moment of 

the hip, but only at the greater workrate. The peak frontal-

plane moment appears to only be impacted at the highest 

saddle height of 20° compared to either a 30° or 40°. It 

appears that hip abduction moment is primarily different at 

higher saddle heights, with no effect taking place between 

30 and 40°. The first peak hip extension moment was found 

to be larger at 20° only compared to 30° saddle height. The 

hip plays a larger role in the power phase at a higher saddle, 

when the hip is required to extend a greater amount. 

Interestingly, the second peak hip extension moment was 

only significantly affected by saddle height, but not 

workrate, which suggest hip extensors may play a large role 

in the transition from late power phase to recovery phase in 

saddle height modifications. It is also important to examine 

how hip joint interacts with knee and ankle joints when 

saddle height is adjusted.  

CONCLUSIONS 

The hip joint experiences greater extension moments at the 

higher saddle heights. When modifying saddle height, a 

higher saddle will result in greater overall hip joint 

moments. Increasing workrate leads to an increased joint 

moment for the hip.  
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 Table 1. Hip range of motion (deg) and peak hip joint moments (Nm): Mean ± SD. 

Variables Work Rate (W) 20°  30°  40°  
Interaction  

P  

Extension ROM#,$,% 
80 -45.1±5.9 -43.0±5.5 -41.1±5.5  

0.658 
120 -46.0±6.1 -43.7±5.5 -41.7±5.4 

First Extension Moment# 
80 -49.3±17.5 -44.2±17.9 -45.8±12.6  

0.450 120 -50.8±16.0 -48.3±14.6 -48.8±15.6 

Abduction Moment#,$ 
80 -17.5±9.3 -18.2±9.7 -18.8±9.8  

0.025 120 -20.3±11.7 -23.3±13.0a -23.0±11.6a 

a: significantly different from 20° at same work rate, #: significant difference between 20° and 30°, $: significant difference 

between 20° and 40°, %: significant difference between 30° and 40° 
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Summary 

A custom-built continuous wave radar was used to record 

cycling movements performed by 15 healthy individuals. 

Doppler signatures presented in the radar signals were 

analyzed to extract temporal parameters of the movement. 

Standard motion capture was performed to validate the radar 

results. Large correlations and good to excellent intra-class 

correlations were found between the two systems. This study 

demonstrated that radar technology could be a viable tool for 

studying/assessing human movements.  

Introduction 

Radar technology has been widely used in military and air 

traffic surveillance systems to recognize and classify unknown 

moving targets. Due to benefits associated with radar such as 

operation over long distances, long duration, no requirement 

of visible light, it is practical to examine whether radar could 

be a tool used in kinesiology. To date, some attempts have 

been made to use radar in movement science, such as to 

classify activities [1,2] and to detect falls [2,3]. However, 

more work is needed for in-depth movement analysis. The 

purpose of the study was to use radar to study temporal 

parameters associated with a common exercise, cycling on a 

cycle ergometer. 

Methods 

Fifteen healthy adults (age: 24±2 yrs, mass: 75.8±12.7 kg, 

height: 1.73±0.11 m) performed cycling movement on a 

Monark cycle ergometer at self-selected pace for 3 minutes. 

Laboratory motion capture was conducted via a 12-camera 

Vicon system at 100 Hz. A custom-built 2.45 GHz continuous 

wave radar system was placed one meter behind the 

participant at 35 cm height to transmit and receive radar 

signals. Measured temporal parameters included cycling cycle 

time, time of the push phase, and time of the recovery phase. 

Radar data were processed through time-frequency analysis. 

Pearson correlation and intra-class correlation (ICC) were 

computed to examine the strength of the correlation between 

the motion capture and radar measures. Significant level was 

at 0.05. 

Results and Discussion 

Figure 1 displays an exemplar of a radar spectrogram during a 

7-sec cycling movement. Table 1 presents the results of the 

temporal data and statistical analysis. 

Strong correlations were found in times of the cycling cycle, 

push phase, and recovery phase between the motion capture 

data and radar data (p<0.05). Excellent ICC value was found 

in cycling cycle time (p<0.001). Good ICC values were 

presented for the times of the push phase and recovery phase 

(p<0.05). 

During radar scanning, different human body parts can 

generate different Doppler signatures. In this study, by 

applying time-frequency analysis, the Doppler signatures 

associated with body parts during cycling were transformed 

into essential temporal parameters. The quality of the radar 

data proved to be comparable to the gold standard motion 

capture technology. Future works should focus on generating 

more temporal-spatial parameters from the radar spectrogram. 

 

Figure 1: A typical radar spectrogram during cycling. 

Conclusions 

Radar measurement proved to be reliable in assessing cycling 

movements on a stationary bicycle. Using radar technology in 

the field of human movement science is promising. 
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Table 1: Mean±SD of times of cycling cycle, push phase, and recovery phase. 

 Motion Capture Radar Pearson Correlation Coefficients ICC 

Cycling Cycle (s) 0.861±0.036 0.860±0.042 0.914** 0.949** 

Push Phase (s) 0.424±0.019 0.404±0.031 0.602* 0.693* 

Recovery Phase (s) 0.438±0.018 0.453±0.031 0.545* 0.640* 

Note. ** indicates p<0.001; * indicates p<0.05. 
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Summary 
“Bicycle-fit” is an interactive process aimed at changing bicycle 
parameters to achieve desired kinematics. Despite widespread 
“rules-of-thumb”, there is no research investigating the effect 
of how changing bicycle-fit affects lower extremity kinematics. 
This investigation found that only knee kinematics are 
meaningfully related to bicycle-fit; while hip and ankle 
kinematics are persistent within a rider.   

Introduction 
“Bicycle-fit” is an interactive procedure whereby a cyclist’s 
saddle position (seat tube angle and saddle height), crank arm 
length, and other bicycle parameters are adjusted to produce 
desired kinematics, with a goal of minimizing the risk of 
overuse injury. The desired kinematics are based on the style of 
riding (road, mountain, urban), the cyclist’s previous injuries 
[1], flexibility [2], and performance aspirations. Despite wide-
spread commercial use of bicycle-fit, there has yet to be any 
investigation that has thoroughly investigated the effect of 
bicycle-fit parameters on joint kinematics.  

The purpose of this study was to use experimental data to 
determine the effect of changing saddle position (seat tube 
angle and normalized saddle height) and crank arm length on 
ankle, knee, and hip kinematics in healthy adults.  

Methods 
Forty-one healthy women and men attended one visit. Presented 

is an interim analysis of 10 participants (4M/6F, 24.3±2.9 years, 

1.72±0.08 m, 73.7±13.3 kg). To facilitate a reference bicycle 
position, participant inseam height was measured barefoot as 
the distance from the floor to the perineum. Each participant 
completed 18 bicycling bouts of three minutes each.  
Participants bicycled under all combinations of 3 saddle 
horizontal positions (X), 3 saddle vertical positions (Y) and 2 
crank arm lengths.  One of each parameter was derived from a 
reference bicycle-fit: saddle height at 109% of inseam, crank 

arm length of 172.5 mm, and seat tube angle of 73.7°. Seat tube 

angle was defined as q = arctan(Y÷X) and was calculated for 
every position. The remaining saddle X and Y positions were 
randomly selected for X (+/- 10%) and Y (+/-5%). Participants 
were randomly assigned a second crank arm length (170 or 
175mm). Saddle height was defined as the distance from the 
pedal spindle to the top of the saddle. To facilitate comparisons 
across participants, analysed bicycle saddle heights were 
normalized to inseam height. Bouts were completed at a self-
selected cadence and power that produced a heart rate of 70-
75% of age-predicted maximum. All bicycling was done on a 
professional quality fit bike (Fit Bike Pro 1, Purely Custom, 
USA).  

Participants were outfitted with full-body retroreflective 
markers collected at 112.5 Hz using 12 infrared cameras 
(Raptor-4, Motional Analysis Corp, USA). Marker data were 
filtered at 6hz (dual pass 2nd order Butterworth). Joint 

kinematics were calculated using OpenSim (Stanford 
University, USA). For each bicycling bout, the minimum and 
maximum ankle, knee, and hip flexion were calculated as the 
average of the minimum/maximum angles from all revolutions 
during the last minute of the bout. Outcomes were obtained for 

all 18 bicycle configurations. Ankle, knee, and hip flexion of 0° 
were equivalent to a neutral standing posture. Higher knee and 
hip values indicate more flexion. Ankle dorsiflexion was 
positive, therefore maximum ankle flexion was dorsiflexion 
and minimum was plantarflexion.   

To account for correlations between repeated measurements, 
mixed-effects (random intercept) statistical models were used 
to model the relationship between saddle height, seat tube angle 
and crank arm length with each kinematic outcome. Models 
were fit using maximum likelihood estimation.   

Results 
Minimum ankle (!"	= 0.04), knee (!"	=0.31, Fig. 1), and hip 

(!"	=0.03) angles were predicted by normalized saddle height 

and seat tube angle only. Maximum knee (!"	=0.22, Fig. 1) and 

hip (!"	=0.01) angles were predicted by normalized saddle 
height, seat tube angle, and crank arm length. Maximum ankle 
angles were not related to saddle position or crank arm length.  

  

Figure 1: Relationships between bicycle-fit and knee kinematics.  

Conclusions 
Only knee kinematics were found to be meaningfully related to 
saddle position and crank arm length. Hip and ankle kinematics 
had high levels of variance attributed to the participant, 
indicating that kinematics are likely persistent within-subjects, 
such that hip and ankle kinematics are unaffected by bicycle-
fit.  
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Summary 

The aim of this study was to quantify the test-retest reliability 

of crank-level variables during maximal cycling. Fourteen 

track sprint cyclists performed 3 x 4 s seated sprints at 135rpm 

on an isokinetic ergometer, repeating the session 7.6 ± 2.5 

days later. Crank-level variables demonstrated excellent 

between-session reliability (ICC(3,k) > 0.923). Effective crank 

force exhibited excellent reliability (CMC ≥ 0.995), but 

ineffective crank force reliability was lower (CMC ≥ 0.988), 

associated with large intra-participant variability in ineffective 

crank force between crank angles of 140 ⁰ and 210 ⁰ within- 

and between-sessions. We speculate that cyclists try to 

regulate effective crank force to produce a stable performance 

outcome, in contrast to ineffective force which does not affect 

the task outcome. This information can be used when 

evaluating effectiveness of longitudinal interventions on 

maximal cycling biomechanics to understand if a meaningful 

change in performance has occurred. 

Introduction 

Test-retest reliability of biomechanical variables is important 

when monitoring athlete performance to establish whether 

meaningful changes have occurred after interventions [1]. 

Within- and between-session reliability of crank-level 

variables during maximal sprint cycling, have not yet been 

quantified. Therefore, the aim of this study was to quantify the 

test-retest reliability of crank-level variables during maximal 

sprint cycling. 

Methods 

Fourteen track sprint cyclists (7 males and 7 females, 40.5 ± 

17.7 yrs, 72.5 ± 8.5 kg), performed 3 x 4 s seated sprints at a 

135 rpm on an isokinetic ergometer, repeating the session 7.6 

± 2.5 days later. Pedal forces were measured and resolved into 

the effective (propulsive) and ineffective (applied along the 

crank) crank forces. Instantaneous crank power was calculated 

from the product of the left effective crank force and the crank 

angular velocity. Repeatability was explored using a battery of 

statistics which quantify systematic and random differences 

within- and between-sessions. Paired t-tests, intraclass 

correlation coefficient (ICC(3,k)), standard error of 

measurement (SEM), and minimal detectable difference 

(MDD) were used for discrete variables. Statistical parametric 

mapping (SPM) [2] and the adjusted coefficient of multiple 

correlation (CMC) [3] were used for time series variables. 

Results and Discussion 

All discrete variables demonstrated excellent between-session 

reliability ICC(3,k) > 0.923. Minimal detectable difference 

between sessions for peak crank power and forces was 21 W 

and between 9 to 72 N respectively. Effective crank force 

demonstrated excellent within- and between-session reliability 

(CMC ≥ 0.995). The ineffective crank force was slightly less 

repeatable (CMC ≥ 0.988) (Figure 1). Crank forces were 

significantly different (P < 0.05) for some parts of the crank 

cycle between sessions (Figure 1), but only in small regions, 

questioning the practical meaningfulness of the difference.  

 

Figure 1: Group mean values for crank forces in session one and 

two. Grey region denotes significant differences (P < 0.05). Mean 

and standard deviations of CMC, within (w) and between (b) 

sessions. 

In agreement with Martin et al. [4], mean external power 

output was reliable within- and between-sessions. Effective 

crank force exhibited similar reliability, but ineffective crank 

force reliability was lower, associated with large intra-

participant variability in ineffective crank force between crank 

angles of 140 ⁰ and 210 ⁰ within- and between-sessions. A 

goal of maximal cycling is to maximize effective crank force. 

Hence, we speculate that cyclists try to regulate this variable 

to produce a stable performance outcome, in contrast to 

ineffective force which does not affect the task outcome. 

Conclusions 

Crank forces and powers are reliable within- and between-

sessions in maximal cycling. These reliability data can be used 

to help determine the meaning and practical significance of 

longitudinal intervention effects. 
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Summary 

An analytic theory is developed that determines the conditions 

for sagittal plane rotation (referred to as a “pitchover”) of a 

mountain bike and rider.   The model assumes a rigid 

geometry of the bike and rider, but energy loss is 

approximated using a variable coefficient of restitution.   Two 

configurations are considered: 1) braking on a smooth slope 

and 2) front wheel impact due to a change in slope.   The 

results are consistent with qualitatively well-known 

characteristics, for example, that posterior/inferior location of 

the rider center of mass mitigates the possibility of pitchover. 

Introduction 

Complex engineering models of a bicycle and rider have been 

developed [1], but there has been relatively little analysis of 

the system in the literature. One area of concern is the 

dynamics of a complete pitchover of bicycle and rider in 

which the rider translates over the front wheel of the bicycle.  

Some understanding of the pitchover dynamics has been 

gained in Ref. [2], but this study is restricted to level ground, 

an inclined ramp, or a large obstacle that instantly stops the 

translation of the rider.  The current study considers riding 

down a decline, as would be encountered in a mountain biking 

(MTB) application. 

Methods 

A simple model of a rigid mountain bike and rider (i.e. fixed 

system geometry) is used to characterize the system 

behaviour.  A Newton-Euler formulation is used to find forces 

on the wheels.   The pitchover condition is reached when the 

normal force on the rear wheel goes to zero. 

 

Figure 1: System Model 

Results and Discussion 

Pitchover on a smooth, continuous slope 

Pitchover on a smooth slope occurs when the moment induced 

by the braking force overcomes the restorative normal force 

from the front wheel.  Of course, braking is necessary to 

control the speed of the bike.  If the bike is constrained to 

maintain a constant speed, then there exists a maximum slope 

that can be riden without a pitchover, which is shown as the 

contours of Fig. 2a.  The parameters Rcmx and Rcmy are 

coordinates of the system center of mass with respect a the 

reference frame on the rear wheel as shown in Fig. 1. 

 
(a)                                           (b) 

Figure 2: a) Contours of the maximum slope (in degrees) that 

can be riden at constant speed without pitchover b) Normal 

force on the back wheel as a function of the change in slope. 

Pitchover due to a change in slope 

The principle of impulse and momentum is used to determine 

the average forces over the impact event of the bike with the 

level ground.  The energy loss during the impact (due to 

displacement of the shock, motion of the rider, and 

deformation of the wheel and frame) is approximately with a 

coefficient of restitution for the velocity of the system cm.  

This parameter is assumed to be a linear function of the slope 

discontinuity.  The velocity of the hub of the front wheel 

changes from parallel to the slope to parallel to the level 

ground over the course of the impact and the cm velocity 

changes according to the rigid system assumption (see Fig. 1).   

These assumptions allow for the solution of the average forces 

via a numerical (iterative) algorithm.   The  normal force  on 

the rear wheel is plotted in Fig. 2b for typical mountain bike 

dimensions with the rider sitting in the seat.   The slope 

resulting in a pitchover occurs where the normal force goes 

negative (i.e. the ground would have to pull down on the 

wheel to maintain equilibrium) at about 15 degrees.    

Conclusions 

Simple analytic expressions are derivable for prediction of 

mountain bike pitchover assuming a rigid system.   Future 

work will test the validity of this model with experimental 

data. 
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SUMMARY 

The purpose of this study was to determine the differences in 

muscles activation while pedaling a stationary recumbent 

bicycle forward versus backward. Surface Electromyography 

(sEMG) was used on the tibialis anterior (tib), vastus lateralis 

(vas), gastrocnemius lateral head (gas), and biceps femoris 

long head (fem) on the self-reported dominant leg of each 

subject for pedaling a stationary recumbent bicycle forward 

and backward. Statistical significance, at p<0.05, was found 

for the activation level of the tibialis anterior and for the 

contraction duration of the tibialis anterior, vastus lateralis, 

and biceps femoris long head. 

INTRODUCTION 

Returning to normal functional movement post-operation is 

essential for knee replacement patients. It has been observed 

that patients recovering from a total or partial knee 

replacement can pedal a stationary recumbent bicycle 

backward before going forward during their recovery due to 

pain. Increased muscle activation or contraction duration 

might indicate a higher level of effort, and a higher level of 

effort could be related to increased pain in the knee of 

subject’s post-knee replacement. Examining the activation of 

muscles of the upper and lower leg is necessary to understand 

why patients who have had a knee replacement can pedal a 

stationary recumbent bicycle backward before forward [1,2]. 

We hypothesize that forward pedaling of a stationary 

recumbent bicycle will have higher muscle activation and 

contraction duration for the Tib, Vas, Gas, and Fem than 

backward pedaling. 

METHODS 

Nineteen subjects, 11 males and 8 females, participated in this 

study. sEMG was conducted with a Biopac MP150 EMG 

system (Biopac Systems, Inc) and AcqKnowledge software 

(Biopac System, Inc) on the subjects self-reported dominant 

side for the Tib, Vas, Gas, and Fem. sEMG data were 

collected for maximum voluntary isometric contractions 

(MVIC) for each muscle. Subjects were randomly sorted to 

pedal either forward or backward first. The subject was then 

asked to pedal forward and backward for 7 cycles each starting 

at the most anterior resting position. Data were reduced in 

MATLAB (MathWorks) and statistical results were computed 

in R (RStudio). 

RESULTS AND DISCUSSION 

As shown in Fig. 1 statistical significance, at p<0.05, was 

found for the contraction duration of the Tib, Vas, and Fem. 

Statistical significance, at p<0.05, also found for the activation 

level of the Tib, as can be seen in Table 1. Statistical results 

can be seen in Table 1.  

 

Figure 1: Contraction Duration as % of Cycle. * significant at p<0.05 

CONCLUSIONS 

These results suggest that contraction duration may be the 

primary difference between forward and backward pedalling 

of a stationary recumbent bicycle. Further investigation is 

needed to determine if the differences in backward versus 

forward pedalling are due to lack of training or if there is a 

fundamental difference between the actions. 
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Table 1: Statistics Results of Activation (Act) as % of MVIC and Contraction Duration (Dur) as % of Cycle. * significant at p<0.05 

Data Tib – Dur* Tib – Act* Vas – Dur* Vas – Act Gas – Dur Gas – Act Fem – Dur* Fem – Act 

p-value 0.00008 0.00106 0.00102 0.09496 0.05546 0.48308 0.00694 0.948 

Forward μ ± SD 
14.8595 ± 

11.9728 

4.9384 ± 

4.6262 

17.7337 ± 

15.9249 

8.8521 ± 

4.2637 

19.6616 ± 

18.7976 

9.1863 ± 

8.3737 

11.2558 ± 

12.8864 

6.4737 ± 

12.2807 

Backward μ ± SD 
0.9632 ± 

2.2732 

0.6768 ± 

1.6325 

3.1421 ± 

6.1722 

4.2637 ± 

11.1386 

11.2089 ± 

16.8908 

7.5174 ± 

9.7689 

3.2774 ± 

6.2601 

6.3079 ± 

21.3573 
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Summary 

The human foot arch has been suggested to store and release 

elastic energy during locomotion. However, experimental 

evidence for this assumption during jumping is missing. Thus, 

the relationship between the maximum deformation of the 

arch and jump height during countermovement jumps was 

investigated. There was no relationship between the 

deformation of the arch and jump height. This suggests that 

the energy return properties of the arch are not evident in a 

jumping task, and therefore do not contribute to jumping 

performance.  

Introduction 

The arch of the human foot has been suggested to store and 

release elastic strain energy in ligaments and tendons of the 

foot during locomotion [1]. More recent studies have shown 

that footwear limited the deformation of the arch, and 

therefore the ability to store and release elastic energy [2]. 

These studies, however, were performed on cadaveric feet or 

focused on running only. The role of the arch on other athletic 

movements, such as jumping, is unknown. Therefore, the 

purpose of this study was to investigate, if there is a 

relationship between the maximum deformation of the arch 

and jump height.  

Methods 

Ten male, recreational athletes (height: 175.7 ± 5.5 cm; 

weight: 71.6 ± 9.2 kg) performed five countermovement 

jumps on a force plate in a commercially available sport shoe 

(Nike Free 5.0, Nike Inc., Beaverton, USA). The maximum 

change in arch angle (AA) was used to estimate the energy 

storage and return properties of the arch. For this reason, holes 

were cut out of the shoes and three light-reflecting markers 

(12 mm diameter) were affixed to the skin overlying 

anatomical landmarks of the right foot (head of the first 

metatarsal [HMP], navicular tuberosity [NT], and medial 

aspect of the calcaneus [MAC]). Three-dimensional 

displacements of markers were captured using an eight-camera 

motion capture system. Jump height was determined using the 

impulse-momentum method [3]. The AA was calculated as the 

3D angle created by the bisection of two vectors (HMP-NT 

and MAC-NT) normalized to a static reference. The AA was 

computed over the eccentric and concentric phases of the 

countermovement jump. Average AAs and jump heights were 

determined for each subject and were expressed relative to 

individual maximum angular deformation and jump height 

across all five trials, respectively. Spearman rank correlation 

coefficient was computed to determine the relationship 

between the change in maximum arch deformation and jump 

height.  

Results and Discussion 

There was no significant relationship between maximum AA 

and jump height during countermovement jumps (r = 0.13; 

Figure 1). The maximum changes in arch deformation across 

all subjects ranged from 0.5° to 12.4°.  

 

Figure 1 Relationship between maximum change in arch 

angle and jump height relative to each subject’s maximum 

arch deformation and jump height (N=10; 5 trials each).  

The experimental results of this study did not support the 

speculations of previous cadaveric research [1]. Instead, it is 

suggested that the energy that may be stored and released in 

the arch is not large enough to affect jumping performance. 

This could be due to the relatively small deformations in the 

arch that occurred during the countermovement jumps.  

Conclusions 

It has been suggested that the arch’s primary function is to 

stiffen to enhance force transmission [2]. Force is optimally 

transmitted through a rigid body. In order to store and release 

elastic energy, however, the body should not be rigid. This 

means that the primary function of the arch is in contrast to the 

claims that it also stores and releases elastic energy. This 

would explain why the deformation of the arch is not related 

to jumping performance measures.  
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Introduction

Lower limbs kinetic chain has been attributed as being key to
human motion [1]. It determine the gear of lower extremity
which would influence function efficiently [2]. Study
considered that reduction the loss of energy may be an
effective way to improve resultant of lower limbs
performance.To decrease the energy loss, several suggestions
were proposed, including wearing shoes with sitff midsole [3].
According to the existed literatures, studies of athlete wearing
stiffness midsole basketball shoes effect on lower extremity
during jumping is limited. Moreover, the effect of shoe
midsole stiffness on kinematic, kinetic, energy of lower limbs
chain or performance in jumping maneuvers remains unclear.
Therefore,the purpose of this study was to determine the
effects of different midsole bending stiffness of shoes on the
performance and biomechanical characteristics of lower
extremity in LU jump with different stiffness basketball shoes.

Methods

Thirty male collegiate basketball players (age: 21.2 ± 1.3 years,
height: 183.3 ± 5.0 cm, mass: 74.0 ± 6.7 kg) with 4.8 ± 1.4
years of experience in basketball events were recruited in this
study. Two types of basketball shoes that only differed in
midsole stiffness were adopted in this study. Each participant
wore one of the test shoe to perform LU jump test. The shoe
types were randomized.3D kinematics (Vicon, 100 Hz) and
Kistler force plates (Kistler, 1000Hz) were used to collect
kinematics, GRF data synchronously.

The variables included:lower extremity (MTP, ankle, knee, hip)
joints min ,  max , ROM , maxM , minM , maxP , minP , Energy
absorption, Energy generation and Net energy. The trajectory
of the reflective markers were filtered using a fourth-order
Butterworth low-pass filter at a cut-off frequency of 7 Hz. The
force data were resampled at 60 Hz based on a previous study.
Visual 3D software was used to calculate lower extremity
variables in the sagittal plane. Paired t-tests were performed to
kinematics, kinetiexamine the shoe effects of shoes on
jumping height, cs and joint energy. The significance level
was set at ɑ = 0.05.

Results and Discussion

(1) Maximum power, absorbed energy and generated energy
of ankle joint were significantly higher in SS. (2) Ankle joint

ROM was significantly higher in SS. (3) No significant
differences were observed in the kinematics and kinetics

variables of MTP, knee and hip. (4) No significant differences
was observed in jumping height.

Figure 1: Effects of midsole bending stiffness on lower extremity
during LU jump. * Significant difference between SS and CS group

Conclusions

The longitudinal midsole stiffness did not influence the athlete
jumping height and MTP biomechanical patterns during a
single lay-up jump, However, it significantly increase ankle
joint maximum power, energy absorption and energy
generation in push-off phase. These results indicated that
wearing stiffer midsole shoes would improve the ankle
mechanical patterns to systematic shift gearing of lower limbs
kinetic chain, promote the resultant of push-off and provide a
possibility to improve the athletic performance.
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Summary 
The study was investigated the relationship between changes 
in the performance of vertical jumps and punch velocity in 
karate. Variations in relative force (RF) and vertical impulse 
(VI) are the associated the velocity peak of fist (VPF). 
Therefore, there is a high contribution the lower body muscle 
power in velocity of punches in karate. 
 

Introduction 
In karate combats, offensive actions are performed at very 
high-speed demands [1,2]. During combats, athletes must 
strike before their opponents are able to defend the attack or 
counter attack themselves [1,2,3]. 
The upper and  lower body muscle power are determinants in 
international level karate athletes [3]. Relations between 
acceleration of punches and  lower body power occur because 
the punching is a highly complex technique that requires the 
coordinated action of arm, trunk and leg muscle groups [1,4]. 
The lower-body is the primary contributor to punch execution, 
because the ground reaction forces generated by legs would be 
transferred to the upper-body, allowing for a powerful 
movement [1]. And the trunk rotation to transform vertical 
ground reaction force to horizontal punch force [4]. 
Vertical jump  has been used in neuromuscular assessment and 
recovery of athletes. Therefore, changes in the performance of 
vertical jumps may cause changes in punch velocity. So, the 
ground reaction force, relative force, vertical impulse of 
lower-body can influence the speed of the gyako zuki punch in 
karate? 
 

Methods 
Total, 8 international athletes of karate participate in this study 
(age: 25.3 ± 3.2 y.o., body mass  68.5 ± 7.0 kg, height 173.7 ± 
6.4 cm, brown and black belt, 7.55 ± 2.0 years of training). 
The study was approved  by the Ethics Committee of PUCPR, 
and all participants provided signed consent form.  
The kinematic data were obtained by using six high speed 
cameras (Vicon System) and the kinetic data were obtained  
by using force platform (AMTI, OR6-5). The capture rate of 
camera was 200 Hz and force platform sampling rate was 
1000 Hz.  
The participants selected and tested their preferred punching 
length and side. The protocol consists of performing the gyaku 
zuki punch on a fixed target for 5 sets of 10 seconds. Among 
the series were countor moviment jump (CMJ) for 30 seconds. 

Raw signals were filtered (butherworth 4th order). The 
kinematic variables recorded were the displacement, and 
velocity peak of fist (VPF), were calculated using using 
integral trapezoid in Matlab environment. 

The kinetic variables calculated vertical ground reaction force 
peak (GRF), relative force (RF), vertical impulse (VI). The 
median GRF, RF, VI, VPF of each subject was calculated for 
each series. Was usedthe Anova one way, post hoc Bonferroni 
(p<0,05) and Pearson correlation (p<0,05). 
 
Results and Discussion 
There was a significant difference in the number of jumps 
(fig.1) in series 4 (p=0,001) and 5 (p=0,002). The VI (p=0,02) 
and VPF (p=0,01) were smaller in serie 5 (table 1) and RF is 
bigger (p=0,03) in serie 5, indicating a drop in sports 
performance. High correlations were found between VPF X 
RF (r=-0,82; p=0,01) and VPF X VI (r=0,85; p=0,02).  

 
Figure 1: Number of jumps and punches in each serie 

Conclusions 
 The velocity of punch gyako zuki depends directly on the 
contribution of ballistic movements of lower limb. 
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Summary 

With the aim to obtain a better understanding of the 

contribution of the plantar-flexor muscle-tendon units to high-

jump performance, muscle and tendon properties as well as 

jump kinetics and kinematics of seven elite high jumpers were 

examined. The results of this study clearly indicate that, 

different take-off techniques of elite high jumpers are partly 

reflected in the properties of the triceps surae muscle-tendon 

unit. Jumpers with a fast run-up velocity and a short ground 

contact have short stiff tendons and long muscle fascicles. 

These tendon properties are necessary to enable the storage 

and release within the constraints of the brief ground contact. 

The long fascicles probably enable sufficient force generation 

at fast shortening velocities during the run-up.  

Introduction 

The main goal of a high jump is to raise the jumper's centre of 

gravity (COM) to a maximum height when crossing the bar. 

During take-off, the horizontal velocity of the jumper’s COM 

from the run-up must be transformed into vertical velocity 

(Dapena, 2006). In general, two different jumping techniques 

are described (Kersting et al., 1998), which both can lead to 

the same effective jump height. A high run-up velocity 

characterizes technique 1. A slower run-up velocity but also a 

lower energy loss during the take-off phase characterize 

technique 2. It is assumed, that the optimal run-up velocity 

depend on each athlete's ability to resist buckling of the take-

off leg through sufficient muscular strength of the knee 

extensor muscles (Dapena, 2006). Many studies have 

demonstrated that the plantar-flexors muscle–tendon units 

function in a highly complex manner and are equally 

important in producing force and power required for jumping. 

However, today no information is available about mechanical 

properties of the plantar-flexor muscle-tendon units of elite 

high jumpers.  In order to obtain a better understanding of the 

contribution of the plantar-flexor muscle-tendon units to high-

jump performance, we analyzed muscle and tendon properties 

as well as 3D jump kinetics and kinematics of elite high 

jumpers.   

Methods 

High jumps of seven world-class athletes (male, mass 

76±5 kg, height 190±5 cm, personal best 224±6 cm) were 

captured with 19 infrared-cameras (300 Hz, Vicon, UK). 

Ground reaction forces of the take-off were recorded with a 

3D force-plate (1200 Hz, Kistler, Switzerland). Ankle joint 

work and power in the sagittal plane were determined with a 

standard inverse dynamics approach and a full body model 

(ALASKA, Germany). Maximal isometric torque for plantar-

flexion were determined with a custom-made dynamometer. 

Fascicle length and tendon length of the gastrocnemius 

medialis muscle were determined by B-mode ultrasound at 

rest. Achilles tendon stiffness were measured during isometric 

contractions, using a combination of dynamometry, ultrasound 

and kinematic data (Werkhausen et al., 2018).  

Results and Discussion 

Apart from one (2.03 m), all athletes cleared a height of 

2.10 m. The average maximum COM height was 2.13±5 m 

with an average run-up velocity of 6.8±0.4 m/s and an average 

contact time of 185±29 ms. Average maximal isometric 

plantar-flexion torque, average tendon stiffness, average 

fascicle length and average tendon length were 

3.7±0.3 Nm/kg, 449±73 N/mm, 65±8 mm and 240±40 mm, 

respectively. Despite a considerable inter-individual 

variability of the examined variables, only one significant 

correlation was found between maximal isometric plantar-

flexion torque and run-up velocity (r=-0.85, p=0.01). This 

indicates that, athletes with a slow run-up velocity have 

stronger calf muscles relative to body mass. None of the other 

variables (run-up velocity, energy loss during take-off, net 

ankle work, peak ankle power) showed a correlation to the 

properties of the muscle-tendon unit, which could be due to 

the small number of subjects. However, the analysis of the 

individual data indicates that jumpers with a fast run-up 

velocity and a short ground contact (technique 1) have short 

stiff tendons and long muscle fascicles. These tendon 

properties are necessary to enable the storage and release of 

the COM's energy within the constraints of the brief ground 

contact. The long fascicles, probably enable sufficient force 

generation at fast shortening velocities during the run-up, 

which may also explains the negative correlation between 

muscle strength and run-up velocity.  

Conclusions 

The results of this study clearly indicate that, different take-off 

techniques of elite high jumpers are partly reflected in the 

triceps surae muscle-tendon properties. In addition, the results 

demonstrate the importance to understand the inter-subject 

variability. 

References 

[1] Dapena J (2006). Scientific services project – High-Jump. 

[2] Kersting UG et al. (1998) ISBS-Conference Proceedings  

[3] Werkhausen et al., (2018) Front Physiol. 26;9:794. 

Saturday, August 03 2019: Posters (1600-1800) 1878

Sport Jumping 3



 

Concurrent validity and reliability of mobile applications in measuring vertical jump performance 
 

Madelyn M. Dow1, Amy E. Ogren2, Arnel Aguinaldo2 

1 Student of Kinesiology, Point Loma Nazarene University, San Diego, CA, United States 
2 Faculty of Kinesiology, Point Loma Nazarene University, San Diego, CA, United States 

Email: dowmaddie@gmail.com  
 

Summary 

The concurrent validity and reliability of two mobile 
applications designed to measure vertical jump heights were 
analyzed in this study using a force platform and 3D motion 
analysis as criterion methods. The results showed that jump 
height can be accurately and reliably estimated using these 
mobile applications, providing a valid and feasible tool in 
evaluating jump performance. 

Introduction 

Development of a high speed camera recording at 120 Hz on 
the iPhone 5s enabled mobile device applications (apps) to 
measure vertical jump height using the flight time method [1]. 
MyJump2 has been scientifically proven to have almost near 
perfect validity and reliability [2]. However, the evidence in 
the current literature regarding the validity of MyJump2 is 
limited by exclusively using force plate data as a criterion 
method. The purpose of this study was to test the concurrent 
validity and intraclass reliability of two mobile  apps designed 
to measure countermovement jump (CMJ) height.  

Methods 

Twenty-two healthy, adults (female: n=15; male: n=7; ages:        
18-26; height 1.74 m, mass: 69.7 kg) participated in this study           
after providing written informed consent. Participants      
performed ten CMJs with instructions to jump as high as          
possible on a force platform with their hands on their hips,           
maintaining extending legs during flight. 

To estimate the vertical displacement of the whole body         
center-of-mass (COM), the locations of 29 reflective markers        
based on the Helen Hayes marker set were captured using 8           
motion capture cameras (Motion Analysis Corp., Santa Rosa,        
CA) at a sampling rate of 240 Hz. Additionally, two force           
platforms (AMTI, Watertown, MA) were used to measure        
flight time. Simultaneously, two iPhone 7s mobile phones        
were used to run the MyJump2 and What's My Vertical apps to            
identify takeoff and landing frames of each jump. 

Estimates of the intraclass correlation coefficient (ICC) (2,1)        
and their 95% confidence intervals were calculated to assess         
the reliability of each app in measuring jump height as          
compared to force platform and COM data. In addition, the          
concurrent validity of each app was estimated using the         
Pearson correlation coefficient. Bland-Altman plots were      
created to represent the degree of agreement between each app          
and the force platform as well as between each app and COM            
data. To analyze the stability of each app in measuring the ten            
jump heights of each participant, Cronbach’s alpha coefficient        

was used. All reliability analyses were performed using SPSS         
(IBM SPSS, Chicago, IL) at a significance level of 0.05. 

Results and Discussion 

Both the MyJump2 and What's My Vertical apps exhibited         
strong agreement with force platform jump heights with ICCs         
of 0.960 (95% CI: 0.143-0.991, p < 0.001) and 0.887 (95% CI:            
.177-0.970, p < 0.001), respectively. When compared to COM         
jump heights, the apps showed similarly strong reliabilities        
with 0.969 (95% CI: 0.671-0.992, p < 0.001) and 0.903 (95%           
CI: 0.418-0.972, p < 0.001) for MyJump2 and What's My          
Vertical, respectively. The concurrent validity of the MyJump2        
app was high when estimated using either the force platform (r           
= 0.956, p < 0.001) or COM jump height (r = 0.943, p <              
0.001) as the criterion method. The concurrent validity of the          
What's My Vertical app was also high when estimated using          
either the force platform (r = 0.897, p < 0.001) or COM jump             
height (r = 0.885, p < 0.001) as the criterion method.           
Bland-Altman plots show that MyJump2 and What's My        
Vertical underestimated jump heights by 0.019 ± 0.044 m and          
0.022 ± 0.056 m, respectively (Figure 1). 

 
Figure 1: Bland-Altman plots for jump heights estimated with 
MyJump2 and the COM method (mean difference ± 1.96 SD)  

Conclusions 

The findings of this study reinforce previously reported        
evidence that show the MyJump2 mobile app is a valid and           
reliable tool in measuring CMJ height [2]. Similarly, this study          
has shown that the What’s My Vertical app accurately and          
reliably measures vertical jump height during a CMJ.  
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Summary 

Principal component analysis (PCA) [1] was used as a pattern 
recognition tool to detect principal modes of variability in 
whole body movement patterns during performance of the 
deep squat (DS), right hurdle step (RHS) and left hurdle step 
(LHS). PCA successfully identified features of the DS and 
hurdle step (HS) that explained the greatest amount of inter-
individual variation. Features identified inter-individual 
variation in squat depth and centre of mass (COM) position, 
particularly at the midpoint (50%) of each movement. 

Introduction 

Functional capacity evaluations (FCE) such as the Functional 
Movement Screen (FMS) are commonly used to assess human 
capabilities. FMS and related screening tests are often used in 
work and sport to assess individual’s physical or physiological 
capacity and movement competency, as the ability to 
demonstrate mobility and stability during task performance. 
However, movement competency is often assessed 
subjectively, relying on the eye of the clinician. Emerging 
pattern recognition techniques can be applied to objectively 
recognize movement patterns, mainly those that might best 
explain inter-individual differences in movement competency. 

This study uses PCA as a pattern recognition and feature 
extraction technique to identify principal modes of variability 
in whole body movement patterns during the performance of 
the DS and HS movements from the FMS. 

Methods 

Healthy participants (15 ♂, 15 ♀) completed 10 DS, 10 RHS 
and 10 LHS while their motions were tracked using motion 
capture (Vicon Nexus, Oxford, UK). Consistent with Ross et 
al., 2018, PCA was applied as a pattern recognition technique 
to identify features of whole body movement that explained 
the greatest proportion of variability in the DS and HS. Single 
component reconstruction was used to visualize what aspects 
of movement variability were captured by each principal 
component (PC) by comparing between the 5th and 95th 
percentile scores. Further, loading vectors were examined to 
aid in identifying movement features captured by each PC [3].  

Results and Discussion 

Using parallel analysis [2], 7, 8 and 8 principal components 
(PC) were retained as explaining more variation in the data 
than would be expected by chance, for the DS, RHS, and LHS 

respectively. Table 1 lists the three movement features that 
explained the greatest amount of inter-individual variability. 
Figure 1 illustrates the single component reconstruction of 
PC1 for the DS, RHS and LHS. 

a)  

b)  

c)    
Figure 1: Time series PC1 of each movement at 25%, 50% and 75% 

for a) DS b) RHS c) LHS 

Conclusions 

FMS tests are common in work and sport in assessing human 
movement. PCA, a pattern recognition technique revealed that 
pelvis (DS) and COM displacement (HS), particularly at the 
midpoint of each movement, explained the greatest proportion 
of inter-individual variability. For the DS, PC1 captured the 
variability in the magnitude of participant’s vertical squat 
depth. Since participants were informed to achieve peak squat 
depth, it is important that the first PC seems to capture 
variability in achieving this objective. Similarly, PC 1 for RHS 
and LHS captured inter-individual variability in COM position 
during the midpoint (heel touch) portion of the HS. This 
variability likely captures inter-individual variation in balance 
control strategies. Using the assessment of inter-individual 
variation in DS and HS performance as an example, PCA 
offers an effective way to analyse inter-individual movement 
variability in whole-body time series data.  

References 

[1] Ross GB et al. (2018). Med. Sci. Sports. Exerc, 50(7): 
1457-1464. 

[2] Fischer SL et al. (2012). Comput. Methods. Biomech. 
Biomed. Eng. Imaging. Vis. 17(3): 199-203. 

[3] Brandon et al. (2013).  J. Electromyogr. Kinesiol. 23: 
1304-131.

 

Table 1: Percentage variance explained, operator and description for the first 3 PCs of each movement 

 PC1 PC2 PC3 

DS (33%) Magnitude: Pelvis displacement (18%) Magnitude: Upper body control (12%) Magnitude: Stance width  

RHS (23%) Difference: Centre of mass position (13%) Phase: Lower limb control (8%) Phase: Left knee flexion 

LHS (21%) Difference: Centre of mass position (13%) Phase: Lower limb control (9%) Magnitude: Trunk control 
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Summary 

Backboard lifting is a physically demanding component of 

paramedic work. The movement strategy used in backboard 

lifting can modulate the biomechanical exposures on the body. 

This study used a pattern recognition approach to identify 

differences in movement strategy between high and low 

exposure lifts and lifters. Low exposure lifts involved a 

movement strategy with the body closer to the load, lower 

body extension preceding trunk extension, and an upright 

trunk. Only the horizontal distance of body to the load could 

consistently differentiate mean movement strategy between 

high and low exposure lifters. Findings from this study can 

inform both training and assessment of biomechanically 

favourable backboard lifting movement strategies. 

Introduction 

Backboard lifting is an essential and demanding aspect of 

paramedic work [1]. Movement strategy used in lifting can 

affect the resultant biomechanical exposure at the low back 

[2]. Therefore, identifying movement strategies that yield 

lower relative biomechanical exposure could be an injury 

prevention approach. Pattern recognition methods can 

objectively identify features of movement related to 

biomechanical exposure. In particular, principal component 

analysis (PCA) is a pattern recognition technique that can 

identify whole-body features of movement that explain 

variance in a data set [3]. This study asks: 1) how does 

movement strategy differ between high and low relative 

biomechanical exposure lifts and; 2) how does movement 

strategy differ between high and low relative biomechanical 

exposure lifters. 

Methods 

Twenty-eight participants performed 10 backboard lifting 

trials within each of a light, medium and heavy relative 

demand condition. Relative demands were scaled to 

participants’ one-repetition max backboard lift. Full body 

kinematics (100 Hz) and ground reaction forces (1000 Hz) 

were collected for backboard lifting trials. Sagittal low back 

angles and moments (normalized to participant and load mass) 

were used to dichotomize lifts and lifters as high vs. low 

relative biomechanical exposure. Lifts with an aggregate 

biomechanical exposure below the median were classified as 

low exposure, while lifts above the median were high 

exposure. The averaged aggregate exposure in the heavy 

condition trials was used to dichotomize lifters as high vs. low 

exposure. Lifters with an averaged aggregate biomechanical 

exposure score 1SD below the mean were classified as low 

exposure lifters, while those 1SD above the mean were high 

exposure lifters. PCA was applied to positional data taken 

from a Visual3D kinematic model as a pattern recognition 

technique. For retained principal movements (PM), PM scores 

were calculated as dependent variables. Six PMs were retained 

for analysis. Independent t-tests (α = 0.05) were run to assess 

differences in PM scores between high and low  exposure lifts, 

and to assess differences in mean PM scores between high and 

low exposure lifters in each retained PM.  

Results and Discussion 
PM scores significantly differed between high and low 

exposure lifts for PM1 (t(802) = -8.23, p < 0.001), PM2 

(t(802) = -3.80, p < 0.001), PM3 (t(802) = -4.91, p < 0.001), 

PM5 (t(802) = -4.85, p < 0.001) and PM6 (t(802) = 2.66, p = 

0.008). This corresponds to a low exposure lift having the 

body closer to the load (PM1), lower body extension 

preceding trunk extension (PM2), maintaining an upright trunk 

(PM3), using a squat-like strategy (PM5), and having a wider 

stance width (PM6) (Figure 1).  

 

Figure 1: PM reconstruction of net differences in movement strategy 

between high (red tracing) and low (black tracing) exposure lifts from 

the sagittal (top) and frontal (bottom) plane. 

Comparing mean PM scores between high and low exposure 

lifters, there were only significant differences in PM1 (t(16) = 

-3.72, p = 0.002) where low exposure lifters consistently 

positioned themselves closer to the load. 

Conclusions 

The application of pattern recognition successfully identified 

differences in movement strategy between both high and low 

exposure lifts and lifters. Differences in movement strategy 

between high and low exposure lifts can inform technique 

training aimed to minimize resultant biomechanical exposures. 

Differences in movement strategy between high and low 

exposure lifters can inform the assessment of backboard lifting 

strategy where individuals who position themselves further 

from the load are more likely to consistently expose 

themselves to higher biomechanical exposures.  
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INTORODUCTION 

In the aerobics, bouncing is a basic and essential movement 

for superior competition performance. Aerobic gymnastics 

in competition are required bouncing and jumping under 

rhythm restriction in music. It is so important to clear how 

athletes operate their limbs smoothly and effectively under 

limited time following music rhythm. The purpose of this 

work was to investigate kinematics and kinetics of knee and 

ankle joints affecting bounce in comparison of the 

mechanical characteristics between aerobic gymnasts and 

handball players as a control group. 

 

METHODS 

Subjects were, 5 aerobic gymnastics (AG: competition 

history 21.2± 4.1years) and 7 college handball (HA: 

competition history 10 ± 5.9 years) athletes. At 135 beat per 

minute (BPM) and 145 BPM, experimental tasks were 10 

leg curls and combinations of basic actions including knee 

lift. Based on the high speed images measured by the MAC 

3 system, the joint angles and torques of knee and ankle 

were calculated using FD II system as well as the body 

partial inertia coefficients by Ae et al [1]. 

 

RESULTS AND DISCUSSION 

The task of 135 BPM knee lift only showed no significant 

difference in minimum knee angle between the groups. 

During the leg curl of both 135 BPM and 145 BPM, the 

difference between the maximum value and the minimum 

value of the ankle extension torque was smaller at AG 

than HA. 145 BPM knee lift also showed a similar trend 

(Figure 1a). But it showed almost the same change at 135 

BPM. During leg curls and knee lift of both, 135 BPM and 

145 BPM, the variation in ankle angle was smaller at HA 

than AG (Figure 1b). 

    

    

Figure 1a: Leg curl and knee lift ankle extension torque of 145 

BPM 1b: Leg curl and knee lift ankle angle of 145 BPM. 

In leg curl and knee lift at knee joint extension torque of 135 

BPM and 145 BPM, the HA initially showed the minimum 

torque at the beginning. After that, both groups showed the 

same trend. The knee joint angle showed the same transition. 

The AG group completed the work more quickly than the 

HA group. An operation with a small difference between the 

maximum and minimum torque of the AG results in less 

energy consumption. It is inferred that the quick completion 

of work is creating a preparation time for the next operation. 

 

CONCLUSIONS 

The AG group was more skillfully manipulated by the body, 

and in particular, it was shown that finer control is 

performed in the ankle joint. 
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Summary 

In this pilot study, five recreationally trained men performed 

5-second isometric contractions in four different deadlifting 

positions to determine the optimal position for maximal lower-

body muscle activation. A graded response was found, with 

the start position eliciting the greatest muscular activation. 

Introduction 

Post-activation potentiation (PAP) is a phenomenon in which 

the contractile history of a muscle (typically heavy loads) 

results in a short-term improvement in performance of 

subsequent muscle contractions. Potentiating mechanisms can 

be heavy loaded dynamic movements such as a deadlift, or 

maximal isometric contractions such as an isometric mid-thigh 

pull (IMTP). The IMTP has been designed to approximate the 

body position at the beginning of the second pull of the snatch 

and clean [1] and thus has shown to be a valid mechanism for 

eliciting a PAP stimulus for weightlifting and other lower 

extremity dominate activities. While many studies use the 

IMTP as a potentiating mechanism, little evidence exists to 

evaluate the efficacy of isometric contractions in other 

deadlifting positions. The purpose of this pilot study was to 

determine differences in muscle activation and vertical ground 

reaction forces in multiple isometric deadlifting positions. 

Methods 

Five recreationally trained males (age 24.6 ± 6.9 yrs, height 

175.98 ± 6.82 cm, weight 75.73 ± 6.73 kg) participated. 

Electromyography (EMG) electrodes were placed over the 

vastus lateralis (VL), vastus medialis (VM), gluteus maximus 

(GM), biceps femoris (BF), and semitendinosus (ST) to 

quantify muscle activity in four isometric deadlifting 

positions. The isometric positions (starting position, bar below 

knees, bar above knees, and bar at mid-thigh) were 

randomized and performed with both feet on a force plate. 

With proper form, participants pulled on the bar with maximal 

effort for five seconds in each condition. Four minutes of rest 

were given between conditions to minimize fatigue. EMG data 

were band-pass filtered at 10-500 Hz, full wave rectified, and 

smoothed using a root mean square window of 100 ms. GRF 

data remained unsmoothed. Average and peak EMG 

activations were normalized to the mid-thigh peak signal for 

each respective muscle. Peak and average vertical GRF data 

were normalized to body mass. Repeated measures ANOVAs 

were used for each variable of interest with an alpha set at 

0.05. Least significant difference pairwise comparisons were 

utilized for post-hoc tests.  

Results and Discussion 

For peak EMG, there were significant differences in the VM 

(p = 0.043) and VL (p = 0.040) with the start position showing 

higher activation values than the above knee position. For 

average EMG, the BF showed higher activation in the start 

position compared to the mid-thigh position (p = 0.049). 

Several other variables approached significance and a trend 

was seen with the start position resulting in the highest muscle 

activations (Figure 1).  

Figure 1: Peak isometric muscle activations across positions.            

* Significantly different than mid-thigh. 

Interestingly, vertical peak and average GRF displayed the 

opposite association, with the start and below knee positions 

resulting in less force production than the above knee and 

mid-thigh positions (p-values < 0.05) (Table 1).  

Conclusions 

The muscle activation trends in this small sample size might 

suggest that the start position of a deadlift could be a better 

alternative than a mid-thigh position to produce a PAP 

response. However, if one is not trying to elicit a PAP 

response, and is simply training for maximal force production, 

then an above knee mid-thigh position is more appropriate. 
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Table 1: Peak and average vertical ground reaction forces across four isometric deadlifting positions. Data are mean (SD). 
 Start Position Below Knee Above Knee Mid Thigh 

Peak vGRF (N/kg) 22.48 ± 3.66 21.44 ± 3.16 26.29 ± 2.53 25.96 ± 2.70 

Average vGRF (N/kg) 20.07 ± 2.87 18.99 ± 2.68 22.77 ± 2.17 23.10 ± 2.02 
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Summary 

Patellofemoral pain (PFP) is a common pathology that often 
requires rehabilitation exercises such as lunges to strengthen leg 
musculature.  We examined the joint reaction forces at the knee 
during different phases of forward and backward lunges.  Peak 
quadriceps force and patellofemoral (PF) joint reaction force 
were found to be lower during backward lunges.  Such lunge 
modification may produce lower knee stress during 
rehabilitation exercises aimed at treating PFP.   

Introduction 

Patellofemoral pain (PFP) is a pathology affecting many 
people, such as adolescent to elite athletes, with females having 
a higher prevalence [1].  PFP is associated with stair climbing, 
squatting, and other activities that load the patellofemoral joint 
[2].  Due to weakness in the hips and knees of those with PFP, 
the lunge is a common exercise used during rehabilitation to 
treat PFP [3].  However, patellofemoral joint loading varies 
during different phases of a lunge movement.  

The aim of this study was to examine PF joint loading during 
lunges comparing two movements: Single Forward Lunges 
(SFL) and Single Backward Lunges (SBL).  PF joint loading 
was also compared during each phase: Down Phase (DP) and 
Up Phase (UP).  It was hypothesized that the SFL and UP will 
produce greater PF joint loading than SBL and DP, 
respectively.  

Methods 

Twenty healthy females (Age: 22.6 ± 1.9 yrs.; Height: 172.3 ± 
6.5 cm; Mass: 65.1 ± 11.0 kg) participated.  Kinetic data were 
collected using two force platforms (1800 Hz) and kinematic 
data were collected using a 15 camera motion analysis system 
(180 Hz) with 47 reflective markers.  Participants performed six 
trials in each lunge direction (SFL and SBL) to a distance of 
75% leg length.  

Peak quadriceps force (QF) and peak patellofemoral joint 
reaction force (PFJRF), normalized to body weight (BW), were 
obtained from a musculoskeletal model (Human Body Model, 
Motek ForceLink, Amsterdam, Netherlands) and custom 
software.  A 2-way repeated measures multivariate analysis of 
variance (MANOVA) examined lunge movement (SFL and 
SBL) and phase (DP and UP).  Follow-up univariate tests were 
completed to detect differences in lunge movements and phase 
using SPSS (IBM Corp., Armonk, NY).  

Results and Discussion 

Variations in lunge movement and phase influenced peak QF 
and peak PFJRF (Table 1).  For QF, a difference was found 
between movements (F(1,19) = 19.20, p < 0.001) and phase 
(F(1,19) = 40.13, p < 0.001).  For PFJRF, a difference was 
found between movements (F(1,19) = 18.73, p < 0.001) and 
phase (F(1,19) = 41.61, p < 0.001).  Generally, peak QF (Figure 
1) and PFJRF were larger during SFL and UP.  
 

 
Figure 1. Ensemble average of QF during different lunge movements 
(SFL and SBL) as a percentage of the movement time. 

During the SBL performance, yielding a lower peak QF, it may 
have been less likely for their knee joint to advance over their 
foot during knee flexion compared to the SFL.  These results 
were similar to Zellmer et al. [4] where peak QF was less during 
a lunge when the knee joint remained more posterior over the 
foot.  These results suggest that altering such parameters of a 
lunge movement may reduce knee loads.  

Conclusions 

QF and PFJRF were higher during the SFL and UP compared 
to the SBL and DP.  These results offer support for varying 
lunge performance that lowers peak QF and PFJRF for patients 
receiving treatment for PFP.  Further study on lunge variations 
with PFP patients appears warranted.   
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Table 1: Means and Standard Deviations of Peak QF and PFJRF during lunge movements (SFL and SBL) and lunge phase (DP and UP) 

Measurement SFL-DP SFL-UP SBL-DP SBL-UP 
QF (BW) 4.806 (0.677) 5.278 (0.794) 4.201 (0.448) 4.463 (0.519) 
PFJRF (BW) 4.666 (0.653) 5.124 (0.761) 4.097 (0.427) 4.351 (0.498) 
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Introduction 

Recovery from exercise is essential to maintain performance. 

In recent years, compression garments (CG) has now been 

viewed as a potential tool for quicker recovery. While CG 

have been demonstrated to accelerate recovery, the literature is 

clouded by conflicting results and uncertainty over the optimal 

conditions of use [1]. The aim of this study was to assess 

whether compression garments are more effective in 

facilitating recovery compared to garments with no pressure.  

Methods 

15 healthy male college student (age 20.9 ± 1.8 y, body height 

1.75 ± 0.04 m, and body mass 70.8 ± 5.8 kg) participated in 

this study. The research protocol were approved by the Beijing 

Sport University Human Ethics Committee. 

The subjects performed experimental trials with wearing a 

compression garment (CG condition) or without a CG (CON 

condition) during the recovery period after performing the 

deep squat exercise. The deep squat exercise consisted of 5-6 

sets of 8 to 12 reps at 70 to 80% of 1RM. The CG and CON 

trials were conducted in a random order and were separated 1 

week apart. The subjects were asked to wear CG during night 

sleep for the next 3 days. These compression garments exerted 

an average pressure of 17.4 mmHg at the thigh and 23.4 

mmHg at the calf. 

Counter movement jump (CMJ) measurements and blood 

samplings were repeated before, immediately after, 24, 48 and 

72 h after exercise to determine the changes in each parameter 

over time. Counter movement jump height was assessed using 

a force plate (9290 Q01, Kistler, Swiss). The CK measurement 

was conducted using the colorimetric measurement procedure 

(Reflotron Plus, Roche Diagnostic, Germany). 

A 2-way repeated-measure analysis of variance followed by 

Bonferroni pairwise comparisons were used to analyze the 

differences in each variable. 

Results and Discussion 

The changes in the CK concentrations are presented in Figure 

1. The CK concentrations were significantly higher after 

exercise at 24 h after exercise than those before exercise in 

both trials (P < 0.01). However, there were no significant 

differences between the two trials at any time. Previous 

investigations have observed reductions in CK with the 

application of CG, which may be attributed to an attenuation 

of CK into the blood, the improved venous return and the 

enhanced clearance of metabolites [2]. However, our results 

indicate that this benefit is not shown. The peak CK value 

observed of this study (161 IU/L) is much smaller than the 

values in other studies (> 1000 IU/L) [3]. It is possible 

compression is not effective at modulating clearance of CK at 

lower concentrations. 

The jump height markedly decreased after the resistance 

exercise in both trials (P < 0.01). These values remained lower 

after 24H (P < 0.05) and then slowly recovered to the pre-

exercise values. However, there is no significant difference 

between CG trials and CON trials at any time. Figure 2 

represents the changes in jump height over time. 

 

Figure 1: CK at before, 24, 48 and 72 hours after the deep 

squat exercise. 

 

Figure 1: Counter movement jump height at before, immediately 

after, 24, 48 and 72 hours after the deep squat exercise. 

Conclusions 

The findings of this study indicate that the application of 

compression clothing cannot aid in the recovery of exercise 

induced muscle damage 
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Summary 

Occupations with regular exposure to squatting have a greater 

risk of developing knee osteoarthritis. To determine the effects 

of squatting exposures on subsequent knee power generation 

and concurrent muscle oxygenation, participants completed 

cyclic and sustained squatting exposures, with 

countermovement jumps before and after.  Even acute 

exposures to high knee flexion postures were detrimental to 

the development of knee power in subsequent tasks. Males 

also exhibited greater reductions in knee power and tissue 

saturation index. Duration of the posture may be more 

detrimental than frequency.   

Introduction 

Occupational exposure to deep knee flexion postures such as 

kneeling and squatting is associated with an increased risk of 

developing knee osteoarthritis [1]. It is inconclusive whether 

duration or frequency of the postures is more detrimental to 

knee joint health. Squatting has been shown to cause 

disturbances to blood flow in the lower limb [2]. This reduced 

muscular blood flow may cause muscular dysfunction. The 

goal of this study was to examine how knee power and 

quadriceps muscle oxygenation are influenced by cyclic and 

sustained squatting exposures. We hypothesized that exposure 

to a sustained squat would result in greater decreases to knee 

power and tissue saturation index (TSI) than exposure to a 

cyclic squat. We also hypothesized that there would be a 

positive correlation between changes in TSI and knee power. 

Methods 

Participants (n=30) performed a cyclic squat and a 4-minute 

sustained squat. The cyclic squat consisted of six cycles of 40-

second squats followed by 20 seconds of rest. Participants 

completed two sets of countermovement jumps (CMJs) before 

and after each squat exposure. Between squat exposures, a 4-

minute standing recovery was completed. Kinematic data was 

collected at 100 Hz using six 3D-motion capture cameras 

(Optotrak).  Marker clusters were attached to the dominant leg 

at the foot, shank, and thigh, and at the pelvis. Two embedded 

force plates (AMTI) were used to collect kinetic data at a 

sampling rate of 2000 Hz. Knee power was calculated as the 

average peak power value obtained during the takeoff phase of 

the two CMJs per exposure type. Changes in knee power were 

reported as differences pre and post squat exposure (negative 

values indicate a reduction in knee power). Knee power was 

normalized to mass. TSI (quotient of oxyhemoglobin and total 

hemoglobin) was collected using one near-infrared 

spectroscopy (NIRS) probe (PortaLite, Artinis). The probe 

was attached to the vastus medialis of the dominant leg, and 

collected at 50 Hz. Change in TSI was determined as the 

absolute change from the mean values during the last 5 

seconds of the squat exposure compared to the pre squat 

baseline. 

Two-way mixed ANOVAs were conducted to examine the 

influence of squat exposure type and sex on changes to peak 

knee power during CMJ takeoff and changes in TSI during 

squat exposures. One-tailed Pearson correlation coefficients 

(r) were computed to determine the correlation between 

changes to peak knee power during takeoff and changes in TSI 

during squat exposures for each of the squat exposures. 

Results and Discussion 

A significant main effect of squat exposure type was found on 

knee power, such that there was a greater decrease following 

the sustained squat exposure (mean sustained: -.71 (± .71) 

W/kg vs. cyclic: -.33 (± .53) W/kg, F(1,28) = 6.55, p = .016). 

This equated to a decrease in power generation of 7.5% and 

3.7% for sustained and cyclic squat exposures, respectively. A 

main effect of sex was also found for changes to both knee 

power and TSI. Males (mean: -.73 (± .76) W/kg) had greater 

decreases in knee power after squatting exposures than 

females (mean: -.32 (± .43) W/kg, F (1,28) = 6.99, p =.013), 

and greater decreases in TSI from baseline during squat 

exposures, males (mean: -1.97 ± 5.56 %) vs. females (mean: 

2.60 ±  4.25 %), (F (1,28) = 7.290, p = .012). There was a 

moderate correlation for changes in knee power and TSI 

during the sustained exposure (r = .367, p = .023). However, 

no significant correlations were found for changes in knee 

power and TSI during the cyclic exposure.  

When controlling for total duration in a squatting posture, a 

sustained squat caused greater decreases to knee power during 

countermovement jump takeoff than a cyclic exposure. 

However, an exposure type main effect was not found for TSI 

during squatting. These findings partially supported our 

hypotheses that duration of the high knee flexion posture is 

more detrimental to the knee than the frequency of the 

movement. Male participants experienced greater reductions 

to both knee power and tissue saturation index than female 

participants did. Furthermore, males and females displayed 

opposite trends for tissue saturation index, with females 

tending to increase from baseline values, and males tending to 

decrease. As a moderate positive correlation was found 

between changes in tissue saturation index and changes in 

knee power during sustained squatting this could potentially 

explain why males exhibited greater decreases in knee power.  

Conclusions 

Our study demonstrated that even acute exposures to high 

knee flexion postures can cause decreases in knee power and 

muscle oxygenation in a healthy, young population.   
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Introduction 

Squat is one of the events in powerlifting along with bench 

press and deadlift. Powerlifters compete the sum of the 

maximum weights of these three lifts in their own body weight 

class. They train to lift heavier weight without an increase of 

body weight because of body weight class [1]. Then, it is 

important that mechanical energy produced by the lower limb 

muscles converted to lifting work without loss, and its concept 

is known as effectiveness [2]. “Effectiveness index of 

mechanical energy utilization (EI)” is an index for evaluating 

effectiveness of human movement [2]. Improving 

effectiveness leads to increase lifting weight without 

increasing body weight. Therefore, the purpose of this study 

was to examine relationship between kinetics and 

effectiveness of mechanical energy utilization during lifting 

phase of squat. 

Methods 

Ten male students majoring physical education (age: 21.6 ± 

0.7 years, height: 1.71 ± 0.02 m, body mass: 69.4 ± 5.1 kg) 

participated in this study. Their one repetition maximum (1 

RM) of back squat was 116 ± 36.8 kg. Participants completed 

one repetition of a high-bar back squat using 75% of 1RM. 

Foot width was 140% of shoulder width. Twenty-seven retro-

reflective markers were attached on the barbell and body 

landmarks. Sagittal plane kinematics were recorded using a 

high-speed camera (SONY, α6300, Tokyo, Japan) at 120 fps 

and analysed using Frame-DIAS Ⅴ (DKH, Tokyo, Japan). 

Ground reaction force was measured using a force platform 

(Type 9281B, Kistler, Switzerland) at a frequency of 1,000 Hz. 

Joint torques in the ankle, knee, and hip joints were calculated. 

Mechanical work was calculated by integrating the joint 

torque power, which was an inner product of the joint torque 

and joint angular velocity. Effectiveness index of mechanical 

energy utilization (EI) was calculated as changes of potential 

energy from lowest point to highest point divided by 

mechanical work. Angular impulse of the ankle, knee, and hip 

joints were calculated by integrating joint torque. The 

associations between EI and biomechanical variables were 

tested to calculate the Pearson product-moment correlation 

coefficient. 

Results and Discussion 

Mechanical works of the hip, knee, and ankle joints during 

lifting phase were 2.60 ± 1.52, 1.13 ± 0.42, and 0.31 ± 0.21 

J/kg, respectively. Mechanical works of the hip and knee 

joints were greater as compared to the ankle joint. These 

results suggest that the hip and knee joints mainly contribute 

lifting weight during squat. 

Figure 1 shows the relationship between EI and the net 

angular impulse of the knee and ankle joints. Angular impulse 

of the knee joint was significantly correlated positively with 

EI, although net angular impulse of the hip joint was 

significantly correlated negatively with EI. These suggest that 

the greater force production of the knee joint is one of factors 

to improve EI in squat. In addition, it seems that too much 

contribution of the hip joint may decrease EI. 
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Figure 1: Relationships between EI and the net angular 

impulse of the hip and knee joints. 

A positive correlation was found between the EI and the ratio 

of the knee joint to the total angular impulse of the lower limb 

joint (r = 0.72, p < 0.05). It is suggested that the force exertion 

rate of the lower limb joints may affect the effectiveness of 

mechanical energy utilization, especially, the rate of the knee 

joint would affect improving EI. 

Conclusions 

Greater force production of the knee joint may be one of 

factors to improve effectiveness of mechanical energy 

utilization during squat.  
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Summary 
The purpose of this study was to determine the best 
combination of ground reaction force (GRF) parameters for 
maximizing power during the power snatch (PS). Ten skilled 
weightlifters completed a total of five PS trials with 60% of 
one repetition maximum. Vertical GRF (VGRF), horizontal 
GRF (HGRF), rate of vertical force development (VFD), rate 
of horizontal force development (HFD), and horizontal center-
of-pressure (HCOP) were selected as the GRF parameters. 
Multiple-regression (stepwise) analysis was conducted to 
determine the best combination with the GRF parameters 
being independent variables. VGRF, VFD, and HCOP were 
identified as significant predictors. Increased VGRF and 
decreased VFD and HCOP would increase power during the 
PS. In conclusion, a horizontal movement is inevitable as a 
counter movement before second pull during the PS. 
However, it needs to be minimized as increased VFD and 
HCOP would have negative impacts on power during the PS. 

Introduction 
The PS is to lift a barbell from the floor to receive it overhead 
with the knee and hip slightly flexed. The PS is often treated 
as a vertical movement which might result in vertical 
components of variables of interest being mainly analyzed in 
the literature. Based on a lifter’s movement during the PS, 
however, the PS is not a pure vertical movement in that a 
horizontal movement is also observed in the horizontal (i.e. 
anteroposterior) direction of lifters. The horizontal GRF 
parameters need to be combined with the vertical ones for 
more insightful data analysis during the PS. Therefore, the 
purpose of this study was to determine the best combination of 
GRF parameters for maximizing power during the PS. 

Methods 
Ten skilled weightlifters (five males and five females) 
completed a total of five PS trials with 60% of one repetition 
maximum. A 200-Hz six-camera VICON motion capture 
system and 1000-Hz two AMTI force plates were used to 
collect three-dimensional (3D) coordinates of reflective 
markers and GRF, respectively. VGRF, HGRF, VFD, HFD, 
and HCOP were extracted through a 3D motion analysis and 
used as the GRF parameters (Figure 1). Multiple-regression 
(stepwise) analyses was conducted to evaluate the prediction 
of power (PW) with the GRF parameters being independent 
variables and determine the above-mentioned best 
combination. The five repeated trials were independently 
treated. PW was calculated the product of VGRF and vertical 
barbell velocity [1].  

 
Figure 1: GRF parameters. GRF(Z) and GRF(X) represent the 
ensemble-averaged patterns of VGRF and HGRF, respectively. 

Results and Discussion 
VGRF, VFD, and HCOP were identified as significant 
predictors of power during the PS with up to 72% of the 
variance in power explained. Specifically, increased VGRF 
and decreased VFD and HCOP would increase power during 
the PS. Despite a vertical deceleration being a typical pattern 
observed before the second pull, a substantial vertical 
deceleration is likely to be inefficient because it would make it 
harder for lifters to rapidly re-accelerate vertically during the 
second pull. A horizontal movement was also observed 
throughout the PS. The increased HCOP during the second 
pull was related to increased horizontal barbell movements 
which is an undesirable movement during weightlifting [2].   

Conclusions 
Vertical and horizontal movements occur simultaneously 
during the PS, and the horizontal movement is inevitable as a 
counter movement before the second pull. However, the 
horizontal movement needs to be minimized to reduce HCOP 
and VFD as increased HCOP and VFD would have negative 
impacts on power during the PS. 
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Summary 

The Spanish squat targets the knee extensors and has been 

suggested to be an appropriate rehabilitation exercise for 

debilitative knee conditions. This study provides novel 

empirical data on the effect of trunk inclination on the 

demands of the Spanish squat that has application on the 

progression and regression to this exercise.      

Introduction 

Patellar tendinopathy (PT) is a chronic degenerative condition 

that is common in both recreational and elite athletes and can 

cause significant disability and absence from sport 

participation [1]. While PT has a multifactorial aetiology, the 

cause of PT is highly connected to excessive loading of the 

patellar tendon. Eccentric training has become an integral 

component of rehabilitation programs for PT [2]. Previously, 

the single leg decline squat (SLDS) was the exercise of choice 

to optimize quadriceps capacity and eccentric patella tendon 

force [3]. More recently, the SLDS has being utilized as a load 

tolerance clinical test over a rehabilitation exercise due to its 

potential to provoke symptoms in patients [1]. The Spanish 

squat (SS) has demonstrated promise with significant 

reductions in pain [4]. However, there is no empirical research 

on the biomechanical demands of the SS to inform exercise 

prescription. Therefore, the objective of this preliminary study 

was to determine the involvement of the quadriceps muscles 

while performing a SS at different trunk inclinations. 

Methods 

Five male, resistance trained individuals who had no pain or 

musculoskeletal disorder participated in this study (age 23 ± 

2.0 years, height 1.75 ± 0.02 m, mass 76.7 ± 3.4 kg). Ethical 

approval was granted by the University Research Ethics 

Committee. The SS is a double-leg squat performed with 

assistance of rigid straps placed below the knee joint. With a 

vertical shank posture, participants performed the SS at an 

angle of 90° of knee flexion at two trunk inclinations; 45° 

(SS45) and 90° (SS90). Participants also performed a 

bodyweight squat (BWS) at an angle of 90° of knee flexion. 

Three trails were collected for each squat condition. During 

data capture, knee and trunk planar angles were estimated 

using real-time analysis of reflective markers associated with 

motion capture. Feet pointed forwards and positioned shoulder 

width apart across two AMTI force plates (Advanced 

Mechanical Technology Inc., MA, USA). A metronome was 

used to standardise a three second count for the eccentric and 

concentric phase. Electromyography (EMG) data was 

collected 2000 Hz using a wireless Trigno system (Delsys 

Inc., Boston, MA). The data processing procedures for EMG 

and moment data are reported elsewhere [5]. 

 

Results and Discussion 

Across all quadricep muscles, an increase in muscle activity 

was observed during the eccentric and concentric phase for 

SS45 and SS90 in comparison to the BWS (Figure 1A). Since 

two-thirds of an individual’s body mass in located in the trunk 

region, the posterior shift of the trunk away from the knee 

joint could explain the greater muscle activity for SS90 in 

contrast to SS45. Further support is provided by corresponding 

knee joint moment data (Figure 1B). The novel findings of this 

study suggest that modifying trunk inclination can provide 

both a progression and regression to the SS exercise. Evidence 

supports the use of quadricep led exercises in the rehabilitation 

of PT; with utilisation of both weight bearing and non-weight 

bearing exercises of varying contractions between 0-90 

degrees of knee flexion dependant on patient symptoms and 

phase of season [1,2,4]. The SS could form part of a structured 

rehabilitation program for PT as the vertical shank position, 

without knee over toe translation, would be mechanically 

advantageous to reduce patellofemoral force [6] and patellar 

tendon stress [3], whilst still augmenting VM and VL 

activation during the concentric and eccentric phase.  

 

Figure 1: Mean integrated EMG (i-EMG) during the eccentric and 

concentric phase across three squat techniques (A). Mean and 

participant moment data for the right/left knee joint (B). (R-right/L-

left/RF-rectus femoris/VL-vastus lateralis/VM-vastus medialis). 

Conclusions 

This study provides novel empirical data on the effect of trunk 

inclination on the demands of the Spanish squat that has 

application on the progression and regression to this exercise.      
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Summary 
Sit-to-stand (STS) is an important activity of daily living. 
Individuals with Prader-Willi Syndrome (PWS) have larger 
internal ankle moments and larger proportion of ankle moment 
distribution compared to individuals with and without obesity. 
Improving STS characteristics may contribute to greater 
mobility in individuals with PWS. 
Introduction 
Prader-Willi Syndrome (PWS) is a genetic disorder 
characterized by obesity and muscular hypotonia [1]. Sit-to-
stand (STS) is a component of mobility and is negatively 
influenced by pathologies such as stroke and through decreases 
in strength and slower rising speed [2, 3]. Individuals with PWS 
have deficits in neuromuscular control and knee flexor and 
extensor strength [4], which may contribute to greater 
neuromuscular demand when executing a STS. Lack of strength 
is highlighted by a shift of muscular demands from the smaller 
distal muscles to the larger proximal muscles during simple 
tasks such as walking or STS, which may reduce physical 
function and mobility. The purpose of this study was to 
compare internal hip, knee, and ankle moments and joint 
moment distribution between individuals with and without 
PWS during STS. It was hypothesized that individuals with 
PWS would have larger peak hip moments, lower peak knee 
moments, similar peak ankle moments, and a larger hip moment 
proportion compared to controls with and without obesity.  
Methods 
Thirty participants were recruited for this study. Ten individuals 
with PWS (28.12 kg/m2 ± 5.43) were matched by sex to 10 
controls with obesity (34.63 kg/m2 ± 3.01) and 10 controls 
without obesity (22.86 kg/m2 ± 1.19). An adjustable box was 
used allowing each participants’ thighs to be parallel to the floor 
during the STS task.  The participants’ feet were positioned on 
2 AMTI force plates, sampled at 2400 Hz. Participants crossed 
their arms over their chest and completed 3 sets of 5 repetitions. 
The middle 3 trials of each set were used for analysis. All trials 
were exported to Visual 3D where internal hip, knee, and ankle 
extensor moments were extracted from the right limb during the 
rising portion of the STS. Kinematic and kinetic data were low-
pass filtered at 6 Hz and 40 Hz, respectively. Onset of rising 
during the STS was determined when the pelvic center of mass 
velocity (PCOM) was >0.05 m/s. Upright standing position was 
determined when PCOM was < 0.05 m/s.  A LABVIEW program 
extracted peak joint moments and calculated joint moment 
distribution. Joint moments were normalized to a product of 
body weight and height. Joint moment distribution was 
calculated using the Total Support Moment (MT) from the sum 
of the peak hip (MH), knee (MK), and ankle (MA) extensor 

moments (MT= MK-MA-MH). Average moments at each joint 
were divided by MT to determine joint moment distribution. 
One-way MANOVA was used to compare joint moments and 
joint moment distribution, as a proportion, between groups. 
Results and Discussion 
There was a group effect on internal hip, knee, and ankle 
moments (F6, 50)=7.484, p=0.001, Wilk’s Λ=0.278). Post hoc 
analyses showed that controls without obesity had larger 
internal MH compared to controls with obesity (-0.082 ± 0.012 
vs -0.061 ± 0.014 Nm kg-1m-1, p=0.022) and individuals with 
PWS (-0.082 ± 0.012 vs -0.055 ± 0.021 Nm kg-1m-1, p=0.003). 
Individuals with PWS had a lower, internal MK compared to 
controls with obesity (0.061 ± 0.011 vs 0.077 ± 0.004 Nm kg-

1m-1, p=0.01) and controls without obesity (0.061 ± 0.011 vs 
0.083 ± 0.015 Nm kg-1m-1, p=0.001). Individuals with PWS had 
a larger, internal MA compared to controls with obesity (-0.022 
± 0.006 vs -0.013 ± 0.004 Nm kg-1m-1, p=0.006). There was a 
difference in joint moment distribution based on group (F6, 

50=7.484, p=0.001, Wilk’s Λ=0.318). Post hoc analyses showed 
that individuals with PWS had a larger proportion of MA 
distribution compared to controls with obesity (0.156 ± 0.031 
vs 0.073 ± 0.035, p=0.001) and controls without obesity (0.156 
± 0.031 vs 0.077 ± 0.036, p=0.001).    
Individuals with PWS had a lower MH and MK, but a higher 
proportion of MA. This suggests a shift in joint torque 
distribution to the calf musculature which contradicts our 
hypothesis. The shift may be due to lower lean mass in the thigh 
and hip and more lean mass in the lower leg.  Furthermore, 
underutilizing the larger muscles of the knee and hip to perform 
a STS may contribute to lower movement speed and mobility 
of individuals with PWS. 
Conclusions 
Individuals with PWS had a a lower MH and MK, and higher 
proportion of MA compared to controls during STS. 
Interventions to increase MH and MK may improve mobility in 
individuals with PWS. 
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Summary 

In order to successfully complete a drop snatch squat exercise, 
athletes must move their body quickly in order to get under the 
barbell at the appropriate time. This high velocity motion 
requires the performer to exert large forces. However, athletes 
must also position themselves accurately in order to safely 
catch the weight without losing their balance. Subjects' 
vertical barbell placements did not differ significantly between 
25%, 50%, and 75% of 1-RM. The first repetition performed 
by subjects was, for the most part, different than their second 
and third repetitions. It is possible that subjects used the first 
repetition at each load to gauge the force requirements needed 
to successfully complete the lift. By the second and third 
repetitions, subjects had made adjustments to their initial 
attempt. 

Introduction 

Schmidt’s impulse-variability model indicates that the initial 
phase of a movement, involving the generation of a force 
impulse, is more important than later phases of the movement 
dealing with ongoing control. Schmidt showed that the size of 
the subject’s error increased in proportion to the magnitude of 
the force used [1]. This increased variability resulted in 
decreased movement accuracy. The work presented here 
examines how alterations in load affect drop snatch squat 
performance. With increasing loads, subjects will need to use 
larger forces in order to successfully complete the movement. 
The effect of repetition number on barbell kinematic 
parameters was also investigated.  

Methods 

Ten male athletes performed drop snatch squat exercises using 
a barbell loaded with plates. The loads tested were 25%, 50%, 
and 75% of 1-RM load conditions (1-RM = 70 +/- 17 kg). At 
each percentage, subjects performed three consecutive 
repetitions. The positions of the barbell and selected body 
landmarks were analyzed at key points in the motion. The 
maximum vertical barbell position (Max), the minimum 
vertical barbell position (Min), and the distance between the 
minimum and maximum vertical barbell positions (Min-Max) 
were expressed as proportions of baseline height for each 
repetition. Comparisons were made between loads and the 
repetition number in the set. Special attention was given to the 
baseline-to-high point distance, to the baseline-to-low point 
distance, and to the distance between high and low points.  

Results and Discussion 

Subjects' vertical barbell placements did not differ 
significantly between 25%, 50%, and 75% of 1-RM. Subjects 
were able to make adjustments to variations in load that did 
not increase movement variability. The first repetition 
performed by subjects was significantly different than their 
second and third repetitions. 

 
Figure 1: Distance between minimum and maximum barbell vertical 

positions across load and repetition number. 

Conclusions 

Special attention should be given to the first repetition of a set 
of drop snatch squat exercises. An athlete may not bring the 
barbell to a high enough vertical position, which could 
subsequently make catching the weight in the deep squat 
position more difficult. Increasing the load does not 
significantly affect the maximum or minimum vertical barbell 
positions (or the distance between these positions) at sub-
maximal loads. Future research should investigate what 
happens at maximal or near-maximal loads. 
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Table 1: Proportion of Baseline Height for Key Positions (Max, Min, Min-Max) Across Loads and Reps During the Drop Snatch Squat Exercise. 

Max 1 2 3 Min 1 2 3 Min-Max 1 2 3 
25% 1.14 1.17 1.18 25% 0.98 0.97 0.96 25% 0.17 0.21 0.22 
50% 1.15 1.19 1.16 50% 0.98 0.98 0.96 50% 0.17 0.21 0.21 
75% 1.15 1.16 1.18 75% 0.97 0.97 0.98 75% 0.18 0.20 0.19 
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Summary 

In this work, we developed 2D and 3D cell-based in vitro 

experimental models to visualize how cellular motions and 

stresses are correlated during aggregation and dissemination of 

cellular clusters. For quantitative analyses, we utilized particle 

image velocimetry (PIV), traction force microscopy (TFM), 

and monolayer stress microscopy (MSM) along with 

conventional biochemical assays and other phenotyping tools, 

and identified the active remodeling of stresses during the 

scattering process. 

Introduction 

Cells in our body respond sensitively to externally applied 

physical forces and cells also generate forces intracellularly. 

Pathological conditions such as cancer can be induced by the 

abnormality in the physical microenvironment, and their 

metastatic fate can be regulated by the physical state of the 

cells in the tumor mass. To understand the physiological 

behavior of the cells, it is crucial to develop pathologically 

relevant cell-based in vitro experimental models. In this study, 

we established strategies for both the 2D and 3D tumor 

models to elucidate the mechanism of cancer metastasis. 

Methods and Results 

A. 2D Dissemination Model 

We set up the well-controlled epithelial island using the 

PDMS stencil with circular patterns of 700 µm diameter laid 

on the collagen I coated polyacrylamide hydrogel. Once the 

stable physical junctions were established, the PDMS stencil 

was removed so that the epithelial monolayer is free to expand. 

Epithelial monolayer continually expanded radially toward the 

free space, but interestingly, the initially smooth circular 

expanding edge started to become fluctuating morphology 

without any external stimuli, suggesting that the differential 

speed of the expansion along the edge should be influenced by 

the physical cues amongst the cells in the expanding 

monolayer. When radial and circumferential stresses were 

decomposed, a strong negative correlation between the 

circumferential stress and the edge progression was evident 

where the local radial stress component did not contribute to 

the peripheral geometry of the expanding monolayer.  

B. 3D Aggregation and Dissemination Model 

3D spheroid-based in vitro experimental tumor model was 

established using two different techniques, one with and the 

other without extracellular scaffold structures. Invasion assay 

results indicated much higher collectiveness and contractility 

in the spheroidal models made with the matrix scaffold. 

Furthermore, the collagen fiber rearrangements by the 

collectively disseminating cell clusters was clearly 

demonstrated in the tumor model developed with the scaffold. 

The spheroids made using the conventional low binding 

substrate without scaffolds had distinct biochemical and 

biophysical traits of much lower correlation with the in vivo 

tumors.   

 

 Figure 1: Stress decomposition reveals the physical mechanism 

underlying the generation of landscape at the expanding edge. (a) 

radial intercellular stress component, and (b) circumferential 

intercellular stress component. (c) Correlation between physical 

stress components and the fluctuation of edge landscape. 

 

Figure 2: (a) Cells from the spheroids made with non-binding plate 

escaped from the main body and migrated individually. (b) Spheroids 

made with Matrigel showed collectively proceeding motions. 

Conclusions 

First, we employed a 2D circular island to realize cancer 

metastasis in a simplified yet controlled manner to unravel the 

correlation between cellular kinematics and physical stresses. 

In the context of cancer metastasis, we first identified the 

active key factors that actively regulate the formation of the 

cellular aggregates, and quantified the physical forces that 

would prevent the dissemination to occur from the aggregates. 

We also developed spheroid-based 3D cancer model to study 

cancer metastasis. Based on recent findings on the significance 

of collective migration in cancer invasion, we suggest a 

scaffold-based strategy as an appropriate model method to 

form a tumor model that specifically demonstrates the 

collective invasion of cancer cells.  
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INTRODUCTION

Ligaments disorders and injuries are among the most
common musculoskeletal problems and constitute a
prominent clinical need yet to be satisfactory answered.
Tendon tissues possess inherently limited healing capacity,
thus making their regeneration after injury considerably
challenging. [1]. Nowadays, two types of graph transplants
are used, however, they both present disadvantages:
autograft, tends to lose their mechanical resistance when
being cultivated, while allograft has a high probability of
being rejected by the patient. [6]. Polycaprolactone (PCL) is
a semi-crystalline linear resorbable aliphatic polyester, is
subjected to biodegradation because of the susceptibility of
its aliphatic ester linkage to hydrolysis but is hydrophobic.
Chitosan is not only hydrophilic but also helps the
proliferation and differentiation of cells [6] Electrospinning
has been particularly applied in the fabrication of scaffolds
for tendon tissue engineering as it is a straightforward and
cost-effective fabrication technique allowing to process a
variety of polymers with tunable fiber diameter and matrix
alignment [1]. The present study focuses on the synthesis
and characterization of polycaprolactone/chitosan
nanofibers by electrospinning, to have a polymeric ligament
with mechanical properties like a normal ligament.

METHODS

The methodology for the production of polycaprolactone
and chitosan combined nanofibers, polycaprolactone (20%
wt) and chitosan (6% wt) was dissolved. A solvent system
of acetic acid and formic acid is used in a 7:3 ratios
respectively [3]. It was stirred for 4 hours at room
temperature. For the characterization of the nanofibers,
tensile strength tests (Texture Analyzer TA-XT2i) and
scanning electron microscopy (SEM) were carried out.

A surface response was performed to find the sample with
the highest tensile strength with constants such as the
polycaprolactone and chitosan solution 80: 20% by weight,
respectively, the potential difference at 16.5 Kvolts and the
rectangular collector of 10x10 cm. The factors analyzed for
the design of the experiments were the feedrates (0.3 to 0.4
ml / hr) and the distance between the tip of the needle and
the collector (13 to 15 cm).
RESULTS AND DISCUSSION

At Figure 1 it shows the surface respond and looked that the
maximum tensile strength is 11.46 MPa. Nevertheless,
according to Dr Gefen the Anterior Cruciate Ligament
(ACL) have a tensile strength range of 13-46 MPa [6].
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Figure 1: Surface of response of the tensile strength of the
nanofibers blend (PCL/Chitosan)

CONCLUSIONS

Following the methodology, it was mentioned the
achievement of obtaining a polymeric ligament with a
maximum tension of resistance of 11.46 MPa with a
solution of polycaprolactone and chitosan in a ratio of 80:20
wt / wt respectively, which indicates that we are in 12% to
reach the resistance of the tension of an anterior cruciate
ligament. Studies will continue to be made to reach the
corresponding parameters.
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Table 1: Comparison between an anterior cruciate ligament and the nanofiber blended (PCL/Chitosan).

Anterior Cruciate Ligament [6] PCL 20%wt – CHT 6%wt – 8:2 %p/p Nanofiber
Young Modulus (MPa) 65 - 447 99.29
Ultimate streight (MPa) 13 - 46 11.46
Ultimate elongation(%) 15 - 44 12.52
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Summary 
The material properties of the intact human liver using 
unconfined compression with varying strain rates were 
measured in this study. The liver modulus was not strain rate 
dependent between 1%/s and 25%/s. Failure stress increased 
by 20% and failure strain increased by 46% when the strain 
rate was increased from 50%/s to 500%/s, demonstrating a 
dependency on strain rate at higher velocities. 

Introduction 
In order to accurately model any organ or structure subjected 
to blunt force trauma, precise material properties and the effect 
of strain rate must be understood. Moreover, many studies on 
the material properties of human and animal organs were 
previously conducted on either the damaged structure of the 
organ in order to increase the number of available specimens, 
or did not investigate the effect of strain rate, or both (1,2). 
This study will focus primarily on the intact human liver with 
the goal to determine its mechanical properties at varying 
strain rates during full unconfined compression tests. 

Methods 
Three fresh human livers, free of any transmittable diseases, 
were harvest from donated cadavers procured from the 
Medical College of Wisconsin. Geometric properties were 
obtained using callipers and graph paper prior to testing.     

Livers were harvested and left intact for both destructive and 
non-destructive testing. Non-destructive testing was 
performed at strain rates of 1%/s, 5%/s, 10%/s, and 25%/s up 
to 25% strain. Destructive testing was performed at strain rates 
of 25%/s, 30%/s, 50%/s, and 500%/s until there was a 10% 
drop in force or no increase in force over a 3% strain increase. 

Specimens were placed in a Material Testing System 
(Minneapolis, MN) and compressed using custom made 
compression plates.  Force and displacement were measured at 
a sampling rate of 4,096 Hz.  Stress and strain were calculated 
as: 𝜎𝜎 = 𝐹𝐹

𝐴𝐴𝑠𝑠
 ; 𝜀𝜀 = ∆ℎ

ℎ𝑖𝑖
. 

Results and Discussion 

There was no strain rate dependency found between the rates 
of 1%/s and 25%/s on the elastic modulus of the liver (Table 
1). The average elastic modulus at 1%/s and 25%/s was 
0.04MPa (±0.03 MPa).   

The stiffness of the liver capsule alone tested in tension, 
published in a different study, was found to be 100x greater 
than the stiffness of the intact organ (1). Another study that 
performed compression testing of the liver parenchyma found 
the stiffness to be 100x less than this study (2). The contrast 
between these two studies and the current one suggests that 
the true stiffness of the liver is a combination of the capsule 

and parenchyma, which should be tested when the organ is 
intact. 
Table 1: Elastic modulus (MPa) of the liver at different strain rates. 

SPECIMEN 
# 

STRAIN RATE 
1%/s 5%/s 10%/s 25%/s 

1 0.0971 0.1024 0.0912 0.0954 
2 0.0193 0.0131 0.0097 0.0259 
3 0.0387 0.0437 0.0411 0.0397 
4 0.0234 0.0265 0.0262 0.0171 

The failure stress of the intact human liver ranged from 0.11 
MPa to 0.17 MPa and the failure strain ranged from 43% to 
66% (Figure 1). An increase of 20% in failure stress and 46% 
in failure strain was observed between the rates of 50%/s and 
500%/s.  A study by Kemper (3) compressed cut outs of the 
liver parenchyma, and strain rate dependency was found 
between rates at or below 10%/s and at or above 100%/s (3). 
In the same study the measured failure stress was 30% lower 
than in the current study (3). 

 
Figure 1: Stress versus strain curves for destructive testing. 

Conclusions 
This study characterized the material properties of the intact 
human liver under unconfined compression using rates from 
1%/s to 500%/s. The stiffness was not strain rate dependant 
between the rates of 1%/s and 25%/s. An effect of strain rate 
was observed on failure stress and strain between rates below 
50%/s and 500%/s. Compression testing the liver without 
damaging the tissue to increase sample size provides a more 
realistic values of the material properties and is shown to be 
very different from the individual components or segments. 
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Summary 
This study examined the effect of inter-cycle loading variation 
on cumulative tolerance in isolated spinal units. An in vitro 
paradigm was used to compare custom sinusoidal waveforms 
(i.e., consistent vs. variable amplitude) constructed with 
control between specimens for an equal average peak 
amplitude and total cumulative load. Spinal units exposed to 
variable loading tolerated significantly fewer loading-
unloading cycles and a reduction in cumulative load was 
observed. Together, these findings have implications for the 
quantification of loading exposure and injury potential.  

Introduction 

Successive low back loading exposures are inherently variable 
in magnitude during repetitive motor tasks [1]. Variation in 
inter-cycle loading exposures may result from flexible 
movement behavior and can fluctuate about the average peak 
exposure by 10-40% [1]. It is therefore conceivable that the 
effects of mechanical loading induced by variable task 
performance may be an important loading feature when 
studying cumulative low back injury mechanisms. This study 
aimed to investigate if variable loading exposures reduced 
cumulative compression tolerance in isolated porcine cervical 
functional spinal units (FSU). 

Methods 

Forty-eight FSUs were randomly assigned to one of six 
experimental groups. Each group differed by normalized 
compression magnitude (30%, 50%, and 70% of the predicted 
ultimate strength) and peak loading variation (consistent 
amplitude, variable amplitude). Custom sinusoidal waveforms 
were constructed to include a two second loading duration for 
a loading frequency of 0.5 Hz. Representative waveforms are 
depicted as unit functions (Figure 1) and the time-integrated 
waveforms demonstrate the similarity between total and inter-
cycle cumulative compression loading (Figure 2).  

0 

0.5 

1 

1.5 

0 10 20 30 40 50 60 

C
om

pr
es

si
on

 F
or

ce
 

Time (s) 

Variable Consistent 

 
Figure 1: Consistent and variable amplitude loading waveforms. 
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Figure 2: The integrated sum of both waveforms. 

 
FSUs were positioned in a neutral posture following preload 
and passive range-of-motion tests. Cyclic loading was then 
performed in compression until failure occurred or a 12-hour 
loading duration was reached. Force and displacement data 
were sampled at 10 Hz. Following loading, dissection was 
performed to classify macroscopic injury, and measurements 
of cumulative load, cycles, and height loss at failure were 
determined. A standard general linear model (α = 0.05) was 
used to examine the effects of compression magnitude and 
amplitude variability.  

Results and Discussion 

A relationship between compression magnitude and loading 
variation was detected for cumulative load (p = 0.026) and 
cycles to failure (p = 0.021). No main or interaction effect was 
detected for height loss at failure (p > 0.086). A reduction in 
cumulative compression was observed under all normalized 
compression loads (30% p = 0.016; 50% p = 0.030; 70% p = 
0.020) when variable loading was applied. The largest 
reduction was by 22.7 MN�s, which occurred in the 30% 
compression group. Further, when peak compression 
exposures varied in amplitude, FSUs, on average, tolerated 
5144 (p = 0.017), 1824 (p = 0.030), and 63 (p = 0.009) fewer 
cycles under normalized compression loads of 30%, 50%, and 
70%, respectively.  
Endplate failure was detected in 43 FSUs. Fractures with a 
crack morphology were observed most frequently (67%). 
Stellate (10%), step (8%), and crush (4%) fractures were 
limited to when the average peak normalized load magnitude 
was 50% or greater.  

Conclusions 

Replicating occupational variability in compression exposures  
reduced cumulative compression tolerance of the spine and 
could elevate low back injury risk during time-varying 
repetitive tasks. This reduction in cumulative load tolerance 
associated with variable loading at all tested compression 
magnitudes may, in part, be explained by nonlinear weighting 
factors, which are intended to adjust compression magnitudes 
based on their potential for low back injury development [2]. 
Practically, this finding raises concern over loading exposure 
calculation approaches that rely on a single task cycle to 
quantify exposure and injury risk.  
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Summary 

Material slippage forms a major issue in the biomechanical 
testing of soft tissues. We here present a clamping technique 
utilizing 3D printing technology which allows to test soft 
tissues in a highly standardized and high throughput manner. 
Results from image correlation and scanning electron 
microscopy indicate that material slippage is minimised, while 
at the same time failure of the sample occurs predominantly in 
the areas of interest but not at the clamping sites.  

Introduction 
Three-dimensional (3D)-printing has become broadly 
available and can be utilized to customize clamping 
mechanisms in biomechanical experiments. This study 
summarizes our preliminary experience using 3D printed 
clamps to mount soft tissues from different anatomical 
regions, including. the feasibility and potential limitations of 
the technology. 

Methods 
Tissues were sourced in a fresh condition, including human 
skin, ligaments and tendons. Clamps with standardized 
structures and fixtures were 3D printed and used to mount 
specimens. In quasi-static tensile tests combined with digital 
image correlation and fatigue trials we characterize the 
applicability of the novel clamping technique (Fig. 1). 
Scanning electron microscopy was utilized to evaluate the 
specimens to assess the integrity of the extracellular matrix 
(ECM) following the mechanical tests.  

Results and Discussion 

3D printed clamps showed no signs of clamping-related 
failure during the quasi-static tests, and intact ECM was found 
in the area of the clamping, at the transition clamping area and 
the central area from where the strain data was obtained 
(Fig. 2). In the fatigue tests, material slippage was low, 
allowing for cyclic tests beyond 105 cycles.  

Conclusions 
Comparison to other clamping techniques yields that 3D 
printed clamps ease and expedite specimen handling, are 
highly adaptable to specimen geometries and ideal for highly-

standardization and high-throughput experiments in soft tissue 
biomechanics. 
 

 
Figure 1: Mounted sample in the self-locking clamps (top right), and 
schematic representation of the preparation table (center of image) 
including a (enlarged) molding tool for the determination of cross 
sections of the samples prior to testing (right bottom).  
 

 
Figure 2: Stress-strain curve of human ligament and the 
corresponding strain fields from digital image correlation in three 
steps before the specimen fails. A schematic sample with squares 
indicates the area where tissues were removed for electron 
microcopy. Failure of the tissues was observed to different extent at 
the regions of the testing and clamping, as seen in the inserts A-C. 
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Summary 

Frozen and thinned bovine pericardium (BP) is a candidate 

transcatheter aortic valve (TAV) leaflet biomaterial for 

smaller-profile devices due to their reduced thickness now, 

however, their mechanical and structural properties still need 

to be to be fully test. In order to better understand their 

mechanical behavior, this study characterized compared with  

the mechanical properties of BP before and after freezing and 

thinning with porcine pericardium (PP). 

Introduction 

Bioprosthetic heart valves fabricated from glutaraldehyde-

treated BP have been clinically available for more than 40 

years. However, TAV leaflets must be thinner to permit 

transcatheter delivery (~0.25 mm compared to ~0.4mm in 

surgical aortic valves)[1]. So most TAV leaflets are made of PP 

currently. Some studies have suggested using laser or cutting 

process to thinn BP[2], while their mechanical and structural 

properties remain to be fully characterized. Therefore, the 

objective of this study was to characterize and compare the 

biomechanical responses of BP before and after thinning with 

PP for the evaluation of their use in the context of TAV.  

Methods 

BP and PP were harvested under non-sterile conditions from a 

native slaughter house, stored in phosphate-buffered saline. 

Tissue was cross-linked in the 0.4% (w/w) glutaraldehyde 

phosphate buffer solution. Those without obvious defects were 

selected and cut into strips(5 mm wide, 50 mm long), which 

two adjacent strips were classified as one group. The thickness 

of the strips were measured using a Mitutoyo micrometer with 

a precision of 0.01 mm. Firstly, 8 BP groups were selected. 

One strip maintained the original state, the other was frozen by 

liquid nitrogen for 10s. Then prepare another 8 groups of BP. 

One strip received no treatment, the other was frozen and 

reduced the thickness by 0.2 mm. 8 strips of PP whose 

thickness were 0.13±0.01mm were also selected as a control 

group. The mechanical properties of them were all tested and 

analyzed subsequently in uniaxial tension. Last, three tissue 

samples were prepared. Two of them were BP and PP received 

no treatment. Another was frozen and thinned BP. After 

fixation in 4% neutral buffered formaldehyde solution for 3 

days, the structure of these samples were studied by using 

paraffin section, HE staining and microscopic observation. 

Using SPSS software to make a statistical analysis. 

Results and Discussion 

No significant differences in the secant modulus, elastic 

modulus, and ultimate strength were found between BP groups 

before and after liquid nitrogen frozen, while the secant 

modulus of PP was observed obviously higher than BP 

regardless of freeze (Figure 1). Besides, the elastic modulus 

and the ultimate strength of BP after freezing were similar to 

PP. For BP groups second selected, the mechanical parameters 

had little differences before and after thinning. The ultimate 

strength of thinned BP was down about 15% from the  

previous BP. There are significant differences between the 

three kinds of  mechanical parameters of PP and BP whether 

or not thinned. On the other hand, the ultimate strain of BP 

after thinning was found to be much greater than that of PP 

tissues, with a high statistical significance. Histological 

images revealed that the untreated BP samples contained 

dense wavy collagen fibers, more than those of the BP 

samples which had reduced thickness. The thinner oriented 

collagen fibers than those of the BP samples can be seen, 

contributing to their lower extensibility. 

 

Figure 1: The mechanical parameters of 5 types of pericardium by  

different treatments (*P＜0.05, **P＜0.01, n=8). 

Conclusions  

By providing the uniaxial testing data for BP before and after 

freezing and thinning and histological observation, this study 

supplied an important comparison with respect to the use of 

BP reduced the thickness and PP tissues in the context of TAV 

fabrication. The results of this study suggest that PP tissues 

potentially were more favorable than thinned BP for making a 

smaller crimped profile of TAV devices. 
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Summary 

The structure-function relationships in human tibial cartilage 
are not known. We combined fibril-reinforced poroelastic 
modelling with quantitative microscopy and histology to 
interpret structure-function relationships of human tibial 
cartilage. Our findings suggest that the loss of collagen 
pretension in early osteoarthritis (OA) is modulated by 
reduced tissue swelling due to the loss of proteoglycans (PG). 
However, we suggest that the loss of collagen pretension in 
advanced OA is regulated by 1) collagen disorganization and 
2) decreased swelling pressure due to the loss of PGs. 

Introduction 

The main constituents of articular cartilage (collagen, PGs and 
fluid) control its mechanical response. Currently, the 
relationships between constituent-specific material parameters, 
structure and composition of healthy and osteoarthritic human 
tibial cartilage are not known. Fibril-reinforced poroelastic 
modelling can be used for determining biomechanical 
alterations in the main constituents of cartilage during 
osteoarthritis (OA) progression [1]. In our recent paper [2], we 
observed that OA progression was strongly related with a 
reduction in the initial fibril network modulus (related with the 
pretension of collagen fibrils) and the non-fibrillar matrix 
modulus (related with the PG content). Thus, our objective 
was to investigate can these OA related alterations in the 
constituent-specific parameters be explained by the structure 
and composition of cartilage.  

Methods 

27 cylindrical osteochondral samples were extracted from 
tibial plateaus of seven human cadavers. The fibril-reinforced 
poroelastic material parameters were obtained in our previous 
study by fitting the material model to the stress-relaxation 
experiments [2]. The PG content and collagen orientation 
angle were determined using digital densitometry and 
polarized light microscopy [1]. The samples were 
histopathologically scored by the OARSI grading system and 
were pooled to healthy (OARSI 0-1), early OA (OARSI 2-3) 
and advanced OA (OARSI 4) groups. Changes in the depth-
wise structural and compositional properties were compared 
between the OA groups using a linear mixed model.  

Results and Discussion 

In the superficial zone, the PGs were lost in the early OA and 
advanced OA groups compared to the healthy group (figure 
1). This was consistent with our earlier biomechanical finding, 
that is, the decrease in the non-fibrillar matrix modulus [2]. 

The collagen orientation angle in the superficial/middle tissue 
increased progressively, but on average at 10% of tissue 
thickness, it was greater only in the advanced OA group 
compared to the healthy group. In contrast, in our previous 
paper, the initial fibril network modulus (reflects collagen 
pretension) was smaller both in the advanced and early OA 
groups compared to the healthy group [2]. This suggest that 
the loss of superficial collagen pretension during early OA is 
due to reduced tissue swelling (caused by PG loss) rather than 
collagen disorganization. However, the loss of collagen fibril 
pretension in advanced OA is suggested to be regulated by 
both collagen disorganization and reduced tissue swelling.  

 
Figure 1: Depth-wise PG content and collagen orientation angle for 

each OA group and changes in the corresponding constituent-specific 
material parameters. *p < 0.05, linear mixed model. 

Conclusions 

In early OA, we suggest that the loss of collagen pretension is 
due to the decrease in the PG content of cartilage, and thus, 
reduced swelling. In advanced OA, however, we suggest that 
the loss of collagen pretension is due to a combination of 
collagen disorganization and reduced tissue swelling.  
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Summary 

Human induced pluripotent stem cell-derived cardiomyocyte 

(hiPSC-CM) tissue consists of heterogeneous CMs coupled by 

gap junctions. Electromechanical effects of these couplings are 

estimated using a computer model. Simulations suggest that the 

electromechanical variability in the tissue is decreased by gap 

junctional couplings depending on the conductance and the 

number of different CMs. 

Introduction 

HiPSC-CMs have introduced a new era in cardiac research, 

particularly for understanding human development, diseases, 

drug interactions, and cell therapy to replace damaged tissue. 

They share important characteristics with adult CMs and 

several methodologies have been suggested for promoting their 

maturation [1]. HiPSC-CM tissue beats autonomously and is a 

heterogeneous mixture of CMs that display sinoatrial-, atrial-, 

and ventricular-like action potentials [2]. Action potentials have 

been used to discriminate the CMs on a chamber-specific basis 

[2] but other results suggested that it is uncertain whether 

chamber-specific cell types exist and how they can be identified 

[3]. The action potential triggers an increase of the intracellular 

calcium concentration, which in turn initiates the mechanisms 

of mechanical contraction (excitation-contraction coupling).  

Neighbouring CMs interact electrically via intercellular 

connections called gap junctions. This interaction is associated 

with electromechanical effects. However, the measurement of 

electromechanical effects inside a heterogeneous tissue is 

difficult. Thus, this study attempts to estimate them by using a 

computer model. 

Methods 

The electrophysiology of hiPSC-CMs is represented by the 

computer models of Paci et al. [4,5] that are based on 

experiments published in [2]. They reproduce atrial-like and 

ventricular-like action potentials (from now on referred to as 

AL-CMs and VL-CMs). The models are based on the Hodgkin-

Huxley formulation and all relevant ion currents and the Na+ 

and Ca2+ dynamics are taken into account. The mechanisms of 

the excitation-contraction coupling are mapped by the model of 

Land et al. [6] and for each action potential the corresponding 

active tension can be computed. This is however only applied 

to VL-CMs because it is parameterised for adult ventricular 

CMs. Gap junctional intercellular coupling is modelled by 

assigning a conductance 𝐺𝑔𝑎𝑝. With reference to experimental 

data in neonatal rat CMs [7] it is varied: (0, 0.5, 1, 10, 50) nS. 

The equations for the membrane potential 𝑉 in AL-CMs and 

VL-CMs read: 
𝜕𝑉𝑎

𝜕𝑡
= −

1

𝐶𝑎
(𝐼𝑎 + 𝑛𝑣𝐺𝑔𝑎𝑝[𝑉𝑎 − 𝑉𝑣])  

𝜕𝑉𝑣

𝜕𝑡
= −

1

𝐶𝑣
(𝐼𝑣 + 𝐺𝑔𝑎𝑝[𝑉𝑣 − 𝑉𝑎]). 

The indices 𝑎 and 𝑣 denote the AL-CMs and VL-CMs, 

respectively, 𝐶 is the capacity, 𝐼 is the total ion current, and 𝑛𝑣 
is the number of VL-CMs coupled to one AL-CM.  

Two simulation sets are performed with 𝑛𝑣 = 1 and 𝑛𝑣 = 2. The 

effects on beating frequency (𝑓), action potential duration at 

90% repolarization (APD90), increase in intracellular calcium 

(∆𝐶𝑎𝑖), and active tension (𝑇𝑎) are analysed.   

Results and Discussion 

The beating frequency 𝑓 is 0.92 Hz in AL-CM and 0.64 Hz in 

VL-CM. When connected (results for the two 𝑛𝑣 and 𝐺𝑔𝑎𝑝 are 

separated by comma and semicolon, respectively), the hiPSC-

CMs beat synchronously at (0.85,0.81; 0.83,0.79; 0.79,0.74; 

0.78,0.74) Hz. APD90 is 270 ms and 388 ms, respectively, and 

when connected, it increases in AL-CM and decreases in VL-

CM and is (331, 354) ms in both CMs at 50 nS. ∆𝐶𝑎𝑖  increases 

in AL-CM from 0.32 µM to (0.34, 0.35) µM and decreases in 

VL-CM from 0.16 µM to (0.12, 0.13) µM when connected with 

0.5 nS. The values change only slightly at higher 𝐺𝑔𝑎𝑝. 

Associated with the change of ∆𝐶𝑎𝑖, the active tension 𝑇𝑎 in 

VL-CM decreases from 72.5 Pa to (24.5, 32.9) Pa when 

connected with 50 nS.  

New measurements on hiPSC-CMs are needed to refine the 

range of 𝐺𝑔𝑎𝑝, the formulation of the Ca2+ dynamics in the AL-

CM model, and the excitation-contraction model. Furthermore, 

remodelling as response to altered electromechanical stimuli is 

possible and should be studied. 

Conclusions 

The simulations suggest that the electromechanical variability 

in hiPSC-CM tissue is decreased by gap junctional intercellular 

coupling and this depends on 𝐺𝑔𝑎𝑝 and the number of different 

hiPSC-CMs.  

The present results have not only an impact on the 

understanding of the behaviour of hiPSC-CMs on tissue level 

but also on the development of more realistic electromechanical 

computer models of hiPSC-CM tissue [8]. 
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Summary 

Owning to sufficient stiffness at room temperature, rapid 

shape memory ability when exposed to body temperature, in 

vivo stability and soft nature to matching the mechanical 

properties of soft tissue, poly(glycerol-dodecanoate) (PGD) is 

a promising biodegradable polymer which could be applied as 

soft tissue replacement. Our purpose is to fabricate a body 

temperature triggered micro-coil plugs which could be 

delivered through minimally invasive device to fill and 

maintain the height of the degraded nucleus pulposus. In this 

study, we focus on tailoring the glass transition temperature 

and mechanical properties of PGD through curing conditions. 

The results showed that transition temperature of PGD 

decreased as the increasing of curing time. Besides, curing 

velocity of the purified prepolymer was faster than the raw 

material. Thus, we can tailor the transition temperature and 

mechanical properties of PGD to the proper region through 

curing duration to fulfil our purpose. 

Introduction 

Nucleus pulposus is the core part of intervertebral disc to 

maintain the height, withstand axial compression, and allow 

movement of the spine motion segment. Degradation of 

nucleus pulposus caused by aging and trauma often leads to 

loss height and function of intervertebral disc. This can 

compress nerves and result in lower back pain. Synthetic or 

natural hydrogels are widely used to fill the degraded nucleus 

pulposus [1]. However, shorting of sufficient mechanical 

properties and suitable duration in vivo limited its further 

application. 

PGD is a promising biodegradable polymer with soften nature 

and stable degradation property in body. It was firstly reported 

by Francesco et.al. as a shape memory polymer which 

possesses glass transition temperature between room and body 

temperature [2]. As above, PGD should be a proper material to 

fabricate nucleus pulposus replacement.  

Methods 

Prepolymers of PGD were synthesised just as previous cited. 

Besides, the raw material was purified by dialysis at ethyl 

alcohol for 96h. Both of the raw and purified prepolymers 

were cured at vacuum drying oven (120℃, -0.09Mpa) with 

multiple timepoints from 24 to 168h. The transition 

temperature was measured by both DSC and DMA system. 

Results and Discussion 

In this study, we focus on tailoring the glass transition 

temperature and mechanical properties of Poly(glycerol-

dodecanoate) through curing conditions. In order to find out 

the relationship between glass transition temperature and 

curing duration, prepolymers of PGD with different polymer 

dispersity index (PDI) were synthesized and cured with 

multiple timepoint at 120℃ . As Figure 1 showed that 

transition temperature of PGD decreased as the increasing of 

curing time. Besides, curing velocity of the purified 

prepolymers (PDI≈1.60) was faster than the raw materials 

(PDI≈2.70). Thus, we can tailor the transition temperature of 

PGD to the proper region (30-35℃) through curing duration to 

fulfil our purpose. 

 

Figure 1: Relationship between curing duration and transition 

temperature. 

The phase transition of PGD is associated with the 

crystallization between molecules of the polymer. Just as 

Table 1 showed, PGD with proper transition temperature 

region possess sufficient stiffness at room temperature and 

soften nature at body temperature, which are benefit to deliver 

the micro-coil plugs by minimally invasive device and match 

the mechanical properties of the soft tissue after implantation. 

Table 1: Relationship between curing duration and mechanical 

property 
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Summary 
Tensile properties of native and acellular human dura mater are 
of increasing interest for transplant surgery. The biomechanical 
properties of 18 cadaver-matched pairs of acellular and native 
human dura mater samples were investigated here. An 
individually-established osmotic stress protocol and the use of 
customized equipment assured a high level of standardization 
and thus comparability of results. Collagens and proteoglycans 
remained intact during acellularization, whereas the 
proteoglycan content decreased. Additionally, an exposure of 
fibronectin and elastic fibres was observed following the 
acellularization procedure. Acellular dura insignificantly differs 
from native counterparts in its load deformation behaviour. 
Consequently, cell seeding is not required to realistically imitate 
the biomechanical properties of human dura mater scaffolds.  

Introduction 

Human dura mater has successfully been used as a transplant 
material for various body parts [1,2,3]. However, valid data 
describing the load deformation behaviour of the dura are 
lacking to date. Moreover, a simultaneous biomechanical 
characterization of the acellular dura scaffold seems promising 
for future engineering approaches using acellular human or 3D-
printed dura transplants.  

Methods 
18 matched pairs of native and acellular human dura mater were 
investigated (Figure 1). The samples were adapted to the native 
water content of human dura by means of the osmotic stress 
technique. 
 

 

Figure1: Differential interference contrast microscopy of native 
human dura mater. 

 
Quasi-static tensile testing was performed using customized 3D-
printed equipment recently introduced to standardize soft tissue 
testing (Figure 2) [4]. 
 

 
Figure 2: Customized 3D-printed equipment for tensile dura testing. 

Results and Discussion 
Acellular dura only minutely differs from native counterparts. 
Acellular dura yielded lower values of the elastic modulus 
(36 vs. 74 MPa, p < 0.01) and ultimate tensile strength (4 vs. 
7 MPa, p = 0.05) compared to the native counterparts, which 
was likely the consequence of tissue swelling related to the 
acellularization procedure. Collagens and proteoglycans have 
been shown to remain intact in the acellular samples, but a 
decrease in glycosaminoglycan content was observed. In the 
acellular samples, fibronectin and elastic fibres appeared to be 
exposed to an increasing degree compared to the native samples. 

Conclusions 
Cell removal does not vastly influence the biomechanics of 
human dura. A seeding of acellular dura scaffolds with cells 
seems not to be necessary from a biomechanical perspective.  
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Summary 
A method for identifying mechanical properties of arterial 
tissue in vivo is used to predict the stress state of the human 
abdominal aorta. The parameter identification method accounts 
for the arterial wall constituents, namely the isotropic non-
collagenous material and the anisotropic collagen fibres. This 
allows for the stress to be decoupled into three parts, one 
reaction stress arising from incompressibility, one linked to the 
isotropic and one to the anisotropic constituents. In order to 
analyse the accuracy of the predicted stress state, finite element 
arteries are created using published data. The stress state of 
these in silico arteries is calculated. Afterwards the mechanical 
properties of these in silico arteries are identified and the 
decoupled stress state is predicted. The comparison of predicted 
with in silico stress state shows a high agreement in the 
circumferential direction and larger differences for the reaction 
stress and in the axial direction. 

Introduction 
The leading cause of death in Europe are cardiovascular 
diseases [1]. Their development is associated with changes in 
the mechanical properties of the arterial tissue [2]. Disease 
diagnostization could, therefore, benefit from a non-invasive 
method that can estimate arterial mechanical properties in situ. 
In a recent study from our research group an in vivo parameter 
identification method (PI) has been proposed and numerically 
validated for the human abdominal aorta (AA) [3]. The PI uses 
the Holzapfel-Gasser-Ogden constitutive model that accounts 
for the isotropic non-collagenous material and the anisotropic 
collagen fibres separately [4]. It is possible to decouple the 
stress state of the arterial wall according to 

 𝝈𝝈 = −𝑝𝑝 + 𝝈𝝈�iso + 𝝈𝝈�aniso , (1) 

where 𝑝𝑝 is a reaction stress arising from incompressibility, 𝝈𝝈�iso 
is the isotropic stress from the non-collagenous material and 
𝝈𝝈�aniso is the anisotropic stress associated with collagen. The 
microstructure, e.g. cross-linking and fragmentation of elastin 
and collagen, of an artery changes with age and disease [2]. As 
a result the stress components in Eq. (1) and their ratios are 
likely to change.  Disease diagnostization could therefore 
benefit from studying the decoupled stress state. To this end, it 
is studied how well the PI proposed in [3] predicts the 
decoupled stress state.  

Methods 
Abdominal aorta-like finite element models accounting for the 
thick-walled nature of an artery and residual stress are created 
with pre-defined parameters from the literature. The decoupled 
stress state of these in silico arteries is calculated. In a next step 
these in silico AAs are used as mock experiments in the PI. The 

PI identifies the mechanical properties of these in silico arteries 
and the decoupled stress state is predicted. Finally the predicted 
stress state is compared with the in silico one. Since the PI 
assumes an artery as a thin-walled structure the stress states are 
compared in the mid-wall.  

Results and Discussion 
The difference of predicted and in silico stress state is small in 
the circumferential direction (Figure 1). The maximum 
percentage difference during the cardiac cycle for the isotropic 
and anisotropic stresses are 7.8% and -3.2%, respectively. The 
total circumferential stress is overestimated by half the lumen 
pressure and compensates for the larger error in the predicted 
reaction stress, which is related to the thin-walled assumption 
in the PI. In the axial direction larger differences occur (results 
not shown).   

 
Figure 1: Stress state during cardiac cycle for one representative in 

silico AA. The solid lines represent the predicted values by the PI and 
the dashed lines are associated with the stress state in the mid-wall of 

the in silico AA. 

Conclusions 
The predicted isotropic and anisotropic stresses in the 
circumferential direction agree well with the (correct) in silico 
ones. The total circumferential stress is systematically 
overestimated by half the lumen pressure. For the predicted 
reaction stress and the stress state in axial direction larger 
differences occur.  
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Summary 

Mechanical properties of organ-cultured rat tail intervertebral 
discs were characterized across the entire range of axial tension-
compression. Rather than assuming the shape of the axial force-
deformation curve, the stiffness-deformation relationship was 
assumed to follow a double logistic (U-Shaped) function, 
consistent with disc mechanical theory [1]. The novel model 
strongly fit all data (min R2 = 0.9533) and was sensitive to 
mechanical changes caused by injection of decorin—an innate 
immune system stimulant. Decorin injection induced similar 
mechanical changes as mild disc degeneration. 

Introduction 

As primarily a structural tissue, disc mechanical properties 
impact spine health and function. A disc characteristic that has 
received considerable attention is the neutral zone (NZ), the 
region of minimal stiffness around the neutral position. This 
region has been shown to increase in size and decrease in 
stiffness with mild degeneration [2]. Various methods—e.g. 
visual identification, polynomial and logistic curve fitting—
have been developed to define the NZ; however, tensile and 
compressive regions beyond the neutral zone are rarely 
characterized. A robust method of defining the NZ assumes the 
deformation-force curve follows a double logistic (S-shaped) 
function [3,4]. Despite excellent goodness-of-fit, this function 
cannot model the entire axial loading cycle because 
deformation is assumed to approach maximum and minimum 
limits. An unintended consequence is that discs are predicted to 
become infinitely stiff. To overcome this limitation and allow 
characterization of the entire axial loading cycle, we propose a 
modification by assuming that the stiffness-deformation 
relationship follows a double logistic (U-shaped) function. The 
purpose of this study was to determine whether the proposed 
equation for modelling axial loading strongly and robustly fit 
experimental data and was sensitive to disc changes.  

Methods 

Sixteen rat tail discs were organ cultured for six days in 
standard culture media (DMEM, 10% fetal bovine serum, and 
25mM HEPES) at 37°C. Half of the discs were injected (33- 
gauge needle) with decorin (20 µL, 0.5 µL/mg), a damage-
associated molecular pattern capable of initiating an innate 
immune response; remaining discs were injected with 20 µL of 
PBS. Discs were loaded with 20 tension-compression cycles 
ensuring that linear compression and tension regions were 
observed. A double logistic (U-shaped) function representing 
the stiffness-deformation relationship was integrated to obtain 
the following force-deformation function: 

𝐹(𝑥) =
𝐴

−𝑘
ln 1 +  𝑒( ( ℓ )) +

𝐴

𝑘
ln 1 +  𝑒( ( ℓ ) + 𝐶  

where A is the maximum stiffness, k and t are rate and length 
constants governing the change in stiffness, and C0 is an 
integration constant (subscripts refer to the compression and 
tension portions of the curve). NZ borders were defined as 15% 
of the maximum compressive and tensile stiffnesses. 

Results and Discussion 

Minimal hysteresis was observed for rat tail discs; therefore, a 
single fit was applied to loading and unloading data. The double 
logistic integral function was robust and strongly fit raw 
data from every disc (R2: mean= 0.9878; min = 0.9533). The 
NZs of cultured discs injected with decorin were 49% larger 
(p = 0.0067) and 46% less stiff (p = 0.0017) than discs injected 
with PBS. Maximum compressive stiffness was not different 
between groups (p = 0.7075); however, decorin injection 
decreased the maximum tensile stiffness by 26% (p = 0.0011).  

 
Figure 1: (A) Raw (black) and best-fit data for the 20th cycle of two 
representative discs. (B-C) Mean and 95% confidence in the mean 

estimate for the force- and stiffness-deformation relationships. 

Conclusions 

The axial stiffness-deformation relationship of the rat tail disc 
was robustly characterized by the double logistic (U-shaped) 
function and was sensitive to disc changes caused by injection 
of decorin, an innate immune system stimulant. When selecting 
equations to fit mechanical data, it is beneficial to assess the 
implied assumptions of the associated differential equations. 
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Summary 

In a full-factorial experiment, the effect of height, porosity and 

pore size at three levels on the structural stiffness of 3D-

printed, polylactic acid (PLA) scaffolds was investigated. The 

porosity and structural properties of the scaffolds were 

measured. The principal finding was that all three factors 

affected the structural stiffness of the scaffolds in a manner that 

was not expected. 

Introduction 

3D printing is a technique that allows joining materials and 

creating objects with intricate geometry from 3D geometrical 

data [1]. Within the limitations of manufacturing process of 3D 

scaffolding, the internal and external architectural design can 

be a significant determinant of the mechanical integrity of the 

scaffold [2].  In this study polylactic acid (PLA) was used, 

since it is widely studied in tissue engineering [3]. Samples 

were chosen using a design of experiment (DoE) taking into 

account three basic factors and three levels for each factor 

(Figure 1 inset) influencing internal and external architecture. 

Methods 

The diameter of the scaffolds was constant (10 mm) and six 

specimens were tested for each condition. The scaffolds were 

designed with CAD (Inventor) and fabricated by a desktop 

FDM 3D printing (Makerbot). The porosity of the pieces was 

measured with a buoyant scale following the Archimedes 

method. Compression tests were performed on a universal 

materials testing machine at 1.3 mm/min, room temperature, 

and dry conditions. Stress and strain were calculated assuming 

Hooke’s Law and measured bulk dimensions. Apparent 

Young’s modulus, E-mod, was found by linear regression of 

stress-strain data between 0 and 2% strain. ANOVA was 

performed considering a 95% confidence level (p <0.05). 

 

Figure 1: Porosity variation. Inset shows Design of experiment (DoE) 

and representative images of designed and built PLA scaffold (scale 
bar represents 2 mm). 

Results and Discussion 

It was observed on average that the height of 20 mm had the 

highest E-mod, followed by the 10 mm and finally, the 5 mm 

heights. Therefore, unexpectedly, as the height increased, so 

did the E-mod. Pore size did not have a significant effect on E-

mod while at the highest levels of porosity the E-mod 

decreased as expected in porous structures (Figure 2).  

Large error were found at high level of porosity (75%) ranging 

in 10-47% and 10-50% between the measured and theoretical 

porosity and pore sizes, respectively. The 2 mm diameter 

nozzle of the 3D printer prevented the resolution required to 

obtain the target porosity and pore sizes. The nozzle diameter 

is a critical parameter, since it affects in a pyramidal way the 

geometry and structural properties of the 3D printed scaffolds. 

 
Figure 2: Elastic Modulus of PLA scaffolds as a function of porosity 

for different height levels; combined pore size values (0.5, 0.75, and 

1 mm). Inset shows a representative stress-strain curve obtaining for 
the different fabrication parameters.  

Conclusions 

Only height and porosity level had significant effects on the 

structural stiffness of the scaffolds. The apparent Young’s 

modulus of the scaffold structures were inversely related to the 

specimen height and porosity. Second, 3D printing brings 

limiting aspects for their manufacturing. When reporting 

mechanical properties of 3D printed scaffold structures, the 

effect of factors relating scaffold architecture, including their 

interactions on the mechanical properties, should be taken into 

account and will be further analysed. 
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Summary 

Femoral neck strength was assessed in five cadaveric human 
femora (age ranging 27-80) using simulated lateral impacts 
with a test system aligned with a CSA test standard. Prior to 
testing, hip-specific DXA scans were obtained to extract 
femoral neck BMD. Simulated lateral impacts were performed 
with incremental increases in impact velocity until failure. The 
relationships between loading rate, bone strength, and BMD 
were investigated through correlation analysis. In addition, a 
non-linear regression model was developed to predict loading 
rate from impact velocity (R2= 0.740) to help inform future 
mechanical testing of femora using load-controlled (rather that 
deflection-controlled) to simulate lateral impacts at a given 
impact velocity. 

Introduction 

Due in part to the aging demographics in most developed 
nations, fall-related hip fractures are an increasing concern 
from both economic and public health perspectives. Costing 
an estimated 650 million dollars each year in Canada alone 
[1], there is a concerted effort to better understand the 
underlying mechanics of fall related hip fractures to better 
predict, and ultimately prevent, their occurrence. While 
predictions for bone strength based on BMD exist, these 
predictive equations are based on measures of bone strength 
derived from constant displacement-rate experiments [2,3]. 
Therefore, the goal of this study was to quantify the strength 
of cadaveric human femora in simulated lateral impacts with 
physiologically relevant impact velocities and stiffness 
conditions, as well as characterize the relationship between 
loading rate and impact velocity. 

Methods 

Five post-mortem human cadaveric femora (specimen age 
range 27-80 years) underwent hip-specific DXA scans to 
extract femoral neck BMD. Specimens were then placed in a 
test system which incorporated physiologically-based pelvic 
mass and stiffness properties [4], and subjected to simulated 
lateral impacts at incrementally increasing drop heights until 
failure (heights selected to create approximately impact 
velocities ranging from 0.5 m/s to 4.5 m/s, in 0.5 m/s 
increments). Peak force, loading rate, and impact energy were 
extracted from each trial. Fracture force (representing bone 
strength) was noted for each fracture trial. 

Specimen-specific and pooled Pearson correlations were 
computed to investigate the following relationships: 1) impact 
velocity and loading rate, 2) impact energy and loading rate, 
3) fracture force and BMD, and 4) fracture force and specimen 
age. A non-linear regression model was developed to predict 
loading rate from impact velocity. 

Results and Discussion 

Four of the five specimens fractured at the drop height used to 
elicit 4.5 m/s impacts (actual mean impact velocity = 4.13 m/s, 
SD = 0.04 m/s), with a mean fracture force of 4730 N (SD = 
468 N), and a mean loading rate of 103.4 kN/s (SD = 9.27 
kN/s) (mean areal BMD equalled 0.691 g/cm2, SD = 0.068 
g/cm2). One specimen fractured during the 1 m/s condition, 
with a fracture force of 1804 N and a loading rate of 69.6 kN/s 
(BMD = 0.513 g/cm2). A strong correlation was observed 
between fracture force and BMD for the five specimens (R2 = 
0.876, p < 0.01). For both the specimen-specific and pooled 
analyses, correlations between impact velocity and loading 
rate were stronger than those between impact energy and 
loading rate, albeit not all significant. A non-linear regression 
model (logarithmic function) was developed to predict loading 
rate from impact velocity (R2 = 0.740) (Figure 1).  

 
Figure 1: Femur loading rate versus impact velocity. Black dots are 
individual data points (all specimens, all trials), while the red line is 

non-linear regression line of best fit (y = 113700*x/(0.5897+x)). 

Conclusions 

Our findings confirm the link between femoral neck BMD and 
bone strength when tested with a biofidelic test system 
(incorporating biofidelic pelvic stiffness and effective mass) at 
physiologically relevant impact velocities. Furthermore, we 
characterized the non-linear relationship between loading rate 
and impact velocity. This work may support future load- 
controlled mechanical tests of femoral bone strength. 
Furthermore, this study provides insight into the impact 
dynamics of lateral impacts, towards the ultimate goal of 
better prediction and prevention of fall related hip fractures.  
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Summary 

Mechanical fatigue is the predominant etiology of stress 

fracture but the mechanism governing the fatigue failure of 

bone is poorly understood. Recent work from our lab suggests 

that intracortical microarchitecture is strongly associated with 

the fatigue life of bone. Vascular canals induce stress 

concentrations that may increase the magnitude and volume of 

highly stressed material within the bone matrix. This study 

examined the relationship between peak stress or stressed 

volume and the fatigue life of bovine cortical bone. Four 

samples were cyclically loaded in compression until failure 

and microCT-based FE models were created to estimate the 

peak stress and stressed volume. Peak stress explained 66% of 

the variance in fatigue life, while stressed volume explained 

81% suggesting that the fatigue failure of bone is related to 

both the magnitude and size of stress concentrations.  

Introduction 

Stress fractures are a mechanical fatigue phenomenon in 

which the repetitive loading of bone eventually causes fracture 

at submaximal loads. The fatigue life of bone, or the number 

of cycles to failure, for a given stress range can vary orders of 

magnitude [1], making the prediction of fatigue fracture 

difficult. Our recent work suggests that intracortical canal 

microarchitecture is heavily associated with this variance [2]. 

Canals create stress concentrations, the magnitude and volume 

of which are known determinants of material strength and may 

also be dependent on canal morphology. This study used high-

resolution finite element (FE) models and ex vivo mechanical 

testing to quantify the potential relationship between stressed 

volume and peak stress with fatigue life.   

Methods 

Cortical bone samples (n=4) were prepared from skeletally 

mature bovine tibiae. Samples were machined into a 

standardized waisted geometry with a gauge length of 7 mm 

and diameter of 5.25 mm. Samples were imaged using a 

Scanco microCT 100 (Scanco Medical AG, Switzerland) at 

5μm resolution and then cyclically loaded in zero-compression 

to a stress of 95 MPa and a frequency of 4.35 Hz. Fatigue life 

was defined as the number of cycles until complete fracture. 

MicroCT images were converted into FE models by first 

segmenting the sample’s geometry and microstructure within 

the central 2.5 mm of the gauge region and then generating a 

geometric mesh of quadratic tetrahedral elements. Elements 

were assigned homogenous linear-elastic material properties 

(modulus=18 GPa; Poission’s=0.3). The models were loaded 

by fixing the bottom surface and applying a uniform 

displacement to the top surface, consistent with mechanical 

testing, and solved using ABAQUS (v6.10, Dassault Systems, 

USA). Peak stress was quantified as the maximum von Mises 

stress at any element within the model. Stressed volume was 

quantified as the volume of elements experiencing a von 

Mises stress greater than yield (108 MPa). Relationships 

between logarithmic fatigue life and peak stress or stressed 

volume were examined using Pearson correlation coefficients. 

Results and Discussion 

Despite being loaded to the same apparent stress level, the 

fatigue life measures between samples ranged almost two 

orders of magnitude. Peak stress explained 66% of the 

variance in fatigue life and stressed volume accounted for 81% 

of the scatter (Fig 1).  

  

Figure 1: The relationship between logarithmic fatigue life and FE 

predicted stressed volume. The inset 2D-crossection illustrates the 
concentrated stresses (yellow) surrounding canals. 

Conclusions 

When predicting material failure, the magnitude of a stress 

concentration is often prioritized while the corresponding size 

is ignored. However, the findings from this study suggest that 

both the magnitude and volume of the stress concentration 

associated canal microarchitecture play an important role in 

the fatigue failure of cortical bone. We suspect that stressed 

volume is related to the likelihood of microdamage 

propagation, in which larger stressed volumes may facilitate 

the development of microcracks to a critical size, thereby 

leading to crack propagation and a reduction in fatigue life. A 

larger sample size and considering measures such as canal 

separation will help further elucidate the stress concentrating 

effects of vascular canals on the fatigue behavior of bone.  
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Summary 

Finite element models are used to assess the risk of developing 

pressure ulcers in the thighs and buttocks of wheelchair users. 

These models depend on experimentally obtained in vivo tissue 

properties from humans. However, data sets identifying the 

complete force-deflection curves for tissues from wheelchair 

users are not available. This study established a method by 

which force and deflection data were obtained from the thighs 

of wheelchair users and implemented the approach.  

Introduction 

Wheelchair users with spinal cord injuries are at a high risk for 

developing pressure ulcers (PUs), with prevalence rates as high 

as 30% [1]. Many PUs occur in tissues on the buttocks and legs 

due to constant forces on these regions while seated [2]. 

Finite element models that assess the risk of PU development 

and efficacy of prevention strategies rely on tissue properties of 

affected people. However, human thigh tissue property data is 

limited to able-bodied people in the supine position [3]. There 

is a need for the description of the mechanical response of the 

thigh/buttocks regions of wheelchair users in the seated 

position. Thus the goal of this work was to establish a protocol 

to collect force and deflection data from the thighs of 

quadruped wheelchair users and create a preliminary data set. 

Methods 

Seven wheelchair users (six male, one female) from Level 11 

Physical Therapy Clinic participated in this study. Participants 

lied prone on a table with two slings on it. The table lowered 

participants into a quadruped position with their hips and knees 

flexed at 90º while being supported by the slings. Previous 

work has shown that the seated posture and quadruped posture 

elicit similar force and deflection responses from the thigh [4]. 

Participants’ thighs were blocked with a peanut-shaped ball 

and sandbags to deter movement during indentation (Figure 1). 

 

Figure 1. Quadruped testing position during indentation. Participants 

were supported by slings at the chest and pelvis. A peanut-shaped ball 
prevented movement during indentations. 

An indenting tool embedded with a load cell and a linear 

potentiometer was used to record force and deflection data. The 

thigh was indented with a constant load rate until a 

physiological barrier (ie the femur) was felt, at which point the 

load was removed. This was conducted for the proximal, 

middle, and distal thigh regions of each leg.  

Results and Discussion 

Force and deflection data from participants’ proximal thighs 

are shown in Figure 2. The proximal thigh data showed a 

decrease in stiffness for wheelchair users as compared to able-

bodied individuals. The middle thigh regions of the wheelchair 

users had similar stiffnesses as the able-bodied average. 

However, the distal thigh regions of the wheelchair users were 

stiffer than the average able-bodied person. 

 

Figure 2. Force and deflection data of the wheelchair users’ proximal 
thigh regions compared to the able-bodied values. 

The stiffness differences between the thigh regions of 

wheelchair users and able-bodied individuals support the point 

that population-specific material properties are needed for the 

study of pressure ulcers with finite element models. Doing so 

will enable the finite element models to more accurately assess 

the risk of PU development in wheelchair users. 

Conclusions 

This study provided a method by which the force and 

deflection data of the thigh soft tissue of wheelchair uses may 

be collected. The method was used to determine the thigh 

material properties of seven people, but more data is needed to 

expand the database. 
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Summary 
In order to understand the mechanism of gastric motility, this 
paper presents a new approach to measure the principal 
direction of smooth muscle contraction in vivo and analyzes 
the difference of muscle contraction force by electrical 
stimulation between in vitro and in vivo for the same porcine 
stomach region. In both in vitro and in vivo experiments, the 
electric stimulation was a square wave with a current of 99 
mA and a frequency of 99 Hz. As a result of the experiment, 
contraction force of stomach muscle was measured about 60 
times more in vivo condition than in vitro condition, and this 
result suggests that muscle tissue in vivo has larger energy. 

Introduction 
Gastric diseases such as indigestion, heartburn, and vomiting 
related to the abnormal contraction of the stomach are 
impossible to diagnose obvious organic causes. The 
understanding of the mechanism of gastric motility has the 
potential to provide novel approaches to the diagnoses and 
treatments of gastric diseases. Although many studies have 
attempted to establish gastric mechanics, no research has been 
conducted to directly measure in vivo the smooth muscle 
contraction force by electrical stimulation of the gastric wall 
[1, 2]. This paper presents a new approach to measure the 
principal direction of smooth muscle contraction in vivo and 
analyzes the difference of muscle contraction force by 
electrical stimulation between in vitro and in vivo for the same 
stomach region. 

Methods 
In this study, an electrode system that can be attached to the 
stomach lining through the endoscope was constructed to 
measure muscle contraction by electrical stimulation. The 
frame of the electrode was a plastic structure manufactured by 
3D printing with a rosette strain gauge attached above and 
there are three needles at each end. It was made in sizes that 
can be inserted through the endoscope and the coating agent 
was applied to the surface of the electrode for waterproofing 
and insulation. 

Smooth muscle contraction experiments were performed 
under in vivo and in vitro conditions for the validation of the 
prepared electrodes. In case of in vitro experiments, 
experimental pigs were sacrificed to obtain specimens from 
the porcine stomach. The whole process of storage and 
specimen preparation (size: 3x1 cm) of the extracted stomach 
was conducted in PBS (Phosphate-Buffered Saline) solution 
with cold condition (2-5 degrees Celsius) in order to prevent 
loss of the energy source for the muscle contraction. The 
uppermost and lowermost regions of stomach specimen were 
fixed using jigs and the electrode is attached to measure the 
muscle contraction force by electric stimulation. 

In in vivo experiments, the abdomen of the anesthetized pig 
was opened invasively and electrodes were attached to the 
stomach surface to measure muscle contraction. 

 
Figure 1: In vivo experimental setup of contraction force 

measurement of porcine stomach 

Results and Discussion 
In both in vitro and in vivo experiments, the electric 
stimulation was a square wave with a current of 99 mA and a 
frequency of 99 Hz. As a result of in vitro experiment, 3-axis 
smooth muscle contraction force is shown in Figure 2 (left). 
On the other hand, in vivo experiment produced strong and 
fast muscle contraction force compared to in vitro experiment, 
as shown in Figure 2 (right). These results suggest that muscle 
tissue has more energy in vivo than in vitro conditions. 

 
Figure 2: Results of in vitro (left) and in vivo experiment (right) 

Conclusions 
The contractility of gastrointestinal muscles measured in this 
study is expected to be useful in identifying the mechanism of 
gastrointestinal contraction behavior. In Next study will be 
correlated the in vivo results to the in vitro results using on 
ANN (Artificial Neural Network), as a result, the endoscopic 
measurement of muscle force could inform the intrinsic 
muscle contractile force to chorions. 
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Summary 

Force-deflection behavior of trochanteric soft tissue during a 
fall has been measured using real-time ultrasonography. While 
there exists no gender difference, trochanteric soft stiffness is 
affected by pelvis impact configuration, being smallest during 
posteriolateral pelvis impact. 

Introduction 

About 600J of potential energy is available while standing, but 
only 5J of energy is required to cause hip fracture in older 
adults during a fall [1]. This means that any fall can cause hip 
fractures, but statistically, only 1-2% of falls end up with hip 
fractures [2], suggesting there must exist factors that 
determine injurious versus non-injurious falls. Soft tissue (i.e., 
skin, muscle, fat, fascia) covering the hip region may play a 
key role in preventing hip fractures by attenuating force or 
absorbing energy at impact. We have used a force plate and 
ultrasonography to measure real-time soft tissue compression 
and associated force during a fall, and examined how this 
behavior changed with pelvis impact configuration.  

 

Figure 1: Experimental setup 

Methods 

Sixteen young adults (7 males and 9 females) aged between 
the ages of 19 and 27 participated, and all subjects provided a 
written informed consent form.  

“Pelvis release experiment” allowed to safely simulate the 
impact stage of sideways falls (Figure 1a). Participant’s pelvis 
was raised through a rope attached to an electromagnet on the 
ceiling, so the skin surface barely touches the ultrasound probe, 
which flush to a Plexiglas plate. By switching off the 
electromagnet, subject’s pelvis fell on the probe while 
measuring real-time soft tissue compression from an 
ultrasound machine (SonoaceX8, Samsung-Medison, Seoul, 
South Korea) and associated force from a force plate (AMTI, 
model OR6-7-2000, Waltham, MA, USA). Trials were 
acquired for three locations over a horizontal line drawn 5 cm 

inferior to the greater trochanter: right over the femur (“0 cm”), 
+3 cm anterior (“+3 cm”) and -3 cm posterior (“-3 cm”) 
(Figure 1b).  

An outcome variable included soft tissue stiffness defined by a 
slope from a force-deflection curve, and ANOVA was used to 
test if the outcome variable was associated with pelvis impact 
configuration and gender.   

Results and Discussion 

Soft tissue stiffness was associated with pelvis impact 
configuration (F = 3.9, p < 0.05) (Figure 2). On average, soft 
tissue stiffness was 49% greater in “anterior 3cm” than in 
“posterior 3cm” (86.7 versus 58.4 kN/m). However, there was 
no gender difference in soft tissue stiffness (F = 2.0, p = 0.17).  

 

Figure 2: Effect of pelvis impact configuration on soft tissue 
stiffness  

Our results, combined along with previous findings that 
strength of the proximal femur decreases when a point of force 
application rotates posteriorly [3,4], support a notion that 
posteriolateral pelvis impact creates the highest risk of hip 
fracture during a fall.  

Conclusions 

While there exists no gender difference, trochanteric soft 
stiffness is affected by pelvis impact configuration, being 
smallest during posteriolateral pelvis impact. 
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Summary 

Tissue stiffness is an important measurement but is difficult to 

measure accurately. A multiple linear regression model was 

developed to predict exponential growth and scale parameters. 

Test location, location circumference, and BMI were all 

significant factors in predicting local tissue stiffness.  

Introduction 

Tissue stiffness is an important measurement that can be used 

to qualitatively diagnose musculoskeletal injuries. However, 

quantification of a tissue’s stiffness is challenging [1].Previous 

studies have questioned the reliability of hand-held indentation 

devices (“tonometers”) and have highlighted the sensitivity of 

resultant measurements to both user error and the composition 

of underlying tissue at the site of indentation [2]. However, if it 

were possible to control for these sources of error, clinicians 

might be able to rely on tissue stiffness as an injury assessment 

tool. Likewise, researchers might develop improved predictions 

of tissue deformation between human limbs and external 

objects such as knee braces. Therefore, the objective of this 

study was to investigate the relationship between local tissue 

stiffness and simple anthropometric measures and to develop a 

prediction model using subject parameters.  

Methods 

A soft tissue indenter (Figure 1a) was designed including a 

uniaxial load cell (MLP-50, Transducer Techniques, USA), a 

1.25in diameter plastic hemispherical tip, and four 

retroreflective markers to compute a global pointer tip.  For 

each session, the indenter was calibrated in compression using 

a force plate (9281e, Kistler, USA). 

Nine subjects (74.3±15.0kg) performed written, informed 

consent and the study was approved by the Institutional 

Research Ethics Board. Each subject was fitted with a ring of 

four retroreflective markers per test site (thigh - vastus lateralis; 

shank - tibialis anterior).  Motion capture (100Hz, Vicon, UK) 

was used to track the markers as the indenter was manually 

pressed into the centre of the marker ring at approximately 2Hz 

(metronome-paced) with a force of ~15N for 5 cycles.  

Data were filtered using a dual-pass, 2nd order Butterworth filter 

with a low-pass cut-off of 3Hz in Matlab (The MathWorks, 

USA). Motion capture data were used to compute displacement 

from the indenter tip to the un-deformed skin surface.  Force 

and displacement data were cropped into cycles, of which the 

middle three were retained for analysis for each trial. Force-

displacement plots were developed for each subject x location, 

and an exponential model (𝑦 = 𝑎(𝑒𝑏𝑥 − 1)) was fit to each 

curve. Multiple linear regression was done with parameters of 

location (thigh/shank), BMI, and location circumference to 

determine prediction equations for model variables (a, b).   

Results and Discussion 

The prediction equation for a captured 53% of the variance in 

indentation force, and was dependent on location, BMI, and the 

interaction between BMI and circumference. The prediction 

equation for b captured 64% of the variance, and was dependent 

on location, BMI, and the interaction between location and 

circumference. Each of the parameters was significant 

(p<0.05). Across all subjects, mean prediction errors (RMSE) 

for the thigh and shank were 9.13N and 8.62N respectively. 

 

. 

Figure 1: (a) Image of custom indentation device used to measure 

force and displacement. (b) Best fitting subject’s thigh and shank 

stiffness data along with corresponding model predictions. 

This model is based on 3 parameters: location, circumference at 

the location, and BMI. This is limiting as it does not consider 

the proportion of different types of tissue at the test site. 

Including parameters such as body fat percentage, skin fold 

tests, or local thicknesses of each tissue type could increase 

prediction accuracy across all subjects. Additionally, factors 

such as indentation rate and the activation state of underlying 

muscle tissue were beyond the scope of the present study.  

Conclusions 

Indentation location, BMI, and circumference significantly 

affected local tissue stiffness. Future work should consider 

refined measures of local tissue composition, and extend these 

results to account for various indenter geometries. An improved 

model could be useful in a clinical setting to compare a patient’s 

tissue stiffness to a predicted, healthy stiffness curve. 
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Table 1: Multiple linear regression variable prediction equations for tissue stiffness model 

Predicted Coefficient R2 Value Significant Parameters Equation  

a 0.53 Location, BMI, BMI*Circumference a = abs(-13.17 + 1.17(BMI) + 5.40(Loc) – 0.015(Circ*BMI)) 

b 0.64 Location, BMI, Location*Circumference b = 762.83 – 20.61(BMI) – 612.60(Loc) + 10.39(Circ*Loc)) 
 

(a)                (b) 
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Summary 
Duchenne muscular dystrophy (DMD) is a genetic disease 
characterized by muscle degeneration and fibrosis, often 
leading to respiratory failure. Diaphragm sections from mdx 
and healthy mice were biaxially tested to determine passive 
properties before and after enzymatic collagen digestion. We 
found that following collagen digestion, mdx muscle tissue 
was not significantly different from healthy tissue.  

Introduction 
Duchenne muscular dystrophy (DMD) is a genetic disease 
affecting one in 3500 boys that leads to progressive muscle 
degeneration, fibrosis, and fatty infiltration, ultimately leading 
to mortality in the third decade of life often due to respiratory 
failure [1]. Fibrosis of the muscle tissue increases throughout 
disease progression resulting in structural changes that remain 
poorly understood. Previous work has been inconclusive about 
the correlation between collagen and passive properties of 
muscle tissue [2,3]. Understanding the functional implications 
of these differences is critical to improving interventions at all 
disease stages. In order to capture the physiologic loading of 
the diaphragm, we biaxially tested the passive properties in the 
fiber and cross-fiber directions both before and after 
enzymatic collagen digestion. Because collagen is an integral 
structural component in fibrotic tissue, we hypothesize that the 
passive mechanical properties of mdx diaphragm will not be 
different from healthy diaphragm after collagen digestion. 

Methods 
Four 6-month-old mdx mice, a DMD model, and four age-
matched C57 mice, a wild-type control, were tested. 
Following sacrifice, the diaphragm muscle was harvested in its 
physiologic resting state by pinning 5 by 5 mm sections to a 
strip of silicone using 30 gauge needles before removing its 
attachments at the ribs and central tendon. Care was taken to 
orient the fiber direction along one axis of the square sample. 

Immediately following explantation, the samples were 
mounted on a CellScale BioTester and submerged in a chilled 
bath consisting of PBS and 30mM 2,3-Butanedione monoxide 
(BDM). Samples were then stretched until passive tension was 
exhibited in both directions. This length was defined as 
optimum fiber length and used as the initial length for all 
further testing. Each sample then underwent a passive testing 
protocol of 10 cycles of stretching followed by a 5-minute 
hold at strains of 5, 10, 15, and 20 percent. Samples were 
allowed to rest for 5 minutes between strain increments. 

After completion of passive testing, the samples remained 
mounted on the tester and were submerged in Liberase 
(Sigma-Aldrich), a low trypsin collagenase blend, at optimum 
fiber length to degrade the collagen. Following digestion, the 
bath was replaced with chilled PBS and BDM, and the passive 

testing protocol was repeated. Samples were then fixed, 
stained with picrosirius red, and imaged with circularly 
polarized light to assess changes in collagen area fraction. 
Average maximum stress at 20% strain was calculated for 
each group and compared using an unpaired t-test. 

 
Figure 1: (a) maximum stress at 20% strain before and after collagen 

digestion *p<0.05 (b) representative graph of collagen digestion in 
mdx tissue; images of before (top) and after (bottom) digestion, left is 

polarized image and right is thresholded version of same image 

Results and Discussion 
Mdx diaphragm muscle reached significantly higher stresses 
than wild-type muscle prior to collagen digestion. Following 
digestion, there was no longer a significant difference in max 
stress between mdx and healthy muscle (Fig 1A). A significant 
quantity of collagen was digested by the Liberase, which was 
verified by histology (Fig 1B). A potential source of error 
comes into our stress calculations following digestion where 
the original CSA is used after digestion of the collagen. 

Conclusions 
We have shown that following digestion, there is no longer a 
significant difference between the passive mechanical 
properties of mdx and healthy diaphragm muscle tissue. This 
suggests that therapies targeting the reduction of fibrosis could 
help to maintain passive function of muscles in DMD. 
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Summary 

Lower limb tissue stiffness is contingent on various factors, 

including body composition, loading rates, and the geometry of 

the indenting object. Being able to predict deformation of human 

soft tissue under different loading conditions could enable 

researchers and engineers to improve performance of 

biomedical devices through optimized human-device interfaces. 

In this study, we used a custom-built handheld indentation 

device to explore changes in leg (thigh and shank) tissue 

stiffness at rest and during isometric contractions. Force-

displacement relationships were modelled using an exponential 

growth function. Averaged across 9 subjects and two indentation 

locations (thigh/shank), deformation forces during activation 

increased by a factor of ~1.7x over the same displacement as 

inactive data. Thus, bulk tissue stiffness varies dramatically with 

underlying muscle activation; this should be considered in 

developing novel orthoses.  

Introduction 

Understanding the gross mechanical behaviour of human soft 

tissues under contact loads is important in the design of 

prostheses, custom wheelchair seating, and other biomedical 

devices.  In comparison to more conventional engineering 

materials, biological soft tissues possess complicated structures 

that exhibit rather unique, non-linear mechanical behaviour [1]. 

Further, when humans move, aside from altering the forces 

produced by their lower limbs they change the contact stiffness 

of these limbs [2]. Therefore, our objective was to develop an 

experimental technique to measure of soft tissue compliance, 

and to model changes in compliance with muscle activation.  

Methods 

Nine subjects provided written, informed consent, and the study 

was approved by the institutional research ethics board. Manual 

indentation measurements were performed on each participant’s 

thigh and shank using a custom handheld indentation device. 

The device was comprised of 1-1/4’’x 14’’ ABS pipe, a uniaxial 

load cell (MLP-50, Transducer Techniques), a 1-1/4’’ 3D-

printed hemispherical indenter tip, and four motion capture 

markers which were used to track the tip (Figure 1a).  Each 

subject had 8 motion capture markers encircling the indentation 

sites of the thigh and shank, respectively; these markers defined 

a reference plane for indenter displacement. Indentation sites for 

were superficial to vastus lateralis and tibialis anterior. 

Five loading cycles were recorded at each indentation site with 

a force amplitude of ~15N.  Trials were recorded first for active 

(isometric contraction), and second for inactive (at rest) 

conditions, with a metronome-controlled loading frequency of 

~2Hz. Quadriceps and tibialis anterior isometric contractions 

were resisted by a gravitational load of 10lb via cables and 

pulleys, applied to the ankle and metatarsophalangeal joints, 

respectively.  Data were filtered and processed in MATLAB 

2018, then each trial was fit with a simple three-parameter 

exponential function [𝐹𝑜𝑟𝑐𝑒 = 𝑎 + 𝑏 ∗ (𝑒𝑐𝑥)] in JMP 13. A two 

factor ANOVA was used to test whether parameters (a, b, c) 

changed with activation, then a least-squares optimization 

algorithm was used to predict these parameters as a linear 

function of muscle activation (0 or 1).  Finally, RMSE across all 

subjects was computed between the pooled experimental data 

and exponential predictions for both naïve (no activation) and 

activation-informed exponential models.  

 
Figure 1: (a) Handheld indenter device used to record force and 

displacement data. (b) Force-displacement data for cyclic indentation 

tests on a representative subject with active (orange) or inactive (blue) 

muscles.  (c) Activation-informed model superimposed over thigh 

data across all subjects for active (blue) and inactive (orange). 

Results and Discussion 

Indentation results showed expected hysteresis with a distinct 

increase in stiffness when muscles were activated (Figure 1b).  

Our results showed that all three exponential parameters 

changed significantly under activation (P<0.05). Additionally, it 

was found that both parameters a and b differed significantly 

between thigh and shank, while parameter c did not change with 

location. Lastly, in comparison to a naïve three-parameter 

exponential model, our activation-informed model reduced 

RMSE from 3.953N to 3.337N for the shank, and from 3.286N 

to 2.593N for the thigh.  

Conclusions 

Muscle activation was found to increase force by a factor of ~1.7 

during tissue indentation. Researchers and engineers need to 

consider this when designing human-device interfaces for 

orthoses, prostheses and other biomedical devices. Future work 

should generalize these results to different indenter shapes, and 

test the reliability of this manual indentation technique. 
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Summary 

This abstract expands upon fall detection paradigms to form a 
more concrete understanding of what is considered a fall. Data 
was gathered by a waist mounted inertia sensor, consisting of 
a tri-axis gyroscope and tri-axis accelerometer, from falling 
events, Full Motion Falls (FMF) and Partial Motion Falls 
(PMF), and non-falling events, Active Daily Life (ADL) 
events and Recovered Falls (RF). These falls generated 
threshold values for the following parameters: acceleration, 
angular velocity, angular acceleration and total angle change. 
Our algorithm considered the event to be a fall if three of the 
four parameters exceed their threshold values. The system 
found true positives in 92% of cases, and true negatives in 
84% of cases.  

Introduction 

It is often difficult to determine what series of human actions 
constitute a fall versus an active daily life (ADL) event due to 
the nature of falling [1]. These ADL events comprise 
everything an individual might perform through the standard 
course of a day. Often, the easiest way to distinguish between 
an ADL and a fall is to find exaggerated events based on 
certain predefined parameters such as acceleration and angular 
velocity.  

Methods 

Our system comprises a microprocessor with onboard 
Bluetooth module and an inertia sensor, which is a 
combination of a tri-axis accelerometer and a tri-axis 
gyroscope. Acceleration ( ) and angular velocity 
( ) values are generated by the inertia sensor and the 
root-sum-of-squares of each parameter are found ( . The 
total angular acceleration (α) is then found through 
determining the rate of change between the current angular 
velocity and the previous reading of angular velocity. Lastly, 
the components of angular velocity are integrated separately 
and then the root-sum-of-squares of the resultant angle 
changes (  is computed to find the total angle change 
( ). 

The calculations are then checked against the maxima from 
the previous calculated values experienced during this event 
for each parameter. If a value is greater than the parameter’s 
previous maximum, it is stored. Otherwise, the calculation is 
discarded. Only this reading’s angular velocity is always kept 
for the next cycle. After 2 seconds, the system checks the final 
maximum values of acceleration, angular velocity, angular 
acceleration, and total angle change experienced by the system 
against the thresholds. If three of the four parameters meet or 
exceed their threshold a fall is detected.  

Results and Discussion 

Ideally, the non-falling and falling events of our study 
would not have overlapping boxes within Figure 1. The box 
overlap shows that there are events within the overlapped sets 
that are indistinguishable to the inertia sensor.   

 The RFs with high parameter values have a similar profile 
to PMFs with low parameter values. Therefore, lower 
thresholds that will detect all partial motion falls as true-
positives will cause false-positives from recovered falls. 
Ultimately, due to the danger of not responding to a falling 
event [2], the thresholds are set to classify most PMFs as falls.  
The final thresholds being: :102ft/s, ω: 280°/s, α: 1325°/s/s, 

: 68°. 

Conclusions 

The system found true positives in 92% of cases, false 
negatives in 8% of cases, true negatives in 84% of cases, and 
false positives in 16% of cases. This means that while the 
system is proficient at detecting when a fall has occurred, it 
will also detect a significant number of falls that did not occur. 
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10 healthy participants were recruited for this investigation. 
High definition (HD) 2-D video was captured using a digital 
video camera. Simultaneously, a 3-D motion capture system 
comprised of 8 cameras was used to capture data as well. Both 
systems used a 60 Hz sampling rate. 3 markers were placed at 
the head of the femur, centre of the knee-joint, and the lateral 
malleolus of each participant. Participants were asked to 
complete 3 tasks, which were randomly presented (walking, 
jogging, counter-movement jump). Each task was performed 5 
times for 15 total trials per participant. Motion analysis data was 
processed using Cortex software. Knee angles of the 2-D video 
was measured using the analyser function within Dartfish. The 
markers were tracked using the auto-tracking feature of 
Dartfish. Both 2-D & 3-D camera data-sets were synchronized 
across 4 distinct phases (Figure 1). For comparison purposes, 
the same number of frames from each video was used. Average 
knee angles were obtained from all participants. 4 average 

angles per phase, as well as the total average angles per trial 
were collected and analysed. T-tests were performed on all 3 
tasks. Differences & mean values of knee angles were 
calculated and plotted using Bland-Altman plots. For statistical 
analysis, Microsoft Excel 2010 and IBM SPSS Statistics 
software was used (Table 1). 

 

No significant differences were found in comparing 2-D & 3-D 
motion capture systems for all 4 phases of each task.  Bland-
Altman plots were created to compare the systems. All 3 
conditions showed a mean difference below 1.5°, which 
indicated no offset existed between the two systems. The t-tests 
for all tasks showed no significant differences between the two 
systems. P-values for the t-tests for running (p=0.64), walking 
(p =1.00) and jumping (p=0.85) trials were all higher than the 
alpha level (0.05). The mean difference for running 
(MD=1.16°) and jumping (MD=0.85°) was lower than 2 °. For 
walking the mean difference is 0.01°. 
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Summary 

University of Colorado Colorado Springs students have 

developed a low-cost video tracking software system for use 

in biomechanical applications. The objective was to provide 

an alternative to expensive cameras and force plates to the 

general community for calculating ground reactions forces 

(GRF), joint forces, torques and power. The only equipment 

needed is a modern smartphone (or similar camera) and a 

computer.  

Method 

The video tracking software (which is available at 

https://academics.uccs.edu/~stragess/) utilizes recordings of a 

human subject. Standard smart phones with slow-motion 

capture capabilities of at least 120 frames per second are used 

for video capture. Colored stickers (markers) are placed on the 

joints to capture position frame-by-frame.  

 

Figure 1: Screen capture of the video tracking software 

The software takes user input clicks for the initial marker 

position. It then loops through each video frame converting 

from RGB (red-green-blue values) to HSV (hue-saturation-

value). The program identifies each marker by calculating the 

norm of the HSV pixel values and comparing against the 

averaged pixel values from past frames. Once all the marker 

pixels are found, the marker centroid is calculated. 

To handle marker occultation, redundant markers must be 

placed on the subject.  Focus was placed on solving this 

problem specifically for the knee and hip markers. Three 

markers (hip, thigh, and knee) were placed to define the thigh 

leg segment.  The system calculates the position of an 

occulted marker based on the initial and average geometry of 

the system.  It is assumed that the geometry is constant, based 

on the rigid body assumptions used for the tracking and the 

biomechanical analysis. 

Finally, GRFs are calculated using data smoothing  and 

numerical differentiation to compute the accelerations of the 

segments center of masses. Winter’s anthropomorphic data 

[1] is used to estimate the masses for each body segment and 

the segment center-of-mass (COM) locations.  Once the 

system COM is calculated, Newton’s equations are solved for 

the horizontal and vertical components of the GRF. An 

inverse dynamics approach is applied to estimate joint forces, 

torques, and power. 

Results and Discussion 

The mean error of the estimation of the position of the hip 

marker during occulataion ranged between 2mm and 6mm 

depending on lighting. The GRF results are plotted below 

against force plate data in Figure 2 during a vertical jump. The 

results show some variance in the calculated GRF. Error is 

introduced by the smoothing techniques, numerical 

differentiation, variance in the test subject’s anthropomorphic 

parameters compared to those used from Winter, and noise in 

the marker position measurements. 

 

Figure 2: Ground reaction force comparison 

Conclusions 

Further areas of study include the implementation of a mobile 

phone application, refinement of the joint forces and torques 

algorithm, and fine tuning of occultation during low light 

situations.  Also, it would be advantageous to develop a 

system to automate the estimation of test subject segment 

masses to increase accuracy of the system.   

Acknowledgments 

Funding for this project was provided by the Colorado Space 

Grant Consortium of the NASA Space Grant Program. 

References 

[1] Winter, D. A. (2009), Biomechanics and Motor Control 

of Human Movement; Wiley. 

Saturday, August 03 2019: Posters (1600-1800) 1920

Wireless Clinical 3



 

 

Cross-Sectional Validation of Inertial Measurement Unit for Estimating Trunk Kinematics during Treadmill Disturbances  

 

Emily J. Miller
1
, Kenton R. Kaufman, Ph.D.

1
 

1
Motion Analysis Lab, Department of Orthopedic Surgery, Mayo Clinic, Rochester, MN, USA 

Email: miller.emily@mayo.edu  

 

Summary 

Inertial measurement units (IMU) are used to estimate trunk 

kinematics. This study demonstrates that a commercially 

available Kalman filter is a valid method for estimating trunk 

flexion kinematics during the rapid and abrupt accelerations 

and decelerations that occur during fall prevention training.    

Introduction 

Individuals with lower limb amputations are at risk for falls 

[1]. Postural training reduces falls. Key outcome measures 

are trunk flexion and velocity at recovery step. Motion 

capture is used but requires space and trained staff. Small, 

portable inertial measurement units (IMU) are preferred for 

clinical care. A Kalman filter is used to fuse IMU sensor 

output to generate an orientation matrix for estimating joint 

kinematics. IMUs have been validated for trunk motion 

during walking and running on a treadmill, however postural 

training generates higher accelerations. The accelerometer 

performs poorly under large and abrupt changes in 

accelerations and custom algorithms have been 

recommended for low and high accelerations [2]. For routine 

clinical care, it is preferable to utilize commercially available 

filtering options rather than developing custom, situation 

specific post-processing routines. The purpose of this study 

was to validate IMU estimate of trunk kinematics at recovery 

step using a commercially available filter against motion 

capture during the rapid accelerations and decelerations that 

occur during fall prevention training.       

Methods 

Ten healthy subjects (5 F, age: 27±4, BMI: 24±3) donned an 

IMU (OPAL; APDM, Portland, OR) on the sternum and 

retro-reflective markers attached to trunk anatomical 

landmarks for motion capture using a 10-camera system 

(Raptor-12, Motion Analysis Corporation, Santa Rosa, CA). 

Custom code, using static standing and forward bends, was 

implemented to define the subject-specific IMU trunk 

coordinate system [3] and estimate trunk kinematics at the 

recovery step from the IMU orientation matrix (Motion 

Studio, APDM, INC., Portland, OR). The participants wore a 

harness and stood in the middle of a treadmill. They 

experienced randomized forward and backward postural 

disturbances, which simulated trips and slips. The 

disturbance intensity increased until the participant did not 

remain upright at recovery step and the harness clearly 

supported their body weight. Equivalence testing (α=0.05) 

and a Bland-Altman plot were used to assess equivalence. 

Results and Discussion 

Equivalence testing demonstrated the trunk angle (TA) and 

angular velocity (TAV) measured by the IMU and motion 

capture were equivalent. The 95% Confidence Intervals (TA: 

[-1, 1], TAV: [0, 17]) were within the equivalence interval 

(TA: [-2, 2], TAV: [-20, 20]) and the p-levels (TA: 0.005, 

TAV: 0.011) were less than alpha. The Bland-Altman plots 

(Figure 1) showed the method equivalence. The maximum 

disturbance magnitude implemented was 27 m/s
2
. Previous 

IMU validation studies tested speeds up to 2.4 m/s [4] which 

generates trunk flexion accelerations of 4 m/s
2
 [5]. The 

accelerations implemented in this study were an order of 

magnitude greater than previous validation studies.  

 

Figure 1: Bland Altman plots for Motion Capture compared to 

IMU for trunk flexion-extension angle (A) and angular velocity (B) 

across 10 subjects. Each marker represents a single trial. Positive 
angles are flexion.  

Conclusions 

IMUs using a commercially available Kalman filter provide 

a valid method for measuring trunk flexion kinematics 

during forward and backward treadmill disturbances. This 

instrumentation is appropriate for clinical fall prevention 

rehabilitation training applications. 
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Summary 

Inertial measurement units (IMU) are used to calculate joint 

kinematics. This study demonstrates that subject-specific 

calibration movements based on a patient’s function and 

ability including limited range of motion and speed are 

sufficient for defining body segment coordinate systems at 

the pelvis, thigh and shank. IMUs can be used to calculate 

hip and knee kinematics in unimpaired and impaired 

populations.  

Introduction 

Inertial measurement units (IMU) can be used to calculate 

joint kinematics outside the laboratory setting. Estimating 

joint orientations in real world environments during 

activities of daily living will provide clinicians valuable 

insight for treating patients. Placement of these small sensors 

on the subject’s segments of interest are arbitrary, but 

creating meaningful body segment coordinate systems for 

calculating accurate joint kinematics is critical. Previous 

work has described methods for calculating knee kinematics 

using a mechanical model [1] and a functional amputee [2]. 

However, populations of interest may be unable to perform 

the required motions. The purpose of this work was to 

describe methods for creating body segment coordinate 

systems to calculate hip and knee kinematics in impaired 

populations. The sagittal plane hip and knee kinematics 

estimated by the IMUs were validated against motion 

capture.  

Methods 

One healthy subject (F, age: 40, BMI: 23) donned IMUs 

(OPAL; APDM, Portland, OR) on the pelvis, right thigh and 

right shank and a full body retro-reflective marker set 

attached to key anatomical landmarks for motion capture 

using a 10-camera system (Raptor-12, Motion Analysis 

Corporation, Santa Rosa, CA). For estimating hip kinematics 

with the IMUs, the pelvic and right thigh flexion-extension 

(FE) axes were defined while the subject performed toe 

touches and hip flexion from a self-selected seated position. 

For estimating knee kinematics with the IMUs, the right 

thigh and right shank FE axes were defined while the subject 

performed, shallow standing squats, with hand held 

assistance, and seated knee flexion. Five repetitions of each 

calibration motion were performed and they were 

deliberately executed with reduced range of motion (ROM) 

and speed with inconsistencies across repetitions to simulate 

impaired movements. Level walking trials and sit to stand 

(STS) trials were collected. Sagittal plane hip and knee 

angles ROM were analyzed from four gait trials with four 

gait cycles per trial and four STS trials to compare the 

simulated impaired IMU body segment coordinate system to 

motion capture. 

Results and Discussion 

The difference in sagittal plane ROM at the hip and knee 

during gait and STS were, respectively 6±4° and 1±4° and 

12±0.1° and 3±3° (Table 1). Additionally, the excursion of 

the hip and knee during level walking was similarly 

represented by motion capture and the IMUs (Figure 1). 

These results demonstrate that individualized body segment 

coordinate systems can be developed to estimate hip and 

knee joint kinematics for patients with varying degrees of 

function. Patients can perform calibration movements 

according to subject specific ability.  

 

Table 1: Sagittal plane hip and knee ROM during level walking 

and STS measured with motion capture (MC) and IMUs  

 Level Walking Sit to Stand 

 
Hip 

(deg) 
Knee  
(deg) 

Hip 
(deg) 

Knee 
(deg)   

MC 45 ± 2 72 ± 2 82 ± 3 92 ± 5 

IMU 39 ± 3 73 ± 3 71 ± 3 97 ± 4 
 

 

Figure 1: Sagittal plane hip (A) and knee (B) angles during level 
walking estimated with motion capture and IMUs. 

Conclusions 

Seated toe touches and hip flexion, shallow squats and 

seated knee flexion are reliable calibration motions for 

defining pelvic, thigh and shank body segment coordinate 

systems for estimating sagittal plane hip and knee kinematics 

with IMUs.  
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Summary 

We propose and evaluate a method for measuring energy 
exchange between a transtibial prosthesis and the residual limb 
using only wearable sensors. We reconstruct leg movement 
from inertial sensors on the foot and shank, and incorporate 
force and moment from a pylon load cell to compute energy 
storage and return using a deformable body model. Results 
show discrepancies between wearable and lab-based estimates 
of energy exchange, attributable to small errors in reconstructed 
shank velocity. The deformable body model is sensitive to these 
errors, rendering current inertial motion reconstruction with 
commodity sensors inadequate for this method. 

Introduction 

Energy storage and return (ESR) is a crucial property that 

enables transtibial prostheses to mimic the natural ankle. 

Current methods to evaluate ESR behavior require a gait lab, 

limiting the activities in which ESR can be studied. A more 

complete picture of prosthesis performance could be obtained 

if ESR behavior could be measured using wearable sensors 

outside the lab. We propose a method to estimate energy 

exchange between the prosthesis and the residual limb using 

only wearable inertial sensors and a pylon load cell. 

Methods 

We compared energy storage and return estimates from 
wearable sensors to matched estimates from standard laboratory 
systems. Two healthy subjects walked on a prosthesis simulator 

with a 6-axis load cell (iPecs) atop the prosthetic foot and two 
inertial measurement units (IMUs; Xsens Awinda) fixed to the 
load cell and the foot. We reconstructed motion of the 
prosthesis using strapdown integration of inertial signals, with 
drift corrected by assuming zero velocity during stance phase 
[1]. We reconstructed motion of the load cell using similar 
calculations, correcting drift by a rigid body coordinate offset 
from the prosthesis during swing phase. Both corrections are 
propagated through the whole trajectory using Kalman 
smoothers. We computed power flow through the load cell 
using a unified deformable body model [2] that combines linear 
( v F ) and rotational ( ω M ) power terms:  
 Power =  v F +ω M . (1) 
Force F  and moment M  are measured directly by the load 
cell; angular velocity ω  is measured directly by the IMU on the 

load cell; and velocity v  is obtained from the motion 
reconstruction. We computed energy storage and return during 
early (0-50%) and late (>50%) stance by integrating negative 
and positive portions of the power estimate. We compared the 
results against “gold standard” pylon trajectory and power flow 

estimates using optical motion capture and force plates.  

Results and Discussion 

Rotational and linear power terms from the wearable sensors 
matched well to measurements from motion capture (Fig 1a-b), 
but due to mutual cancellation, overall power flow (Fig 1c) and 
energy storage and return estimates (Table 1) were substantially 
different. Errors can be traced to small discrepancies in the 
wearable linear shank velocity estimate, which is the crux of 
this method. However, accuracy increases with the quality of 
the IMU, so a better IMU may improve results in future work. 

Conclusions 

Current inertial motion reconstruction with commodity sensors 
is not accurate enough for deformable-body estimates of 
prosthesis power, but may be improved by using a better IMU. 
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Table 1: Prosthesis work estimated by IMU & load cell (IMU–LC) vs. optical motion capture & force plate (OMC–FP) for two subjects. 

 Subject 1 Subject 2 
 Early stance 

work (J) 
Late stance  

work (J) 
Total work 

(J) 
Energy return 

(%) 
Early stance 

work (J) 
Late stance  

work (J) 
Total work 

(J) 
Energy return 

(%) 
IMU–LC: total 

(pos, neg) 
-3.3±1.3 

(+1.2, -4.5) 
-6.8±0.9 

(+1.6, -8.4) 
-10.0±2.0 

(+2.8, -12.9) 22.4±7.6 
-3.8±2.2 

(+3.4, -7.1) 
-9.0±1.1 

(+0.7, -9.7) 
-12.8±2.9 

(+4.1, -16.9) 25.0±9.3 

OMC–FP: total 
(pos, neg) 

-3.6±1.2 
(+0.5, -4.2) 

0.0±1.2 
(+3.3, -3.3) 

-3.7±2.0 
(+3.8, -7.5) 54.0±22.6 

-9.9±1.0 
(+0.6, -10.5) 

-2.8±0.9 
(+1.8, -4.6) 

-12.7±1.4 
(+2.4, -15.1) 16.1±6.1 

Figure 1. Example linear, rotational and total power terms (subject 1). 
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Summary 

The objective of this study was to evaluate the accuracy of a 
commercially available low cost inertial motion capture 
system (IMC). Four subjects equipped with seventeen inertial 
measurement units (IMU) performed manual handling of 
boxes for about 35 minutes. An optoelectronic system was 
used as a gold standard for the evaluation. Validity of the IMC 
was assessed by comparing joints angles curves measured by 
both systems and using a combination of multiple parameters 
for quantifying time series similarities: the root mean square 
error (RMSE), Pearson’s correlation coefficient (r) and the 
delta range of movement ( ROM). For most joints, the RMSE 
was lower than 4°, r was over 0.98 and ROM under 8° which 
indicated the potential of using this low cost system for 
tracking human movements.  

Introduction 

IMC are becoming widely used in ergonomics, clinical and 
sports settings. However, the cost of these systems remains an 
obstacle for many applications. In recent years, some low cost 
(under $2,000 USD vs $40,000 USD for APDM for example) 
IMC systems have emerged on the market, such as the 
Perception Neuron system (Noitom, Miami, FL, USA). Even 
if this system was recently used in a few studies,  it was not 
validated.  

The scope of our study was to determine the accuracy of the 
Perception Neuron system. Joint angle curves of the whole 
body estimated by IMC were compared to an optoelectronic 
system (Optotrak, Northern Digital, Waterloo, Canada). 

Methods 

Four healthy young adults (1 women and 3 men, height of 
173.5 ± 11.1 cm and weight of 66.0 ± 6.3 Kg) participated to 
this study. They were equipped with 17 Perception Neuron 
IMU and 17 Optotrak clusters. To avoid the different soft 
tissue artefact between the two systems, the clusters were 
directly fixed on the IMUs. To align the local frames of the 
two systems, an algorithm based on angular velocities 
matching was used [1]. The performance of any IMC system 
relies mostly on the accuracy of its IMUs, so we constructed 
the same anatomical model for both systems based on the 
CAST technique [2], and extracted the joint angles. The 
sampling frequency was set to 30 Hz for Optotrak, and was 
automatically set to 120 Hz for the IMC. Because the IMC has 
no trigger-in or trigger-out signals, the subjects were asked to 
perform rapid hands movements at different moments during 
the trial to synchronize both systems with the norm of the 
angular velocities. The experimental protocol was similar to 
[3]. The subjects were asked to move empty boxes from 
different locations for about 35 minutes in an environment free 
of magnetic disturbances. The IMC system relies on Axis 
Neuron software, which includes system and IMUs 

calibration, motion data recording and data exporting. As 
suggested by Neuron software, we used a combination of four 
calibration postures (T, N, S and Steady poses). We used the 
IMUs angular velocities for alignment and synchronisation 
and the IMUs orientations (quaternions) for our comparison.  

The sampling frequency of the IMC was not stable and there 
were occasionally some missing samples. Because Axis 
Neuron does not provide the timestamp, we used dynamic 
time wrapping (DTW) algorithm to refine the synchronisation. 
DTW is a well-known method to overcome both global (fix 
delay) and local shifts in the time (random changes on the 
sample frequency). We used the angular velocities norms of 
the Sacrum’s IMU and cluster to synchronize all the signals.  
RMSE, r and ROM were calculated between the joint angle 
curves from the two systems. 

Results and Discussion 

The results showed good agreement between time series for 
most joints in the sagittal plane (Figure 1). If we exclude the 
joints where the lower arms IMUs are involved (wrists and 
elbows) for the first two subjects, r is higher than 0.98, RMSE 
is lower than 4° and ROM is lower than 8°. These results are 
close to the ones presented in [3]. The IMUs are too small 
(12.5x13.1x4.3 mm), so it was difficult to fix the clusters on 
them, especially for the lower arms, which can create a 
relative movement between the two devices and explain why 
the results were not as good as for the other joints. 

 

Figure 1: RMSE for all joints in the sagittal plane. 

Conclusions 

The present study is the first to validate the Perception Neuron 
device. It showed that this IMC system has the potential to be 
used in an environment without magnetic disturbances for 
human movement tracking. 
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Table 1: Results (mean ± stdev) where RMS( ) is the root-mean-square of a value, 𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the angular velocity of a segment, 𝛼𝛼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the 
acceleration of a segment, 𝜏𝜏𝑇𝑇𝑇𝑇 is the target acquisition time and 𝜏𝜏𝑅𝑅𝑅𝑅  is the recoil management time. 

The Effects of Equipment on Expert and Novice Marksmen as measured by Inertial Measurement Units during a Dynamic 
Live-Fire Exercise 

 
Meghan P. O’Donovan, Clifford L. Hancock, Jonathan T. Kaplan, Joseph E. Patterson, and Leif Hasselquist1 

1U.S. Army Natick Soldier Research, Development and Engineering Center, Natick, MA, USA  
Email: meghan.p.odonovan.civ@mail.mil

Summary 
Inertial measurement units (IMUs) were used to quantify the 
effects of military clothing and individual equipment (CIE) on 
both expert and novice marksmen. The focus was to capture the 
differing movement strategies used to mitigate the effects of 
CIE on marksmanship performance. A primary hypothesis was 
that experts would adapt to CIE differently than novice shooters 
while maintaining performance. 

Introduction 
A critical Soldier capability is to optimize marksmanship 
performance under a variety of mission scenarios and 
equipment loads. Defining how the underlying mechanics 
influence the performance of expert marksmen relative to 
novices will allow for the quantification of effective 
optimization strategies. One approach for collecting 
biomechanical data in field studies is through the use of IMUs. 
Research is ongoing reliably assess Soldier mechanics in 
naturalistic settings [1-2]. Using similar methods, this study 
utilizes IMUs to capture movement strategies of expert and 
novice shooters during a dynamic live-fire course. 

Methods 
18 military personnel volunteered for this study (9 expert and 9 
novice marksmen; 25 ± 5 years; 1.8 ± 0.6 m; 81 ± 11 kg). All 
participants were asked to complete the course under two CIE 
conditions: (I) CIE I (6 kg) and (II) CIE II (25 kg). The dynamic 
course consisted of sprinting forward to navigate a series of 
barrels in a serpentine pattern while firing at a series of 4 targets 
(2 shots/target) followed by an exit sprint. Rifle motion and 
participant mechanics were measured during shooting via IMUs 
attached to the head, torso, sacrum, hands, thighs, shanks, feet 
and rifle. A mixed-design ANOVA (α = 0.05) was used to 
analyze the dependent IMU-derived measures. 

Results and Discussion 
Experts scored significantly (p<0.001) more hits and were 
significantly (p<0.001) more efficient than novices. Efficiency 
was defined as total hits divided by total course time. Table 1 
below gives initial results for the rifle- and torso-mounted 
IMUs. There was a significant (p=0.011) interaction on torso-
rifle segmental linkage during target acquisition (Figure 1) for 
target 1. Novices had reduced torso-rifle linkage compared to 
experts for both conditions (where 1 is perfectly linked). There 
was no main effect of CIE on experts whereas CIE significantly 
(p=0.05) increased torso-rifle linkage for novice shooters.  
 

 
There was also a significant (p=0.002) main effect of skill on 
rifle stability during target acquisition. Experts had higher 
measures of stability for both conditions. These findings 
indicate that expert’s trunk motion was more tightly linked with 
rifle motion (indicating turret-like upper body behavior) which 
may have caused the increase in rifle stability seen during target 
acquisition. Experts maintained this strategy when encumbered 
whereas novices did not. 

 
 
 
 
 
There was also a significant interaction of skill and CIE on rifle 
(p=0.034) and torso stability (p=0.045) during recoil 
management (Figure 1) for target 4. When wearing CIE II, 
experts were more stable at both the rifle and sternum than 
novices, but the opposite occurred with CIE I. This indicates 
experts may have already been anticipating the final sprint task 
while shooting in the CIE I condition, therefore prioritizing 
speed. However, experts prioritized stability during the CIE II 
condition. Novices appeared to prioritize stability in both cases. 

Conclusions 
Expert marksmen adapted to CIE differently than novice 
shooters while maintaining higher levels of performance. 
Continued analysis of the strategies employed by experts could 
ultimately help increase the efficiency of marksmanship 
training.  
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 Phase Definition Novice (I) Novice (II) Expert (I) Expert (II) 

Torso-Rifle Linkage+ £  Ȝ TA 
𝑅𝑅𝑅𝑅𝑅𝑅(𝜔𝜔𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅)
𝑅𝑅𝑅𝑅𝑅𝑅(𝜔𝜔𝑇𝑇𝑇𝑇𝑅𝑅𝑇𝑇𝑇𝑇) 1.54 ± 0.32 1.43 ± 0.22 1.06 ± 0.16 1.17 ± 0.21 

Rifle Stability £ (×10-2) TA 
1

𝑅𝑅𝑅𝑅𝑅𝑅(𝑎𝑎𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅) ×  𝜏𝜏𝑇𝑇𝑇𝑇
 4.44 ± 0.93 4.06 ± 0.94 7.40 ± 2.66 7.94 ± 3.04 

Rifle Stability+ (×10-2) RM 
1

𝑅𝑅𝑅𝑅𝑅𝑅(𝑎𝑎𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅) × 𝜏𝜏𝑅𝑅𝑅𝑅
 30.34 ± 9.82 25.10 ± 5.21 27.57 ± 8.08 31.69 ± 10.88 

Torso Stability + (×10-2) RM 
1

𝑅𝑅𝑅𝑅𝑅𝑅(𝑎𝑎𝑇𝑇𝑇𝑇𝑅𝑅𝑇𝑇𝑇𝑇) ×  𝜏𝜏𝑅𝑅𝑅𝑅
 30.61 ± 9.44 25.28 ± 5.69 28.04 ± 8.63 31.37 ± 10.74 
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+Significant interaction effect of skill and CIE. Significant main effect of £skill or Ȝ CIE. 
 

Figure 1: Shooting phase definitions where recoil management (RM) 
is the phase between shot-pairs on the same target and target 
acquisition (TA) is the phase between shot-pairs on different targets. 
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Summary 

The accuracy of wearable sensors for measuring kinematics 
during return-to-play testing has not been established. This 
study compared a commercially available wearable sensor 
system to video motion analysis for six different activities. 
There was generally good agreement between the two 
systems, with precision of angular measurements better than 5 
degrees. 

Introduction 

Wearable sensors, as an alternative to 3D motion capture, are 
growing in popularity for their ability to measure human 
movement outside a laboratory and to provide objective 
feedback in a clinical setting. However, the sensors are still 
considered novel, and each system needs to be validated for 
proposed applications [1]. 

The purpose of this study was to assess the accuracy of a 
wearable sensor system against a “gold-standard” optical 
motion capture system during common sports movements. 

Methods 

Forty-nine healthy adults (32 ± 8 years; 1.7 ± 0.1 m; 68.1 ± 
12.6 kg; 18 males, 31 females) participated in this study. 
Participants were pain-free and did not have any lower 
extremity or back injury that affected their movement. 

Whole-body kinematics were captured using a 17-camera 
Qualisys Oqus700+ infrared motion capture system (256 Hz, 
Qualisys AB, Gothenburg, Sweden). Standard retro-reflective 
markers were placed on the torso, legs, and feet. A wearable 
inertial measurement system (IMU) (128 Hz, APDM, 
Portland, OR) was worn simultaneously with eight total 
sensors strapped to the sternum, base of the lumbar spine, 
lower and upper legs, and feet in accordance with the 
manufacturer’s recommended sensor positioning. 

Participants completed six different activities with five 
repetitions of each activity. The activities were chosen for 
their universal application across a wide range of sports and 
for their relatively large range of motion in the trunk and 
lower extremity. The six activities were: Forward Fold with 
Twist, Single-Leg Squat, Vertical Drop Jump and Landing, 
Lateral Jumping, High Knees Running, and Cutting. Data 
from the optical system were lowpass filtered and joint angles 
were calculated using Visual 3D (C-Motion, Rockville, MD). 
IMU data were automatically processed within the IMU 
software (Moveo Explorer, Portland, OR). Data from the two 
systems were compared to determine the accuracy and 
precision of the wearable sensor relative to the optical motion 
capture system. The average bias and precision were 
computed for each joint in each activity. These values were 
then averaged across all activities and participants. 

Results and Discussion 

The average bias and precision values for each joint in the 
sagittal plane are shown below (Table 1). Bias describes the 
mean difference between the wearable system measurements 
and the “true” measurements of the optical motion system. 
The relatively large biases for the knee and ankle angles 
suggest there are consistent differences in how “zero” is 
defined between the systems. The much lower precision 
estimates (reflecting the error in measurements after bias is 
removed) indicate that the IMU system should be reasonably 
well suited for evaluating changes within a participant 
associated with functionally relevant movement deficits. 

Table 1: Comparison between the two systems at each joint for the 
sagittal plane. 

Joint Bias (deg) Precision (deg)
Trunk 2.88 4.73 
Right Hip 1.57 3.93 
Left Hip 1.31 3.51 
Right Knee 7.40 4.72 
Left Knee 6.48 3.95 
Right Ankle -7.65 3.46 
Left Ankle -7.45 3.61 

Errors were similar across all participants and activities. 
Overall movement patterns were visually similar (as shown in 
Figure 1). 
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Figure 1: Right knee sagittal plane angle during a single-leg squat. 

Conclusions 

In conclusion, the IMU system measurements closely 
resembled those of the “gold-standard” optical motion analysis 
system. While the biases were large for some joints, this could 
potentially be corrected in software. Though less accurate than 
a high-end optical motion analysis system, the IMU system 
precision (averaging 3-5 degrees) should be adequate to detect 
clinically meaningful differences for a range of research 
applications. 
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Summary 
Falls are common in people with multiple sclerosis (PwMS) 
and important predictors of experiencing a fall include fatigue 
and balance. While fatigue fluctuates, clinicians rely on self-
report measures administered at discrete time points to assess 
fatigue and by extension, fall risk. Wearable inertial sensors 
are a promising technology for community-based monitoring 
of fluctuating symptoms; however, there are currently limited 
accelerometer-derived metrics to inform acute fall risk. We 
used a single thigh inertial sensor to derive features during 
repeated sit-to-stand transitions and quantified their 
associations with clinical assessments of balance confidence, 
fatigue and disease severity that have been associated with fall 
risk. We found that multiple temporal and kinematic measures 
derived from the accelerometry signal were related to clinical 
measures of fatigue and balance confidence. The stand-to-sit 
transition should be further explored as a predictor of 
increased fall risk. 

Introduction 
Multiple Sclerosis affects an estimated 2.3 million people 
worldwide and 1 in 2 PwMS will sustain a fall in any 3-month 
period [1]. Thus, falls pose a significant health burden, and 
about half of falls lead to injury requiring medical care [2]. 
Fall risk is generally assessed at routine clinical visits every 6-
12 months, which is insufficient to capture symptoms that 
fluctuate from one hour to the next. Thus, improving the 
sensitivity to symptom fluctuation through continuous 
monitoring remains an important step for mitigating acute fall 
risk in the community setting.  
To this end, we sought to derive digital biomarkers from a 
single accelerometer during a task that is considered a 
mechanically demanding functional activity of daily living 
(ADL) [3], the sit-to-stand transition. We used a repeated sit to 
stand paradigm, the 30 second chair stand test (30CST), and 
explored how accelerometry-based metrics relate to 
established clinical assessments of disability, fatigue and 
balance confidence, each of which is associated with fall risk. 

Methods 
Fifteen PwMS (EDSS 1.0-5.0) completed self-report metrics 
including the Activity-Specific Balance Confidence Scale 
(ABC) and the Modified Fatigue Impact Scale (MFIS). A 
neurologist administered the Expanded Disability Status Scale 

(EDSS) to quantify disability. PwMS performed the 30CST 
with a wireless inertial sensor attached to the anterior thigh. 
From the accelerometer signal, we derived temporal metrics 
including: mean and variability of the Si-St transition times (Si-
St Time), St-Si transition times (St-Si Time), and time spent 
sitting between the transitions (Sit Time). We also derived 
kinematic metrics including: mean and variability of the peak 
accelerations of all Si-St and St-Si transitions (Peak Si-St Accel  

and Peak St-Si Accel). Nonparametric (Spearman) correlations 
were computed for each of our derived measures to explore 
associations with EDSS, ABC and MFIS.  

Results and Discussion 
EDSS scores were not correlated with any accelerometry 
derived metrics. ABC scores were moderately correlated with 
six temporal metrics (Table 1) and MFIS scores were 
moderately correlated with one temporal metric (Table 1). We 
found ABC and MFIS scores were each moderately correlated 
with two kinematic metrics (Table 1). While metrics derived 
from the sit-to-stand transition did not correlate with disease 
severity, multiple temporal and physical features of the 
transitions related to self-report measures of fatigue and 
balance confidence. As balance confidence decreases, all 
components of performance (sit-to-stand, stand-to-sit, time 
spent sitting between transitions) were impacted. We posit that 
decreased balance confidence and onset of fatigue lead to 
adopting a more cautious motor control strategy, indicated by 
increased transition phase times and smaller peak acceleration 
forces. 

Conclusions 
We have taken an initial step to derive accelerometer-based 
metrics that could be deployed for community-based 
monitoring of symptom fluctuation and balance decrements. 
We developed temporal and kinematic metrics during a 
balance challenging task thought to be an ecologically valid 
ADL [3] and then demonstrated relationships with fatigue and 
balance confidence. Future work will include investigation of 
trunk movement to establish robust indicators of fall risk and 
eventually real-time interventions to mitigate this risk. 
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Table 1: Associations between clinical measures of balance confidence (ABC) and fatigue (MFIS) and metrics derived from a thigh-mounted 

accelerometer during Si-St and St-Si transitions. *Denotes statistical significance. 

Metric 
Si-St Time (s) St-Si Time (s) Sit Time (s) Peak Si-St Accel (G) Peak St-Si Accel (G) 

r p r p r p r p r p 

ABC 
Mean -0.55 0.03* -0.53 0.04* -0.66 0.008* 0.57 0.02* 0.18 0.52 

SD -0.64 0.01* -0.58 0.02* -0.59 0.02* 0.56 0.03* 0.19 0.49 

MFIS 
Mean 0.31 0.26 0.36 0.19 0.47 0.08 -0.48 0.07 -0.58 0.02* 

SD -0.48 0.07 0.41 0.13 0.56 0.03* -0.26 0.34 -0.47 0.08 
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Summary 

Magneto-Inertial technology is an established alternative to 

optical motion capture for studying human movement. 

However, accuracy of its orientation estimation is still an open 

issue. In this study, we performed a concurrent validation of 

four common sensor fusion algorithms at three different 

speeds. A motion-specific fine-tuning of the filters parameters 

was also implemented. All filters exhibited reasonable 

performance (< 4.5°). The Kalman filter proposed by Sabatini 

(2011) was found to be the least sensitive to rotation rates. 

Introduction 

Magnetic and Inertial Measurement Units (MIMU) are widely 

used for human motion analysis. A MIMU integrates a tri-

axial accelerometer, a tri-axial gyroscope and a tri-axial 

magnetometer whose complementary information is combined 

by a sensor fusion algorithm (SFA) to estimate the MIMU 

absolute orientation. The fusion process involves the 

integration of the gyroscope readings to obtain a first 

approximation orientation estimate. The resulting drift caused 

by the gyroscope bias is then corrected with the accelerometer 

and magnetometer measurements which, however, suffer from 

external acceleration and ferromagnetic disturbances. The 

majority of the published SFAs are based on either a Kalman 

(KF) or a complementary (CF) filter approach. Despite several 

formulations have been published over the years, no well-

established conclusions about the accuracy and the best 

performing algorithm have been reached yet [1]. 

We performed a direct comparison among the accuracy of four 

common SFAs applied to recordings of motions performed at 

three rotation rates, using the orientation provided by a 

stereophotogrammetric system (SP) as a reference. As the 

performance of any SFA is highly sensitive to the specific set 

of parameters required [2], it was necessary to design a 

common strategy for the selection of the suboptimal parameter 

values. This allowed a proper comparison among the different 

SFAs. The proposed optimization strategy did not require 

ground-truth knowledge of the MIMU orientation. 

Methods 

Two MIMUs (Xsens, MTx, fs = 100 Hz) were aligned on a 

wooden board equipped with four reflective markers. Marker 

trajectories were acquired by a 12-camera SP (Vicon T20, fs = 

100 Hz) to provide the orientation reference (SVD 

techniques). The board was first kept still and horizontal for 

60 s for filter initialization, then a dynamic trial was recorded 

while an operator continuously changed the board orientation 

spanning the 3 DoFs. This protocol was executed at low (rms 

120°/s, 70 s), medium (rms 260°/s, 45 s), and high rotation 

rate (rms 380°/s, 30 s). The SFAs selected for the comparison 

were: a popular CF (MAD, [3]), an extended Kalman filter 

(EKF, [4]), the KF integrated in MATLAB (MKF) and the 

proprietary Xsens KF v1.7 (XKF). 

The strategy for the parameter values selection exploited the 

hypothesis that the aligned MIMUs have the same orientation. 

Based on this assumption, the filter parameter values were 

chosen by minimizing the relative orientation between the 

MIMUs for each rotation rate. Such values were then used to 

estimate the absolute orientation for each MIMU, separately. 

The orientation provided by each SFA was compared to the 

reference. Orientation errors were evaluated during the 

dynamic trial and expressed in terms of a single 3D angular 

rotation by averaging attitude and heading components [5]. 

Results and Discussion 

The accuracy errors are reported in (Table 1). All the tuned 

SFAs exhibited a good accuracy (rms errors < 4.5°) even 

during fast rotations. In general, in agreement with previous 

studies [2,6], the accuracy worsened as the rotation rate 

increased, except for EKF. MKF exhibited the worst 

performance for slow rotations (rms 3.6°). At medium rotation 

rate, the error was greater than 3° for MAD only. MAD and 

MKF were the worst performing for fast rotations while EKF 

was the most accurate (2.6°). 

Conclusions 

After the optimization, errors of all SFAs were comparable. 

Overall, however, the EKF showed the best performance 

being the least sensitive to the rotation rate.  
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 Table 1: accuracy errors for each SFA averaged over the two MIMUs.  

(deg) MAD EKF MKF XKF 

slow 2.9 2.3 3.6 2.2 

medium 3.5 2.7 2.6 2.6 

fast 4.5 2.6 4.2 3.6 
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Summary 
The performance of the computers “central processing units” 
(CPUs), “graphics processing units” (GPUs) and of the 
“inertial measurement unit” (IMUs) is constantly evolving. In 
this paper, we apply IMUs data to an avatar in a game 
“integrated development environment” (IDE) to stimulate the 
learning of the material handler by using feedback. Given the 
failure of handler training programs [1] that focus mainly on 
the “straight back, bent knees” safe lifting technique, a new 
approach called “Integrated Prevention Strategy for Manual 
Handling” (IPSMH) was proposed in 2011 [2]. It uses 
movement principles that make it possible to understand many 
techniques handlers use naturally. The data from Xsens® 
IMUs full-body system are use, in the IDE Unity3D, to 
produce feedbacks to the handlers on their activity based on 
these movement principles. This application uses the data in 
real time or in post processed treatment. 

Introduction 
Motion capture systems with inertial units provide an 
advantageous mobility for measuring the movement of a 
subject in the workplace. While becoming more miniaturized, 
these systems also increase their efficiency. Some studies 
already allow us to say that these systems can be used to 
measure the kinematics resulting from the work of handlers in 
their workplaces, as long as it does not contain too many 
magnetic disturbances [3]. At the same time, the speed of the 
CPUs and especially the evolution of GPUs allow processing, 
deployment and rendering of the information collected which 
will greatly benefit from being much more exploited. 

Questioning the effectiveness of handling training programs 
only based on the safety technique "bending knees keeping 
back straight", a new training approach has been proposed 
based on eight principles of manual handling [1, 2]. It is with 
the aim of improving the teaching of these principles that we 
are interested in the possibilities and the capacity to give 
feedback to the handlers on their activity, based on the 
information collected with an inertial motion-capture system. 

The load mass associated with some data based on 
measurements taken from inertial sensors and supplied by the 
manufacturer has already been used to estimate low back 
moments and ground reaction forces [4]. A full-body 
measurement system (Xsens®) is used to estimate the subject 
kinematics and dynamics during the performance of certain 
simulated or real work tasks. 

Methods 
Data collection is performed using a Xsens® system (MVN 4.0 
- MTx2 sensor). The information from IMUs is processed 
within an application developed for this purpose in a game 

IDE; UNITY 3D. It allows us to visualize an avatar on which 
are represented kinematic and dynamic variables, such as the 
articular and / or segmental angles, the forces and 
accelerations involved in handling strategies. The game 
environment is used to stimulate the learning of the material 
handler by using feedback about technical aspects of the 
movement that are difficult to perceive, thus helping him to 
optimize his handling strategies. The subject may, for 
example, in real time or deferred, see under the feet of the 
avatar, a polygon representing its base of support to give him a 
feedback about his balance (balance principle).  

Results and Discussion 
The subject can initiate movements while seeing the estimated 
position of the center of pressure resulting from the forces 
evaluated. He can also visualize, in different forms (avatar, 
cylinder, protractors…) (Figure 1), his flexion and torsion 
angles (body alignment principle) as well as several other 
parameters which influence his strategy for preventing injury 
according to the constraints he faced during handling loads. 
Visual or audible alarms set on configurable thresholds also 
serve as a feedback. 
 

 
Figure 1: Example of some feedback from post processed treatment. 

Conclusions 
That kind of application not only gives specific feedback to 
the worker about his training progress, but also provides a 
good tool to observe, analyze and break down the way of 
carrying out the handling tasks considered. 
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Summary 

This study examines data collected using an infrared passive 

marker-based motion capture system and an inertial 

measurement unit motion capture system and assesses whether 

the data is comparable across systems. Sensors from both 

systems were placed on the subjects and data was collected 

simultaneously. The data was then processed to look at various 

joint angles and analyzed to see if the systems provided similar 

data. The results showed that the systems are qualitatively 

similar for some types of joints but are not statistically 

consistent across all joints. This led to the conclusion that data 

from the two systems cannot be used interchangeably. 

Introduction 

The aim of this study was to extend previous studies comparing 

the two most popular measurement systems for human motion 

kinematics: camera-based motion capture (MoCap) and inertial 

measurement units (IMUs). Although MoCap is typically 

viewed as the more accurate measurement system [1], it is more 

difficult to use and cannot be taken to a field to obtain data from 

the settings in which athletes typically practice.  

Preliminary studies by our research group investigated the use 

of IMUs to collect joint angle kinematic data and the effects of 

marker placement on the accuracy of the data [2]; however, 

further investigation was needed to determine if IMU data can 

be compared to MoCap data across a variety of subjects and 

joint types.  

Methods 

For this study, 1 male subject, age 22, and 2 female subjects, 

ages 19 and 20, participated in an IRB approved study that 

compared two quantitative techniques for human movement 

data collection. The subjects were affixed with 28 passive 

reflective markers based on the anatomical locations specified 

in a previous study [2], and 17 IMUs at locations specified by 

Xsens. The subjects were brought in for one session each and 

completed a series of Functional Movement Screening motions. 

The subjects performed each test three times per session. 

MoCap data was collected using 11 VICON Bonita cameras. A 

subject-specific full-body model was used to calculate the 

inverse kinematics for each trial in OpenSim. IMU data was 

collected using the Xsens MVN Awinda system.  Kinematic 

data was calculated using the internal model in the Xsens MVN 

Analyze software. Data was collected across the entire body, 

however this abstract only reports the results for the knee joints 

during a box jump task.  

Results and Discussion 

Although it was initially hypothesized that there would be 

relatively easy and accurate ways to convert kinematic data 

between IMU and MoCap systems, the results did not support 

this theory. Overall, the data followed similar qualitative trends 

throughout the movements as seen in Figure 1, but the 

differences between quantitative statistical measures such as 

maximum, minimum, range, mean, and standard deviation were 

inconsistent across joints and across subjects.  Table 1 shows 

the differences in these statistical values for one representative 

subject across all three trials.  

Due to the differences in the biomechanical models used by 

MoCap in OpenSim and the proprietary (and therefore 

unknown) Xsens IMU system, it is difficult to conclude exactly 

where the differences in the quantitative results arise. While the 

resulting kinematic data presents no linear transformation 

between systems, it is conceivable that the data being input into 

each model might be more compatible.  However, until more is 

known about the internal kinematic model used in Xsens, no 

firm conclusions can be made on exactly how similar the 

quantitative results are between the two data collection systems.  

Conclusions 

Although IMU and MoCap systems provided similar qualitative 

results throughout the study, the numerical results indicate that 

there is no direct way to convert the data between the two 

systems.  Rather, each system should be used separately when 

pursuing statistical studies of human motion.  
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Table 1: The difference in statistic measures for left knee flexion of one subject. A negative value indicates that the MoCap value was 

higher while a positive value indicates that the IMU value was higher (all numbers have units of degrees). 

Trial Maximum Minimum Range Mean Standard Deviation 

1 -13.7855 7.23 -21.01 12.13 -3.65 

2 -2.80 -3.39 0.59 -1.63 -0.34 

3 -4.52 -1.47 -3.05 -0.10 -0.24 

Mean -7.04 0.79 -7.83 3.47 -1.41 

 

Figure 1: Knee flexion angle from one trial of a single 

subject (solid line: MoCap data; dashed line: IMU data). 
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Summary 

This study seeks to validate a method for measuring three-

dimensional knee rotations with inertial measurement units 

(IMUs) on human subjects and with measurements from optical 

motion capture (MOCAP). Unlike a prior validation conducted 

with an instrumented mechanical linkage, experiments on 

human subjects incur challenges arising from imprecise 

determination of the thigh and shank anatomical axes, laxity of 

the knee, superimposed motions of the underlying soft tissues, 

among others. The cornerstone of this method is correcting drift 

error in IMU orientations by exploiting the natural kinematic 

constraints of a human knee. The results herein demonstrate 

promise for long-term, non-invasive monitoring of knee 

rotations in naturalistic settings. 

Introduction 

Three-dimensional (3D) knee rotations have historically served 

as indicators of overall joint health and human performance. 

Traditionally, they are measured using optical motion capture 

techniques, which largely restrict studies to a laboratory setting 

and moderate capture volumes. Inertial measurement units 

(IMUs) provide an alternate approach of measuring knee 

rotations and also offer significant advantages including 

unconstrained capture volumes and use outside of a laboratory. 

With the proper signal processing techniques, knee rotations 

can be estimated from thigh- and shank-mounted IMUs by 

relating their orientations to a common world frame, which are 

often polluted by integration drift error and/or magnetic field 

interference. The purpose of this study is to validate an IMU-

based method of estimated 3D knee rotations on human subjects 

across a range of tasks. 

Methods 

Subjects were outfitted with 4 IMUs (Opal sensors, APDM, 

Portland OR) attached to shanks and thighs via elastic straps as 

well as a full body motion capture marker set. IMU orientations 

are resolved into world frames defined using sensor estimates 

of magnetic north and gravity. A kinematic constraint for the 

knee is employed to estimate misalignments between 

independent world frames for each IMU; refer to [1]. Three 

subjects performed functional alignment movements to first 

define the thigh and shank anatomical frames relative to the 

sensor frames. They then performed a range of tasks (of 

increasing dynamic intensity) including step-ups, stationary 

bicycle pedalling, drop landings, and jump cuts. 

Results and Discussion 

Previous studies found systematic differences in component 

joint angles (flexion-extension, abduction-adduction, internal-

external rotation) that derive largely from differences between 

the ISB (position-based) convention for defining anatomical 

frames and IMU (kinematic-based) methods, like the one used 

in this study. To obviate that concern, we instead examine the 

3D rotation across the knee using an axis-angle representation 

[2] wherein we simultaneously estimate the total angle across 

the knee and the instantaneous axis corresponding to that angle; 

refer to Fig. 1.  

 

Figure 1: Total angle across knee as estimated by IMUs (solid black) 

and motion capture (red dashed). Representative time series are 

plotted for repeated: (a) step ups, (b) stationary bike pedalling, (c) 

drop landings, and (d) jump cuts. 

The goal of this study is to validate the method documented in 

[1] on human subjects following modifications accounting for 

the complexities of the human knee. Figure 1 has estimates 

provided by both motion capture modalities, revealing IMUs 

consistently underestimate MOCAP. Additionally, the mean, 

root-mean-square, and standard deviation of the differences 

between them are -2.5º, 6.6º, and 6.0º, respectively. These 

results are particularly encouraging given that the IMU data 

were integrated over more than an hour.  

Conclusions 

This method for estimating 3D knee rotations with IMUs holds 

promise for long-term monitoring outside a laboratory. The 

consistency of the offset between IMU and MOCAP estimates 

for the tasks suggests the differences are likely systematic and 

derive from how anatomical frames are defined by each motion 

capture technology. 
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Summary 

This study presents an accuracy evaluation for kinematics and 

kinetics of a four-segment biomechanical model of the human 

body during quiet standing measured using wearable inertial 

sensors against those measured using motion capture and force 

plate. No significant differences were observed between inertial 

sensors and motion-capture cameras in the accuracy of 
estimated joint moments and centre of pressure position. Hence, 

inertial sensors offer a reliable alternative for assessing the 

dynamics of standing balance. 

Introduction 

Neuromuscular impairments can affect balance control and 

increase risk of falling. Observational standing balance tests are 
commonly used to evaluate fall risk and the effectiveness of 

rehabilitative interventions [1]. However, since they tend to be 

subjective, their reliability and sensitivity may be affected [2]. 

Although objective balance evaluation using in-lab equipment 

[3] has been performed in the past, implementation of in-lab 

equipment for clinical practice has not become feasible due to 

their cost and requirement of dedicated lab space. Hence, an 

alternative methodology using inertial measurement units 

(IMUs) that allows balance assessment in a free-living 

environment would be of substantial practical value. The 

objective of this study was to develop and validate a wearable 
technology for reliable assessment of the dynamics of standing 

balance. 

Methods 

Six non-disabled individuals (all male, age: 25.3±2.5 years, 

body mass: 77.2±7.5 kg) with no history of neuromuscular 

impairments participated in this study after providing written 
consent. Each participant performed a two-minute standing test 

on a force plate. The human body was modelled as four rigid 

segments. Sixteen retro-reflective markers were placed on the 

anatomical landmarks of the torso, pelvis, shank, and foot. We 

attached four IMUs on the foot, tibia, sacrum, and sternum. 

Kinematics of the segments were measured synchronously from 

recordings of eight motion-capture cameras and four IMUs. A 

force plate recorded the ground reaction forces and centre of 

pressure (COP) position. To quantify the dynamics of standing 

balance, four approaches were used: (1) camera-based bottom-

up approach, (2) camera-based top-down approach, (3) IMU-
based (accelerometer) top-down approach, and (4) IMU-based 

(accelerometer and gyroscope) top-down approach.  

Results and Discussion 

Approaches 2 to 4 estimated the segments’ orientation (Figure 
1), COP position, and joint moments (Figure 2) with small root 

mean square errors (RMSE) as well as high correlation 

coefficients against Approach 1 as the reference. No significant 

differences were observed between IMU-based and camera-

based top-down approaches.  

 

Figure 1: RMSE of the segments’ orientation as expressed with 
Euler angles for lateral bending and flexion-extension, estimated 
via IMUs, were smaller than 0.3° (average among participants). 

 

Figure 2: RMSE of the joint moments and COP positions as 
estimated via Approach 2 to 4 were smaller than 0.016 N.m/kg 
and 1.5 mm, respectively. Moreover, correlation coefficients of 

the ankle joint moment, between Approaches 2 to 4 and Approach 
1, were larger than 0.94 (average among participants). Correlation 

coefficients for anterior-posterior and medial-lateral COP 
positions were greater than 0.94 and 0.80, respectively. No 

significant differences were observed between Approaches 2 to 4. 

Conclusions 

 Approaches 2 to 4 indicated no significant differences in the 

accuracy of estimated joint moments and COP position. No 

significant differences were observed between the various 

IMU-based approaches. Hence, the use of only accelerometers 

shows high accuracy, with lower power-consumption, and 

could be suggested for evaluating standing balance. This offers 

a reliable alternative approach for assessing the dynamics of 

standing balance outside of laboratory settings. 
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Summary 

Pre-impact fall detection is extremely important to prevent 
fractures especially for the elderly. Both fall experiments on 
40 young male volunteers as well as dynamic simulations 
with the human model (HARB) were performed to evaluate 
pre-impact fall detection algorithm, based on accelerations, 
angular velocities, VA, TF and lead times using an IMU 
sensor attached in the middle of LASIS and RASIS. 
Dynamic simulations and experiments on backward, 
sideways, and twist falls were in good agreement on lead 
times and all inertial properties. Dynamic simulations would 
be a good alternative to analyse fall mechanics rather than in 
simulated laboratory experiments. 

Introduction 

Falling is a significant cause of injury in elderly adults, often 
leading to disability and death. Thus, the technology related 
to fall detection and injury prevention has always been in 
high demand within the healthcare industry. The pre-impact 
fall detection is necessary to prevent falling and to protect 
serious injuries such as hip fracture. We developed a 
wearable airbag with different pre-impact fall detection 
algorithms, especially vertical angle (VA) and triangular 
feature (TF) [1]. Dynamic simulation would be an alternative 
to analyse fall mechanics rather than in simulated laboratory 
experiments. In this study, both fall experiments as well as 
dynamic simulations were performed to evaluate pre-impact 
fall detection algorithm and to understand fall mechanics. 
Lead time as well as inertial properties such as acceleration, 
angular velocity, VA and TF were analysed from both 
experiments and simulations.  

Methods 

40 healthy male volunteers participated in the experiment 
and were equipped with an IMU sensor on the middle of 
LASIS and RASIS. They performed backward, sideways and 
twist falls on the mattress three times, respectively. For 
dynamic simulation, the footplate and the collision floor 
were set as a rigid body and a foam material, respectively, 
and then human model (HARB) was placed on the footplate. 
To create the fall motion, friction, force and gravity were set 
as initial conditions. Inertial data was obtained at the same 
position as in the experiment. Acceleration, angular velocity, 
VA, TF and lead time were used to compare results from 
experiments and simulations, based on the previous study [1]. 

Results and Discussion 

Figure 1 shows acceleration, angular velocity, VA and TF, 
calculated from both experiments and dynamic simulations. 
Results from dynamic simulations were in good agreement 
with those from experiments. Lead times calculated by using 
VA and TF algorithm are shown in Table 1. In spite of some 
differences, lead times from both the simulation and the 
experiment were in good agreement. It is expected that the 
difference between the simulation results and the 
experimental data would be reduced by adjusting the initial 
conditions and material properties.  

Figure 1: Comparison of results from the experiment and the 
simulation. 

Conclusions 

In this study, both fall experiments as well as their dynamic 
simulations were performed to evaluate pre-impact fall 
detection algorithm based on accelerations, angular 
velocities and VA and TF using an IMU sensor. Lead times 
as well as acceleration, angular velocity, VA and TF from 
both dynamic simulations and experiments were in good 
agreement each other. Dynamic simulations would be useful 
to understand fall mechanics and evaluate pre-impact fall 
detection algorithms.  
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Table 1: Lead time from the experiment and the simulation (unit: ms). 

Algorithm 
Backward Sideways Twist 

Experiment Simulation Experiment Simulation Experiment Simulation 

VA algorithm 402±33.1 392 412±42.3 389 381±19.0 379 

TF algorithm 422±47.4 428 422±45.9 423 397±27.8 382 
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Summary 
Surface electromyography (sEMG) and inertial measurement 
units (IMU) are not established in the home environment as 
remote measurement systems due to difficulties associated 
with an intuitive and user-friendly applicability. Hence, a new 
sEMG-IMU sensor system was developed which consists of 
two armbands for positioning on the upper and lower arm. 
This system is easy-to-use and able to measure the muscular 
activity of the lower and upper arm muscles simultaneously. 
Furthermore, the two IMUs provide several opportunities to 
assess the movement of the upper limb. Tests with four 
healthy subjects showed that the sEMG signal quality of the 
system developed compares well with commercial systems 
using gel electrodes and that the system can be independently 
applied by the user. 

Introduction 
Knowledge about alterations in the activity of the upper limb 
muscles and the movement performed provide not only 
valuable information about the current condition of patients 
but also indications for adapting their therapy. Surface 
electromyography (sEMG) is a commonly used method to 
detect the muscular activity from the skin surface. Extending 
sEMG systems with inertial measurement unit (IMU) sensors 
enables the simultaneous quantification and assessment of the 
movement performed. Additionally, the IMU data can be used 
to improve the validity of the sEMG data since the sEMG 
strongly depends on several variables which are related to the 
movement. Yet, the quality and reliability of the sEMG data 
depends on where and how the electrodes are mounted on the 
skin surface. Furthermore, most sEMG systems need a long 
set-up time and use gel electrodes which cause skin irritation. 
Therefore, a new sensor system was developed in this work 
which overcomes these negative aspects of current systems. 

Methods 
The sensor system developed consists of two armbands each 
of which provides a 16-channel sEMG and one IMU sensor 
(Figure 1). The sEMG dry electrodes’ surface was covered 
with gold to ensure a reliable signal acquisition and 
conduction on the skin surface. The 16 channels were divided 
over 8 system units. Three measurement electrodes were 
located on each unit these represented two channels for a 
bipolar sEMG measurement with an inter-electrode distance of 
20 mm. These three electrodes were extended by a centrally 
located rectangular arrangement of four reference electrodes 
(Figure 1). The armband was designed to be simple-to-use, 
size-adaptive and rotationally symmetric. These properties 
allow that the user can independently put on and take off the 
armband. Furthermore, the rotational symmetry and the high 
number of sEMG channels ensure a reliable positioning and 

thus a correct alignment on the muscles. The combination of 
two armbands - one on the lower and one on the upper arm - 
enables the calculation of the relative flexion and extension 
angle of the elbow or to assess the movement qualitatively via 
the IMU sensors. The sEMG-IMU system developed was 
compared on the basis of signal quality to a commercial 
sEMG system using gel electrodes. In both systems a 
sampling frequency of 2000 Hz was used. The sEMG was 
measured during isometric contractions at 50 % of the 
maximal voluntary contraction and dynamic hand-to-shoulder 
movements in four healthy subjects. 

 
Figure 1: sEMG-IMU sensor system 

Results and Discussion 
The open-close mechanism made it possible for the subjects to 
independently put on, remove and adjust the size of the 
armband with their contralateral arm. The sEMG signals 
resulting from the system developed provided a lower signal 
amplitude, but a higher signal-to-noise ratio (SNR) compared 
to the commercial system using gel electrodes (Table 1). The 
qualitative assessment of the sEMG during dynamic 
movements revealed that no differences in movement artefacts 
between the two systems could be identified. However, high 
standard deviations regarding the root mean square (RMS) and 
SNR showed that the quality of the measurement depended 
strongly on the conductivity of the skin surface (Table 1). 

Table 1: Comparison between armband and gel electrode 

Parameter sEMG-IMU 
sensor system Gel Electrode 

RMS [mV] 0.246 (0.180) 0.443 (0.163) 

SNR 33.40 (26.79) 10.27 (4.47) 

Conclusions 
The sEMG-IMU system developed provides a signal quality 
comparable to that of current commercial systems using gel 
electrodes and is also easy to apply by the user. Further tests 
during the activities of daily life are necessary in order to 
finally assess the universal applicability of the system in the 
daily environment. 
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Summary 

In this validation study we investigated the L5/S1 moment 

estimation performance of an ambulatory measurement 

system: inertial measurement suit (Xsens) and instrumented 

force shoes. A top-down (starting at hands) and a bottom-up 

(starting at feet) inverse dynamic approach were tested. As a 

reference, a laboratory measurement system was used: optical 

motion capture system and force plates. The top-down 

(RMS<15Nm) approach performed much better than the 

bottom-up approach (RMS up to 49Nm). In the bottom-up 

approach, small position errors at the feet result in high 

moment errors because of the high ground reaction forces. 

Introduction 

Manual lifting can result in high low-back loading [1] which is 

probably the main reason why it is also an important risk 

factor for occupational low-back pain [2]. Therefore, many 

laboratory studies have investigated low-back loading during 

manual lifting, using inverse dynamics to calculate L5/S1 joint 

moments. These L5/S1 moments can be calculated using 

either a bottom-up (based on ground reaction forces (GRF) 

plus lower body kinematics) or a top-down (based on hand 

forces (HF) plus upper body kinematics) approach [3].  

More recently, for measurements in the field, wearable inertial 

motion capture (IMC) and Force Shoe (FS) systems have been 

developed to obtain segment kinematics and GRFs, 

respectively. In the current study, we utilized these ambulatory 

measurement systems to calculate the L5/S1 moments using a 

bottom-up and top-down approach. For practical reasons, 

rather than measuring HFs, these were estimated based on FS 

data and full body kinematics, which has previously shown to 

work well [4]. As a gold standard reference, a laboratory-

based bottom-up model was used (LABbottom) [3]. 

Methods 

Eight male participants lifted a 10-kg box from ground level 

(Figure 1A), while 3D full-body kinematics were measured 

using an optical motion capture (OMC, Optotrak) and an IMC 

(MVN, Xsens) system, and 3D GRFs were measured using a 

force plates (FPs, Kistler) and FSs (ATI/Xsens). L5/S1 

moments were calculated 3 times:  

1) FP  + OMClower  (LABbottom, reference), 

2) FS  + IMClower    (AMBUbottom), 

3) HF  + IMCupper    (AMBUtop), 

As a measure of system performance, RMS errors were 

calculated between the reference LABbottom moments and the 

ambulatory (AMBUbottom & AMBUtop) moments.   

Results and Discussion 

The results (Figure 1E) show that the AMBUtop performed 

much better (averaged over subjects, RMS errors up to 15Nm) 

than the AMBUbottom system (averaged over subjects, RMS 

errors up to 49Nm).  The reason for this is that, for the bottom-

up approach, small position errors at the feet result in large 

L5/S1 moment errors because of the high GRFs (figure 1D). 

Conclusions 

In conclusion, for ambulatory L5/S1 moment assessment with 

an IMC+FS system, using a top-down inverse dynamics 

approach is much more accurate than a bottom-up approach. 
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Figure 1: A) Subject during experiment, B) Matlab visualisation of ABMU and LAB 3D models, C) side view of the ABMU and LAB 3D 
models, D) typical example of  L5/S1 moment curves, and E) L5/S1 RMS errors averaged over 8 subjects. 
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Summary 

The purpose of this study was to validate the accuracy of 

MilestonePod (MSP) wireless running sensors and IMeasureU 

inertial measurement units with custom algorithms (IMU) for 

subjects wearing combat boots while walking and running. 

Results indicate that in general, the IMU demonstrates large 

inaccuracies for both running and walking, while the MSP 

demonstrates large inaccuracies for walking, but is reasonably 

accurate for three of the four variables studied while running. 

Introduction 

Injuries due to training are common in the military. On average, 

33 out of 100 Army recruits per month experience an injury, 

with many occurring in the lower extremities [1]. Recently, 

wearable sensors such as accelerometers and IMUs have grown 

popular to measure biomechanical parameters while running to 

better understand the factors that lead to injuries [2]. However, 

the accuracy of these devices has not been validated while 

walking or running while wearing combat boots. Therefore, the 

purpose of this investigation was to validate the accuracy of two 

wireless devices – MilestonePod [Milestone Sports; Columbia, 

MD] and IMeasureU sensors [IMeasureU; Centennial, CO] 

running custom algorithms – when compared to an 

instrumented treadmill [Bertec; Columbus, OH]. 

Methods 

Nine subjects participated in this study (8M/1F, age 27 ± 9, 

height 1.79 ± 0.2 m, mass 79.5 ± 11 kg). During the trials, the 

subjects wore their own combat boots with a MSP attached to 

the distal laces on their boots, and an IMU attached to their 

ankles. For the first five minutes, the subjects walked on an 

instrumented treadmill at 1.5 m/s. Then, the participants ran on 

the treadmill for two minutes at 75 percent of their Army 

Physical Fitness Test 2-mile pace. The instrumented treadmill 

collected ground reaction force (GRF) data during minutes 

three and four (walking), and during minutes six and seven 

(running). The MSP and the IMU devices collected data 

continuously. The four variables of interest in this study were 

cadence, pace, stance time, and stride length. After the data 

collection was complete, the treadmill GRF data and the IMU 

data were processed through custom MATLAB algorithms to 

determine the cadence, stance time, and stride length of each 

subject during both walking and running. Pace data was not 

available for the IMU processing algorithm.  The MSP reports 

minute averages for each of the four variables, and these values 

were separated and averaged for walking and running. Finally, 

the results for each variable for the MSP and the IMU devices 

were compared to the instrumented treadmill by conducting 

repeated measures ANOVAs and post hoc paired t-tests, where 

appropriate. Significance was set at alpha = 0.05. 

Results and Discussion 

Table 1 displays the averages and percent differences between 

each of the wireless sensors and the instrumented treadmill. 

Significant differences were found between the treadmill and 

the MSP for every walking parameter and one out of four 

running parameters. For the IMU, significant differences were 

found for every walking and running parameter when compared 

to the treadmill, and all but one of the parameters had percent 

differences greater than 20 percent. Both sensors tended to 

underestimate the values for all four parameters while walking. 

The discrepancies between the instrumented treadmill and the 

wireless sensors could be due, in part, to the footwear worn 

(combat boots instead of running shoes). Additionally, the 

algorithms may have been developed more specifically for 

overground gait and might be limited by the use of a treadmill 

in the current study. 

Conclusions 

Substantial differences were found between MSP and IMU 

estimates of running parameters compared to data collected 

from an instrumented treadmill. Further research is needed to 

test and validate wireless sensors and their related processing 

algorithms under different footwear and field conditions. 
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Table 1: Averages and percent differences for the Treadmill (TM), MilestonePod (MSP) and IMU data. 

  

Cadence

(Steps/s) 

Pace 

(m/s)

Stance 

Time (s)

Stride 

Length (m)

Cadence 

(Steps/s)

Pace 

(m/s)

Stance 

Time (s)

Stride 

Length (m)

TM Avg. 1.29 1.50 0.65 1.56 1.65 2.92 0.27 2.13

MSP Avg. 0.97 1.35 0.57 1.39 1.37 3.02 0.24 2.21

MSP - TM % Diff. -25.4% † -9.9% * -12.1% † -9.7% * -17.8% † 4.6% -8.5% 6.1%

IMU Avg. 0.96 n/a 0.39 1.13 1.36 n/a 0.48 0.93

IMU - TM % Diff. -25.1% † n/a -40.0% † -28.1% * -17.5% † n/a 85.4% † -57.4% †

Walking Running

     * indicates p < 0.05;  † indicates p < 0.001
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Summary 

High-speed video analysis has been used to measure certain 
kinematic metrics during a competitive diver’s performance. 
However, it is time-consuming and limited in accuracy. An 
inertial measurement unit (IMU) may substitute video analysis. 
However, IMUs must be evaluated before implementation. This 
study assessed the validity and reliability of four waterproof 
IMUs to a 3D motion capture system. IMUs and retro-reflective 
markers were attached to a prism and rotated about three 
different axes. Validity and reliability were assessed with 
RMSE, BA plot, and ICC. The IMUs demonstrated good to 
acceptable accuracy and measured true angular velocity within 
0.44%. Inter-device reliability was excellent. These findings are 
consistent with other studies assessing their IMU and 
concluding it to be a valid measurement system. Taken 
together, the IMU devices assessed in this study are valid and 
reliable for measuring angular velocity. Project completion will 
have examined in-vivo diving performances. 

Introduction 

In competitive platform and springboard diving, a diver’s total 
score is determined by the points awarded from the judges’ 
panel multiplied by the International Swimming Federation’s 
degree of difficulty for the dive. High-speed video analysis has 
traditionally been used to determine certain diving kinematic 
characteristics [1]. However, video analysis is time-consuming, 
imprecise and limited in offering immediate quantitative 
feedback for improving skill acquisition [2]. The use of inertial 
measurement units can resolve certain limitations. However, 
IMUs must first be evaluated for validity and reliability [3]. 

As part of a larger project framework, the first objective of this 
study was to evaluate the concurrent validity and inter-device 
reliability of four commercially available waterproof IMUs to 
an optoelectronic motion capture system (MCS). 

Methods 

An adaptation of the “simplified rotational assembly” was 
constructed [2]. Four IMUs (WaveTrack Inertial System, 
Cometa Systems, MI, Italy) and nine retro-reflective markers 
(Qualisys, Gothenburg, AB, Sweden) were attached to a prism.  

Both systems were set to collect at 286 Hz. The prism’s three-
dimensional angular velocity was calculated in Visual 3D™ 
software (Version 6, C-Motion, Inc., Germantown, MD, USA). 
The data from both systems were digitally low-pass filtered 
(Butterworth, second order, dual-pass) at 5 Hz.  

The signal synchronization, coordinate system alignment [4], 
and quantitative analyses were conducted in Matlab (version 
2017a, The Mathworks Inc., Natick, MA, USA). 

Validity was assessed with root mean squared error (RMSE) 
and Bland-Altman (BA) plot. Reliability was assessed with an 
intra-class correlation coefficient (ICC) [5]. 

Results 

Trials were conducted within rotation speeds of 242°/s to 
1523°/s. A total of 91 trials were collected across three axes. 
The RMSE across all IMU devices were on average 2.95°/s (SD 
= 1.70°/s). The BA plot (Figure 1) revealed the IMU devices on 
average, overestimated by 0.47°/s (SD = 1.73 °/s) (95% CI: 
0.29°/s to 0.65°/s) with limits of agreement between -2.92°/s to 
3.87°/s or -0.31% to 0.44% mean difference. The ICC was 0.99. 

 
Figure 1: Bland-Altman plot for all IMUs. Mean difference on y-axis 

(calculated IMU – MCS) and mean of both systems on x-axis. 

Discussion and Conclusions 

These results match those observed in a previous study [2]. In 
addition, discerning different dives [2] largely exceed the errors 
observed in this study. The findings from this present study 
indicate sufficient evidence for the current IMU system’s 
validity and reliability in measuring angular velocity with good 
to acceptable accuracy, agreement, and excellent reliability 
relative to an MCS. Project completion will have examined the 
interplay between jump height, angular velocity, and take-off 
angle during in-vivo diving performances of various degrees of 
difficulty with the IMU devices.  
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Summary 
Inertial measurement units (IMUs) are often used for research 
purposes in a variety of fields. The aim of this work is to show 
how these sensors function in line with the basics of rigid body 
kinematics. Preliminary results of two sensors on the same body 
demonstrate the sensitivity of acceleration to IMU placement, 
and confirm they measure the same angular velocity. Further 
work will highlight the relationship between accelerations at 
different points on the body. 

Introduction 
Inertial measurement units (IMUs) are often used for research 
purposes in a variety of fields. Their wireless and mobile nature 
make them advantageous for data collection outside of a 
laboratory setting. IMUs measure acceleration and angular 
velocity, which is different from the measurements of position 
and orientation usually made with optical motion capture in 
traditional laboratory environments [1-3]. The relationships 
between accelerations, angular velocities, positions and 
orientation of a rigid body can be deduced using principals from 
engineering dynamics. However, utilizing these relationships to 
understand how IMU measurements are related to traditional 
biomechanical metrics is more difficult.  
The aim of this work in progress is to show how these sensors 
function in line with the basics of rigid body kinematics and to 
lay out what researchers need to consider when using them for 
more advanced studies. While much of this information is seen 
as common knowledge to individuals with a strong background 
in engineering dynamics, literature often lacks a clear display 
of the fundamentals for those who have not seen them before. 

Methods 

Given the linear acceleration, 𝑎"#, of a point 𝐴 on a rigid body, 
a second point 𝐵 on the body has a linear acceleration given by 

𝑎"& = 𝑎"# + 𝑎"& #⁄  

where 𝑎"& #⁄  is acceleration of 𝐵 relative to 𝐴. For planar motion, 
𝑎"& #⁄ = 𝛼" × �̅�& #⁄ − 𝜔0�̅�& #⁄ , where 𝛼" is the angular acceleration 
of the body, �̅�& #⁄  is the position of 𝐵 relative to 𝐴, and 𝜔 is the 
angular speed of the body. It is clear that 𝑎"# ≠ 𝑎"& unless they 
are the same point (�̅�& #⁄ = 0) or the body is not rotating (𝛼" =
𝜔 = 0). It should also be noted that angular velocity and 
angular acceleration are the same at all points of a rigid body. 
The planned experiment involves highlighting fundamental 
rigid body kinematics through the data collected from a set of 
Trigno IM sensors (Delsys Inc., Natick, MA). Utilizing a rod 
fixed to a hinged joint these sensors can display the fact that the 
location of the IMU is not important when measuring angular 
motion, but is very important when measuring linear motion. 
Two sensors will be placed on the rod. The upper sensor will be 
the primary sensor, from which the corresponding motion of the 

second sensor will be derived and compared. Data will be 
collected and exported with EMGWorks (Delsys Inc.), then 
post-processed in MATLAB (MathWorks Inc., Natick, MA) to 
analyze once expressed in terms of an inertial reference frame. 
The angular velocity at both points on a rigid body are equal, so 
it is expected that the angular data obtained from each sensor 
will be the same neglecting noise. The linear acceleration can 
be calculated with the above equations, using the distance 
between sensors (measured physically) and the angular velocity 
and acceleration of the primary sensor. The calculated values 
will then be compared to the actual linear velocity data from the 
secondary sensor, which should be very similar. 

Results and Discussion 
Preliminary data from the two IMUs (Fig. 1) are relative to their 
own internal reference frames, but qualitative comparisons hold 
as they were carefully placed on the rod in the same orientation. 

 
Figure 1: Acceleration (left) and angular velocity (right) along long 
axis of link (radial) from each sensor while swinging freely. 

These early results demonstrate the sensitivity of acceleration 
measurements to IMU placement, and confirm that the sensors 
measure the same angular velocity when attached to the same 
rigid body. Further work will highlight the importance of rigid-
body dynamics knowledge when using these data, as the data 
derived from the primary sensor should be the same as the data 
collected from the secondary sensor once considering the 
proper reference frames. This work could then be extended to 
any point on the body, such as center of mass or joint center, as 
is commonly done in traditional optical motion capture.  

Conclusions 
IMUs are extremely versatile tools for data collection. By 
demonstrating how the data collected from two IMUs are 
similar to the anticipated data based upon the primary sensor, 
researchers will have a better understanding of how these 
sensors can be used in more complicated experiments. This is 
meant to introduce and reinforce the fundamentals of rigid body 
kinematics for use with IMUs.  
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Summary 
The purpose of this research was to validate wireless inertial 
sensor measures of hip joint orientation during dynamic tasks. 
Inertial sensor derived hip joint angles (found using 
acceleration, angular velocity, and magnetic field data) are 
compared to those found using a 3D camera-based laboratory 
motion capture system. 

Introduction 
Camera-based motion capture systems are the current gold 
standard for motion analysis. However, the use of wireless 
inertial sensor-based systems is increasing in popularity, 
largely due to convenient portability. One alternative method 
to a camera-based laboratory system is a sensor-based system 
using small, wireless magneto-inertial measurement units 
(MIMUs), which are small sensors equipped with tri-axial 
accelerometers, gyroscopes, and magnetometers. 

Methods 

Ten healthy participants (n=6 female, n=4 male; age: 22.1r2.1 
yr; height: 1.69r0.09 m; weight: 63.9r11.8 kg) with no history 
of hip injury were recruited to participate. Hip motion data 
were concurrently collected using a 10-camera motion capture 
system (Vicon Motion Systems Limited, Oxford Metrics, UK) 
and a portable sensor-based system (Opal wireless sensors v1, 
APDM Inc., Portland OR, USA). The camera-based system 
captured three-dimensional kinematic data at 100 Hz using 46 
spherical retro-reflective markers to track the position of body 
segments. The sensor-based system consisted of three sensors 
configured for wireless synchronized logging at 128 Hz. All 
participants completed walking (3u30 seconds), jumping jacks 
(3u10 reps), and bilateral squats (3u5 reps). A subset of 
participants (n=5) completed turn jumps (3u2 revolutions).  

 
Figure 1: Two types of error were used for data analysis: intersystem 

error (A) and baseline normalized error (B). 

Participants assumed a static standing position for at least 3 
seconds prior to each dynamic task. The system baseline 
values for hip flexion/extension (FE) and adduction/abduction 
(AA) were defined by the average hip joint angles over these 
combined static periods. Sensor based hip joint coordinate 

systems were defined using the local sensor coordinate 
systems and the alignment of these sensor coordinate systems 
on the sacrum and thigh segments [1,2]. Two types of system 
error were calculated: intersystem and baseline normalized 
(Figure 1). 

Results and Discussion 
Results reveal that hip joint angles at static baseline isolate 
differences in joint coordinate system definitions in a static 
standing position. During all dynamic tasks, mean intersystem 
FE and AA errors were greater than the corresponding mean 
baseline normalized errors due to the contributions of different 
system baseline values to the intersystem error (Figure 2). 
Mean intersystem errors are greater in AA than FE, likely due 
to the influence of kinematic crosstalk. Mean baseline 
normalized errors were <3.6°, with the exception of AA 
during squats (a task characterized by large hip flexion > 90°) 
in which the error was 7.3°.   

 
Figure 2: The mean intersystem and baseline normalized errors of all 

participants for each task. Error bars indicate ± SD. 

Conclusions 
The results presented here indicate that inertial sensors 
accurately measure hip joint motion. By understanding 
differences between system body-fixed axes and joint CS 
definitions, we can measure hip joint motion in natural 
environments for extended periods of time.  
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Summary 

The ability to measure whole body vibration exposure in the 

workplace is important considering its established link to low 

back pain. We designed and evaluated a wearable device for 

measuring vibration exposure at the lower back. Experiments 

were performed on an electromechanical shaker to compare 

vibration signals from the wearable device and a reference 

sensor. Obtained coefficients of determination (R2) for this 

comparison were 0.88±0.10. Future work will develop 

individual-specific transfer functions capturing the dynamics 

of vibration at the lower back in reference to current standards. 

Introduction 

Exposure to whole body vibration (WBV) has been linked to 

lower back pain (LBP) in working populations [1,2]. 

However, study of WBV exposure typically occurs in 

laboratory settings [3] or through retrospective reports [1,2]. 

The inability to measure exposure to WBV in the workplace is 

a widely acknowledged limitation in the study of WBV. In 

addition to the need for in-situ measurement, quantifying 

vibration at the surface of the lower back may provide more 

valuable information than measuring vibrations on equipment. 

The overall objectives of this study were to: (1) design and 

validate a wearable belt containing a sensing element that 

accurately records vibration signals at the lower back in the 

magnitude and frequency ranges of interest for WBV study; 

and (2) develop individual-specific transfer functions 

describing the phase, magnitude, and frequency effects of 

transmitting vibration from the source (a seat) to the surface of 

the lower back. This study is a preliminary report on the first 

objective (design and technical validation of the wearable). 

Methods 

We have designed a wearable sensor as the primary sensing 

element, using a tri-axial accelerometer within an enclosure 

and validated it for frequency and amplitude ranges relevant to 

WBV. The sensing element and a calibrated reference 

accelerometer were fixed to an electromechanical shaker. Both 

accelerometers were exposed to vibrations ranging from 4 to 

125 Hz at RMS amplitudes from 1 to 50 m/s. Coefficients of 

determination (R2) were used to evaluate the wearable’s ability 

to match measurements of the reference accelerometer. 

When worn, the sensing element sits within a modified 

orthotic belt. This belt, which is held in place via tension, 

contains an internal pocket that positions the sensing element 

above the lower back. The housing locations within the belt 

and relative to the wearer are depicted in Figure 1. 

Results and Discussion 

All three sensing element axes have been validated. R2 values 

across the test range were 0.88 ± 0.10 (mean ± standard 

deviation), indicating good performance of the sensing 

element with some peak overestimation (Figure 2).  

 
Figure 1: Sensor positions: a) within the belt; b) on the lower back; 

and c) within the full-scale test bed. 

 
Figure 2: Example signals from sensor validation (R2 = 0.98). 

Currently, we are improving signal fidelity of the wearable. 

Subsequently, we will characterize potential differences 

between reference and wearable signals when the device is 

worn by volunteers (Objective 2). 

Conclusions 

The primary study outcome is a validated sensing element for 

a wearable device measuring WBV in-situ. Further study will 

address Objective 2 using this sensor by identifying 

individual-specific transfer functions between wearable 

signals and those collected via standard methods (Figure 1c) 

[3]. Future work will explore factors that influence WBV 

dosage and exposure, informing legislation and safe-work 

practices to reduce LBP prevalence in the workforce. 
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Summary 

Head impact monitors can track athlete impacts and estimate 

their spatial and temporal aspects. And to monitor athletes in 

real-time, a monitoring system must report data accurately and 

precisely, and avoid reporting too many spurious, false events.  

For decades this has proven very labor intensive and difficult 

to accomplish.  In this paper we present a means to greatly 

enhance impact monitoring in real-time using spatial and 

temporal aspects of impact kinematics applied to a machine 

learning model based on an impact monitoring mouthguard 

(IMM) system (Figure 1) deployed in American football.  

 
Figure 1.  Impact Monitoring Mouthguard System (IMM). 

Introduction 

Millions of athletes in the United States participate in contact 

sports, and hundreds of thousands sustain concussions 

annually [1].  Roughly 50% of concussed athletes go 

unidentified [2] and continuing to play for only 15 minutes 

after a concussive blow causes recovery time to more than 

double [3].  Head impact monitoring holds promise to helping 

clinicians identify athletes sustaining impact doses outside of 

the normal, but monitoring systems historically been unable to 

discriminate between true and false positives.   

Methods 

A group of n=53 features were initially selected based on 

spatial and temporal aspects of impact. A Neighborhood 

Component Analysis (NCA) was performed on the initial 

group to identify the twenty-eight (28) most useful features for 

classification.   

The test data were collected from n=92 player-games in 

college and high school American football.  A double-blind 

video review was performed to time-synchronize collected 

IMM data and confirm whether a True Positive head impact 

occurred.  A total of n=1894 de-identified true and false 

positive, video-verified events were found. 

Results and Discussion 

After conducting the analysis, the best performing models 

were Ensemble-Bagged Trees and Cubic SVM.  Table 1 

shows false positive results and Table 2 shows performance 

against true positives. 

 

#Incorrectly 

Classified 

#Correctly 

Classified 

Test FP 

Precision 

Ens-Bagged 23 1269 98.2% 

Cubic SVM 29 1263 97.8% 

Table 1.  Classification Results from n=1292 Video-Verified On-

Field False Positive Test Data Sets in American Football  

 

#Incorrectly 

Classified 

#Correctly 

Classified 

Test FP 

Precision 

Ens-Bagged 583 17 97.2% 

Cubic SVM 563 37 93.8% 

Table 2.  Classification Results from n=600 On-Field True Positive 

Test Data Sets in American Football  

Conclusions 

The Ensemble and SVM classifiers reported 98% precision on 

false positives and 94% to 97% on true positives. The 

misclassified 2% of false positives were of the low-g variety, 

with an average of 32g.   The 3% to 6% of true positive 

datasets that were misclassified could theoretically lead to 

false negatives if the impacts were serious.  But these impacts 

were of lower magnitude and averaged only 34g.   

Video review can be used to tag events as true/false positives, 

and future improvement in the method will focus on retaining 

more true positives and rejecting more false positives.  Finally, 

incorporation of hardware sensing to indicate when the IMM 

is “in-mouth” or “on-teeth” will improve precision.   
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Background 
 
Analysis of human walking is a systematic interpretation of 
gait kinematics and kinetics to identify abnormalities in 
gait. The gait analysis tool is required for an accurate 
clinical assessment and diagnosis in various pathological 
conditions and is particularly used by physiatrist, 
neurologist and, orthopedicians. The researchers working in 
the area of rehabilitation and sports medicine are highly 
interested in such kinematic and kinetic analysis. 
Conventionally, Optoelectronic motion capture and video 
camera based system are widely used in such locomotion 
studies. These systems are highly expensive and are bulky 
restricting its usage to indoor environment. In recent times, 
the advancement in Micro-Electro-Mechanical Systems 
(MEMS) have made possible to develop a portable, 
wearable and affordable motion capture system which can 
be used in an indoor and outdoor environment. [1,2] The 
MEMS inertial sensors system is a proven technique in 
measurement of human locomotion [3]. 
 
In this paper, we present a novel smart wearable and 
wireless body-fixed inertial sensor (i-Sens) based design 
for estimation of joint kinematics in the sagittal plane. 
Preliminary testing has been done on normal volunteers 
with this bodyworn i-Sens sensors kept at knee and hip 
level on one side.  The performance was compared for both 
indoor and outdoor environmental conditions. The accuracy 
of the joint angle estimated for a single stride was within 
the normal walking range suggesting that the i-Sens can be 
considered as an alternative method for kinematic analysis. 
 
METHODS 
 
The developed i-Sens hardware architecture has two 
inertial measurements units (IMUs) A and B comprising of 
3axis accelerometer and a gyroscope, a microprocessor 
unit, and a Bluetooth module. The sensor A was placed  at 
level of knee and sensor B was placed at level of hip and 
were connected to the main control unit with a wired 
connection. The main control unit mainly captures data 
from the sensors, processes data and transmits wirelessly 
through Bluetooth module. A sensor data fusion algorithm 
to estimate joint angle was implemented in the i-Sens 
hardware module. The data was acquired in laptop having 
Bluetooth. Post-processing on the data was done using 

customized software (C# based windows desktop 
application) to display joint kinematics angle. The data was 
collected in both indoor settings on the leveled ground 
surface. The acquired data was validated against normative 
motion capture data. 
 
RESULTS AND DISCUSSION 
 
The data collected from low-cost i-Sens wireless Body-
Fixed Inertial Sensors for a single stride was found to be 
within the normal range. The root mean square error for 
knee was 3.930 compared to normative motion capture data. 
The simplified sensor fusion data algorithm implemented in 
the hardware solves the drift error problem of gyroscope. 
The i-Sens setup is portable and can be used for long 
duration of recording of movement analysis irrespective of 
environment settings. The estimated cost of the i-Sens 
inertial based system is less than $20-25. 
 
CONCLUSION 
 
The developed i-Sens wearable health technology was 
found to be cost-effective and has potential to be used for 
analysis of human walking, both in, outdoor and indoor 
setting. However, the drawback of the current designed 
hardware uses the wired body-fixed inertial sensors. The 
experimental results demonstrate that the system has the 
potential to be used as a diagnostic clinical tool and could 
help in planning clinical management pertaining to 
locomotion. Further clinical trials are needed to validate the 
setup in normal and pathological conditions.  
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Summary 

A passive strain sensor was developed to wirelessly measure 

musculoskeletal soft tissue strains in vivo. The sensor 

sensitivity and signal stability were evaluated under uniaxial 

strain. The feasibility of wireless tendon strain measurement 

was successfully demonstrated by implantation in an ovine 

cadaver, hence now providing new perspectives for the in vivo 

and dynamic assessment of soft tissue strains. 

Introduction 

Quantification of in vivo musculoskeletal soft tissue strains 

could provide insight into tissue function, pathology, and 

healing [1]. However, current methods are limited in their 

ability to investigate dynamic movements. A novel strain 

sensor was introduced and its capacity to wirelessly measure 

soft tissue strain was demonstrated in this study.   

Methods 

A capacitive sensor was fabricated by embedding two Au-

TiO2 nanowire films separated by a dielectric layer of Dragon 

Skin in a biocompatible PDMS membrane [2]. The nanowire 

film was fabricated by vacuum filtering Au-TiO2 nanowires 

through a PVDF membrane. The capacitive sensor was 

bonded with a coil inductor to complete an LCR sensor of 

which the resonance frequency (RF) could be assessed 

wirelessly by a readout system at 1 kHz (Fig 1, top). 

A tensile testing machine and an LCR meter were used to 

evaluate the sensor signal against applied uniaxial strain. After 

50 cycles of preconditioning (0-30% strain), the signal 

response of the capacitive sensor was evaluated for 5 loading 

cycles in 0.5% increments from 0.5% to 10% strain. The 

signal stability was assessed by stretching and holding the 

sensor at 15% strain for 1 hour, followed by 5 loading cycles 

between ±0.5% strains. Another 5 cycles to 0.1% strain were 

applied to determine the lower bound on sensor sensitivity. To 

validate the wireless transmission, the LCR sensor was 

stretched to 30% strain while its RF was measured. 

To demonstrate feasibility of soft tissue strain measurement, 

the LCR sensor was sutured on the supraspinatus tendon of an 

ovine cadaver and the incision was closed (Figure 1, middle-

right). The shoulder joint was then manually manipulated 

through its full range of motion, while the RF of the sensor 

was wirelessly measured across the skin.  

Results and Discussion 

The sensor capacitance increased linearly with strain during 

the cyclic tensile test (Fig. 1, middle-left). After 1 hour 

stretching, repeatable capacitance changes were observed in 

the subsequent ±0.5% strain cyclic loadings. A 0.09% change 

in capacitance was observed with 0.1% strain applied, 

indicating its high sensitivity to sense subtle changes in in vivo 

soft tissues strains. The RF of the LCR sensor was found to 

decrease monotonically with increasing strain (Fig. 1, bottom-

left). However, the signal strength reduced with strain because 

of a corresponding increase in sensor Q-factor, which will be 

addressed by future design modifications.  

 

Figure 1: Wire sensing and Wireless sensing plus cadaveric test 

In the cadaver experiment, the LCR sensor RF changed with 

joint manipulation. After evaluating several suturing methods, 

a finalized design with two fixation plates at both ends of the 

sensor (Figure 1, top-left) was selected to avoid breaking the 

sensor based upon surgical feedback. Future research will 

focus on ex vivo validation of the sensor to measure strain of 

tendon specimens under uniaxial loading and in vivo 

implantations in sheep. 

Conclusions 

The sensor demonstrated high property and capability in 

uniaxial loading and cadaveric experiments. Thus, this novel 

approach exhibits great potential for in-vivo strain 

measurement, thus opening new perspectives for 

understanding musculoskeletal kinetic interactions.  

Acknowledgments 

This research was partially funded by the RMS foundation and 

the Swiss National Sciences Foundation (SNSF). 

References 

[1] Taylor, K.A., et al. (2011). J Biomech, 44: 365-371. 

[2] Stauffer, F., et al. (2018) Adv Mater Technol, 3 :1800031.

 

Saturday, August 03 2019: Posters (1600-1800) 1943

Wireless Clinical 3



 

 

Non-electronic measurement of plantar pressure during weightbearing activities of daily living  
 

Panagiotis E. Chatzistergos1, Roozbeh Naemi1, Nachiappan Chockalingam1 

1Centre for Biomechanics and Rehabilitation Technologies, Staffordshire University, Stoke-on-Trent, UK  
Email: panagiotis.chatzistergos@staffs.ac.uk 

 

Summary 
This study tests the feasibility of a cost-effective concept for 
measuring plantar pressure in people with diabetic foot during 
activities of daily living. A 3D-printable cushioning material 
with complex mechanical behaviour was produced and tested. 
The results indicated that mapping the changes in the mechan-
ical behaviour of the cushioning material can reveal if the 
loading was above or below a predefined tuneable threshold. 
This material could be used in footwear to enhance diabetic foot 
risk assessment and inform the design of offloading inter-
ventions by identifying areas of the foot that are overloaded.  

Introduction 
Even though thresholds of possibly injurious loading have been 
suggested in diabetic foot[1], identifying those patients that 
load their feet above these thresholds and therefore are at higher 
risk of developing ulceration remains extremely challenging. 
Existing systems for measuring plantar loading use 
sophisticated sensors and expensive electronics. The complex-
ity and cost restrict the use of these sensors to relatively small 
numbers of patients within clinics or laboratories where the 
measured loads could be very different compared to those 
applied to the foot outside these controlled environments. 
To address this challenge, we are proposing a new cost-
effective solution for assessing plantar loading in people with 
diabetic foot based on the use of a sensor-insole that has 
memory of loading. This study tests the feasibility of producing 
a material that changes its properties with exposure to loading 
in a predictable way to allow identifying areas of the foot that 
are overloaded.  

Methods 
Cylindrical samples (thickness=10mm, diameter=30mm) filled 
with a thin-walled hexagonal structure were 3D-printed using 
different levels of infill density (10%-20%, 2% increments, 3 
samples/density). The samples’ mechanical behaviour was 
assessed for compression simulating walking[2]. Continuous 
use of two weeks was simulated by applying 100,000 load/ 
unload cycles at 1Hz[3]. The effect of loading was assessed by 
performing mechanical aging at different magnitudes of force 
based on the samples’ stress/ strain behaviour. Preliminary 
testing showed that the samples exhibited linear behaviour 
followed by strain softening caused by buckling of the internal 
structure (Figure 1a). Strain stiffening was observed at high 
strains due to material bottoming-out. There was a clear 
transition load between linear and strain-softening behaviour 
(Pcritical). Low, medium or high loading for mechanical aging 
was defined for each sample as 100%, 200% or 300% of Pcritical 
respectively. Four additional samples (20% infill density) were 
subjected to mechanical aging at 50% compression to assess the 
repeatability of mechanical aging. 

Results and Discussion 
Pcritical was 89.86±0.36 kPa for the samples with 10% infill 
density (D) and increased linearly with D (Pcritical =33.2*D-254, 
R2= 0.96). The samples’ mechanical behaviour remained the 
same when the magnitude of repetitive loading was low 
(Figure1b). On the contrary, medium and high loading led to 
significant softening. Mechanical aging at 50% compression 
reduced the slope of the linear part of the stress/strain graph by 
47%±7%. 

 
Figure 1: The stress/strain behaviour of samples with different infill 

density (a). The transition between linear and strain-softening 
behaviour is highlighted. The effect of repetitive loading of low (b), 

medium (c) and high (d) magnitude on stress/ strain behaviour. 

Conclusions 
Assessing changes in the mechanical behaviour of the 3D 
printable material can reveal if it has been loaded above or 
below a predefined tuneable threshold. If this structure is used 
in footwear, then it could indicate areas of the diabetic foot that 
are overloaded, which in turn can enhance ulceration risk 
assessment and inform the design of effective interventions. 
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Summary 

The use of signal classification techniques to accurately classify 

activities of daily living has gained importance in assistive 

technologies. The aim of this paper was to implement different 

classification techniques to identify user intent from inertial 

measurement units (IMUs) attached to different segments of the 

body. In addition, the performance of these classifiers was 

compared when selecting the 15 most significant features and 

the significant segment. Decision tree and Bayes showed the 

highest and lowest accuracy, respectively.  

Introduction 

There are many motion capture techniques used to acquire the 

desired information about the user’s position and orientation of 

individual joints. A typical non-invasive method would be 

based on using Inertial Measurement Units (IMUs). This can 

have several different uses, e.g., it could be used on a prosthesis 

to measure the exact type of movement and phases within a gait 

for intuitive control. IMUs could also have applications in a 

rehabilitation system, measuring the movement of patients and 

providing them with real-time feedback of their progress. 

Methods 

Five healthy subjects took part in this experiment using seven 

wireless portable IMUs (100 Hz). These IMUs have multi-axis 

accelerometers and gyroscopes. They were attached to the body 

center of mass, thigh, shank and foot segments. The participants 

were asked to perform level ground walking, ramp 

ascending/descending as well as sit/stand and stand/sit. The 

recorded data were used for training and testing of the 

developed intelligent classifier. In MATLAB R2017, second 

order Butterworth low pass filter with a cut off frequency of 7 

Hz was implemented to remove sensor noise. The feature 

extraction was performed by dividing the gait signals into a 

series of overlapped discrete segments. Time-series 

segmentation strategy was based on a window size of 400ms 

and an increment of 100ms. Time domain features were 

considered including maximum, minimum, mean, standard 

deviation, root mean square, maximum slope changes, and zero 

crossing. Five different classification techniques were used to 

predict user intent on the extracted feature data including 

artificial neural networks (ANN), Fisher Naïve Bayes, decision 

tree (DT), support vector machine (SVM), and linear 

discriminate analysis (LDA). Feature selection was performed 

using the minimum redundancy and maximum relevance 

(mRMR) on the data and targets. The fifteen most significant 

features (ranked) were determined, and the most important 

segment was chosen based on the number of times it appeared 

in the selected significant features. After subtle modification, 

the classifiers were then used again to measure user intent.  

Results and Discussion 

The accuracy and error values were calculated by means of 

confusion matrix shown in Table 1. The classifiers in which thw 

used un-ranked features showed DT and Bayes are the most and 

least accurate classifiers, respectively. This suggests a recursive 

model is most effective. The fifteen most significant features 

were obtained using the mRMR feature selection technique. 

The most significant feature and segment were identified to be 

the mean and the right thigh, respectively. When using the 

fifteen significant features, the highest and lowest accuracy was 

obtained from DT and Bayes, respectively. In addition, the error 

rate has been decreased only in Bayes from 36% to 32%. The 

decrease in the accuracy of other classifiers as compared to the 

condition when the full set of features were used could be due 

to the fact that selected features often form intrinsic clusters in 

the respective subspace which yield comparable classification 

errors across several different classification methods [1]. A 

significant decrease in accuracy was observed when using only 

the right thigh segment. DT and Bayes showed the highest and 

lowest accuracy, respectively.  

Conclusions 

Different classifiers were used to identify ADLs in healthy 

subjects. The results showed the highest and lowest accuracy in 

DT and Bayes across conditions. This information could then 

be fed into prostheses for accurate kinematic mimicry.  
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Table 1: Comparison of different classifiers using confusion matrix based on all segments, 15 significant features, most significant segment. 

 
Classification Accuracy (%) Classification Error (%) 

Un-ranked Ranked Significant Segment Un-ranked Ranked Significant Segment 

ANN 93 89.5 75 7 10.5 25 

Bayes 64 67.5 52 36 32.5 48 

DT 98.5 97 93.5 1.5 3 6.5 

SVM 86 82 78.5 14 18 21.5 

LDA 86 73.5 63 14 26.5 37 
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Summary 
The aim of this study is to measure the gait features and 
global position of the pedestrian in the outdoor environment 
by using shoe attached IMU sensor and GPS, and visualize 
the stride length on a geographical map in order to 
investigate the explicit factors in the walkway that changed 
the gait pattern. The experimental results show that the stride 
length changed significantly depending on the type of the 
walkway such as slope and curve. Even in the similar flat 
walkway, the stride length changed when the pedestrian tried 
to avoid an obstacle or the other pedestrian. These results 
suggest that this method has potential to actualize implicit 
factors such as risk of fall hidden in our daily environment. 

Introduction 
People unconsciously change the gait pattern depending on 
the condition of the walkway. Thus, it might be possible to 
estimate its condition through the change of the gait features 
such as stride length and cadence. The aim of this study is to 
measure the gait features and global position of the 
pedestrian in the outdoor environment to investigate the 
explicit factors in the walkway that changed the gait pattern. 

Methods 
Data were collected from 3 healthy young males. They were 
asked to walk in a daily outdoor environment carrying a 
backpack with PC and receivers inside to obtain motion and 
position data from IMU sensor (Xsens, MTw Awinda) and 
GPS (TAIYO YUDEN, GYSFDMAXB). The IMU sensor 
was put on the shoe tongue and fixed with the shoelaces to 
compute the stride length by double integration of the 
acceleration with drift removal at stance phase [1, 2]. The 
GPS module attached to the backpack measured the global 
position of the pedestrian simultaneously. The computed 
stride length was normalized by the height of the subject and 
mapped onto the geographical map referring to the position 
data obtained from the GPS. The map was divided into a 
grid with the size of 12.5 m × 12.5m. The average and 
standard deviation of the stride length within the same grid 
were visualized by the heat map. 

Results and Discussion 
Figure 1 shows the standard deviation of the normalized 
stride length visualized by colored squares corresponding to 
the grid changing from blue (0.0) to red (3.0). The grid color 
changed depending on a type of the walkways (e.g. slope 
walkways at (A) area or curve walkways at (B) area). Even 
in the similar flat walkway, the stride length changed when 

the pedestrian tried to avoid an obstacle at (C) area or the 
other pedestrian at (D) area. In these cases, the change of the 
stride length occurred due to explicit factors those are visible 
on the map (slope and curve) or apparent in the situation of 
the pedestrian (obstacle or pedestrian avoidance). This leads 
to future research to actualize implicit factors such as risk of 
fall hidden in our daily environment. 

 
Fig. 1 Standard deviation of the normalized stride length 

superimposed on the map.  

Conclusions 
Standard deviations of the normalized stride length were 
superimposed on the map to find explicit factors by using the 
gait pattern changes. The stride length during walking in the 
daily environment has potential to actualize implicit factors 
such as risk of fall hidden in our daily environment. 
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Summary 

The prime method of analyzing gait cycles with balance 

aiding devices has typically been restricted to laboratory 

controlled environments, where motion capture software or 

visual observation are available. Few methods for real-world 

gait analysis exist that do not require active human 

monitoring. We are bridging that gap by developing an 

autonomous device which attaches to a cane, or cane-like 

device, to record gait speed, frequency, and applied load. To 

date we have successfully verified sensor accuracy and are 

collecting experimental data.  

Introduction 

Mobility and balance aiding devices are used by 6.8 million 

individuals in the United States [1]. Unfortunately, only 16% 

of users have received proper instruction from a physical 

therapist. Instruction is mainly limited to visual observations 

in a clinical setting, and community cane usage (long term 

usage over a variety of ranges and environments) cannot 

currently be actively observed. Past studies have created 

experimental devices that recorded the weight placed on a 

cane in a laboratory setting [2]. However, no study has 

attempted to analyse walking cycles outside of a controlled 

environment for a long period of time. In order to expand the 

range of observable uses in assistive devices, we have 

created an autonomous device that attaches to a range of 

canes and assistive walking devices. The goal of our 

autonomous device is to collect quantitative data on gait 

cycle, gait speed, and applied load. This will create a long-

term assessment tool for both physical therapists and users. 

Methods 

Our device utilizes the TinyDuino processor board 

(Atmega328P), Real Time Clock (RTC) TinyShield, 

microSD Tiny Shield, and protoboard. The following sensors 

were also placed across the cane: a force resistive sensor, 

non-contact distance sensor (Adafruit VL53L0X), Internal 

Measurement Unit (Adafruit BNO055), a 50kg load cell 

(Sparkfun TAS606), and load cell amplifier (Sparkfun 

HX711).  Near the cane handle are two 3.7 amp hour 

batteries. Data collection of tip contact force, cane-to-user 

distance, and cane orientation occurs at a rate of 11 

frames/second.  

To verify the accuracy of the IMU, a servo motor was 

programmed to rotate at a consistent frequency and the 

resulting angles sensed by the IMU were recorded. 

Calibration of the load cell took place on a Bertec 4060 force 

plate where the cell was loaded with a 25kg weight to 

determine the calibration factor. A battery test was 

performed to measure the longest runtime with all sensors 

continuously activated.  

 

 

Results and Discussion 

In the IMU verification, comparison of the data showed a 

maximum error of 1% over the verification range. In the load 

cell verification, a maximum error of 22% between our force 

plate and load cell readings was observed. The battery test 

resulted in 36 hours of collection time which suggests that 

the cane could collect for several days given lower power 

draw when not collecting data (not walking) and manual turn 

off at night. 

 

Figure 1: Experimental load (blue-right axis) and angle (red-left 

axis) data during walking. Distance sensor is active in grey regions. 

For each gait cycle, verification of a proper cane-to-leg 

relationship is vital in classifying if the cane usage is correct 

or not. Activation of the distance sensor (represented by the 

gray region in Figure 1) shows the times for which the 

ipsilateral leg is within range of the distance sensor. In a 

proper gait cycle, the ipsilateral leg should be in swing phase 

while the cane is in contact with the ground (force > 0) and 

close to vertical (~0° orientation). When these factors occur 

within the same time frame, it suggests that the individual is 

displaying a proper gait cycle. Information from the IMU 

and force sensor can also be used to calculate the frequency 

of the users gait cycle (which can be an indicator of gait 

variability) as well as gait speed using methods detailed by 

Dang et al [3].  

Conclusions 

Enabling physical therapists’ access to quantitative data on 

their patient's long-term gait frequency, speed, and 

consistency can allow personalization of therapy as well as 

provide more insight into the rate of gait changes. Future 

work will focus on long-term device testing among 

community dwelling cane users. 
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Summary 

The aim of this study is to test and validate a novel step 

counter method (DiSC) based on distance and inertial 

measurements recorded using a single wearable prototype 

system (SWINGDS) applied to one of the ankles. Thirteen 

patients with multiple sclerosis (MS) performed a six-minute 

walking test (6MWT), for a total of 6,876 steps recorded. The 

DiSC method showed a mean absolute percentage error equal 

to 2.4% and 5.1% for the instrumented and non-instrumented 

legs, respectively. 

Introduction 

Step detection is commonly performed by identifying foot 

contact events from inertial signals measured by inertial 

measurement units (IMUs) [1]. However, IMU-based methods 

performances decrease when highly impaired gait is 

considered (e.g. slow walking speed, foot dragging). To 

overcome these limitations, a novel step counter method 

(DiSC) was implemented, based on the direct measurement of 

lower limb distances, during gait [2]. The DiSC uses just one 

device (SWINGDS), worn above the right ankle, allowing 

detection of steps from both instrumented (IN-step) and non-

instrumented (NIN-step) side. In this study, the method was 

validated on thirteen patients with MS with moderate to severe 

disability, who performed a 6MWT. 

Methods 

The study was approved by the North of Scotland ethics 

committee. Thirteen MS patients with an average expanded 

disability status scale score equal to 5 were recruited. The 

patients were outfitted with the SWINGDS system which 

incorporates a magneto-IMU (±16 g, ±2000 degree∙s-1, ±4 

Gauss at 100 Hz) and a time-of-flight distance sensor (up to 

400 mm at 33 Hz) (Figure 1). Each patient performed a 

6MWT along a closed loop (including 10-m straight and turn 

portions). Steps were detected when the distance sensor 

returned a non-zero distance value and the medio-lateral 

angular velocity was larger (IN-step) and lower (NIN-step) of 

given threshold (5% of the average patient-specific ωML 

peaks). For each subject, the true total number of steps was 

counted by visually inspecting the video recordings provided 

by two video cameras placed at each turn of the loop. 

 

Figure 1: The SWINGDS system is worn above the right ankle. 

The error e was computed as the difference between the 

estimated and the true step number. The method accuracy was 

computed, for each leg side and across subjects, in terms of 

total error (E±SD), percentage error (E%±SD), absolute error 

(MAE±SD) and absolute percentage error (MAE%±SD). 

Results and Discussion 

The total number of steps analysed was equal to 6,876 (3,436 

IN-steps and 3,440 NIN-steps). The method accuracy is 

reported in Table 1. 

Table 1: The method accuracy across patients. 

 IN-step NIN-step 

E ± SD (#steps) 1 ± 7 -1 ± 17 

E% ± SD (%) 0.9 ± 4.1 0.4 ± 11.0 

MAE ± SD (#steps) 5 ± 5 9 ± 15 

MAE% ± SD (%) 2.4 ± 3.4 5.1 ± 9.7 

Overall, the DiSC method showed a good accuracy with 

detection errors for the IN-steps halved compared to NIN-

steps (MAE: 2.4% vs 5.1%). Moreover, mean errors across 

patients were extremely small for both sides (E%<0.9%). 

When comparing these results to those obtained on healthy 

subjects [2], a slight worsening of the performance was 

observed (MAE% in the range of 2.4–5.1% vs 0%). This is 

similar to a previous study, where two commercial IMU-based 

step counters were tested in a population of MS patients with 

moderate to severe disability, walking at comfortable speed 

during a 6MWT [3]. The ActiGraph and StepWatchTM both 

showed a greatly reduced performance in severe MS patients 

walking at slow speed with values of E% falling from -5% to -

12.7% and 0.3% to -4.3%, respectively. 

Conclusions 

The DiSC method seems to be a promising solution for step 

detection. Contrary to IMU-based methods, its accuracy is 

expected to improve when assessing patients walking at very 

slow speed, since the number of distance readings increase 

when decreasing the gait speed. 
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ABSTRACT 

The aim of this study is to compare an IMU-based system with 

a motion capture system in relation to nonlinear analysis of 

kinematics. Subjects were asked to walk on an instrumented 

treadmill at their self-selected walking speed and the 

Lyapunov exponent, a measure of stride-to-stride variability, 

was calculated for ankle and knee flexion for each system.  A 

significant relationship between systems was observed for 

LyE at the knee, but not the ankle. Peak flexion angles for the 

ankle and knee were significantly related between systems. 

INTRODUCTION 

Reliability between systems is necessary when used to analyse 

human movement in different environments, such as 

laboratory and outside environments Previous literature has 

focused on the reliability of IMU systems compared to motion 

capture systems specifically in relation to a healthy population 

and traditional biomechanics measures such as peak joint 

angles [1,2]. It is unknown, however, whether motion capture 

and IMU systems are reliable using nonlinear analysis such as 

the Lyapunov exponent (LyE) which determines the 

variability in the evolution of the data, as oppose to linear 

measures of analysis that report values such as the peaks and 

means. Therefore, the aim of this study is to determine the 

reliability of an IMU system compared with a motion capture 

system using the Lyapunov exponent. We hypothesize that 

there will be no differences and a strong correlation between 

the motion capture and IMU condition in ankle and knee joint 

angle variability.  

METHODS 

Ten subjects participated in the study (67.9±5 years, 

1.69±0.12m, 75.1±18.3kg, 3 males, 6 non-fallers, 4 fallers). 

Fallers were determined by the subjects’ self-reported history 

of experiencing a fall within the past year. Informed consent 

was obtained before collection and the study was approved by 

the University Of Nebraska Medical Center IRB.  

The Xsens IMU system was synchronised with a Vicon 

motion capture system to record simultaneously. Subjects 

were asked to walk on the instrumented treadmill for 3 

minutes at their self-selected walking speed. Both motion 

capture and IMU data were filtered using a 6Hz lowpass 

Butterworth filter. The best of two trials for 5x Sit-to-Stand 

and Timed Up and Go (TUG) tests were also collected.  

LyE was calculated bilaterally for sagittal plane ankle and 

knee joint angle for each system. Peak ankle plantarflexion 

and knee flexion were also calculated using Visual 3D 

software. Paired T-tests were performed on each joint angle 

comparing the LyE and peak joint angles calculated from the 

motion capture system and Xsens systems. Linear regression 

was used to determine the relationship of the two systems. All 

statistical tests were performed in MATLAB and significance 

was set to p<0.05.  

RESULTS AND DISCUSSION 

There are no differences between either motion capture or 

IMU systems for ankle (p=0.78) or knee (p=0.6) joint angle 

variability or between fallers and non-fallers (p=0.17). There 

is also no difference between motion capture and IMU for 

peak ankle plantar flexion, however there is a significant 

difference between the two systems for peak knee flexion with 

motion capture greater than the IMU system (p=3.28e-07). 

There is a positive relationship between the Vicon motion 

capture and Xsens IMU systems for the knee joint angle 

variability (Figure 1A), peak ankle plantar flexion and peak 

knee flexion (figure 1B) demonstrating good agreeability 

between systems. The motion capture and IMU systems are 

not related for the ankle joint angle variability. There is no 

relationship for either system between LyE and the two 

clinical measures, 5x Sit-to-Stand and TUG, for both joints.  

 
Figure 1: Correlation results comparing motion capture to the IMU 

system for the knee LyE (Left, R2=0.5671, p=1.27e-04) and peak 

knee flexion (Right, R2=0.6579, p=1.43e-05). 

Previous literature has found minimal differences between 

motion capture and IMU systems with respect to joint angles 

and joint angular velocities [1,2]. The peak joint angle results 

of this study are concurrent with previous literature, although 

the motion capture and IMU systems are significantly 

different for knee flexion. The non-correlation between the 

two systems seen in the ankle joint LyE may be attributed to a 

difference in system processing, or a difference in the defined 

joint center and warrants further investigation. The subject 

population may be an attributing factor to the wide range in 

ankle joint LyE, as fallers exhibit more variability in their gait 

kinematics [3]. A limitation of this study includes a small 

sample size.   

CONCLUSIONS 

While motion capture is the gold standard for research, the 

IMU system has the benefit of portability for use in outside 

environments. The interchangeability of using either of the 

two systems depends on the specific application. For knee 

joint LyE, the two systems may be comparable but initial 

results suggest not for ankle joint LyE.  
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Summary 

In analyzing the accuracy of trainer form scores as a 

quantitative assessment of athletic form, wearables were used 

to compare the individuals’ form score to their biomechanics. 

The Lock and Load drill, one that requires control to lift the 

opposite leg and hand simultaneously off the ground from 

push-up position, was used for this comparison. Eighteen 

athletic males were recruited for this study and completed the 

task while wearing an Xsens motion capture system. There 

was little to no correlations found between the scores given by 

an expert trainer and stabilization of the body measured by the 

Xsens. There was no trend in synchronisation of limbs. 

Introduction 

Athletic assessments are commonly used to pre-screen athletes 

for identifying probable injury by uncovering weaknesses. 

One assessment methods known as the Functional Movement 

Screen (FMS) quantifies an individual’s performance through 

a series of 7 exercises scored by a trainer [1]. The FMS uses a 

form scoring system of 0-3, with 3 meaning the athlete 

completed the exercise with no signs of weakness. Research 

using the FMS has shown that composite scores below 14 

proved to show there was an increase in the individual’s risk 

for injury [2,3]. Interrater reliability and real-time intersession 

was found to have a strong reliability in multiple studies [4,5].  

However, there is concern whether these scores are capturing 

important differences in the biomechanics of the performance. 

To address this, our team focused on a similar exercise to that 

of the FMS rotary stability. The exercise known as the Lock 

and Load is performed in a push-up position, lifting the 

opposite arm and leg simultaneously. 

Methods 

Eighteen athletic males were recruited from the University of 

Dayton’s campus to participate in a larger study protocol. 

Strict inclusion and exclusion requirements had to be met for 

participation to ensure safety and athleticism. The study 

population was as follows: 19-23 years old, 130-230 pounds, 

and 169-197 cm tall. The Lock and Load was the first exercise 

on day two of the study which followed an 8 minute warm up. 

All subjects wore the Xsens Awinda IMU to capture their 

biomechanics. The exercise was demonstrated both in person 

by the head researcher and via video from the certified trainer. 

Each athlete performed the drill three times and did so on both 

their left and right hand, holding the position for 3 seconds.  

Form scores for their left and right hands were recorded by an 

expert trainer. The scoring scale ranged from 1-4 rather than 

the FMS’s 0-3. The scoring scale was broken up into decimal 

numbers to more accurately represent the individual’s form. 

Only the best trial of the three (their highest form score) was 

used. To determine the athlete’s stability and control 

throughout the drill, an important component to scoring well 

on the expert scoring, both the Medial-lateral (ML) and 

Anterior-Posterior (AP) sway was calculated using the CoM 

position. Individuals form scores were averaged and broken up 

into “better performers” (above average) and “poorer 

performers” (below average). CoM sway ranges were then 

examined to see whether better performers exhibited lower 

CoM sway ranges (better stability) and poorer performers 

exhibited higher CoM sway ranges (worse stability).  

Results and Discussion 

Pearson correlation coefficients indicated that the relationship 

between the form scores and the CoM sway ranges were weak. 

Not all participants who performed poorly were above average 

in both AP and ML sway and vice versa. It was expected that 

if someone had great form, their CoM would see a low sway 

range. However this was not found. While it is understood that 

the expert form score takes into account multiple factors and 

not just stability, it was still surprising that a stronger 

relationship was not found. 

The limbs were also analyzed to examine synchronization of 

movement to assess whether better performers exhibited a 

similar amount of acceleration for both the hand and foot as 

the movement was initiated. This would be desired as limbs 

were to be lifted at the same controlled speed. Large 

differences between accelerations of the hand and foot were 

observed and no trends based on form score were identified. 

Conclusions 

These preliminary results support the role that wearables may 

contribute to standardizing assessments of performance that 

are currently evaluated by expert score. Our findings suggest, 

however, that there are differences in what experts are looking 

for versus isolated biomechanical measurements. It is unclear 

whether this is because expert scoring takes into account a 

more holistic picture or because the sensors are detecting more 

subtle but important indicators of performance  
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Summary

Most  state-of-the-art  prosthetic  controllers  define  modes  of
operation corresponding  to terrain types such as  flat-ground
walking  or  stair  ascent.  This  control  policy  can  create
impairments for locomotion when unique situations arise, such
as  in  obstacle  avoidance  or  unstructured  terrain.  Human
locomotion, however, is a continuous motion, fluidly adapting
to the environment and not always categorizable into modes. A
prominent feature of locomotion is that it exhibits strong inter-
joint co-ordination. We show that using body motion from the
intact limbs and trunk, a reference trajectory can be generated
for a prosthetic joint for every instant in time. 

Introduction

 Humans select unique and complex movements to navigate
various  terrains.  Capturing  the  multitude  of  possible
movements  and  replaying  them  at  the  appropriate  future
instance  has  been  infeasible.  This  has  resulted  in  the
emergence of locomotion mode as the default control strategy. 

Human locomotion operates intimately in concert with the rest
of the body. Vallery et al.[1] used a linear mapping to estimate
the motion of the impaired limb from residual human motion.
This  method  used  statistical  regression  to  produce
instantaneous mode-free control.  Our pilot study investigates
this  possibility  further  by  using  powerful  new  advances  in
machine learning to improve accuracy. 

Methods

A wearable  motion  capture  suit  was  worn  by  11  healthy
subjects  to  record  full  body  kinematics  during  flat  ground
walking  and  stair  ascent  and  descent.  A short  time  history
(160ms) of 21 joint angles from the whole body in all three
anatomical axes was used as training input into a 2-layer Long
Short-Term  Memory  (LSTM)  network.  Instantaneous  ankle
angle in the Sagittal plane was the training output. We evaluate
performance when using a smaller array of sensors, gathering
partial body kinematics instead of full-body motion.

Results and Discussion

The performance of the right ankle predictions was assessed in
terms  of  Root  Mean  Squared  Error  (RMSE)  between  the
predicted and measured angle in the test set (not included in
training).  An example of a typical prediction for stair climb
activity using the LSTM model, with an RMSE of 4.4 degrees
is shown in Figure 1. The loss in performance was small when
using  only  the  lower  limb  sensors  (Figure  2).  Within  each
group, error increased only slightly to RMSE of 5.5 degrees
when only the Sagittal plane was used as input. 

Figure 1: Right ankle joint angle predictions for stair ascent and
descent activity with an average RMSE of 4.4 degrees.

Figure 2: Performance for subsets of sensors. Considering data from
all 3 anatomical planes (Frontal, Transverse and Sagittal) improved
performance. Using only the lower limb sensors for training did not

result in a significant drop in performance.

Conclusions

 We present a framework for mode-free control of a prosthesis.
However,  a  prosthetic  controller  entails  more  than  just
trajectory  generation.  Current  efforts  are  focused  on
prototyping  a  controller  to  determine  if  these  trajectory
predictions are  sufficient  for  robust  and safe deployment  in
real-time prosthesis control.  
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Summary 
Collecting and analyzing single view 2D videos could serve as 
a clinically feasible surrogate to assessing kinematics with 3D 
motion capture, which is typically used for laboratory research. 
The purpose of this study was to develop a novel algorithm that 
tracks markers in 2D videos, and to test the validity of 
quantifying sagittal plane foot kinematics during gait with a 2D 
video relative to with a 3D motion capture system.  

Introduction 
3D motion capture technology is an extremely useful tool for 
understanding and preventing injury risk, however, they are 
expensive and require extensive time for setup, collection, and 
processing of data. Therefore, 3D motion capture technology is 
not typically feasible for use outside of a research setting. 
Recent literature suggests that many important features of 
human movement can be quantified in 2D using a single digital 
video [1, 2]. Quantifying kinematic outcomes through 
collecting 2D videos with a GoPro or a smartphone could be an 
excellent way to quickly and easily screen for movement 
deficits in a clinical setting. However, previous studies have 
primarily used general purpose image processing software, 
which requires manually stepping through the video to identify 
time points of interest (e.g. heel strike) and manually clicking 
on markers of interest [1, 2]. This process is tedious and could 
introduce human error. Therefore, the purpose of the present 
study was to develop an algorithm that automatically identifies 
and tracks markers in a 2D video. While this algorithm is being 
developed to assess a broad range of kinematic outcomes, the 
present study used the developed algorithm to quantify sagittal 
plane foot kinematics during overground gait. We hypothesize 
that 2D foot kinematics will be comparable when measured 
using a single 2D video and a 10 camera motion capture system.  

Methods 
Fifteen healthy participants completed 6 overground walking 
trials at their self-selected pace. Retroreflective markers were 
placed on the posterior aspect of the calcaneus and over the 
distal 2nd metatarsal and were tracked in 3D using a 10-camera 
motion capture system (Qualisys, 240 Hz). Handmade stickers 
were placed near the lateral heel and distal 5th metatarsal (Figure 
1). A GoPro was placed ~1.5 m from the walkway and captured 
sagittal plane videos at 120 Hz. A custom MATLAB code was 
used to threshold each frame of the GoPro video, which allowed 
for the center of the sticker markers to be segmented (Figure 1). 
Segmented markers were grouped into trajectories based on 
their position and velocity on a frame by frame basis. Based on 
preliminary unpublished data, initial contact and toe off was 
identified for both the 2D and 3D data as the instant in which 
peak foot angle occurred and when peak vertical heel velocity 
occurred, respectively. 2D foot angles were computed in the 

sagittal plane using both 2D and 3D captured data, and were 
normalized to midstance foot angle, defined as the average foot 
angle between 200 and 300 ms after initial contact. Foot angle 
at initial contact and toe off for the right limb only were 
compared between the 2D and 3D data using intraclass 
correlation coefficients (ICC), t-tests, and Bland-Altman plots.  

 
Figure 1: GoPro video before (left) and after (right) segmentation. 

Results and Discussion 
ICCs between the 2D GoPro and 3D motion capture data for 
assessing 2D sagittal plane foot angle at initial contact and toe 
off were 0.918 and 0.771, respectively. However, Bland-
Altman plots (Figure 2) and paired t-tests did reveal significant 
differences between the 2D and 3D measured outcomes 
(p<0.001). Specifically, the 2D data underestimated foot angle 
at initial contact by 3.4° ± 1.9° and overestimated foot angle at 
toe off by 6.3° ± 4.2°. Future work should improve how angles 
are normalized to better account for differences in marker 
placement between 2D and 3D systems.  

 
Figure 2: foot angle at initial contact compared between systems.  

Conclusions 
Using 2D videos to assess foot kinematics during gait is feasible 
and agrees with outcomes measured with 3D motion capture.  
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Summary 

Participants’ kinematics were collected using two motion 

capture systems (Xsens (inertial), Vicon (optical)) while 

performing a series of occupationally-relevant military-based 

movements. Principal component analysis (PCA) was used to 

detect variance within the three-dimensional marker 

trajectories between the motion capture systems. PC scores 

were strongly and significantly correlated between systems, 

and reconstructed movements are visually indistinguishable.  

Introduction 

Optical motion capture (OPT; e.g. Vicon, UK) is often 

regarded as the gold standard to obtain human kinematic data 

(e.g. [1]). However, there are several limitations of these 

systems: sensitivity to marker occlusions, sensitivity to 

clothing artifacts, and they cannot be easily transported. 

Therefore, there has been a recent push towards wearable 

inertial measurement unit (IMU) suits, as they are portable, 

can be covered by clothing, can collect for long periods of 

time, and can quickly output kinematic variables [2].  

Xsens MVN Link (Xsens, Netherlands) is a commercially 

available IMU system, which collects whole-body kinematics 

using a scaled biomechanical model. Several research 

endeavors have deemed the Xsens system valid [2,3]; 

however, the tasks mainly involve the lower limbs and upright 

standing, whereas members of the Canadian Armed Forces 

perform a large variety of tasks that involve whole-body 

movements (e.g. walking running, prone, kneeling) and object 

manipulation (e.g. rifles, backpacks, sandbags). Therefore, the 

goal of this research was to validate the Xsens system against 

the gold standard for military-based tasks. It was hypothesized 

that both Xsens and Vicon would capture similar kinematics 

Methods 

Twenty participants (10 male and 10 female; 174.8 cm (SD = 

7.9), 71.9 kg (SD = 13.2), 23.7 years (SD = 3.4)) performed 3 

repetitions of 9 occupationally-relevant military-based tasks: 

walking, running, run-to-prone, run-to-kneel, kneel-to-run, 

prone-to-run, kneel-to-prone, prone-to-kneel, and crawling. 

This abstract presents a subset of participants performing the 

run-to-kneel (RTK) and the run-to-prone (RTP) tasks; 

however all data will be presented at the conference. 

Kinematics were collected simultaneously from an IMU suit 

(Xsens MVN Link, Netherlands, 240 Hz) and a passive full- 

body OPT system (Vicon, UK; 240 Hz) that matched the x, y, 

z marker trajectories exported by Xsens. Time series marker 

positional data from both OPT and IMU systems were 

exported to C3D format and imported into Matlab 

(TheMathWorks, USA). Data were cropped from the last toe-

off of the swing leg going into kneeling/prone to the end of the 

movement (Figure 1) and were normalized to 101 samples. 

Principal component analyses (PCA) were used to analyze the 

three-dimensional marker trajectories from both systems, 

which were stacked into a single matrix [50 trials x 9090 (30 

markers*3axes*101 data points)], where the first 25 rows were 

Xsens data and the last 25 rows were Vicon data. The IMU 

and OPT systems were then compared using Pearson 

correlations of the PC scores for each movement trial.  

Results and Discussion 

With a trace criterion of > 90% of variance explained, 6 (91%) 

and 5 PCs (91%) were retained for the RTK and RTP tasks, 

respectively. Pearson correlations revealed that all PC scores 

were significantly correlated between systems at p < 0.004 

with positive R-values ranging from 0.577-0.984 (Table 1).  

PCA captured similar amounts of variance in the marker 

trajectory data between the OPT and IMU systems. Upon 

visual inspection, the average movers for both the OPT and 

IMU systems are very indistinguishable (Figure 1), and the 

assigned PC scores were significantly correlated. 

 Conclusions 

The results indicate that Xsens and Vicon capture similar 

whole-body kinematics for the RTK and RTP tasks when 

analysed using PCA. Future research will use the Xsens 

system to assess soldier movement under load and recreating 

these data in virtual environments to enhance soldier training.  
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Table 1: Correlation Coefficients between IMU and OPT systems 

 PC1 PC2 PC3 PC4 PC5 PC6 

Run-to-

kneel 
0.941* 0.577* 0.973* 0.701* 0.766* 0.952* 

Runt-to-

prone 
0.984* 0.829* 0.977* 0.697* 0.877* - 

Note: *significant at p < 0.004 

Figure 1: Average mover recreated from Vicon and Xsens 

data. Run-to-kneel: left. Run-to-prone: right. 
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Summary 

Self-administered interventions are an important clinical tool, 
but the ability to quantify the quality of these interventions is 
lacking from both the home and clinic. Here we use a wearable 
sensor and a custom analysis framework to evaluate the efficacy 
of video-guided and self-applied Epley maneuver. Performance 
of the maneuver is quantified by measurements of head 
orientation during and duration of static periods and average 
acceleration during dynamic periods. Preliminary results from 
five subjects demonstrate the utility of our approach and show 
that performance of the Epley maneuver can be quite variable, 
which emphasizes the need to understand how variability in the 
maneuver affects the quality of the intervention.  

Introduction 

Benign paroxysmal positional vertigo (BPPV) is the most 
common peripheral vestibular disorder and results in substantial 
difficulties for those affected: three out of four BPPV patients 
stop work, stop driving, or seek medical attention. BPPV is 
caused by carbonate particles that are dislodged from the otolith 
membrane and become trapped in a semicircular canal, and can 
be treated using a series of prescribed motions, such as the 
Epley maneuver, to move the particles out of the semicircular 
canals when performed correctly [1]. The Epley maneuver can 
be self-applied with video guidance, but there are no tools 
available for patients to assess the efficacy of their performance. 
In this work we present a framework for the quantitative 
evaluation of this self-applied medical intervention. 

Methods 

In our University of Michigan IRB approved study, five healthy 
subjects were asked to perform the Epley maneuver after 
watching a video explaining BPPV, the principle of the Epley 
maneuver, and the five steps of the maneuver. One inertial 
measurement unit (IMU; ActiGraph GT9X Link) was attached 
to the forehead of each subject using double sided tape. 
Orientation of the IMU during each maneuver was estimated 
using inertial navigation algorithms [2]. Each subject 
performed a series functional calibration movements before the 
experiment, and a handheld 3D scanner (Sense 3D Scanner) 
was used to image the subject’s head (with IMU) before and 
after experiment. These data were used to calculate the 
orientation and position of the anatomical axes of the head 
relative to the IMU reference frame. After calibration and the 
scan, subjects were asked to perform the maneuver. No 
instructions were given by experts, but the subjects were 
allowed to play the video during testing and pause as needed. 
Subjects were asked to orient their head and body to the 
following five positions. 1. Sit up, head turned 45° to the left. 
2. Lying flat, head tilt 20° and remain 45° head turn. 3. Same as 

phase 2, except head turned 45° to the right. 4. Lying on the 
right side, looking down 45°. 5. Sit up, head straight. Phase 2-5 
were supposed to last at least 20s. 

Results and Discussion 

An example of head orientation during the functional 
calibration movements and a single Epley maneuver are plotted 
versus time in Figure 1. Summary results for all five subjects 
are shown in Table 1. The summary results reveal that there is 
a large amount of variation in how the subjects performed the 
maneuver, which suggest that there may also be a large 
variation in the success of the maneuver for treating BPPV. We 
expect that pitch and roll will be the critcal for understanding 
the efficacy of the Epley maneuver, as pitch and roll fully define 
the direction of the gravity vector relative to the head. 

 
Figure 1: Representative head orientation segmented into six static 
Epley maneurver poses (1-5) and the fucntional calibration (0). 

Our results demonstrate that our approach is able to capture the 
orientation of the head during the Epley maneuver. Future work 
will focus on understanding how our method of quantifying 
performance (Euler angles) corresponds to the qualitative 
instructions for the Epley maneuver. We plan to use the witten 
instructions provided to patients to develop numeric 
specifications defining head orientations and timing that can be 
used to evaluate how well paiteints we able to follow the 
instructions and execute the Epley maneuver as specified. 

Table 1: Summary results (mean ± std. deviation) for all five subjects. 
 Yaw (°) Pitch (°) Roll (°) Time (s) 
1 40±30 -6±5 1±2 16±3 
2 141±34 -57±6 -140±4 103±4 
3 239±30 -52±12 141±10 54±5 
4 338±40 73±4 -25±153 41±2 
5 338±82 -3±8 4±4 NA 
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Summary 

To determine the feasibility of utilizing gyroscopic data to 

differentiate common gait perturbations, we compared the 

resultant angular velocities measured with optical motion 

capture (OMC) and Inertial Measurement Units (IMUs) in the 

feet and shank during running. The systems were tested under 

4 different gait patterns and averaged over ~ 40 gait cycles. 

The IMUs and OMC were able to differentiate gait parameters 

such as long or short strides as well as optical motion capture. 

Introduction 

Pronation velocity during running has long been studied as a 

potential causative factor of overuse injuries such as shin 

splints [1]; however, there are conflicting reports of the 

association between pronation velocity and injury [2]. 

Potential limitations of many of these studies are their cross-

sectional design and they are performed in the laboratory, 

which may limit the measurement of natural gait. 

Wearable technologies, such as inertial measurement units 

(IMUs), are an attractive option for prospective 

biomechanical studies performed ‘in the wild’. This pilot 

study was designed to determine if angular velocity from 

IMUs and OMC could differentiate running perturbations.  

Methods 

One recreational runner was recruited as the subject for this 

pilot analysis. Over a 30-minute period, the participant 

completed trials of 5 different gait patterns: heel and toe 

strike, long and short strides, and running with genu valgus. 

In this analysis we focused on stride length. The trials were 

completed on an instrumented treadmill (AMTI, Watertown, 

MA) while full body OMC data was captured at 250Hz. The 

subject also wore IMUs (IMeasureU, Auckland, New 

Zealand) in the laces of both shoes, and on the medial tibia of 

both legs. The IMUs captured gyroscopic data in three axes at 

500Hz. 

45±5 gait cycles per gait pattern were isolated. Visual3D (C-

Motion, Germantown, MD) was used to process the OMC 

data and calculate the segment angular velocity, normalized 

to % gait cycle and averaged across all gait cycles for each 

pattern. The gyroscopic data from the IMUs were also used to 

calculate resultant angular velocities for each segment, 

normalized to % gait cycle and averaged across the same gait 

cycles. The RMS values were calculated for each individual 

gait cycle, and then averaged across the trial. Additionally, t-

tests were used on minimum values from 40%-80% of the gait 

cycle to differentiate the short and long stride patterns. 

Results and Discussion 

Qualitatively, there was agreement between the IMU and 

OMC data (Figure 1). The mean RMS difference between the 

OMC and IMU data were 137.8°/s and 143.6°/s for the short 

stride and long stride gait patterns respectively, or 24.7% and 

26.5% of the entire range. The average standard deviations 

across all trials for the OMC and IMU data were 60.7°/s and 

50.4°/s for the short strides, and 59.7°/s and 81.3°/s for the 

long strides respectively. 

 

Figure 1: Resultant angular velocities of the left foot during the 

short stride gait pattern 

Additionally, IMU’s and OMC were able to differentiate 

between the short stride and long stride gait patterns (Figure 

2). The t-test resulted in a p value of 0.0218 from the IMU 

data, and 1.2*10-13 from the OMC data. 

 

Figure 2: Resultant angular velocities of the left foot during the 

short stride and long stride gait patterns 

Conclusions 

This pilot study provides encouraging results that IMU 

technology can differentiate perturbations common in 

running. One of the primary limitations of IMU sensors is drift 

in position data. Utilizing angular velocity data eliminates this 

issue and may be just as relevant to lower extremity injuries 

as position data. Augmenting this approach with machine 

learning methods may improve the ability to differentiate 

changes in gait and terrain while participants run ‘in the wild’.  
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Summary 

Inertial Measurement Units (IMUs) became extremely 

popular for human motion analysis in the free-living 

environment thanks to their small size, lightweight, and long 

battery life [1,2]. However, IMU measures the acceleration 

and angular velocity in its sensor-fixed frame (SF), not the 

anatomical frame (AF) of the segment, to which it is 

attached. Thus, a sensor-to-body transformation (calibration) 

is required to obtain clinically meaningful joint kinematics. 

To this end, this paper presents an effortless calibration for 

aligning IMUs attached to the pelvis, thigh, shank, and foot. 

The accuracy and repeatability of the proposed calibration 

were validated through an experimental study with ten able-

bodied participants.   

Introduction 

Sensor-to-body transformation can be determined using 

calibration-specific functional movements or static postures 

[3,4]. For example, Palermo et al. recorded IMU readout 

during two static postures to perform pelvis, thigh, shank, 

and foot calibration [4]. Favre et al. proposed the application 

of shank passive flexion/ extension (FE) and abduction/ 

adduction (AA) to calibrate the shank IMU [3].  

The main limitations of the mentioned procedures are: 

(1) being limited to a particular segment, and (2) requiring 

specific calibration movements (with strict predefined 

underlying assumptions) or precise IMU attachment. Thus, 

the objective of this work was to develop and validate a 

simple, yet accurate and repeatable, calibration procedure for 

IMUs attached to the pelvis, thigh, shank, and foot. 

Methods 

Four IMUs (MTws, Xsens Technologies, NL) were used to 

analyze the kinematics of the pelvis, thigh, shank, and foot. 

Each IMU was composed of a tri-axial accelerometer and a 

tri-axial gyroscope, and was fixed on a rigid plate equipped 

with retro-reflective markers. Also, a motion capture system 

(VICON, Oxford Metrics Group, UK) was used as a 

reference system and recorded motion data synchronously 

with IMUs. Cameras recorded the position of markers of 

each plate and 15 markers on anatomical landmarks of the 

pelvis, thigh, shank, and foot [6].  

An experimental study was conducted with ten able-

bodied participants. Participant performed active hip FE and 

AA (each one ten times). Each movement was recorded 

twice in Test and Retest sessions. The following procedure 

was used to align the IMU’s SF with the AF of its 

corresponding segment: (1) accelerometer readouts during 

quiet standing before FE/AA were used to align the vertical 

axis of the IMU with gravity (for all IMUs); (2) angular 

velocity in sagittal and frontal plane during FE (or AA) was 

used to align the anterior-posterior and medial-lateral axes of 

the IMU with the sagittal and frontal planes of the body, 

respectively, using Principal Component Analysis (for thigh 

and shank IMUs). The calibration accuracy and repeatability 

were measured by comparing the calibration matrix obtained 

by motion capture system and IMUs. 

Results and Discussion 

Figure 1(a) compares the repeatability of the proposed 

calibration between two repetitions in a session and also 

between Test and Retest sessions. Except for the thigh IMU, 

no significant difference (p < 0.05) was observed between 

the two repetitions or Test/Retest sessions.  

Figure 1(b) compares the accuracy and inter-participant 

repeatability of the two functional movements. FE tended to 

be more accurate than AA for both thigh and shank IMUs. 

However, no significant difference was observed. As such, 

hip FE was preferred for calibration. 

 

 
Figure 1: (a) Test/Retest repeatability assessment (QS: quiet 

standing, FE: hip flexion/extension, AA: hip abduction/adduction, 

T: Test, RT: Retest), (b) Comparison of accuracy and inter-

participant repeatability of functional movements. 

Conclusions 

This work presents an effective procedure for aligning IMU's 

SF with AF of its associated segment for clinical gait 

analysis. This procedure included five seconds of quiet 

standing followed by ten (or more) hip FEs and does not 

require precise sensor attachment or use of an ad hoc tool. 
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Summary 

We investigated the effects of obesity on musculoskeletal pain 

at various regions of the upper torso, and shoulder range of 

motion (RoM) in community-based women. Obese women 

displayed increased musculoskeletal pain in the shoulders and 

arms, as well decreased shoulder RoM compared to their 

leaner counterparts. The need for obese women to bear greater 

loads through their upper limbs during activities such as rising 

from a seated position may contribute to this finding.  

Introduction 

It is well-established that obesity negatively impacts the 

structure and function of the musculoskeletal system. For 

example, increased body mass has been associated with 

altered lower limb biomechanics, higher plantar pressures, and 

increased foot pain and discomfort [1]. Obesity has also been 

associated with increased upper torso musculoskeletal pain in 

obese women. This upper torso pain has been attributed, in 

part, to larger breast size, increased thoracic kyphosis and 

increased loading of the thoracic spine in obese women [2].   

Although the link between obesity and musculoskeletal 

dysfunction is well-explored, most research has focused on the 

load-bearing joints of the lower limbs [1] or general upper 

torso pain [2]. Regional variation in upper-body 

musculoskeletal pain or its effects on shoulder mobility in 

obese women are yet to be examined, despite the fact that poor 

mobility in the upper thoracic spine is a predictor of neck and 

shoulder pain. We aimed to investigate the effects of obesity 

on regional upper torso musculoskeletal pain and shoulder 

RoM in community-based women.  

Methods 

The musculoskeletal pain reported by 378 Australian women 

(age (mean ± SD): 44 ± 20 years, BMI: 28 ± 6 kg/m2) was 

recorded at seven regions of the upper torso (Table 1) using a 

colour-coded chart. Pain severity was graded using a visual 

analogue scale (VAS; 0 = no pain; 10 = worst pain) and pain 

frequency was rated 1-3 (1 = rarely; 2 = occasionally; 3 = 

frequently) [3]. Severity grade and frequency score were 

multiplied for each region to give a score out of 30 [3]. 

Shoulder flexion RoM (°) was measured three times using a 

goniometer aligned with the axis of the glenohumeral joint and 

the mean RoM recorded.  

Participants were classified into three groups (Not Overweight 

(mean ± SE) BMI = 22.5 ± 0.2 kg/m2, Overweight BMI = 27.4 

± 0.3 kg/m2, Obese BMI = 35.4 ± 0.3 kg/m2). Shoulder RoM 

data were square root transformed to meet normality and 

homogeneity assumptions. A one-way ANCOVA adjusting for 

age was used to identify significant (p < 0.05) main effects of 

BMI on shoulder RoM (Bonferroni post hoc). Kruskal-Wallis 

tests were used to determine significant main effects of BMI 

on regional pain scores (Mann-Whitney post hoc).  

Results and Discussion 

Obese participants reported significantly greater shoulder (p < 

0.001) and arm pain (p = 0.016) compared to Not Overweight 

participants, and greater shoulder pain (p = 0.015) compared 

to Overweight participants. Obese participants also displayed 

significantly (p < 0.001) less shoulder RoM compared to both 

the Not Overweight and Overweight participants.  

Conclusions 

Obesity is associated with increased shoulder and arm 

musculoskeletal pain, and decreased shoulder RoM. We 

speculate this result is because obese women consistently bear 

greater loads through their upper limbs when rising from a 

seated position [4]. Increasing leg strength to assist during 

chair rising and reducing body mass should form a primary 

focus of interventions aimed at improving arm and shoulder 

pain levels and shoulder RoM in obese women.  
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Table 1: Mean (95% CI) shoulder range of motion (°) data and regional pain scores (/30) and for the Not Overweight (n = 163), Overweight (n = 

103) and Obese (n = 112) women. 

BMI 

Group 

Shoulder RoM 

(Left)* 
Lower back Upper back Headache Neck Shoulder* Arms** Breasts 

Not OverWt 150 (149–152) 7.2 (5.8–8.6) 5.6 (4.4–6.9) 4.0 (2.9–5.1) 6.1 (4.8–7.4) 5.8 (4.5–7.1) 1.3 (0.6–2.0) 1.5 (0.8–2.2) 

Overweight 150 (148–152) 9.1 (7.4–10.8) 6.7 (5.1–8.2) 6.3 (4.9–7.6) 8.6 (7.1–10.2) 7.0 (5.4–8.7) 2.4 (1.6–3.3) 2.6 (1.7–3.4) 

Obese 144 (142–146) 11.3 (9.6–13) 8.0 (6.5–9.6) 8.1 (6.8–9.5) 9.1 (7.5– 0.7) 10.1 (8.5–11.7) 2.9 (2.0–3.8) 3.9 (3.1–4.8) 

* indicates a significant difference between both the Not Overweight and Obese participants, and Overweight and Obese participants. Data for the right shoulder was very similar. 

** indicates a significant difference between the Not Overweight and Obese participants only. 
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INTRODUCTION  

Brassiere effectiveness has been extensively evaluated by 

measuring breast motion. Previous studies have calculated 

velocities and accelerations effectively collapsing kinematic 

waveforms into gross measurements of motion. While this 

approach quantifies the motion at discrete points in the 

waveform data, the time-varying aspects of breast motion 

related to periodicity have not been considered. Breasts are 

not a segment chain, nor centrally controlled, yet potentially 

influence motion of entire body [1]. Reductions in breast 

motion from wearing bras have been demonstrated, but 

relating reductions to subject perceptions of bra 

effectiveness or correlating reduction to breast size has met 

minimal success. These shortcomings suggest breast motion, 

and interaction with motion of other segments, is not 

adequately understood. Other aspects of the data may be 

important to consider. Recurrence Quantification Analysis 

(RQA) is a technique for describing non-linear dynamic 

properties, including the pattern and structure, of time-

varying waveforms. The study purpose was to classify 

breast motion using RQA. The hypothesis was that RQA 

would reveal differences in the dynamic qualities of breast 

motion in natural and supported conditions. 

METHODS 

Marker data (100 Hz) were collected from 30 females 

(breast cup sizes 8.6-21.6 cm) performing jumping jacks in 

the natural (Control) condition, and wearing bras (high and 

low support). As RQA is a technique for analysing a single 

waveform, the vertical translation of right breast nipple 

marker was analyzed as this marker demonstrated the largest 

motion amplitude and possessed characteristics of the 

system behavior (as has been assumed by previous studies). 

For each trial the phase space was constructed using the 

optimal lag (4 samples) and embedding dimension (3), 

which were determined from a trial-and-error process [2]. 

Recurrence plots were constructed using a radius of 20% of 

the mean maximum Frobenius norm between data points in 

the reconstructed phase space with at least two successive 

points defining a line segment required for recurrence. 

Pixels are darkened in a recurrence plot when the waveform 

revisits the same neighbourhood in phase space. RQA 

measures were: recurrence rate (%RECUR), percent 

determinism (%DET) and Entropy. Differences in RQA 

measures were assessed with pairwise t-tests and linear 

regressions assessed any relationships with breast size. 

RESULTS AND DISCUSSION 

High and low support bras (both p<0.01) decreased 

%RECUR compared to Control. The high support bra 

decreased %RECUR compared to low support (p=0.01) 

(Figure 1). For Control condition %RECUR varies 

considerably with size, but support causes similar recurrence 

rate across breast sizes. The high support bra decreased 

%DET compared to Control (p=0.002) and low support bra 

(p=0.03). Support reduces predictability of breast motion as 

the motion becomes more random and less dominated by 

large amplitude and lower frequency oscillations. The 

combination of reduced %RECUR and % DET indicates the 

breast motion becomes less regular with support. Both high 

(p<0.0001) and low (p=0.03) support bras decreased 

Entropy compared to Control. The high support bra reduced 

Entropy more than low support (p=0.03). As Entropy is a 

measure of the disorder in the deterministic structure of the 

time series and deterministic chaotic signals demonstrate 

high entropy [2], this finding suggests that motion is more 

disordered, i.e. more complex, for unsupported than for 

supported breasts, and the degree of support reduces the 

complexity. 

 

Figure 1: RQA measures for vertical breast motion under Control 

and High and Low bra support. 

CONCLUSIONS 

RQA shows potential for increasing understanding of 

dynamics of not only breast motion, but other auxiliary 

structures, not controlled centrally, although involved in 

whole body motions. Further steps will involve analysing 

thorax as well as upper- and lower-body segments to 

understand breast motion in relation to entire body. 
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Summary 

Women’s participation in running events has increased 
drastically. In particular, more women have participated in 
running races in the U.S. between the mid-2000s and 2016 than 
men. With an increase in overall participation, particularly with 
the participation of women in race events, more research is 
needed to compare injury rates and incidences, types of injuries, 
injury mechanisms, and location of injuries between women 
and men. However only a small portion of currently available 
studies have compared sex differences in injury risks. The 
studies described here and the evidence presented during this 
symposium suggest that the sex-based differences in running 
biomechanics warrant further exploration with respect to injury 
risk. 

Women Participation in Running  
In the year 490 B.C., the first ever marathon was run by 
Pheidippides between the cities of Marathon and Athens 
Greece. Thereafter, it took thousands of years for distance 
running to become a popular sport and mode of aerobic 
exercise. In the 1970s, its popularity rose drastically but was 
already a common mode of exercise in the 1960s. At that time, 
however, only men were allowed to compete in longer races 
such as the marathon. In 1967, although not allowed, Kathrine 
Switzer registered and ran the Boston Marathon. She entered 
the race with the gender-neutral name, K. V. Switzer. Race 
officials attempted to pull her off the course, but Switzer 
continued and was the first woman to complete the Boston 
Marathon. It took five more years (1972) for women to be 
allowed to run the Boston Marathon. Since then, women’s 
participation in running events has increased drastically. In 
particular, more women have participated in running races in 
the U.S. between the mid-2000s and 2016 than men (1).  

Running Injuries in Women 
With an increase in overall participation, particularly with the 
participation of women in race events, more research is needed 
to compare injury rates and incidences, types of injuries, injury 
mechanisms, and location of injuries between women and men. 
Women tend to suffer more injuries of the hip/groin, knee and 
lower leg compared with men (2). Further, age is reported to be 
a greater injury risk factor (higher hazard ratio) in female 
compared with male runners (3). In women specifically, being 
over 50 years increases running injury risk while being under 
31 years appears to be protective against developing new 
injuries (4).  In collegiate cross country runners, the injury rate 
is 1.25 times higher in women compared with men (5). Many 
anthropometric, physiological, and biomechanical differences 
exist between men and women that might contribute to these 

gender differences in injury risks (see review by Lynch and 
Hoch (6)). For example, pelvic dimensions and age at which 
weight-bearing physical activity began may be predictors for 
running injury development (7) and women runners may be 
more susceptible to the distal to proximal shift in lower 
extremity muscle function that occurs with healthy aging than 
male counterparts (8).  

Research in the Female Runner 

Only 22% (16/73) of the articles examined in a recent 
systematic review directly compared injury risk between sexes 
(9). Although the conclusion was that most studies did not 
support a sex-based difference in injury risk, it is difficult to 
consider it ‘case-closed’ if 78% of retrospective and prospective 
injury studies did not test for sex-based differences. The studies 
described here and the evidence presented during this 
symposium suggest that the sex-based differences in running 
biomechanics warrant further exploration with respect to injury 
risk. Dr. Clare Milner will discuss the etiology of tibial stress 
fracture in female runners as well as the relationship between 
in-lab and mobile monitoring measurements of tibial shock. 
Professor Julie Steele will discuss frictional breast injuries and 
their influence on performance and prolonged running. Dr. 
Isabel Moore will discuss characteristics related to better 
running economy in women. Dr. Katherine Boyer will discuss 
how sex-specific gait adaptations to pain may persist after the 
resolution of injury symptoms and how those adaptations may 
relate to the increased risk of injury with age. Dr. da Silva 
Azevedo will discuss the influence of sex in training and 
adherence to barefoot and minimalist footwear in female 
runners and how these training programs affect the running gait 
of women. Dr. Cristine Agresta will discuss the incremental 
changes to running mechanics pre- and post-pregnancy and how 
training habits and perceptions about running change during 
this time. Finally, Hilary Stellingwerff, two-time Olympian in 
the 1500m, will discuss her perspective as a mother and as an 
Olympian on the role of biomechanical assessments and 
biofeedback to help her stay injury free. 
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Summary 
High peak axial tibial acceleration has been associated with 
tibial stress fracture in gait laboratory studies. Mobile 
monitoring indicates tibial acceleration increases when 
running outdoors compared to in the laboratory. Thus, careful 
interpretation of field-based values is needed with replication 
of tibial stress fracture studies in the field to derive new 
indicators for injury.  

Tibial Stress Fracture and Tibial Impact Acceleration 
Tibial stress fracture is the most common bony injury in 
runners [1]. Female runners are at twice the risk of lower 
extremity stress fracture than male runners [2]. There is also a 
high rate of recurrence, with an odds ratio of 5 for another 
stress fracture after the first [2]. Given the long recovery 
period, this is a major concern, and may suggest an underlying 
biomechanical etiology for the injury.  
Previous work has identified higher tibial shock, peak axial 
tibial acceleration, in female runners with a history of tibial 
stress fracture. Prospective evidence suggests that higher peak 
axial tibial acceleration was likely present prior to the injury 
[3]. However, tibial acceleration is not a direct measure of 
tibial strain. Nevertheless, in a repeated measures study 
design, increases in tibial acceleration will generally equate to 
increases in tibial strain (notwithstanding large changes in 
impact mass) [4] 

Mobile Monitoring of Tibial Impact Acceleration 
Recently, there has been an explosion of interest in mobile 
monitoring during running. However, the original study 
identifying higher tibial shock in runners with tibial stress 
fracture was conducted in a gait laboratory. Thus, it is 
important to determine whether tibial acceleration changes 
with outdoor surfaces and how the magnitude relates to 
laboratory measures. Furthermore, several recent studies have 
reported peak resultant tibial acceleration rather than peak 
axial acceleration, as in the earlier work. Resultant 
acceleration is not sensitive to misalignment between the 
accelerometer axis and the long axis of the tibia, and so may 
have higher reliability. However, resultant acceleration likely 
differs from axial acceleration.  

The influence of different surfaces in the field and the effects 
of different measures of tibial acceleration are illustrated with 
preliminary data collected on 10 healthy female runners at 
3.0m/s in the gait laboratory, on a treadmill, on grass, and on 
concrete sidewalk.  

Tibial Impact Acceleration Differs by Surface 
Generally, peak axial acceleration magnitudes are higher 
during running outdoors (grass 10.0 ± 3.4g; sidewalk 9.2 ± 

4.1g) than indoors (lab 5.3 ± 1.9g; treadmill 5.5 ± 2.7g) in 
female runners. This must be taken into consideration when 
interpreting the findings of mobile monitoring of tibial 
acceleration. In particular, tibial acceleration values higher 
than those reported in laboratory-based studies do not 
necessarily suggest the runner is at increased risk for tibial 
stress fracture.  Mobile monitoring devices open up many 
possibilities for more ecologically valid measurement of tibial 
acceleration. However, the interpretation of field measures 
with respect to the existing literature must be done with care. 
The laboratory work comparing runners with and without 
tibial stress fracture must be replicated in the field.  

Peak Axial Acceleration and Peak Resultant Acceleration 
are not Interchangeable  

While the overall pattern of higher magnitudes outdoors 
compared to indoors was similar, there is a consistent positive 
bias in the peak resultant acceleration of 1.4 to 3.6g and limits 
of agreement of 2.2 to 3.7g in female runners. Thus, resultant 
acceleration magnitudes must be interpreted with caution with 
respect to tibial stress fracture risk. Additionally, the resultant 
acceleration likely does not reflect axial compressive forces on 
the tibia, since the vector is not aligned with the long axis of 
the tibia. Studies comparing peak resultant acceleration in 
runners with and without tibial stress fracture are needed to 
establish whether it too is higher in runners at risk of the 
injury.  

Conclusions 
Peak axial tibial acceleration is higher during running 
outdoors than indoors. Peak resultant tibial acceleration is 
higher than peak axial acceleration, with wide limits of 
agreement. Mobile monitoring of tibial acceleration in the 
field is an exciting development in gait biomechanics. 
However, careful interpretation with respect to established 
indicators of injury risk is needed. Existing studies of tibial 
acceleration and tibial stress fracture in runners should be 
replicated in the field to derive new indicators associated with 
injury. 
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Summary 
Although well-designed and properly fitted sports bras can 
reduce exercise-induced breast discomfort, women often report 
experiencing frictional bra-breast injuries during prolonged 
bouts of running. Frictional bra-breast injuries in sport have 
been significantly associated with age and breast size, whereby 
older athletes and those with larger breasts experience more of 
these frictional injuries. Evidence-based strategies to manage 
frictional bra-breast injuries need to be implemented so that all 
women, irrespective of age or breast size, can enjoy the health 
benefits associated with running. 

Breast Motion during Running  
During running, the female breast moves in a three-dimensional 
sinusoidal pattern, with most motion occurring in the vertical 
plane. One of the first studies to quantify this breast motion was 
conducted in 1980 by Gehlsen & Albohm [1], who filmed the 
breast motion of 40 women whilst the participants jogged on a 
flat-grade treadmill at 6 mph. Since that time, numerous 
biomechanical studies have quantified breast motion during 
running [e.g. 2,3]. This exercise-induced breast motion, 
however, can cause females of all breast sizes, ages and sporting 
levels to experience breast pain [4,5], which can be severe 
enough to limit their participation in physical activity [6] and 
negatively affect their performance during sport [4].  
In an endeavour to reduce exercise-induced breast pain, sports 
bras have been designed to limit or control breast movement. A 
plethora of studies have shown that a well-designed and well-
fitted sports bra can reduce exercise-induced breast discomfort. 
Many of these studies, however, have focussed on the efficacy 
of sports bras in a controlled laboratory environment in which 
participants run for very short periods of time on a treadmill.  
Very little is known about how effective sports bra are in terms 
of supporting women who participate in prolonged bouts of 
running or whether these women experience breast injuries.   

Frictional Bra-Breast Injuries during Sport 
One of the few published studies reporting frictional bra-breast 
injuries investigated the use of sports bras by 1285 participants 
(aged 18-74 years; BMI 22.9±3.0 kg.m-2) who registered for the 
2012 London Marathon [7]. When questioned about issues they 
experienced as a result of bra use during running, the most 
common complaint by the respondents was experiencing 
rubbing or chafing by their bras (8% very often; 28% 
sometimes). These frictional injuries were more frequently 
reported than shoulder straps digging into the skin (4% very 
often; 22% sometimes) or upper body pain (2% very often; 1% 
sometimes).   

In our recent survey of breast injuries experienced by 508 
highly skilled female athletes (mean age 25.7 ± 9.5 years) who 

were competing nationally or internationally across a range of 
sports, 20% (n = 102) of the participants reported experiencing 
frictional injuries to their upper torso and breasts. These injuries 
were caused by an athlete’s bra or uniform rubbing or chafing 
the skin of her upper torso and breasts. Frictional breast injuries 
were significantly associated with age and breast size, whereby 
older athletes and those with larger breasts experienced more 
frictional breast injuries (see Table 1). 
 
Table 1:  Mean ± standard deviation of age, body mass index 
(BMI), breast size and training hours for highly skilled female 
athletes (n = 508) who did and did not report frictional bra-
breast injuries. 

 No Injury Injury p-value 
Age (years) 25.0 ± 8.8 28.3 ± 11.0 0.011 
BMI (kg.m-2) 22.8 ± 3.0 23.8 ± 4.1 0.120 
Breast sizea 1.2 ± 0.5 1.6 ± 0.6 < 0.001 
Sports bra useb 1.2 ± 0.5 1.2 ± 0.7 0.975 
Training (hours) 11.8 ± 8.1 13.3 ± 9.6 0.198 

a
  Breast size was reported as a rank from 1 (small breasts; < 

350 ml per breast) to 4 (hypertrophic breasts; > 1200 ml per 
breast) 

b
  Frequency of sports bra use was reported as a rank from 1 

(always) to 5 (never) 
 
Of concern, only 12% of the athletes who experienced frictional 
bra-breast injuries ever reported these injuries to coaching or 
medical staff. This was despite 28% (n = 28) of the participants 
reporting that they perceived their frictional bra-breast injury to 
have a negative effect on their sporting performance. 
The Take-Home Message 
It is imperative that coaches, allied health professionals and 
medical personnel associated with female runners, as well as 
the runners themselves, are made aware of the occurrence and 
potential negative effects of frictional bra-breast on running 
performance. More importantly, evidence-based strategies to 
manage frictional bra-breast injuries need to be implemented so 
that all women, irrespective of age or breast size, can enjoy the 
health benefits associated with running.   
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Summary 

Studies have identified that energetic costs of endurance 

running are similar between the sexes, but less is currently 

known about economical running biomechanics in female 

runners than male runners. Evidence shows that female runners 

have the ability to fine-tune their running mechanics to reduce 

metabolic demand. However, they also exhibit greater lower 

limb transverse and frontal plane motion, which is often argued 

to be unnecessary rotational energy expenditure. Nevertheless, 

conceptually, this may in fact represent an optimised gait, 

possibly to some extent governed by anthropometric and 

musculoskeletal constraints. It is important that greater insight 

into the female-specific economical running biomechanics are 

examined. 

Energetic considerations 

There are conflicting findings regarding the sex differences 

relating to submaximal oxygen consumption (�̇�𝑂2) associated 

with running, with either males being more economical than 

females or no difference between the sexes reported. However, 

when the energetic cost is considered, there appears to be no 

difference between the sexes during endurance running.  

Biomechanical and muscle coactivation sex differences 

Kinematically, females and males exhibit similar lower limb 

sagittal plane motions during running and these have been 

examined extensively within the context of economical 

running, with propulsive mechanics showing the most 

consistent associations with �̇�𝑂2 [1]. Often the transverse and 

frontal plane motions are ignored, as their contributions to 

maintaining forward momentum are small.  Yet, it is well 

known that females demonstrate greater lower limb transverse 

and frontal plane motions, particularly at the hip and knee 

during stance phase. Muscle coactivation has equivocal 

findings regarding its relationship with �̇�𝑂2, but greater 

quadriceps and hamstrings coactivity has been shown to be 

uneconomical in both males and females [2,3]. 

Conceptual female economical running framework 

Less is currently known about economical running 

biomechanics in female runners than male runners (Table 1). 

Optimal stride length, and our recent data on optimal ground 

contact time, identifies that males have self-optimised their 

chosen mechanics towards a mathematical optimal [4]. Whilst, 

no such study has been undertaken with female participants, our 

early work was the first to show female beginner runners 

metabolically fine-tuned their running gait over 10 weeks to 

improve running economy by 8% [5]. Specifically, longer times 

to peak dorsiflexion, reduced knee extension at toe-off and 

lower eversion velocities at initial contact explained 94% of the 

variance of change in running economy. Conversely, no 

alterations in running mechanics were observed in untrained 

male runners after 6 weeks of running training [6]. Whilst, 

greater knee and hip ab/adduction range of motion was related 

to greater �̇�𝑂2 in males [7], no association has been examined 

in females even though excessive non-sagittal plane motion 

may be unnecessary energy expenditure. However, it is 

conceivable that a different perspective is required for female 

runners to explore appropriate biomechanical factors. For 

example, breast biomechanics has received no attention within 

the field of economical running biomechanics. Yet, intuitively, 

the motion of the female breast may lead to lower limb 

kinematic alterations due to the coupling between upper and 

lower body angular momentum [8], such as the larger non-

sagittal plane motions present in female runners. 

Table 1:  Summary of male and female research examining 

economical running-related variables 

 Male Female 

Mathematical optimal Yes Unknown 

Biomechanical training 

induced changes 
No Yes 

Large non-sagittal plane 

motion 
No Yes 

Frontal plane 

relationships with �̇�𝑂2 
Yes Unknown 

Muscle coactivation 

relationships with �̇�𝑂2 
Yes Yes 

�̇�𝑂2 is oxygen consumption.  

The Take-Home Message 

Female runners have shown an ability to fine-tune their running 

mechanics, but it is not known whether they are close to their 

mathematical optimal. They also have an ability to produce 

non-sagittal plane motions without, seemingly, compromising 

their energy cost of running. Such motions may in fact represent 

an optimised gait, possibly to some extent governed by 

anthropometric and musculoskeletal constraints. It is important 

that greater insight into the female-specific economical running 

biomechanics are examined, such as the upper and lower body 

interactions. 
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Summary 

Biomechanical changes as a result of minimal running have 

been studied in different aspects but not gender. Thus, the 

objective of this pilot study was to examine: a) gender interest 

and participation in this training approach; b) gender responses 

to a 12-week barefoot running training. Female runners seem to 

have less participation, but similar interest in minimal running 

as male runners. After a 12-week barefoot training, both female 

and male runners changed parameters related to impact control 

and performance. 

Introduction 

Interest and participation in minimal running (barefoot and/or 

in minimalist shoes) have increased remarkably in recent years 

(1, 2). This popularity is mainly based on the belief that this 

mode of exercise alters biomechanical parameters of running, 

improving attenuation of impact forces, increasing performance 

and reducing injury risk (1, 2). In general, the human body 

could really adapt to barefoot or minimalist condition and gets 

benefits from the chronic use of this way of locomotion (3-5). 

However, there are no data about how interest, participation and 

minimal running training effects can be affected by gender. 

Thus, the purpose of our study was to bring preliminary results 

of the first steps of our research on minimal running, with focus 

on: a) the interest and participation of female runners in this 

training approach; b) the effects of  a 12-week barefoot (BF) 

running training program on selected biomechanical parameters 

of female runners; and c) the effects of this training approach 

on performance in time-trial field tests. 

Interest and Participation in Minimalist Running  

A preliminary retrospective cross-sectional research was 

developed, in which 2479 recreational runners (1150 female 

and 1329 male) completed an online survey about their interest 

and participation in minimalist running. Out of the total of 

female runners, 22.1% had already tried running in minimalist 

shoes, while 26.9% of male runners had run in minimalist shoes 

at least once. The main reason for both female and male runners 

to adopt minimalist shoes was the possible improvements in 

performance. Satisfaction with their habitual shoes was the 

main reason reported by both female and male runners for not 

trying minimalist running. Sixty-five percent of female runners 

who had never tried minimalist running were interested on 

trying this running condition, while 60% of male runners would 

try running in minimalist shoes. 

Effects of a 12-Week BF Running Training on Selected 

Biomechanical Parameters 

Ten recreational runners (5 female and 5 male) participated in 

a 12-week BF running training program. The intervention 

consisted of 3 training sessions per week, based on interval 

running training. During the training program, runners were 

progressively exposed to BF running. They were tested prior to 

and after the BF training program under two conditions: shod 

(SH) and barefoot (BF). In each test session, participants ran at 

a self-selected speed over a 9-meter track assembled by two 

fixed force plates (AMTI, Watertown, EUA) until 5 valid trials 

were obtained for each experimental condition. Kinematic data 

were also obtained through 3D cameras (Vicon Nexus 1.8.2, 

Oxford, UK). Preliminary results show that, after BF training, 

female runners reduced the occurrence of impact peak of 

ground reaction force (Fy1 Occur) for both running conditions 

tested, while male runners reduced Fy1 Occur only for BF 

condition. Additionally, female participants increased stride 

frequency (SF) (7.41% for BF and 6.11% for SH) and ankle 

angle at initial contact (AAIC) (more plantarflexed contact). 

For male runners, only an increase (9.45%) on SF for SH 

condition was observed. 

Effects of a 12-Week BF Running Training on Performance 

in Time-Trial Field Tests 

The recreational runners mentioned previously also had their 

performance in time-trial field tests evaluated before and after 

the BF training program. The test sessions consisted of a 5-

minute warm-up period at self-selected speed, followed by a 

30m-test. After that, runners had a 10-minute rest period and, in 

sequence, performed the 1500m-test. Participants were tested 

shod. The preliminary results demonstrate that both groups 

improved their performance in the time-trial field tests after BF 

running training. Female runners reduced 4.61% and 14.21% of 

their time in 30m and 1500m-tests, respectively. A decrease of 

5.45% and 7.83% in the time to complete 30m and 1500m, 

respectively, was observed for male runners. 

Conclusions 

Preliminary results demonstrate that female runners have a little 

less participation in minimal running. Nevertheless, they seem 

to be as interested as the male on minimal running. 

Additionally, both genders were somehow affected by BF 

training. However, female runners had more variables 

significantly influenced by BF training, which were related to 

improvements in running technique, impact control and 

performance. 
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Summary 

Side-to-side differences in knee biomechanics are considered 

risk factors for anterior cruciate ligament (ACL) injuries in 

sports. We found that progressive sport specific sensorimotor 

training (PSSMT) reduced flexion moment side-to-side differ-

rence during a Drop Jump task. In contrast, machine based 

hypertrophy training (HYPT) increased the imbalance in 

frontal plane kinematics, possibly due to the non-functional 

input regarding the sport specific risk situation.  

Introduction 

70% of ACL injuries in sports result from a non-contact 

mechanism [1]. One reason seems to be side-to-side differen-

ces in strength and muscle recruitment patterns, leading to 

asymmetric joint loading during landing – often referred to as 

“leg dominance” [2]. These imbalances tend to be greater in 

females than in males, which could be one reason why former 

are 4-6 times more likely to rupture their ACL [2]. The 

purpose of the study was to investigate the effect of an 

innovative six-week PSSMT program compared to a HYPT 

program on side-to-side differences in knee kinematics and 

kinetics during the stretch-shortening cycle from a two-legged 

Drop Jump (DJ).  

Methods 

20 female athletes participated in the experimental study with 

pre-post-design. Kinematic and Kinetic data from a DJ (30 cm 

box, without arm action) was collected via a twelve camera 

VICON motion analysis system (120 Hz) and two Kistler 

force plates (1080 Hz) using the Plug-in-Gait marker model. 

To determine test-retest-reliability 7 healthy female sports 

students (22,7±1,4 yrs., 167,9±3,0 cm, 58,5±3,9 kg) were 

tested twice within 3 weeks (RG). To investigate intervention 

specific outcomes 13 female handball players (IG: 23,3±5,8 

yrs., 172,6±4,1 cm, 70,6±5,3 kg) from the 3
rd

 German Hand-

ball League were assigned via matched randomization into a 

PSSMT group (n=6) and a HYPT group (n=7). Matching 

included clinical knee examination, according to the IKDC 

2000 form [3], to control for influence of clinical factors (eg. 

joint laxity) on the results. Training was conducted 3x/ week, 

à 50 minutes. We calculated ICC (3,k) for test-retest-reliabi-

lity. To identify pre-post-changes and to compare between 

groups paired and unpaired t-tests were conducted (=0,05).  

Results and Discussion 

Test-Retest-Reliability: According to the ICC classification of 

Fleiss [4] the majority of the tested variables demonstrated 

good to excellent reliability. Paired t-test showed no differen-

ces between pre- and post-test for RG (Table 1).  

 

Table 1: Test-Retest-Reliability (n=7) 

Kinematics  ICC t -Test Kinetics  ICC t -Test

maxFlex_sts-∆ (°) 0,694 0,937 FlexMom_sts-∆ (Nm/kg) 0,667 0,975

maxValg_sts-∆ (°) 0,673 0,754 ValgMom_sts-∆ (Nm/kg) -0,260 0,293

maxIro_sts-∆ (°) 0,827
a

0,609 IroMom_sts-∆ (Nm/kg) 0,470 0,311
vGRF_sts-∆ (N/kg) 0,935 0,862

sts-∆ = side-to-side dífference; a
= p < 0.05; 

b
= p<0.01

b

 

Intervention: Side-to-side differences of PSSMTG and HYPTG 

did not differ before the intervention (p=0,301-0,941). 

PSSMTG significantly reduced peak flexion moment right-left-

difference through training (-0,19±0,10 Nm/kg, p=0,006) 

compared to HYPTG, who showed a trend towards a greater 

imbalance after the intervention (0,15±0,18 Nm/kg, p=0,079). 

Moreover HYPTG demonstrated an increased peak valgus 

right-left-asymmetry after training (3,45±3,47 Nm/kg, 

p=0,039). No other significant changes were found (Table 2). 

Case by case analysis supported group-outcomes. However, 

no significant between-group differences were observed after 

the intervention (p=0,149-0,593). 

Table 2: Side-to-side differences (Mean±SD) in knee biomechanics 

at baseline and after six weeks of specific training. 

Parameter      post      post

maxFlex_sts-∆ (°) 3,06 ± 1,85 1,87 ± 1,81 3,92 ± 3,78 3,81 ± 5,12

maxValg_sts-∆ (°) 3,73 ± 2,81 3,33 ± 2,44 3,64 ± 2,62 7,09 ± 5,23*

maxIro_sts-∆ (°) 6,87 ± 2,97 6,72 ± 4,45 5,01 ± 4,23 5,50 ± 4,80

FlexMom_sts-∆ (Nm/kg) 0,45 ± 0,11 0,26 ± 0,16** 0,34 ± 0,24 0,48 ± 0,37

ValgMom_sts-∆ (Nm/kg) 0,12 ± 0,12 0,07 ± 0,06 0,19 ± 0,23 0,13 ± 0,10

IroMom_sts-∆ (Nm/kg) 0,04 ± 0,04 0,06 ± 0,03 0,10 ± 0,09 0,08 ± 0,07

vGRF_sts-∆ (N/kg) 1,63 ± 1,90 3,24 ± 3,84 2,45 ± 2,30 2,58 ± 2,60

* = p < 0,05; ** = p < 0,01 

Sensorimotor (n=6) Hypertrophy (n=7)

  pre     pre

 

Side-to-side-asymmetry in frontal-plane kinematics is a strong 

predictor of non-contact ACL injury [2]. Side-to-side-

asymmetry in sagittal-plane kinetics has been identified to pre-

dict second ACL injury [5]. To what extent the latter plays a 

role for primary ACL injury is not clear yet. 

Conclusions 

Specific training leads to specific neuromuscular adaptions. 

Reducing side-to-side-differences in landing biomechanics 

should be a central target of injury prevention programs. In 

doing so, trainers and coaches should consider the functional 

benefit of the applied training method.  
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Summary 

Rehabilitation following anterior cruciate ligament (ACL) 

injury may be facilitated by a greater understanding of ACL 

force during activities used to prepare athletes for return to 

sport. Peak ACL tension and ACL impulse were compared 

among 40 recreational athletes during 8 rehabilitation activities. 

ACL peak force and impulse varied significantly between 

activities. Greater ACL peak force was observed during all 

single leg activities compared to double limb activities. ACL 

peak force and impulse were greatest during single leg landings, 

potentially underscoring the significance of this activity relative 

to ACL injury mechanisms. 

Introduction 

The ACL is the primary restraint to anterior tibial translation 

when an anterior force is applied to the tibia [1]. Unfortunately, 

ACL rupture remains a common athletic injury, typically 

resulting in surgical procedures to reconstruct or repair the 

ligament to restore knee joint stability. Rehabilitation following 

surgery may be facilitated by a greater understanding of ACL 

tension during activities commonly experienced during the 

preparation for return to sport so that patients are exposed to 

appropriate loading characteristics commensurate to tissue 

tolerance. Our purpose was to compare peak ACL tension and 

ACL impulse across a continuum of common training activities 

associated in the preparation for the return to sport. 

Methods 

3D lower extremity kinematics (200 Hz) and ground reaction 

forces (1000 Hz) were recorded from 40 recreational athletes 

(20 female, 21.3±2.0 years) performing 5 trials of 8 activities 

commonly experienced during rehabilitation: walking (1.5 

m/s), running (3.5 m/s), sprinting (5.5 m/s), 45° cutting (3.5 

m/s), double leg (DL) jump (75% max jump height), DL 

landing, single leg (SL) jump (75% max jump height), and SL 

landing. Knee joint kinematics, joint reaction forces, and 

muscle forces derived via a static optimization routine were 

used as input into a musculoskeletal model [2] to estimate ACL 

tension and ACL impulse during each activity. Peak ACL 

tension and ACL impulse were compared between activities 

using a repeated measures ANOVA (α =.05), partial ƞ2 for 

effect sizes and follow up tests with a Bonferroni adjustment for 

multiple comparisons. 

Results and Discussion 

ACL was loaded in tension throughout each activity (Figure 1). 

Large differences were observed in peak ACL tension and ACL 

impulse between activities (p<0.01, ƞ2=0.76-.87) (Figure 2). 

Generally, greater ACL peak force was observed during all SL 

activities compared to DL activities (p<.01), with greatest ACL 

tension observed during SL landings (p<.01). Peak ACL 

tension was not different between the run, cut, and sprint 

conditions (p=.51-1.0). ACL impulse was also greatest during 

SL landings (p<.01). Sprinting, DL jumping and DL landing 

resulted in the lowest ACL impulse (p<.01). ACL impulse 

during walking was greater than all activities except for SL 

landing (p<.01) due largely to the duration of the force. 

 

Figure 1: ACL tension during return to sport training activities. Solid 

lines represent single leg activities. 

 

Figure 2: Peak ACL tension (columns) and ACL impulse (line) 
during return to sport training activities. Error bars represent 1 SD. 

Conclusions 

ACL tension occurred during each activity, with significant 

increases during SL activities compared to DL activities. These 

results may have relevance to both ACL injury rehabilitation 

and prevention efforts. 
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Summary 

A 16-week progressive foot muscle specific intervention 

program decreased some parameters associated with non-

contact anterior cruciate ligament (ACL) and lateral ankle 

sprain (LAS) injury mechanisms. Changes in inter-foot and 

foot-shank segmental relationships were also observed. 

Introduction 

Abrupt, unanticipated changes of direction put participants of 

court sports at an increased risk of sustaining lower limb 

ligament injuries.  Foot mechanics play a key role in lower limb 

injury mechanisms, however, very few prophylactic programs 

aim to improve foot function directly. The aim of this project 

was to investigate the effect that specific foot muscle 

strengthening had on foot and shank segment kinematics and 

how these changes in kinematics, if any, relate to mechanisms 

associated with ACL and LAS injuries. 

Methods 

Eighteen skilled female court sports athletes (age: 17.4 ±1.7 

years; height: 1.68 ± 0.06m; mass: 65.53 ± 8.96kg) performed 

unanticipated, 45° changes of direction on their dominant leg at 

running speed (4.5ms-1 ±0.47m.s-1). 

Kinematic and kinetic data were collected from the dominant 

leg by a ten camera Qualisys system. A Kistler force platform 

was used to collect ground reaction forces (GRF). Spherical 

markers were placed on the lower limb and feet using a multi-

segmental foot model  [1].  

The athletes were matched for sport and BMI and then 

randomly placed in either the training (N=8) or control (N=10) 

group. The training group underwent a progressive 16-week 

foot and lower leg muscle specific strengthening program. The 

exercises were performed three times per week; one session 

each week was supervised by the researcher. 

Results and Discussion  

Data was collected during the braking phase for ACL and from 

foot strike to peak propulsion force for LAS injury parameters 

(Figure 1 and Table 1). For ankle injury parameters the training 

group trended towards a smaller increase in inversion velocity 

and inversion moment arm length. The training group also had 

an increase in the eversion moment arm length, all of which 

suggest a decrease in LAS risk.  

 

Figure 1: The % change in injury mechanism parameters from pre- 

to post-intervention in the control and training groups. 

Yellow=control group, Red= intervention group 

For knee injury mechanisms, the average valgus angle and 

external valgus GRF moment arm tended to be smaller for the 

training group compared to the control group pre- to post-

intervention, possibly decreasing the risk for ACL injury.  

Conclusions 

Strengthening the muscles acting on the foot displayed a trend 

towards a more stable front foot. It is likely that this change 

reduced the frontal plane ankle GRF-moment arms, decreasing 

LAS injury risk. Furthermore, increasing calcaneal resistance to 

eversion-abduction likely caused the decrease in the knee 

valgus angle and the valgus GRF moment arm, reducing ACL 

injury risk. 
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Table 1: Injury parameters pre-and post-intervention in the control and training groups. Percent change from pre-intervention are in brackets 

  
Max. Ankle 
Inversion 
angle (°) 
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Inversion 
MoA (cm) 
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(cm) 

Max. Knee 
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Flexion angle 

(°) 

Shank Internal 
rotation 

velocity (°/s) 

Max. Knee 
Valgus MoA 

(cm) 

Max. Knee 
Extension 
MoA (cm) 

Control 

Group 

Pre 28.266 59.241 0.849 0.115 6.391 32.794 176.230 0.583 0.045 

Post 23.439 (-17%) 177.474(200%) 1.198 (41%) -0.073 (-164%) 7.735 (21%) 27.571 (-16%) 314.071 (78%) 4.090 (602%) -0.002 (105%) 

Training 

Group 

Pre 30.296 54.490 0.631 0.116 7.739 35.478 200.531 0.540 0.040 

Post 26.642 (-12%) 95.711 (76%) 0.678 (8%) 0.391 (236%) 6.956 (-10%) 28.604 (-19%) 337.540 (68%) 2.423 (349%) 0.002 (-94%) 

MoA =GRF moment arm 
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Summary 
Biomechanical factors are poor predictors of Anterior Cruciate 
Ligament (ACL) injury risk making the screening of athletes 
questionable [1]. However, these predictions are often based 
on a single parameter observed in a single task. This study 
aimed to determine if parameters measured across multiple 
tasks could in theory better stratify individuals with task-
independent “high risk” behaviours. Four experimentally 
collected biomechanical risk factors were used to calculate 
multi-task covariances for Monte-Carlo simulations which 
varied the number of tasks and risk factors. Results showed 
that inter-task covariance facilitated improved identification of 
undesirable characteristics across multiple tasks. 

Introduction 
The aim of athlete screening is to identify individuals who are 
at increased risk or susceptibility to injury. It is not surprising 
though that predicting injuries using one task and variable is 
unsuccessful [1]. Compared to injury prediction, identifying 
undesirable behaviors based on known risk factors is easier. 
Ranking athletes within a sample then separating them into 
quintiles allows 20 in 100 athletes to be identified as of 
“higher risk” in one task. If this is repeated for another task the 
likelihood of an athlete being highly ranked in both tasks is 4 
in 100 (0.22) – a substantial reduction, and across n tasks is 
0.2n. Multi-task screening may appear unfeasible but these 
probabilities assume that screening tasks are uncorrelated 
which is not the case [2,3]. The between-task covariance could 
therefore help to identify biomechanically undesirable task-
invariant characteristics but the probability with which these 
undesirable characteristics might be identified is unknown. 
This study aimed to quantify the probabilities with which 
individuals would maintain a top 20% ranking across multiple 
tasks using biomechanical risk factors for ACL injury. 

Methods 
Experimental data were collected from 41 injury free female 
athletes (avg. 22 yrs, 1.64m) who performed four dynamic 
tasks in a biomechanics lab. A bilateral and unilateral 30 cm 
drop vertical jump, a single-leg hop and a 45° planned sidestep 
were repeated five times each. Known biomechanical risk 
factors knee abduction angle (KAA) at contact, peak knee 
abduction moment (KAM), knee flexion angle (KFA) at 
contact and peak vertical ground reaction force (GRF) were 
extracted. For each risk factor, we calculated inter-task sample 
covariance matrices (W). A random sample of 41 hypothetical 
athletes with the prescribed W was generated for each risk 
factor. This was repeated 100,000 times to calculate the 
probability that purely random sampling would cause an 
individual to be ranked in the top 20%. Finally, this 

probability was compared to the hypothetical case of no inter-
task covariance. 

Results and Discussion 
Most risk factors showed probabilities substantially greater 
than the analytical probability (figure 1). The precise 
probabilities varied across risk factors with the probabilities 
reducing as more tasks were added. The knee abduction angle 
risk factor showed that ~8 in 100 individuals would maintain 
“high risk” status across four tasks but this was 4 in 100 for 
KAM and KFA. The inter-task covariance observed explains 
the differences between the risk factors and can help to 
distinguish task-invariant “high risk” behaviours. 
 

Figure 1. The probability of a random sample of “athletes” being 
ranked in the top 20% across 1 to 4 dynamic tasks. Biomechanical 
risk factors are represented by different coloured lines. The analytical 
result represents no inter-task covariation. 
 

Conclusions 
Task-invariant biomechanical characteristics can be stratified 
using a multi-task screening approach. The probability of 
identifying such characteristics demonstrates reasonable 
efficacy for the identification of ACL injury risk factors. 
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Summary 

In sim approaches that integrate in vivo, in vitro, and in silico 
techniques to optimize healthcare strategies can accelerate 
medical advances.[1] The present study shows that frontal 
plane in vivo knee kinematics identify those at risk for anterior 
cruciate ligament (ACL) injury; and, when combined with in 
vitro injury simulation data, can also accurately predict ACL 
strain levels during athletic tasks. 

Introduction 

Knee abduction moment (KAM) drives in vitro simulated 
ACL injuries and is associated with increased ACL injury risk 
in vivo.[2,3] Despite this, a gap remains relative to how knee 
abduction angles (KAA) during landing, associate with ACL 
mechanics and subsequent injury risk. The purpose of this 
study was to corroborate in vivo and cadaveric landing 
mechanics to predict ACL strain in human subjects. The 
hypotheses tested were that KAA would identify in vivo ACL 
injury incidence and predict in vitro ACL strain. 

Methods 

3D motion analysis was performed on 205 female athletes 
who performed multiple trials of a drop vertical jump (DVJ) 
task.[2] Kinematics were calculated a modified Helen Hayes 
marker set using an established biomechanical model. Peak 
KAA and KAA at initial contact (IC) were recorded. Subjects 
were monitored for ACL injury over two years post-motion-
analysis (nine ACL-injuries, 196 healthy controls). ANOVA 
was used to assess KAA differences between injured and 
control subjects, while ROC curves from logistic regression 
were used to assess sensitivity and specificity. 

Eleven cadaveric specimens were subjected to drop landing 
simulations in a mechanical impact simulator.[4] These 
simulations were derived from in vivo kinetics recorded from 
an athletic population that represented multiple levels of ACL 
injury risk. ACL strain and knee joint kinematics were 
continuously recorded with implantable strain gauges and 3D 
motion analysis. Linear regression was used to assess 
correlation significance between ACL strain and KAA. 

Peak KAA and KAA at IC from the in vivo cohort were 
applied to the linear regression models from the impact 
simulator. Models were used to estimate ACL strains during 
landing in the in vivo cohort. An ANOVA was used to assess 
differences in calculated strain estimates between injured and 
control subjects. 

Results and Discussion 

In vivo, mean peak KAA was greater for athletes who went on 
to ACL injury (9.0 ± 3.2°) than healthy controls (1.4 ± 7.7°; P 
< 0.01). KAA during landing was a significant predictor of 

ACL injury status compared to healthy controls (P < 0.01) 
with a sensitivity of 100% and specificity of 65%.  

In vitro, KAA was directly correlated to peak absolute ACL 
strain (P < 0.01, r2 = 0.31). Absolute ACL strain increased by 
a 0.54 ± 0.05% per degree of increased KAA. Baseline ACL 
strain at 0° KAA was projected between 2.4-2.9%. 

Combination of in vivo KAA with the in vitro linear model 
showed athletes with subsequent ACL injury had 7.2-7.7 ± 
1.7% estimated strain during landing; whereas, healthy 
controls 3.1-3.6 ± 4.1% estimated strain (P < 0.01; Figure 1). 

Both hypotheses were supported. As with the KAM model, [2] 
the in vivo KAA model demonstrated that ACL injured 
athletes were clustered at the cohort’s outermost threshold of 
peak KAA. Further, as in vitro KAA increased so did ACL 
strain. These findings show that frontal plane neuromuscular 
control is imperative for maintenance of knee joint health. 

Conclusions 

KAA was predictive of relative ACL injury risk in vivo and 
ACL strain in vitro. The strong association between these two 
states allows for precise estimation of peak ACL strain in 
human athletes relative to the KAA observed during a DVJ. 
Also, KAA proved to be similarly robust in identification of 
ACL injury risk as prior KAM-driven models.[2]  
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Summary 

Axons hyperpolarise when they transmit trains of action 
potentials. Presently, we explored the link between the hyper-
polarisation of motor axons and contraction fatigability during 
functional electrical stimulation (FES). In Study 1, FES was 
applied intermittently (0.3s “on”, 0.7s “off”) over the common 
peroneal nerve at 20, 40 or 60 Hz for 8 min. Motor axon 
excitability decreased progressively as stimulation frequency 
increased from 20-40-60 Hz. In Study 2, the decreases in 
axonal excitability were shown to be consistent with a 
hyperpolarized membrane potential. Overall, decreased axonal 
excitability best predicted the declines in torque that 
developed during FES.  

Introduction 

Axons hyperpolarise when they transmit trains of action 
potentials during voluntary [1] and electrically-evoked [2] 
contractions. This is relevant for FES because when motor 
axons hyperpolarise, more current is required to recruit them 
with external stimuli. Although activity-dependent changes in 
motor axon excitability are well documented, the contribution 
to contraction fatigability during FES has only been explored 
recently [3]. Presently we report the results of two studies. In 
Study 1 we; 1) characterized the magnitude and time course of 
changes in motor axon excitability before, during and after 
FES at three frequencies and, 2) determined the relationship 
between changes at the axon, neuromuscular junction and 
muscle to fatigability. In Study 2 we assessed mechanisms that 
underlie decreases in axonal excitability during FES. 

Methods 

In Study 1 FES was delivered intermittently (0.3s “on”, 0.7s 
“off”) over the common peroneal nerve at 20, 40 or 60 Hz to 
produce 480 contractions over 8 min (8 neurologically typical 
participants). Axonal excitability was assessed before, during 
and after each FES session using a threshold tracking 
technique [3], in which the current (“threshold current”) that 
produced a target M-wave of 30% of the maximal M-wave 
was "tracked" (QTRAC, ©Institute of Neurology, London). 
Supramaximal stimuli assessed other changes in 
neuromuscular transmission and the force-generating capacity 
of the muscle. In the second series of experiments, FES was 
delivered at 40 Hz as described above (12 neurologically 
typical participants). Threshold-tracking was performed at 
four pulse durations to assess sodium conductance at the node. 
Conditioned stimuli were used to assess membrane 
polarization and internodal properties of the stimulated axons.   

Results and Discussion 

In Study 1, torque decreased by 49 and 62% during 40 and 60 
Hz FES, respectively, but did not decrease during 20 Hz FES. 
Threshold current increased 14, 27 and 35% during, and  

returned to baseline immediately, 2 and 4 min following, 20, 
40 and 60 Hz FES, respectively (Figure 1).  

Figure 1: Changes in the current ("Threshold Current") required to 
evoke the target M-wave. Open symbols denote significant increases 
from Pre-fatigue data across Time (p < 0.05) for a given FES 
frequency. Asterisks denote significant time-wise comparisons 
between frequencies (p < 0.05). Error bars denote 1 SD. 
 
There was no other evidence of impaired neuromuscular 
transmission. The force generating capacity of the muscle 
(peak twitch torque; PTT) decreased after 40 and 60 Hz FES. 
In Study 2, torque decreased by 48% and threshold current 
increased with all tested pulse widths. Increases in 
superexcitability and decreases in threshold electrotonus were 
consistent with a hyperpolarized membrane potential. 

Across the three frequencies, the declines in torque were more 
sensitive to changes in threshold current (β = -0.57 [-0.65, -
0.47]) than PTT (β = 0.36 [0.27, 0.45]), indicating a stronger 
relative contribution of decreased axonal excitability than 
decreased force generating capacity of the muscle to 
contraction fatigability. At 40 and 60 Hz, however, there were 
no significant differences in the predictive weighting of 
changes in threshold current and PTT on decreases in torque.  

Conclusions 

During FES, motor axons become less excitable and "drop-
out" as they hyperpolarize and this contributes markedly to 
contraction fatigability. Axonal excitability decreased 
progressively, and contraction fatigability increased, with 
increases in FES frequency. Strategies that minimize the 
hyperpolarisation of motor axons may help maximize the 
benefits of FES-based programs.  
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Introduction 

Transcutaneous electrical nerve stimulation (TENS) is a 

nonpharmacologic and noninvasive treatment commonly used 

by health care professionals as an adjunct treatment for both 

acute and chronic pain, arising from a variety of painful 

conditions. 

This presentation aims to offer a simple overview of the main 

analgesic mechanisms of action of TENS, together with the 

evidence-based electrical parameters adjustments to improve 

the analgesic response. 

 

Physiological principles 

The gate control theory provided a theoretical rationale for the 

use of electrical stimulation in the management of pain and 

serve as a basis for the development of the first TENS units [1]. 

This theory proposes that stimulation of large diameter Aβ 

afferents inhibits the onward transmission of noxious 

information carried by small-diameter afferent fibers (C and 

Aδ) on their way to the brain [1]. The use of TENS also 

promotes analgesia by activating the descending inhibitory 

pathways that originate in the periaqueductal gray (PAG) matter 

and in the rostral ventral medulla (RVM) to inhibit excitability 

of nociceptive neurons in the dorsal horn of the spinal cord [2].  

Currently it is known that the main mechanism of TENS 

analgesic action occurs through the activation of opioid 

receptors in the central nervous system (CNS) and in peripheral 

nociceptors, in a frequency dependent manner. Low-frequency 

(< 10 Hz) TENS activates μ-opioid receptors, whereas high-

frequency TENS (> 50 Hz) activates δ-opioid receptors [3]. 

 

Methodological principles 

Repeated administration of low- and high-frequency TENS 

leads to a development of opioid tolerance with a corresponding 

cross-tolerance to opioid administration in both animals and 

humans [4]. Therefore, the pharmacological patient’s history 

must be considered when choosing the electrical parameters to 

be adjusted in the TENS unit. Furthermore, strategies should be 

adopted in cases of patients requiring repeated applications of 

TENS and also when sensory habituation is present. The pulse 

amplitude adjustment has also been considered another key 

factor to improve the analgesic response. Thus, proper 

parameter adjustment is mandatory for an optimal analgesic 

response during application of TENS. 

 

Parameters settings for optimal pain control 

Considering that most opioid drugs are µ-opioid agonists and 

low-frequency TENS activates the same receptors, opioid-

treated patients will present a better analgesic response to high-

frequency TENS than low-frequency TENS, in contrast to 

opioid-naive patients [5]. 

A strategy to delay analgesic tolerance to repeated TENS 

application is to modulate the pulse frequency, using a mixed 

or alternating frequency. Another method consists in increasing 

10% of pulse amplitude per day [6]. 

During application of TENS there is a fading of current 

sensation and this phenomenon is attributed to the sensory 

habituation. Sensory habituation allows the use of higher 

current intensities which are necessary to activate a greater 

number of and deeper tissue afferents to produce greater 

analgesic effect [7].  

 

Conclusions 

A proper knowledge of the physiological mechanisms of action 

and application techniques of TENS will allow optimal use of 

this method for pain control during rehabilitation programs. 
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Introduction 

Neuromuscular electrical stimulation (NMES) is generally 

delivered to superficial skeletal muscles in static conditions 

(without functional movement occurring) and at sufficiently 

high current intensities to evoke visible contractions, with the 

goals to substitute/complement voluntary exercise (clinical 

settings) or to study specific neuromuscular responses 

(research settings). 

This presentation aims to offer a simple overview of the major 

physiological and methodological principles of NMES, 

together with the principal lab-field applications for diagnostic 

and therapeutic purposes. 

 

Physiological principles 

Two aspects of NMES physiology have been the subject of 

numerous discussions in the last 30 years: (i) the recruitment 

order of motor units, which differs substantially from the 

physiological pattern (“size principle”) and would favor the 

activation of fast motor units in addition to the slow ones (i.e., 

“non-selective” recruitment), even at relatively low levels of 

evoked force [1], and (ii) the involvement of the central 

nervous system during peripheral NMES, which is substantial 

and can be enhanced by manipulating selected current 

parameters [2]. 

 

Methodological principles 

The main drawbacks of NMES include (i) excessive 

discomfort, (ii) limited muscle activation, (iii) premature 

fatigue and (iv) problematic dosage. Researchers have long 

attempted to optimize stimulation parameters with the aim to 

downplay these limitations, but with partial success. Actually, 

too much importance is attached to externally-controllable 

stimulation parameters, while the major determinant of NMES 

effectiveness is the intrinsically-determined muscle tension 

generated by the current (i.e., the level of electrically-evoked 

force). Thus, its control (and modulation) is the single most 

important requirement for an optimal implementation of 

NMES. 

 

Applications 

NMES is used as a research tool for the in-vivo assessment of 

neuromuscular function of healthy and impaired muscles, in 

both fresh and fatigued conditions [3]. For example, with this 

technique it is possible to evaluate the contractile function of 

intact muscles in a standardized way as well as the level of 

voluntary activation using the twitch interpolation technique 

[4]. Due to its peculiar patter of motor unit recruitment (see 

“Physiological principles”), NMES is also used in the lab as a 

unique contraction model to investigate acute neuromuscular 

responses/adjustments. 

More importantly, NMES is largely adopted in clinical 

practice as a rehabilitation strategy/strength training method. 

Depending on the status of the muscle being stimulated, 

NMES can be used for (i) preserving muscle mass and 

function during prolonged periods of disuse or 

immobilization, (ii) restoring muscle mass and function 

following prolonged periods of disuse or immobilization, (iii) 

improving neuromuscular function in otherwise healthy 

populations, such as elderly individuals and 

recreational/competitive athletes (Figure 1). 

 

 

Figure 1: The main applications of NMES in research and 

clinical practice. 

 

Conclusions 

A good knowledge of the physiological and methodological 

features of NMES would allow optimal use of this technique 

for neuromuscular rehabilitation/strength training and for the 

evaluation of impaired and healthy muscles, both in the clinic 

and for research purposes. 
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Summary 

Transcranial Magnetic Stimulation (TMS) is a safe non-

invasive technique employed to investigate motor cortical or 

corticospinal functions. Magnetic stimulation can also be used 
for peripheral nerve (PMS) in order to assess muscle function. 

This presentation will briefly review the interest of using 

TMS/PMS with EMG or force measurements to examine the 

plasticity of neuromuscular function. In particular, the role of 

TMS in assessing the central component of fatigue and the 

main limitations of this technique will be discussed.  

High level summary 

By stimulating the neuromuscular system at various levels and 

with different types of stimulation, it is possible to gain insight 

into neuromuscular function [2] in response to acute (e.g. 

fatigue, potentiation) and chronic (e.g. aging, training, disease) 

modifications. The first magnetic stimulation of the human 

motor cortex was documented in 1985 [1]. TMS/PMS produce 

a rapidly changing magnetic field by a coil placed over the 

target area (brain, nerve), causing electromagnetic induction to 

generate an electrical current. When sufficiently strong, this 

electrical current causes depolarization (can be direct and 

transsynaptic for TMS) and stimulation of the axons.  

The ‘classic’ outcome from TMS is the motor-evoked 

potential (MEP) considered as an index of cortricospinal 

excitability when normalized to a maximal M-wave, ideally 

evoked under the same conditions (i.e. at rest or the same 

force level). When elicited during a voluntary contraction, the 

MEP is followed by a period of EMG silence, termed the 
silent period (SP). Modulation of SP duration was long 

thought to primarily reflect the degree of intracortical 

inhibition. However, recent evidence suggests that both 

cortical and spinal mechanisms are important contributors to 

the SP. 

Force response to TMS, although much less often recorded, is 

also of interest. During an exhausting task, the increment of 

force (superimposed twitch) evoked by motor nerve 

stimulation during an isometric maximal voluntary contraction 

(MVC) can increase, suggesting the development of central 

fatigue. The same concept applies to a superimposed twitch 

elicited by TMS. Initially demonstrated during a sustained 

MVC of the elbow flexors, the increase in superimposed 

twitch produced by TMS during a maximal contraction was 

confirmed in various muscle groups and several exercise 

paradigms, including extreme duration running competitions 

[5]. These studies indicate that some fatigue is related to 

supraspinal mechanisms even if alteration of the neural drive 

may be located upstream of the motor cortex or at the spinal 

level. The method of calculating maximal voluntary activation 

with TMS (%VATMS) is derived from the twitch interpolation 

technique although the resting twitch is not directly measured 
as with nerve stimulation. Instead, it is extrapolated from the 

linear regression between the superimposed twitch and 

voluntary force at different force levels > 50% MVC. Indeed, 

it is not appropriate to normalize the superimposed force 

elicited during voluntary contraction to one evoked in the 

relaxed muscle because corticospinal excitability dramatically 

increases as contraction intensity increases from rest. 

Although it depends on the type of fatiguing exercises, 

supraspinal fatigue development is usually not associated with 

a reduction in corticospinal excitability. MEP changes in 

response to fatigue may also be dependent on the force level at 

which they have been measured, potentially complicating data 

interpretation.   

Selection of suitable TMS intensity is an important concern 

for researchers and clinicians as several methods have been 

proposed [% resting motor threshold (MT), % active MT, 

stimulus–response curve]. We have suggested that a stimulus–

response curve at 20% MVC is appropriate for determining 

TMS stimulus intensity in the quadriceps femoris [4].   

While PMS has been shown to be similar to nerve electrical 

stimulation to assess twitch/M-wave responses and low-

frequency fatigue [5], it is unclear whether PMS preferentially 

activates specific nerve fibers (e.g.: large Ia versus motor 

fibers, cutaneous versus proprioceptive afferents [6]). Also, 
conditions of supramaximality are not always respected, 

particularly with overweight participants.  

In conclusion, TMS is a powerful tool to investigate central 

drive in healthy subjects and patients. Yet the technique is still 

in its infancy and additional work is needed to standardize its 

utilization. PMS suffers from some limitations but has been 

found to have a similar level of spatial and temporal precision 

as compared to electrical stimulation, with less discomfort.  
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Summary 
Researchers recently demonstrated that exoskeleton assistance 
strategies aimed at keeping the human “in-the-loop” can 
achieve significant improvements in locomotor performance. 
Given these findings, we sought to develop an alternative 
human-in-the-loop strategy rooted in the idea of co-adaptation. 
We formulated an algorithm, based on heuristics about effective 
interactions between the user and the device, to drive the 
evolution of an exoskeleton torque pattern. When implemented 
on bilateral ankle exoskeletons, the algorithm generated 
patterns of assistance that continuously responded to the 
changing coordination patterns of each naïve exoskeleton user 
and significantly reduced whole-body metabolic rate. Similar 
co-adaptive strategies will likely enable the discovery of 
effective assistance patterns for new devices and populations. 

Introduction 
Lower-limb exoskeletons have the potential to enhance 
mobility in a wide range of individuals. To achieve significant 
improvements in performance, however, these devices must 
interact effectively with the complex and redundant human 
neuromusculoskeletal system. Recent advancements in 
exoskeleton control strategies have shown that keeping the 
human “in-the-loop” can help overcome many of the challenges 
inherent in locomotor assistance. In particular, human-in-the-
loop optimization has proven effective at significantly reducing 
whole-body metabolic rate [1, 2, 3]. Such direct optimization 
methods, however, often expose users to widely variable and 
suboptimal exoskeleton conditions and generally hold 
assistance parameters fixed once the optimization routine is 
complete. The development of alternative human-in-the-loop 
strategies, guided by heuristics about effective interactions 
between the device and the user, could, therefore, be useful for 
different scenarios, devices, or populations. The goal of this 
project was to develop a human-in-the-loop assistance strategy 
that improves locomotor performance by fostering co-
adaptation, in which the user and the device continuously 
respond and adapt to each other.  

Methods 
We developed a control scheme that uses muscle activity and 
joint kinematics to drive the evolution of an ankle exoskeleton 
torque pattern based on three main heuristics: 1) soleus muscle 
activity, which acts cooperatively with the exoskeleton, 
indicates the user wants more torque; 2) tibialis anterior muscle 
activity, which acts antagonistically to the exoskeleton, 
indicates the user wants less torque; and 3) compensatory 
changes in coordination patterns are indicative of maladaptation 
and should act to slow or reverse torque growth. We formulated 

an algorithm to best realize these heuristics and implemented it 
on tethered, bilateral ankle exoskeletons. To test the efficacy of 
the approach, we conducted an experiment with ten naïve 
exoskeleton users. Participants walked on a treadmill for 30 
minutes at 1.25m/s while exoskeleton torque evolved based on 
the driving heuristics (Adaptive). We measured whole-body 
metabolic rate and soleus muscle activity. 

Results and Discussion 
Exoskeleton torque evolved independently for each participant 
and each leg, leading to a wide variety of assistance patterns 
(Fig. 1A). The shape of the assistance pattern continuously 
responded to the changing pattern of each user’s soleus muscle 
activity and growth of the assistance pattern slowed when the 
user did not seem to be adapting.  At the end of the Adaptive 
condition, metabolic rate was, on average, 22% below that 
measured during walking with the exoskeletons while they 
provided no torque (p < 0.05, Figure 1B).  

 
Figure 1: A) Evolved exoskeleton torque profiles (top) and resulting 

soleus muscle activity (bottom). Participant-averaged torque and 
soleus muscle activity in the Zero Torque condition (dark grey) are 

provided for reference. B) Average metabolic rate across conditions.   

The results show that the algorithm can discover effective, high-
dimensional torque patterns for lower-limb ankle exoskeletons. 
Furthermore, the algorithm scales well to multiple devices, as 
demonstrated by the independent application of the algorithm 
to exoskeletons on the left and right legs.  

Conclusions 
Co-adaptive exoskeleton assistance strategies can significantly 
improve locomotor performance. We expect variations of our 
approach to extend well to new, multi-articular devices and to 
different populations, particularly those with muscle weakness.  
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Summary 

Simulations and experimental studies show that it is possible 

to reduce loads in joints that are not directly assisted by an 

exoskeleton. In this presentation, we will give an overview of 

proximal effects of ankle exoskeletons as well as preliminary 

results on distal effects of a robotic waist tether that allows 

applying cyclic force profiles per step at the center of mass.  
 

Introduction 

Robotic ankle exoskeletons allow reducing different objective 

measures such as metabolic rate and muscle activation below 

levels of walking without exoskeleton (1). Simulations predict 

that it is possible to reduce activities in muscles that do not 

cross the joint assisted by an exoskeleton (2). Experimental 

research with ankle exoskeleton confirmed that it is possible to 

reduce knee and hip joint powers (3) as well as knee extensor 

and hip flexor muscles (1). Results that show that it is possible 

to assist proximal joints with a distal ankle exoskeleton lead to 

the question if it is also possible to assist distal joints with a 

proximal assistive device?  
 

Methods 

To understand how to assist proximal joints with ankle 

exoskeletons, we will review trends from recent actuation 

parameter sweep studies that we conducted with ankle 

exoskeletons (1). To investigate how to assist distal joints with 

a proximal assistive device, we conducted new experiments 

with a robotic waist tether (HuMoTech). Different groups 

have been developing waist tethers that allow applying 

constant (4) or variable forces (5, 6). We developed a 

controller that allows applying force profiles with specific 

timings and magnitudes in a cyclic fashion once per step (7), 

similar to an exoskeleton for assisting walking.  
 

 
 

Figure 1: Indirect effects of a distal ankle exoskeleton (A) on 

a proximal muscle (rectus femoris) (B). (Figure from (1)). 

Peak EMG is shown as a color scale versus actuation timing 

on the horizontal axis and actuation magnitude on the vertical 

axis. Results show that it is possible to reduce rectus femoris 

EMG by 65% with late actuation with intermediate magnitude. 

Possibly this is because late push-off assists swing initiation.  

 

 
Figure 2: Robotic waist tether (A) that allows applying cyclic 

force profiles during every step at the center of mass (B). 

 
Results and Discussion 

Preliminary results with the robotic waist tether show that it is 

possible to affect the ground reaction forces. Therefore, it is 

likely that joint kinetic measurements will show that it is 

indeed possible to assist distal joints with a proximal device. 

In contrast to an exoskeleton, a robotic waist tether cannot be 

used to assist overground mobility, but it can be used for 

treadmill exercise therapy. A potential advantage of a waist 

tether could be that it is easier to don and could have more 

global effects on all the joints than a single-joint exoskeletons.  

 
Conclusions 

A better understanding of the effects of different types of 

devices and actuation profiles on joint kinetics and muscle 

activities of different joints could allow selecting the optimal 

device and actuation profile to offload specific joints in 

clinical populations. 
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Summary 

Researchers and manufacturers often tout the energy storage 

and return in their passive prosthetic foot designs, but limited 

evidence suggests that more energy is necessarily 

advantageous for mobility. In this project, we utilized a 

custom variable-stiffness ankle prosthesis that enabled 

subjects to select their preferred ankle stiffness, while 

measuring the mechanical energy stored and returned at five 

ankle stiffness levels within 20% of a user-selected preferred 

stiffness. Mechanical energy storage was highest at the lowest 

tested stiffness levels, suggesting wearers did not prefer the 

ankle prosthesis stiffness that led to maximal energy storage. 

Consequently, caution should be used when advocating for 

increased energy storage and return as a benefit of modern 

passive ankle-foot prostheses. 

Introduction 

Prosthetic feet deflect and store elastic energy during the mid-

stance phase of gait, which is then released during terminal 

stance phase. Manufacturers and researchers have often 

described the increased energy storage and return of their new 

designs as potentially beneficial. While increased energy 

storage and return of modern composite feet beyond original 

solid-ankle cushioned-heel (SACH) feet may have benefits, it 

is unknown whether users would desire further increases in 

energy storage and return. In this experiment, we observe how 

energy storage and return varied at ankle stiffness levels near 

the user-determined preferred stiffness. The intent of this work 

was to determine if prosthesis wearers preferred ankle stiffness 

levels that maximized energy storage and return during gait. 

Methods 

Eight below-knee amputee subjects were recruited to 

participate in the study. All subjects provided informed 

consent prior to participating, and the study was approved by 

the Northwestern University Institutional Review Board.  

Subjects were fit with a variable stiffness prosthetic ankle [1], 

and the prosthesis was aligned by a certified prosthetist. All 

testing was completed on a treadmill between 0.87 – 1.0 m/s 

(speed maintained within-subjects). After familiarization, 

subjects utilized a dial that was able to modulate the torsional 

stiffness of the ankle joint via an onboard microcomputer. The 

dial had continuous rotation and no absolute reference. 

Subjects were asked to “select the stiffness that you find to be 

the most comfortable at this walking speed.” After subjects 

indicated their selection, the treadmill was stopped and the 

stiffness was randomly reseeded to a new value, without 

movement of the dial. This process was repeated until subjects 

had selected five preferred stiffness values.  

Subjects were then asked to walk for 90 s at each of five 

levels: PS × {0.8, 0.9, 1, 1.1, 1.2} (randomized order of 

presentation). Ankle kinematics were recorded from an 

absolute encoder and low-pass filtered with a zero-phase, 4th 

order, 7.5-Hz Butterworth filter. The last 20 strides were 

segmented and aligned. Finally, energy was calculated from 

the kinematics and the known ankle stiffness levels.  

Results and Discussion 

The mean preferred stiffness was 506 Nm/rad, and preferred 

stiffness levels varied from 3.8 to 10.7 Nm/rad/kg (weight-

normalized). As stiffness was decreased across the range of 

stiffness values tested, energy storage and return increased 

(Figure 1). Thus, maximal energy storage and return did not 

coincide with the user-preferred stiffness. 

 

Figure 1: Energy storage over stance phase of gait; n = 8. Five 

stiffness levels at and around the preferred stiffness (PS) were tested. 

Based on user feedback, the lowest tested stiffness level (k = 

0.8 × PS) was highly uncomfortable, despite generating the 

greatest energy storage and return.  

Conclusions 

Researchers and manufacturers may overemphasize the 

importance of energy storage and return in modern passive 

ankle prostheses, as subjects consistently preferred ankle 

stiffness levels that had submaximal energy storage and return. 
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Summary 

We analysed the sagittal plane stance phase joint mechanics of 

athletes with and without unilateral below the knee amputation 

(BKA) during maximum speed sprinting and long jump. We 

estimated the strut, spring, motor and damper like function of 

the main lower extremity joints using functional joint indices. 

We found that the basic functional behaviour of the affected 

and non-affected legs of athletes with BKA is different from 

the basic functional joint behaviour of non-amputee athletes. 

Introduction 

Understanding the basic functionality of joints is important to 

understand human locomotion, to improve sports performance 

and the design of sports prostheses and exoskeletons. There is 

limited knowledge of basic joint function for highly dynamic 

tasks like maximum speed sprinting and jumping in athletes 

with and without amputations. Therefore, the purpose of this 

study was to quantify basic leg joint function using recently 

developed functional indices [1] during maximum speed 

sprinting and maximum effort long jumping in athletes with 

unilateral below the knee amputation (BKA) using running 

specific prostheses (RSPs) and non-amputee athletes. 

Methods 

We analysed the mechanics of three world-class long jumpers 

with BKA (PR: 7.43 ± 0.99 m) and seven non-amputee long 

jumpers of similar performance level (PR: 7.65 ± 0.65 m) 

using 3D motion capturing (250 Hz, Vicon, Oxford, UK) and 

ground reaction force (GRF) measurements (1000 Hz, Kistler 

AG, Winterthur, Switzerland). We applied rigid body 

modelling techniques (ALSKA, Institute of Mechatronics, 

Chemnitz, Germany) to calculate 3D joint angles, moments, 

power and work. The prosthesis was modelled as 2 rigid 

bodies connected at a joint at the point of highest curvature at 

the prosthetic blade. We applied functional joint indices to 

characterize the relative amount of strut, spring, motor and 

damper like behaviour of the main lower extremity joints in 

the sagittal plane during the ground contact phase [1]. At this 

point we only report descriptive statistics to illustrate the basic 

behaviour of the hip, knee and ankle/prosthesis joints. 

Results and Discussion 

Besides clear differences in the absolute amount of work 

performed at the joints (Fig. 1), we observed different relative 

contributions of strut, spring, motor and damper like 

behaviour for the joints of the lower extremities, both in 

sprinting and in jumping (Fig. 1). We found clear differences 

between the functional behaviour of the affected legs of 

athletes with BKA compared to the legs of non-amputee 

athletes (Fig. 1). Furthermore, the unaffected legs of athletes 

with BKA also showed a different behaviour during sprinting, 

in particular at the knee and hip joints (Fig. 1).  

 

Figure 1: Mean results of sagittal plane functional joint indices for 

the stance phase of maximum speed sprinting and for the maximum-

effort long jump take-off step. First column: Non-amputee athletes 

(sprinting, n=6); second column: non-affected side of athletes with 

BKA (sprinting, n=2); third column: affected side of athletes with 

BKA (sprinting, n=2); fourth column: non-amputee athletes (take-off 

step, n=7); fifth column: athletes with amputation taking-off from 

their affected leg (take-off step, n=3). The size of the pie chart scales 
with the absolute amount of work performed at the joint/the RSP.   

Conclusions 

From a basic functional perspective, the results of the present 

study indicate that the use of RSPs does not precisely replicate 

the behaviour of biological legs of non-amputee athletes 

during sprinting and long jumping. The use of RSPs in 

unilateral athletes with BKA further introduces functional 

adaptations on their non-affected side which are different from 

the behaviour of the joints of non-amputee athletes. 

Acknowledgments 

Funding was provided by the Japan Broadcasting Cooperation 

(NHK). HH was funded by JSPS KAKENHI Grant Number 

26702027. AMG's contribution to this project was partially 

supported by the BADER Consortium, a US Department of 

Defense Congressionally Directed Medical Research 

Programs cooperative agreement (W81XWH-11-2-0222). 

References 

[1] Qiao M and Jindrich DL (2016). J Biomech, 49: 66-72. 

 

Sunday, August 04 2019: Morning 1 (0900-1000) 1986

Exoskeletons and Prostheses



 

 

The use of running-specific prostheses in athletes with bilateral transtibial amputations 

 

Alena M. Grabowski1,2 
1Department of Integrative Physiology, University of Colorado Boulder, Boulder, CO, USA 

2Department of Veterans Affairs, Rocky Mountain Regional VA Medical Center, Denver, CO, USA 

Email: alena.grabowski@colorado.edu  

 

Summary 

Running-specific leg prostheses (RSPs) are made of carbon 

fiber, mimic the spring-like function of tendons, and allow 

elastic energy storage and return during level-ground steady-

speed running; however, unlike biological legs, passive-elastic 

RSPs cannot generate mechanical power anew, vary stiffness, 

or allow ground clearance during leg swing. We have 

conducted a series of studies that assess the metabolic costs, 

biomechanics, and performance of athletes with bilateral 

TTAs who use RSPs for running and sprinting. We found that 

athletes with transtibial amputations (TTAs) using RSPs have 

similar metabolic economy [1], but different biomechanics 

across running speeds [2], impaired starting block acceleration 

[3] and slower curve-running performance [4] compared to 

non-amputees. These scientific research findings regarding the 

effects of using RSPs have implications for fairness in sport 

competition such as the Olympic Games. 

Introduction 

A previous study found that an athlete with bilateral TTAs 

requires a similar velocity at maximum oxygen consumption 

compared to non-amputees [5]. However, the biomechanics 

elicited by athletes with TTAs who use RSPs differ from those 

of non-amputees across a range of speeds [2, 5], where 

velocity equals the product of stride length and frequency, or 

the product of stance average vertical force normalized to 

body weight (Favg), step frequency (StepF), and contact length 

(Lc). Use of RSPs lowers Favg, but results in similar StepF and 

Lc [2, 5], which likely impairs maximum velocity in athletes 

with TTAs compared to non-amputees. We compared the 

metabolic economy and underlying biomechanics of running 

and sprinting for 5-7 athletes with bilateral TTAs to those of 

athletes with unilateral TTAs and non-amputees.  

Methods 

We analysed the metabolic cost of transport and biomechanics 

from 5-7 male athletes with bilateral TTAs who used RSPs. 

Metabolic rates were measured while athletes ran at a steady 

velocity using indirect calorimetry. We calculated gross cost 

of transport (CoT) from the rate of oxygen consumption per 

kg body mass per kilometre. Biomechanical variables such as 

Favg, StepF, and Lc were determined using a force-measuring 

treadmill. 

Results and Discussion 

Compared to biological legs, RSPs differ in structure and 

function, and yield affected leg running biomechanics that are 

theoretically more economical than those of non-amputees. 

However, experimental data indicate that athletes with 

unilateral and bilateral TTAs exhibit running economy values 

currently well-within the range for non-amputees (Fig. 1) [1]. 

 

Figure 1: The lowest (light grey), average ±SEM (medium grey), and 

highest (dark grey) gross cost of transport (CoT) reported from 

athletes with unilateral and bilateral TTAs using RSPs, and from non-

amputee (NA) club and elite runners.  

RSP stiffness, height, and running speed affect the 

biomechanics of athletes with bilateral TTAs. Use of stiffer 

RSPs increases Favg and StepF. RSP height inversely 

associates with StepF. Moreover, at faster running speeds the 

effect of RSP stiffness and height on biomechanics is 

mitigated. Thus, RSP stiffness, but not height, likely affects 

distance running more than sprinting performance for athletes 

with bilateral TTAs. 

Conclusions 

Despite differences in leg architecture and biomechanics, 

athletes with transtibial amputations exhibit running economy 

values that are well-within the biological range. 
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Summary 

To investigate how the foot mobility differs between human 

and African great apes, we compared three-dimensional (3D) 

bone kinematics of cadaver feet under an axial loading using a 

biplanar X-ray fluoroscopy system. For the visualization and 

quantification of detailed foot bony movement, a model-based 

registration method was employed. During axial loading, the 

calcaneus was everted and the talus and tibia were internally 

rotated in the human foot, but such coupling motion was not 

observed in the feet of African great apes. Our comparative 

fluoroscopic analysis could be useful for clarifying 

morphological adaptation of the human foot to bipedal 

locomotion. 

Introduction 

The structure of the human foot, characterized by the presence 

of unique anatomical features such as longitudinal arch, non-

opposable hallux and well-developed calcaneus, is thought to 

be morphologically adapted for the generation of bipedal 

locomotion [1]. However, how the morphology of the human 

foot actually contributes to achieve appropriate mechanical 

interaction of the foot with the ground during bipedal 

locomotion still remains unclear. In the present study, we 

aimed to investigate the 3D innate mobility of the human and 

African great ape feet during axial loading by visualizing and 

quantifying the 3D kinematics of the foot bones using a 

biplane X-ray fluoroscopy and a model registration method. 

Methods 

In this study, fresh frozen cadaver feet of three chimpanzees, 

two gorillas and eight humans were used. The cadaver feet 

were loaded vertically by putting weight up to 60 kgf on the 

shaft connected to the foot using a custom-made socket 

(Figure 1). No tendon tractions were applied in order to 

observe pure bony movement just generated by the 

morphology of the foot.  

Foot bone kinematics due to axial loading was captured using 

a biplanar X-ray fluoroscopy system (Shimadzu, Japan). We 

utilized a model-based matching method to quantify the 3D 

foot bone kinematics from paired radiographic images [2, 3]. 

Briefly, 3D foot bone surface models were generated based on 

computed tomography images prior to the measurement. 

 
Figure 1: Experimental set-up of biplanar X-ray fluoroscopy 

measurement. 

Each surface model was then registered to two fluoroscopic 

images so as to maximize the similarity of occluding contours 

between the surface model and edge-enhanced image of X-ray 

fluoroscopy. The quasi-Newton method was used for 

optimization.  

Results and Discussion 

We successfully visualized and quantified the 3D foot bone 

kinematics during axial loading in humans and African great 

apes. We found that the calcaneus was everted in the human 

foot but this calcaneal eversion was smaller in the African 

great ape feet. In addition, the talus and tibia were internally 

rotated as the calcaneus was everted in the human foot, but 

such coupling motion of the calcaneus and the tibia was not 

observed in the feet of African great apes, possibly due to the 

difference in osseous morphology of the foot bones and 

articular surfaces between human and African great apes. 

Conclusions 

The coupling motion of the calcaneus and the tibia observed in 

the human foot is possibly a morphological adaptation for 

obligate bipedal locomotion that have evolved in the human 

lineage. 
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Figure 1: In vitro experimental setup. 
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Summary 
The combination of model-based tracking techniques with 
biplane fluoroscopy for quantifying in vivo kinematics of 
various joints has evolved from initial, novel experimental 
applications, to more recent applications using clinical biplane 
fluoroscopy systems. The equipment and expertise needed to 
perform the data acquisitions and subsequent analysis have 
become more available in both research and clinical 
environments.  Our team has explored the use of unmodified 
clinical biplane equipment for quantifying arthrokinematics of 
the shoulder, and have successfully validated the approach in 
vitro and applied the technique in manual wheelchair users 
with spinal cord injury.  
 

Introduction 
The benefits of using clinical equipment include: the use of 
flat-panel technology, efficiency of patient flow in the clinical 
environment; availability of equipment in medical centers with 
the potential for translation to clinical practice; approval by 
FDA for clinical use; and the existence of radiological 
expertise in the clinical setting for trouble-shooting and 
assisting with image acquisitions. Barriers to use of clinical 
equipment include the limited flexibility in positioning the flat 
panel detectors; constrained field of views, the low sample 
rate, as well as the alternating pulsing of the two X-ray 
sources. This presentation will outline our experience in 
validating and applying model-based tracking techniques in a 
clinical environment, including development of an 
interpolation algorithm to manage the asynchronous images. 
Further, speculations on future opportunities for advancement 
of the approach will be offered. 
 

Methods 
Validation of the approach in vitro 

Clinical CT scans were 
acquired of both 
shoulders and 
subsequent biplane 
images were acquired 
at various joint 
positions, and during 
simulated movements 
along anatomical 
planes of motion 

(Figure 1). The 
pose of each 

humerus and scapula was determined using model-based 
tracking and compared to a radiostereometric analysis (gold 
standard). Error due to a temporal-offset between 
corresponding biplane images, which is characteristic of 
clinical biplane systems, was determined by comparison of 
measured and known relative position of 2 bead clusters of a 
phantom that was imaged while moved throughout the 
fluoroscopy image volume. In summary, for defined speeds, 

use of an unmodified clinical biplane fluoroscope and model-
based tracking for quantification of glenohumeral motion is 
able to provide sub-millimeter and sub-degree relative 
kinematic accuracy, even with a temporal offset in biplane 
images. The interpolated registration was in better agreement 
with the gold standard, and it particularly improved the 
kinematic accuracy of higher velocity motions. 

Application of the approach in vivo 
The purpose of this IRB-approved work was to quantify and 
compare shoulder mechanical impingement risk associated 
with functional manual wheelchair-based tasks by leveraging a 
biplane fluoroscopy system with model-based tracking to 
directly quantify changes in the subacromial space in 10 
subjects (9M/1F) (Figure 2). The highly-accurate and 
quantitative risk metric defined in this study provides an 
empirical approach to evaluate whether behavior 
modifications, such as plane of elevation during reaching or 
wheelchair drive wheel position during propulsion, have a 
beneficial effect in terms of reducing impingement risk. 
 

 
 
 
 

Practical considerations and lessons-learned: 
1. Selection of biplane equipment- choose equipment that 

can be configured for your specific data collection (e.g. 
weight bearing if needed) and adequate field of view. 

2. Data acquired is sensitive to speed of movement due to 
low sample rate and alternating pulsing of X-rays. 
Consider interpolation technique to improve accuracy. 

3. It is critical to perform validation for the joint and 
movement characteristics you expect with research 
subjects. 

4. Data acquisitions will require approved personnel and 
dedicated imaging time. 

5. Movement speed and joint ranges of motion need to be 
continually monitored. Extra trials may or may not be 
allowed depending on the IRB-approved dosimetry. 
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Summary 

Due to the long term consequences of ACL rupture, including 

pain, instability, loss of function, and early onset 

osteoarthritis, injury prevention is of the utmost importance. 

The efficacy of prevention programs may be enhanced by data 

quantifying the positions that put the ACL at risk for injury. 

Unfortunately, the precise motions initiating ACL injuries are 

not well understood. In this talk, new techniques using MRI, 

3D modelling, numerical optimization, and high speed 

biplanar radiography will be used to quantify in vivo ACL 

strains during dynamic tasks and identify what positions are 

high risk for injury. 

 

Figure 1. 3D models of the knee generated from MRI are 

registered to high speed biplanar radiographic images to 

measure in vivo ACL strains. 
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Summary 

We hypothesize that acto-myosin cross-bridge cycling 

dynamics govern history-dependence in muscle mechanics 

and muscle spindle afferent feedback that may impact human 

postural behaviors. Here we combine in vitro, in vivo, and in 

silico studies to determine movement amplitude thresholds 

affecting history-dependent features of muscle spindle firing 

rate and muscle stiffness. Our data show increased muscle 

short-range stiffness and sensory sensitivity to stretch during 

postural holds is preserved in the range of typical human 

postural sway. However, increases in sway amplitude, which 

are associated with increased fall risk, decreases muscle short-

range stiffness and muscle spindle firing responses to stretch, 

impairing both intrinsic and muscle spindle-based 

sensorimotor reflexive mechanisms for postural stability. 

Introduction 

Proprioceptive feedback, particularly from muscle spindles is 

crucial for reactive balance control [1]. However, since 

muscle spindle initial bursts and dynamic responses are 

movement-history-dependent (they are reduced with recent 

muscle stretch), their relevance to sensorimotor control has 

been challenged. For example, ankle muscles such as the 

triceps surae are continuously stretched and shortened during 

“static” postural sway. We recently demonstrated that short-

range stiffness of intrafusal muscle fibers underlies muscle 

spindle history dependence [2]. Our objectives were to 

determine: A) if stretching muscles in the range of human 

postural sway amplitudes depressed muscle short-range 

stiffness and muscle spindle firing rate; and B), whether acto-

myosin cross-bridge kinetics are sufficient to explain history-

dependent changes to muscle spindle firing rate. 

Methods 

Muscle fiber stretch mechanics in vitro were studied using 

single permeabilized rat soleus muscle fibers mounted 

between a muscle puller and load cell. Muscle spindle Ia 

afferent firing in vivo was recorded from exposed dorsal 

spinal roots in anesthetized rats during triceps surae stretch. In 

silico muscle spindle firing rate predictions were based on 

simulated stretch of parallel half sarcomeres whose force and 

yank (dF/dt) determined afferent driving potentials input to a 

leaky integrate-and-fire neuron model. Pre-stretch 

conditioning patterns were scaled to muscle/muscle fiber 

resting length (L0) for each experiment (Figure 1A). Ramp-

and-hold test stretches were conditioned with ramp-release 

conditioning stretches (variable amplitude and inter-stretch 

interval). We evaluated the initial burst at stretch onset and 

dynamic response during lengthening in the muscle spindle 

and short-range stiffness and impulse in muscle fibers. 

 

Figure 1: Variable amplitude and time interval pre-stretch 

movement patterns were used to condition muscle fiber stiffness 

and muscle spindle firing rate (A). Large conditioning stretches 

significantly reduced firing rate and stiffness in each study (B). 

Results and Discussion 

Recorded and simulated muscle fiber stiffness and muscle 

spindle firing rate each decrease with larger pre-stretch 

amplitudes (Figure 1B) and shorter inter-stretch intervals. 

Overall, similar thresholds and magnitudes of change were 

observed in both muscle fiber and spindle data, suggesting a 

common underlying cross-bridge mechanism.  

Conclusions 

Muscle short-range stiffness and muscle spindle feedback is 

likely high during “healthy” postural sway (<1% L0). 

However, larger sway amplitudes (>2%L0) may impair both 

instantaneous and reflexive contributions to balance control.  
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Summary 

Our aim is to create a biologically inspired control architecture 
for human gait. This work combines reflexes with feedforward 
input from the spine. Reflexes were based on Geyer and Herr 
[1], except for the vastus, where a stretch reflex was modelled. 
Additionally,  a spinal architecture with a rhythm generator and 
four central pattern generators (CPGs) was designed, based on 
biological evidence of CPG control in humans. This 
biologically inspired controller can simulate human gait. 

Introduction 

How humans control gait is still largely unknown. Based on 
experiments on different animals and humans, it was found that 
the control is a combination of reflexes, feedforward signals 
generated in the spinal cord and supraspinal input [2]. 

Neuromuscular simulations could increase understanding of 
how humans control gait, since different control architectures 
can be tested and compared to each other and to existing data. 
Geyer and Herr simulated gait using only reflexes [1]. 
However, their controller included some reflexes, such as knee 
hyperextension protection in the vastus, for which there is little 
evidence of their existence in literature.  

The overarching goal of this project is to create a controller that 
can explain impaired gait in persons with a neurological injury 
or disease. For this purpose, we aim to create a walking control 
architecture inspired by biology. In this work, we have two 
aims: (1) to replace the hyperextension protection reflex by a 
stretch reflex, which is known to exist in the vastus [2], and (2) 
to add a biologically inspired CPG controller on top of reflexes. 

Methods 

Walking was simulated on a sagittal plane human model with 
seven muscles [1] with two controllers. The original controller 
is the reflex model described in [1]. In our CPG-stretch-reflex 
controller, CPG control is added and a stretch reflex with a gain 
and length threshold is implemented in the vastus during stance. 

The spinal circuitry consists of a rhythm generator and four 
CPGs, two for each leg. Each leg has a flexor CPG, modelled 
as an integrate-and-fire neuron with no time decay [3], and a 
constant extensor CPG with inhibition from the flexor CPG [2]. 

The muscle stimulation was a weighted sum (between 0 and 1) 
of the reflex input and the CPG input. All monoarticular 
muscles received input from either the flexor or extensor CPG, 
while biarticular muscles received input from both CPGs, since 
these act as flexor for one joint and extensor for the other. 

Optimizations were performed to find reflex and CPG 
parameters. First, the original controller was optimized using 
particle swarm optimization with a lexographic ordering 
extension with multiple objectives: to maximize distance, 
control speed, create a periodic gait, and minimize activation 

and passive joint torques. This solution, with small CPG 
weights, was used as initial guess to optimize parameters of the 
CPG-stretch-reflex controller, with the same objectives. 

Results and Discussion 

The activation of the vastus found with the original controller 
and with CPG-stretch-reflex controller was averaged over 30 
gait cycles, assuming left/right symmetry (Figure 1). One can 
see that the combination of CPG input and a stretch reflex in the 
vastus can create a walking gait with a similar activation pattern 
as the reflex model by Geyer and Herr [1], but with lower peaks. 
The activation over all muscles was slightly lower with the 
updated model as well, indicating a more energy-efficient gait. 

 
Figure 1: Mean and standard deviation of vastus activation for the 

original controller (black) and for the updated controller (blue). 

The CPG weight for most muscles was about 0.05, while the 
hamstrings and psoas had a weight of about 0.15. This supports 
the theory that proximal muscles have more CPG control than 
distal muscles [2]. However, the initial guess in the 
optimization might have affected this result.  

Conclusions 

We have shown that a stretch reflex in the vastus combined with 
a CPG controller can be used to simulate walking. This 
preliminary work highlights the potential of neuromuscular 
control inspired by biology. Future work includes the addition 
of the quadriceps and the biceps femoris short head. Stretch and 
force reflexes will be modelled for all muscles. Additionally, a 
separate CPG for the upper and lower part of each leg will be 
considered (e.g. [2]), and supraspinal input will be added. 
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Summary 

Locomotion on land and in water requires the coordination of a 
great number of muscle activations and joint movements. 
Constant feedback about the position of own body parts in 
relation to the surrounding environment and the body itself 
(proprioception) is required to maintain stability and avoid 
failure. The theory of muscle synergies states that the central 
nervous system might control muscles in orchestrated groups 
(synergies) rather than individually. We used this concept on 
genetically modified mice, lacking one class of proprioceptors. 
Our results provide evidence that proprioceptive feedback is 
required by the central nervous system to accurately tune the 
modular organization of locomotion. 

Introduction 

For exploiting terrestrial and aquatic locomotion, vertebrates 
must build their locomotor patterns based on an enormous 
amount of variables. The great number of muscles and joints, 
together with the constant need for sensory feedback 
information (e.g. proprioception [1]), make the task of creating 
and controlling movement a problem with overabundant 
degrees of freedom. A theoretical framework for describing the 
creation and control of movement has been successfully used in 
humans and other animals in the past three decades: the concept 
of muscle synergies [2]. It is suggested that the central nervous 
system might not be controlling each muscle and joint 
separately. Instead, movement control might be simplified by 
the synchronous activation of muscle groups, in patterns called 
synergies. Time-dependent electromyographic (EMG) 
activities can be represented in a compact combination of time-
independent weights, also called motor modules [3,4], and 
time-dependent coefficients, also called motor primitives [4,5]. 

Methods 

In this study, we assessed the role of proprioceptive sensory 
feedback in the modular organization of the murine locomotor 
pattern. We examined a mouse line in which a mutation in the 
Egr3 (early growth response 3) gene selectively impairs group 
Ia/II muscle spindles, eliminating the feedback from one of the 
two classes of proprioceptors [6]. We extracted muscle 
synergies from the EMG activity recorded from the lower limb 
of mice during treadmill walking and swimming. The two tasks 
differed in the contribution of input from group Ib sensory 
afferents supplying Golgi tendon organs (GTOs) [7]. We 
extracted synergies using non-negative matrix factorization 
(NMF) [8,9] and quantified the dynamic stability of walking by 
calculating the maximum finite-time Lyapunov exponent 
(MLE) of the hip, knee and ankle joint angles [10]. 

Results and Discussion

Our results show that the modular organization (Figure 1) of 
locomotion in mice is continuously tuned by proprioceptive 
feedback. The absence of feedback from muscle spindles 
impairs hindlimb joint stability and the temporal component of 
muscle synergies during walking. The absence of feedback 
from muscle spindles and GTOs, made possible by the 
immersion of animals in water, creates a strong impairment of 
both temporal and spatial elements of muscle synergies, 
resulting in an almost complete loss of function. 

Figure 1: Average motor modules and motor primitives of the 
three fundamental synergies for walking and swimming in wild 

type and Egr3 mutant animals. Daggers denote increased width in 
motor primitives. Muscles: MA=gluteus maximus, IP=iliopsoas, 

VL=vastus lateralis, BF=biceps femoris, ST=semitendinosus, 
GL=gastrocnemius lateralis, TA=tibialis anterior. 

Conclusions 

Our findings show that muscle spindles and GTOs afferents 
provide important information to the central nervous system of 
mice for tuning the modular organization of locomotion. 

Acknowledgments 

Work supported by the Dalhousie Medical Research Foundation 
and Natural Sciences and Engineering Research Council. 

References 

[1] Pearson KG (1995) Curr. Opin. Neurobiol., 5: 786–791. 
[2] Bizzi E et al. (2008) Brain Res. Rev., 57: 125–33. 
[3] Gizzi L et al. (2011) J. Neurophysiol., 106: 202–210. 
[4] Santuz A et al. (2017) Int. J. Neural Syst., 27: 1750007. 
[5] Dominici N et al. (2011) Science, 334: (997-999). 
[6] Tourtellotte WG et al. (1998) Nat. Genet., 20: 87–91. 
[7] Akay T et al. (2014) PNAS, 111: 16877–82. 
[8] Lee DD et al. (1999) Nature, 401: 788–91. 
[9] Santuz A et al. (2018) Front. Physiol., 9: 1509. 
[10]Lyapunov AM (1992) Int. J. Control., 55: 531–534. 

 
Walking

Wild type
Egr3 mutant

Weight
acceptance and

propulsion

Early
swing

Late
swing

SwingStance

Motor primitivesMotor modules

MA IP VL BF ST GL TA

 
Swimming

Motor primitives

MA IP VL BF ST GL TA

Motor modules

Wild type
Egr3 mutant

*

*

*

**
*

* *

*
*

*

*

*

*
*

*
*

*

*
*

*
* * *

† †Early
retraction

Late
retraction

Protraction

Sunday, August 04 2019: Morning 1 (0900-1000) 1995

Reflexes & Sensors



 

 

Modulation of Tendon Tap Reflex Activation of Soleus Motor Neurons with Reduced Stability Tandem Stance 

 

Gordon R. Chalmers1 
1Kinesiology Program, Western Washington University, Bellingham, WA, U.S.A. 

Email: gordon.chalmers@wwu.edu 

 

Summary 

Reduced standing stability typically decreases soleus 

Hoffmann (H-) reflex amplitude, purportedly to prevent the Ia 

signal from excessively activating spinal motor neurons. H-

reflex measures exclude the variably sensitive spindle. Tendon 

tap (T-) reflex measures, including the spindle, could provide 

additional information, but are largely unexplored for unstable 

stance. Thirty adults stood in wide stable stance and unstable 

tandem stance. T-reflex amplitude decreased 11.6% when in 

the tandem stance (wide 0.248(0.124) mV, tandem 

0.219(0.119) mV, p<0.05, Cohen’s d = 0.24 small), with no 

relationship between standing sway and reflex modulation. No 

significant differences in background soleus and tibialis 

anterior EMG, and tap force occurred across the stances. 

Results indicate that during a less stable stance Ia excitation of 

motor neurons is decreased, thereby avoiding potential 

instability in the reflex loop or saturating the reflex pathway 

and possibly interfering with descending control of the 

involved spinal motor neurons. 

Introduction 

This study examined the research hypothesis that a decrease in 

soleus tendon tap (T-) reflex amplitude would occur when 

shifting from a wide stable stance to a tandem stance, as 

observed for the H-reflex [1], indicating that spindle Ia 

activation of soleus motor neurons is prevented from 

increasing when in an unstable tandem stance [2]. A 

secondary hypothesis was that a positive relationship would be 

found between the wide to tandem stance modulation of T- 

reflex amplitude and standing body sway when in an unstable 

stance, as observed for the H-reflex [3]. 

Methods 

Thirty bare footed subjects (21(2) years), stood on a force 

plate, in wide and tandem stances, to assess standing body 

sway (center of pressure path length). EMG electrodes were 

placed on the right soleus and TA muscles. Right ankle angle 

varied ±1° or less during reflex measures. A right Achilles 

tendon tap was delivered by a silent pendulum tendon tapper, 

while a force transducer recorded the strike force. For each 

measure, a two-tailed repeated measures t-test determined 

differences between the stance positions. For the secondary 

hypothesis, standing body sway in the tandem stance and 

reflex modulation across the stances (tandem stance reflex 

amplitude expressed as percentage of wide stance) were 

plotted and the correlation calculated. 

Results and Discussion 

When in the tandem stance, compared to the wide stance, 

there was a significant large increase in sway, a significant 

11.6% decrease in mean T-reflex amplitude, with no 

differences in mean bEMG levels and tap forces (Table 1). 

There was no relationship (r=0.05, p>0.05) between standing 

body sway when in the tandem stance and reflex modulation 

across the stances (Fig. 1). 

 
Figure 1: Body sway in the tandem stance and reflex modulation 

across the stances (negative is decreased reflex in tandem stance). 

Conclusions 

Data support the idea [2] that during an unstable stance Ia 

activation of motor neurons is reduced to avoid possible 

instability in the reflex loop or saturation of the reflex pathway 

to possibly interfere with descending control of the involved 

spinal motor neurons. The reflex modulation, however, was 

unrelated to stance stability. 
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Table 1: Standing body sway (center of pressure, CoP, path length), T-reflex amplitude, background EMG (bEMG) & tendon strike force during 

wide and tandem stances. Mean (standard deviation). 

 Wide stance Tandem stance p Cohen’s d 

CoP path length (cm) 69.5(13.2) 106.7(30.6) <0.001 1.6 large 

T- reflex (mV) 0.248(0.124) 0.219(0.119) 0.015* 0.24 small 

Soleus bEMG (mV) 0.011(0.006) 0.011(0.005) 1.000 0.000 trivial 

TA bEMG (mV) 0.005(0.003) 0.005(0.003) # 0.000 trivial 

Tendon strike force (N) 37.5(5.6) 37.4(5.6) 0.475 0.007 trivial 

* Statistically significant difference between stances, p < 0.05. #Data for two stances was identical so p-value could not be calculated. 

Sunday, August 04 2019: Morning 1 (0900-1000) 1996

Reflexes & Sensors



 

 

Paradoxical Relationship in Sensorimotor System: Knee Joint Position Sense Absolute Error and Joint Stiffness Measures 
 

Takashi Nagai1,2, Nathaniel A. Bates1,2,3, Timothy E. Hewett1,2,3,4, Nathan D. Schilaty1,2,3 
1Sports Medicine Center, Mayo Clinic, Rochester, MN, USA 

2Biomechanical Laboratories, Department of Orthopedic Surgery, Mayo Clinic, Rochester, MN, USA 
3Department of Physiology& Biomedical Engineering, Mayo Clinic, Rochester, MN, USA 

4Department of Physical Medicine & Rehabilitation, Mayo Clinic, Rochester, MN, USA 
Email: nagai.takashi@mayo.edu 

 
Summary 
Relationships between joint position sense (JPS) and the 
sensorimotor characteristics of joint stiffness, time to detect 
motion, and time to peak torque during a perturbation test 
have rarely been investigated due to methodological 
challenges. The purpose of this study was to compare JPS and 
the sensorimotor characteristics in healthy individuals. A total 
of 26 healthy subjects completed JPS and a perturbation test 
on an isokinetic dynamometer. JPS was assessed by 
comparison of the absolute angle difference between a 
reference and replicated position. During the perturbation test, 
the dynamometer moved the knee joint at random intervals. 
Subjects were asked to react and resist the motion as soon as it 
was detected. Interestingly, a larger JPS error was significantly 
correlated with higher joint stiffness (P < 0.05). 

Introduction 
The sensorimotor system mainly regulates muscle tone and 
joint stiffness [1]. Refined motor control in daily activities can 
be possible based on ongoing proprioceptive information and 
feed-forward muscle activation based on previous experiences. 
Previously, we have developed a high-velocity perturbation 
test to assess individuals’ sensorimotor characteristics [2]. The 
current investigation expanded on the previous experiment and 
aimed to compare those sensorimotor characteristics with one 
of the most common clinical proprioception tests: JPS test. 

Methods 
A total of 26 subjects (age: 20.7 ± 5.7 years, height: 174.7 ± 
8.9 cm, weight: 73.4 ± 12.3 kg) were recruited for the study. 
There were 15 males and 11 females. For the high-velocity 
perturbation, subjects sat on a chair with their knee secured 
and suspended at 70 degrees of knee flexion. Blindfolded 
subjects were asked to aggressively flex their shank in a 
posterior direction as quickly as possible as soon as they could 
sense any extension movement in their knee. A customized 
software was used to extract several sensorimotor 
characteristics: the initial torque (TORQ0), short-range 
stiffness at 50ms and 100ms (STIFF50 and STIFF100), 
movement detection time (TIMEprop), time to peak torque 
(TIMEpk), and reactive stiffness (STIFFreac).  

For JPS testing, each blindfolded subject’s leg was placed in a 
45°, and then fully flexed position. They were then asked to 
actively move their leg to 45° of knee flexion. The difference 
between the reference angle and replicated angle in absolute 
values was used as the JPS absolute error (JPS-AE). An 
average of three trials was used for analyses [3].  

For statistical analyses, descriptive statistics (means and 
standard deviations) and Pearson correlation coefficients (r) or 

Spearman’s rank correlation coefficients (ρ) were used to 
establish the relationships among the sensorimotor 
characteristics and JPS-AE. Significance was set at P<0.05. 

Results and Discussion 
Descriptive statistics and correlation coefficients among the 
sensorimotor characteristics vs. JPS-AE are shown in Table 1. 
There were significant positive correlations between STIFF50 
and JPS-AE (r = 0.572, P = 0.002), between STIFF100 and 
JPS-AE (ρ = 0.416, P = 0.035), and between STIFFreac and 
JPS-AE (r = 0.395, P = 0.046). Those positive correlations 
meant that individuals with larger JPS error exhibited higher 
passive (STIFF50 and STIFF100) and reactive joint stiffness 
(STIFFreac).  

Table 1: Descriptive Statistics and Correlation Analyses with Joint 
Position Sense Absolute Error. 

 Means ± SD Correlations P-Value 
TORQ0 3.7 ± 2.4 Nm 0.089 0.666 
STIFF50 26.8 ± 9.0 Nm/° 0.572 0.002 
STIFF100 5.4 ± 1.3 Nm/° 0.416 0.035 
TIMEprop 142.2 ± 13.6 ms 0.179 0.382 
TIMEpk 322.0 ± 26.8 ms - 0.054 0.792 

STIFFreac 2.5 ± 0.7 Nm/° 0.395 0.046 
JPS-AE 4.5 ± 1.2 ° - - 

Conclusions 
The current investigation found an inverse relationship 
between JPS absolute error and all stiffness measurements 
(STIFF50, STIFF100, and STIFFreac) during a perturbation 
test. Individuals with higher position sense errors could likely 
compensate with increased stiffness. Potential reasons include 
measurement variability, thixotropic properties [4] (after-
effects of muscle eccentric contractions to increase stiffness 
and alter JPS), and/or minimal role of JPS on stiffness 
regulation. Higher JPS error does not necessarily equate to a 
lack of joint stability. Clinical tests should incorporate both 
sensory acuity and neuromuscular control to fully comprehend 
individual’s sensorimotor system.  
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Summary 

Predictive simulations have the potential to support 

personalized medicine, but detailed musculoskeletal models 

come with large computational costs that limit their use. We 

have developed a computationally efficient framework to 

predict human gaits based on optimization of a performance 

criterion. Our three-dimensional muscle-driven predictions 

converge in about 36 minutes—more than 20 times faster than 

existing simulations—using direct collocation, implicit 

differential equations, and algorithmic differentiation. Our 

framework predicts physiologically realistic gaits with varied 

gait speed, as well as gait changes due to muscle strength 

deficits or lower leg prosthesis use. The ability to predict gait 

mechanics and energetics with realistically complex models of 

the musculoskeletal system will allow testing novel hypotheses 

about gait control and hasten the development of optimal 

treatments for neuro-musculoskeletal disorders. 

Introduction 

Scientists have long tried to decipher the principles underlying 

bipedal locomotion with the aim of improving human gait 

performance and treatment of neuro-musculoskeletal disorders. 

An approach to this problem is the use of predictive simulations 

that generate de novo movements based on a mathematical 

description of the neuro-musculoskeletal model without 

reliance on measured data. Yet predictive simulations with 

realistically complex musculoskeletal models are 

computationally expensive. Therefore, no one has extensively 

explored their capabilities to predict the broad range of gaits 

encountered under different conditions. We have developed a 

computationally efficient optimal control framework to predict 

human gaits based on complex 3D muscle-driven models. Our 

simulations converge in about 36 minutes of computational 

time—more than 20 times faster than existing simulations. This 

computational efficiency allowed us to test the ability to predict 

the mechanics and energetics of a wide range of human gaits 

based on complex models. This is a prerequisite to rely on such 

models for optimal treatment design. 

Methods 

We formulated predictive simulations as optimal control 

problems. We used a musculoskeletal model with 29 degrees of 

freedom, 92 muscles actuating the legs and trunk, 8 torque 

actuators at the arms, and 6 contact spheres per foot. We 

computed muscle excitations by minimizing a cost function 

(weighted sum of metabolic energy rate, muscle activity, and 

joint accelerations) subject to constraints describing 

musculoskeletal dynamics, while imposing average gait speed 

and left-right symmetry. We solved the problems using direct 

collocation, implicit differential equations, and algorithmic 

differentiation. We evaluated the correspondence between the 

predicted and experimental influence of gait speed, muscle 

strength deficits and lower leg prosthesis use on gait mechanics 

and energetics. 

Results and Discussion 

Our framework predicted a continuum of walking and running 

gaits as we varied the prescribed gait speed. Metabolic cost of 

transport (COT) and stride frequency of these gaits changed 

with speed as described in the literature (Figure 1A) [1-2]. With 

reduced hip muscle strength, the model adopted a compensated 

Trendelenburg gait to reduce hip torques (Figure 1B). With 

reduced ankle plantarflexor strength, the model adopted a 

crouch and calcaneal gait to reduce ankle torques (Figure 1C). 

Both gaits are in agreement with reported compensation 

strategies [3-4]. With a transtibial passive prosthesis, predicted 

ankle torques were, as expected, larger for the affected leg than 

for the unaffected leg during mid-stance (Figure 1D) [5]. 

 

Figure 1: Effect of (A) varying gait speed, (B) weakening all hip 

muscles, (C) weakening the ankle plantarflexors, and (D) replacing 

part of the leg with a transtibial passive prosthesis. 

Conclusions 

We demonstrated the ability to predict the mechanics and 

energetics of a wide range of healthy and pathological human 

gaits with complex musculoskeletal models. In the future, we 

expect these predictions to enable optimal design of treatments 

aiming to restore gait function. 
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Summary 

Personalisation is crucial in neuromusculoskeletal (NMSK) 

modelling, especially in understanding neuromuscular 

disorders, such as cerebral palsy. Nonetheless, commonly used 

NMSK models rely on scaled generic musculoskeletal 

anatomies and optimisation algorithms to solve for muscle 

forces. Consequently, pathology-related abnormalities may not 

be mimicked, leading to erroneous estimates. In this study, we 

propose ways to personalise NMSK models to enable more 

physiological estimates of muscle and joint contact forces. 

Introduction 

CP is a non-progressive neuromuscular disorder affecting 

children all around the world. Management of CP is often 

primarily based on a gait assessment of external biomechanics, 

such as joint angles and moments. Internal biomechanical 

factors such as muscle and joint contact forces (JCFs) cannot 

be directly measured, but may be estimated via 

neuromusculoskeletal (NMSK) modelling. However, current 

NMSK models are not personalised and may be unable to 

fully capture CP-related abnormalities. Musculoskeletal 

anatomy is often based on generic templates and muscle forces 

are solved using optimisation methods that minimise pre-

defined criteria, which may not well represent aberrant motor 

control present in CP.  

Personalised paediatric NMSK models are being developed 

using open-source tools such as the MAP Client framework 

[1], OpenSim [2] and CEINMS [3]. The aim of this study was 

to generate personalised NMSK models that better represent 

anatomy and to estimate muscle forces and JCFs in typically 

developing (TD) paediatric populations and children with CP.  

Methods 

Magnetic resonance imaging (MRI), motion capture 

(MOCAP) and electromyography (EMG) data were collected 

on 6 children (3 TD and 3 with CP, age: 8.33±2.13 years). 

Bilateral lower limb bones, knee joint cartilages and ligaments 

were manually segmented using Mimics (v20, Materialise, 

Leuven, BE). MOCAP and EMG data from 15 walking trials 

per subject were processed in Vicon Nexus and MOtoNMS. 

The gait2392 OpenSim model [2] was selected to represent the 

base musculoskeletal anatomy for all participants. From this, 

six NMSK models with increasing level of personalisation are 

being developed: (1) scaled base model employing static 

optimisation, (2) scaled base model employing EMG-assisted 

methods [3], (3) model 2 with calibrated MTU parameters, (4) 

model 3 with muscles maximal isometric forces scaled by 

volumes from MRI, (5) model 4 with MRI-derived knee joint 

kinematics [4] and (6) customised MAP model with 

personalised bones, joints, muscle attachments and pathways 

based on SOMSO anatomical model (Marcus Sommer 

SOMSO Modelle, Sonneberg, GER), and calibrated MTU 

parameters which employed EMG-assisted methods. Model 

accuracy was tested comparing experimental and tracked joint 

kinetics (R2
mom) and EMG patterns (R2

EMG). Estimated JCF 

profiles were visually inspected.  

 

Figure 1: Subject-specific characteristics implemented in the six 

developed NMSK models. From a generic scaled OpenSim model 

(left) to a fully personalised MAP OpenSim model (right). 

Results and Discussion 

Results for the first 4 level of personalisation are here 

presented. EMG-assisted NMSK models (personalisation 2, 3 

and 4) better tracked experimental data compared to models 

employing static optimisation (R2
EMG: 0.69(0.23), 0.79(0.19), 

0.73(0.22) versus 0.23(0.10) and 0.64(0.25), 0.71(0.27), 

0.62(0.25) versus 0.22(0.19), for TD and CP. P<0.002. 

R2
mom~1 for all models). When MTU parameters were not 

calibrated (personalisation 2) EMG-assisted models produced 

large JCF profiles compared to all other tested models, even 

for a TD child. We expect the personalised MAP model to 

show similar joint kinematics and kinetics but different JCFs 

estimates to the presented models due to inclusion of subject-

specific bones, joints, muscle attachments and pathways. 

Conclusions 

Personalisation enables generating NMSK models that better 

represent the human body and that are able to mimic CP-

related abnormalities. Results from fully personalised NMSK 

models (level of personalisation 5 and 6) will be presented at 

the congress. 
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Summary 

Knee osteoarthritis (KOA) is a major cause of pain and 

disability in the elderly population with many daily living 

activities being difficult to perform. In the present study, we 
describe and evaluate an inertial motion capture (IMC) 

driven musculoskeletal model to estimate the knee adduction 

moment and tibiofemoral joint contact force. Eight elderly 

participants performed activities common in daily living, 

including stair climbing and sit to stand movements. The 

findings demonstrated that a musculoskeletal model driven 

by IMC provide estimates of tibiofemoral joint moments and 

contact forces, with comparable accuracy to the same 
musculoskeletal model using optical motion capture (OMC) 

and force plate measurements.  

Introduction 

Knee osteoarthritis is a major cause of pain and disability in 
the elderly population with many daily living activities being 

difficult to perform. The present study aimed to estimate the 

knee adduction moment and tibiofemoral joint contact force 

during daily living activities using a musculoskeletal model 

with IMC derived kinematics in an elderly population. The 

estimates were synchronously validated against OMC 

derived kinematics and force plate measurements. 

Methods 

Eight elderly participants (age 50+) were instrumented with 

17 inertial measurement units, as well as 53 opto-reflective 

markers affixed to anatomical landmarks. A customised 

staircase was built with the first two steps independently 
attached to two force plates. Participants performed stair 

ascent, stair descent, and sit-to-stand movements while both 

motion capture methods were synchronously recorded. A 

musculoskeletal model containing 39 degrees-of-freedom 

was used to estimate the knee adduction moment and 

tibiofemoral joint contact force. Using the OMC and force 

plates, ground reaction forces were used in combination with 

the 3D joint angles to perform inverse dynamics, while the 
inertial motion capture was combined with a ground reaction 

force prediction algorithm to perform inverse dynamics. 

Results and Discussion 

Moderate to strong Pearson correlation coefficients were 

found in the knee adduction moment and tibiofemoral joint 

contact forces with RMSE between 0.006-0.014 body 

weight*body height and 0.4 to 1 body weights, respectively 

(Figure 1). 

 

 

 

Figure 1: The Knee Adduction Moment and Knee Joint Reaction 
Force across the stance phase from the IMC-driven musculoskeletal 
model (red) versus the OMC-driven musculoskeletal model (blue), 
for each of the daily living tasks. 

The present study estimated approximately 2 bodyweights 

during sit to stand, which had the lowest contact forces of 

the tasks estimated; while approximately 4 bodyweights 

were measured during stair descent, which had the highest 

contact forces of the tasks estimated. Similar values have 
been reported in in-vivo studies using instrumented implants 

[1, 2]. 

Conclusions 

The findings demonstrated that a musculoskeletal model 
driven by IMC provide estimates of tibiofemoral joint 

moments and contact forces, with comparable accuracy to 

the same musculoskeletal model using OMC and force plate 

measurements. Such knowledge may now enable 

applications to analyze knee joint function during daily 

living activities in the natural environment. 
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Summary 

Using indirect calorimetry, we can measure the average cost of 

a stride cycle but we cannot identify which phase has the 

highest metabolic cost (e.g. in patients). Recent simulation 

methods allow estimating the time profile of metabolic cost 

within the stride cycle. In this study, we compare the 

estimations of the time profile of the metabolic cost of two 

simulation methods for level and uphill walking. We used the 

muscle-level metabolic model of Umberger to estimate the time 

profile of metabolic cost based on an electromyography and 

kinematics driven musculoskeletal simulation, and we also 

estimated the time profile of metabolic cost based using the 

joint-space model of Roberts et al. Results show that both 

simulations predict the change in metabolic cost between level 

and uphill walking similarly well but there are differences in the 

estimated phases with high metabolic cost.  

Introduction 

In modern motion capture labs, we can measure kinematics, 

kinetics, and EMG at high framerates, which allows us to plot 

detailed time profiles within the stride cycle. However, with 

indirect calorimetry, we can only measure the average cost of a 

stride cycle. This prevents us from identifying which part of the 

gait cycle causes increased metabolic cost in patient 

populations. Recent simulation methods allow estimating the 

time profile of metabolic cost within the stride cycle [1], [2]. 

Umberger [1] developed equations that allow estimating the 

time profile of metabolic cost using electromyography-driven 

musculoskeletal simulations [1]. Roberts et al. [2] developed 

another set of equations that allow estimating the time profile 

of metabolic cost using only joint moments and angular 

velocities. In this study, we aimed to compare the estimations 

of the time profile of the metabolic cost of two simulation 

methods for level and uphill walking. 

Methods 

In this plot analysis we used kinematic, kinetic and 

electromyography data from level and uphill walking from 

three participants [3]. We estimated the time profiles of 

metabolic cost using the muscle-level metabolic model of 

Umberger [1] by entering electromyography and kinematic data 

into a musculoskeletal simulation (OpenSim) to generate 

estimates of muscle-level mechanics [4]. We also estimated the 

time profile of metabolic cost based on the joint moments and 

joint angular velocities using the method of Roberts et al. [2]. 

Results and Discussion 

Using the method of Roberts et al. [2], we found a phase with a 

high metabolic cost during the first 20% of the gait cycle and 

another phase with an increased metabolic cost during late 

stance and swing. Using the method of Umberger [1], we found 

a phase with more steady high metabolic cost throughout the 

stance phase. The differences in estimated time profiles could 

be because both methods use different input data (muscle 

mechanics versus joint mechanics) (Fig. 1). Using both 

methods, we found a similar small underestimation of the 

relative increase in the metabolic cost of uphill walking on a 10 

% slope (Fig. 2).  

 
Figure 1: Estimation of the time profile of metabolic cost with 

Umberger [1], Roberts et al. [2] methods. 

 
Figure 2: Increase in average metabolic cost in uphill walking 

compared to level walking using the estimation methods of  

Umberger [1], Roberts et al. [2], and indirect calorimetry [3]. 

Conclusions 

There is no experimental measurement of the time profile of 

metabolic cost that allows identifying which of the two time 

profile estimations is more accurate. Experiments with robotic 

devices that allow altering metabolic cost during specific phases 

of the gait cycle [5] could perhaps provide new insights. The 

fact that both methods are able to detect the increase in 

metabolic cost during uphill walking suggest that they could be 

useful as an input for optimization methods of assistive devices 

(e.g., exoskeletons).   
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Summary 

This study examined the effect of abductor muscle 
strengthening on joint loading in patients with developmental 
dysplasia of the hip (DDH). Abductor strengthening reduced 
peak hip joint reaction force (JRF) by a maximum of 205.2 N 
(33.7% body weight), yet also increased anterior hip JRF. 

Introduction 

DDH is characterized by abnormal acetabular and femoral 
geometries that alter hip joint loading and increase the risk of 
hip osteoarthritis (OA) [1-2]. Previous investigations have 
demonstrated that patients with chronic hip pain, including 
(but not limited to) DDH, demonstrate abductor weakness [3]. 
Weakened hip abductors have been shown to increase hip joint 
loading in a healthy population [4], yet its effect on loading in 
the DDH population remains unknown. Furthermore, abductor 
strengthening is commonly prescribed for DDH, yet its effect 
on joint loading within this population also remains unknown. 
Accordingly, the objective of this investigation was to 
determine the sensitivity of hip joint loading to hip abductor 
muscle strengthening within a probabilistic framework. 

Methods 

Probabilistic analyses characterized the effect of hip 
strengthening in DDH. With IRB approval, MRI (psoas origin 
to knee) and treadmill gait data were collected from a female 
patient with DDH (age: 17; BMI: 22.7 kg/m2; lateral center 
edge angle: 18.2º). Kinematics (100 Hz) and ground reaction 
forces (2000 Hz) were collected at the patient’s self-selected 
speed (1.5 m/s). An existing musculoskeletal model [5] was 
modified by including subject-specific pelvis/femoral 
geometries, hip musculature origins/insertions generated from 
MRI, and subject-specific isometric strength values [3].  

The effect of abductor strengthening on hip JRF was assessed 
using 2,000 Monte Carlo (MC) simulations. In each iteration, 
maximum isometric strength of the primary hip abductors 
(gluteus medius (GMED), gluteus minimus (GMIN), tensor 
fasciae latae (TFL)) were increased relative to the baseline 
experimental value by randomly sampling from an input 
distribution. This distribution was created by measuring 
isometric torques using dynamometry in 11 female healthy 
controls (HC) and 12 female patients with DDH. Hip JRF 
were determined within each MC iteration using static 
optimization. 99% confidence bounds were used to assess the 
influence of simulated strengthening on hip JRF in early 
(JRF1) and late (JRF2) stance. 

Results and Discussion 

Patients with DDH demonstrated weaker hip abductor torques 
compared to HC (Fig. 1a). At JRF1, simulated strengthening 
decreased the JRF in the superior, medial, and resultant 
directions; yet resulted in a slight increase of anterior hip JRF 
(Table 1, Fig. 1b). At JRF2, simulated strengthening resulted 
in a decrease in hip JRF in all directions, with a maximum 
decrease of 205.2 N (33.7% BW) of the baseline resultant hip 
JRF (Table 1, Fig. 1b). These results indicate that 
strengthening non-uniformly redirects the JRFs within the hip, 
as indicated by different bound sizes across force components. 

 
Figure 1. (a) Maximum isometric muscle torque of the current DDH 
patient, a DDH cohort (n=12) and HC (n=11) and (b) 0.5-99.5% 
confidence bounds (shaded) and baseline hip JRF (solid line). 

Conclusions 

Simulated strengthening of the hip abductors reduced absolute 
maximum values of hip JRF during stance. However, 
strengthening resulted in an increase of anterior JRF in early 
stance. Increased anterior JRF may result in increased stresses 
on the anterior joint, which is the most common point of 
degeneration in DDH [6]. These results suggest that 
strengthening alone may not be the most effective intervention 
to reduce loading, presumed to be associated with pathology. 
Future work will investigate the effect of other interventions 
(e.g. movement retraining) on hip loading. 
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Table 1. Baseline, 0.5 and 99.5% confidence bound (CB) of hip JRF values (xBW) at JRF1 and JRF2. Shaded indicates lower JRF than baseline. 
 Anterior/Posterior (A/P) Force Superior/Inferior (S/I) Force Medial/Lateral (M/L) Force Resultant (Res) Force 

JRF1 JRF2 JRF1 JRF2 JRF1 JRF2 JRF1 JRF2 
Baseline 0.23 3.80 4.94 5.75 1.73 2.22 5.25 7.24 
0.5% CB 0.25 3.62 4.85 5.45 1.74 2.23 5.16 6.91 

99.5% CB 0.37 3.77 4.97 5.68 1.72 2.21 5.27 7.17 
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Summary 
Decades of in vivo exogenous skeletal loading studies have 
identified numerous loading parameters associated with 
enhanced osteogenic responses while also revealing signalling 
pathways essential for mechanostransduction.  However, the 
translation of these insights into effective exercise 
interventions has been, at best, only modestly effective.  In 
this presentation, we will review data that underscores the 
challenge of translating knowledge derived from isolated 
skeletal loading experiments to clinical interventions.  

Introduction 
Explorations of focal skeletal loading have revealed that the 
skeleton is able to recognize and respond to mechanical 
stimuli superimposed on its daily mechanical environment and 
locally adapt to the perceived challenge of these stimuli.  For 
example, alterations in strain rate, frequency of the stimulus, 
and rest intervals between cycles all elicit varying degrees of 
bone formation across age and hormonal status [1-3].  Given 
this literature, the extremely limited ability of modest exercise 
interventions to augment bone mass and morphology in 
humans is disappointing [4,5].   
Regardless of field, there are numerous challenges in 
translating preclinical observations to successful human 
interventions, but one strategy to enhance translational 
potential is to reduce bias by minimizing disparities between 
preclinical models and humans [6,7].  As an illustration, we 
will briefly review a recent manuscript that attempted to 
clarify one such loading related barrier [8]. 
Methods 
In the course of developing a new exogenous loading model to 
induce off-axis compression of the mouse tibia, we realized 
that: 1) even the confined exogenous skeletal loading induced 
highly heterogenous normal strains (Figure 1), and 2) the 
magnitude of static preload (SPL, a static compressive load 
required to stabilize loading) could be reduced orders of 
magnitude lower than the SPL used in current models.  
Considering that static loading alone impairs 
mechanoresponsiveness, we explored bone adaptation induced 
when a given dynamic loading regimen (-3.8 N) was 
superimposed on either a -1.5 N, -0.5 N, or -0.03 N SPL.  We 
used µCT imaging and dynamic histology to quantify 
trabecular and cortical adaptation, respectively. 

Results and Discussion 
Mice undergoing a 3 wk regimen with a -1.5 N SPL 
demonstrated significantly decreased trabecular BV/TV versus 
contralateral tibiae (-12.9%).  In contrast, the same dynamic 
loading paired with a -0.03 N SPL significantly increased 
BV/TV vs contralateral tibiae (+12.3%) and the -0.5 N 

(+46.3%) and -1.5 N SPL groups (+37.2%).  At the midshaft, 
the modest but significant increase in p.BFR induced by 
dynamic loading superimposed on -1.5 N and -0.5 N SPLs 
was significantly elevated in the -0.03 N SPL group (> 200%).   

 
Figure 1: Heterogenous normal strain environment induced when the 
murine tibia and fibula are loaded in off-axial compression.  An FE 

model (A; boundary conditions noted) was developed from µCT 
images and analyzed to quantify normal strains (B; -3.8 N load).   

Conclusions 
Despite its near ubiquitous presence, the inhibitory impact of 
SPL has not been recognized in bone adaptation models, and 
SPLs are neither universally reported nor standardized.  This 
study therefore identified a previously unrecognized, potent 
inhibitor of mechanoresponsiveness that has potentially 
confounded studies of bone adaptation.  It is reasonable to 
speculate that numerous other aspects of exogenous loading 
models present additional confounding factors that challenge 
clinical translation.  For example, the highly heterogenous 
strain environment induced even by experimentally controlled 
loading conditions emphasizes the importance of quantifying 
strain distributions across studies.  Further, considering how to 
use mechanotransduction insights to guide skeletal pathology 
countermeasures (e.g., when and/or how to initiate modest 
skeletal loading to optimally enhance bone healing following 
fracture) highlights the challenge of extrapolating bone 
adaptation insights to complex biological systems subject to a 
host of confounding genetic and epigenetic influences. 
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Summary  

Using standardised kinematic inputs and implant alignments 

can limit the scope of experimental wear testing for total 

joint replacement. Introducing patient and population inputs, 

from biomechanical, clinical and retrieval studies, can 

enhance the predictive power of pre-clinical testing for 

evaluating implant performance.  

Introduction  

Pre-clinical evaluation of total joint replacement has been 

embedded within regulatory frameworks for the approval of 

new devices for a number of years, and there are numerous 

international standards for testing protocols that include the 

kinematic inputs for simulation.  Historical studies often 

utilise standard implant alignment and normalised loading 

and motion inputs – often based on biomechanical data 

obtained from young, healthy volunteers.  

There is growing evidence that these methods are 

insufficient in predicting clinical performance and that 

developing patient or population specific models is key for 

defining the operational performance envelopes of 

arthroplasty.  Preclinical testing needs to do more than 

demonstrate minimum function; it can be used to identify 

where failure may occur.  

Methods  

Wear simulation has been undertaken in total hip (THR), 

knee (TKR) and ankle (TAR) replacements using 

experimental simulators (Simulation Solutions, UK).  

Typically, a minimum of six implants have been tested, for 

a period of five million cycles or more.  In all cases, the 

implants were lubricated with 25% bovine serum, 

supplemented with sodium azide to retard bacterial growth.  

Most studies were run under displacement control, with axes 

of motion controlled as summarized in the table below.  

  
Axial 

load/N  

AP 
displacement  

/mm  
Int-External 

rotation /deg  

Flex-  
Extension/ 

deg  

Ab- 
Adduction  

/deg  
THR  X  -  X  X  X  
TKR  X  X  X  X  X (in some 

cases)  
TAR  X  X  X  X  Free  

Early studies utilised kinematic inputs from the literature, 

usually based on healthy volunteers [e.g. 1, 2], with implants 

set up in ideal alignment.  

Retrieval analysis of total hip, knee and ankle replacements 

was undertaken at the University of Leeds utilising visual wear  

 

scoring, in addition to development of specific device based 

analysis [4, 5].  Discrepancy between wear rates and wear scars 

was identified through comparison of experimentally tested 
samples and those retrieved from patients.  Further development 

of experimental wear testing, to model variation in implant 

alignment and patient biomechanics, including utilisation of 
springs to mimic the influence of soft tissues in the hip 

(physical) and knee (virtual) was undertaken.     

Results and Discussion  

Experimental wear data has been achieved for a variety of 

materials for total hip replacement (such as metal-on-metal, 

ceramic-on-ceramic and metal-on-polyethylene).  Retrieval 

analysis highlighted the presence of stripe wear on ceramic hip 

replacements, which was not apparent on the experimentally 

tested samples.  Development of new testing protocols that 

incorporated joint laxity and higher cup angles resulted in 

experimental studies that more closely replicated clinical 

performance.  Lift-off from the polyethylene insert in both knee 

and ankle replacement has been identified through fluoroscopic 

studies.  Experimental models that incorporate this phenomenon 

have been shown to have an influence of wear behaviour in 

fixed and mobile total knee replacements, and mobile bearing 

total ankle replacements.  

Conclusions  

Development of pre-clinical testing driven by patient and 

population specific inputs, in terms of implant alignment, 

patient biomechanics and contribution of soft-tissue constraints, 

is allowing more robust testing of total joint replacements.  

Ultimately this will enable more reliable prediction of 

performance for future devices.   
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Summary 
Hip dysplasia is an anatomic deformity that causes joint 
instability and abnormal contact mechanics, which is known to 
lead to hip pain and early osteoarthritic joint degeneration. 
Computational modeling using techniques such as discrete 
element analysis (DEA) offers the opportunity to evaluate 
intra-articular contact mechanics of patient-specific anatomy 
and surgical correction.  Establishing relationships between 
intra-articular contact mechanics and tissue health and/or 
patient reported outcomes would allow for computational 
mechanics information to become a useful aid to clinicians 
managing patients with hip deformity. 

Introduction 
The effects of structural deformities of the hip joint on 
activities of daily living, sports performance, and long-term 
joint health are increasingly of interest to multiple research 
communities.  While hip deformities such as dysplasia are 
often identified and addressed in pediatric populations, there 
has been an exponential increase in the diagnosis and 
treatment of these types of deformities in young adults.  The 
goals of treatment are pain reduction, improvement of 
functional range of motion, and prevention of future 
development of degenerative osteoarthritis.  Pain reduction 
and joint function are most often investigated using a variety 
of patient reported outcomes and performance measures, 
whereas the effects of deformity and treatment are most often 
studied using computational modeling and long-term outcome 
measures of joint survivorship. 

Methods 
Preoperative and postoperative patient-specific hip models of 
>100 individuals who have undergone periacetabular 
osteotomy (PAO) to correct acetabular dysplasia were created 
from CT scans.  Discrete element analysis (DEA) [1] was used 
to calculate joint contact stress in each hip before and after 
surgical correction.  Subgroups with differing ages, degrees of 
deformity, and concurrent femoral deformities have been 
investigated by comparing preoperative and postoperative 
contact stress patterns and magnitudes to patient reported 
outcomes (including VAS pain, PROMIS physical function, 
HOOS, etc.), arthroscopically documented cartilage 
degeneration, and overall joint survivorship. 

Results and Discussion 
Joint contact stresses in patients with dysplasia are higher than 
those in normal hips.  After deformity correction with PAO, 
contact stress decreases, but remains significantly elevated 
compared to non-dysplastic hips.  PAO in patients with 
femoral deformity that is not corrected at time of surgery does 
not provide a meaningful reduction in joint contact stress [2].  

Areas of high contact stress appear to correlate with cartilage 
damage but have a less consistent relationship with early or 
late post-operative patient reported outcomes.  The methods 
used to generate cartilage layers in CT scan-based models [1] 
and the kinematic and kinetic inputs to the models [3] have a 
major effect on the calculated contact stress.  

 
Figure 1: DEA-computed joint contact stresses in a patient with hip 

dysplasia before and after a periacetabular osteotomy to treat the 
deformity.  Contact stresses are medialized after surgery, but not 
reduced to levels seen in an age-/weight-matched control subject. 

Conclusions 
Computational models of dysplastic hips have provided 
information about intra-articular contact mechanics that is 
useful for identifying relationships with cartilage degeneration 
and the potential for osteoarthritis development.  There is 
great opportunity to expand on these models by incorporating 
patient-specific movement patterns and biological/imaging 
outcome measures.  In the future, contact stress information 
may be used to guide a patient towards physical therapy, 
surgery, or a combination of both, and to provide a realistic 
estimation of that patient’s chances for pain relief, joint 
function, and long-term joint health. 
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Summary 
Recent developments in medical imaging allow for the non-
invasive assessment of intervertebral disc properties 
(biochemical and biomechanical) and spinal arthrokinematics 
through the use of quantitative magnetic resonance imaging 
(MRI) and biplane radiography, respectively. This talk will 
highlight these advancements, with work from our lab and 
others, and discuss the integration of pathomechechanical 
knowledge into clinical practice. 

Introduction 
Current assessment for the painful spine consists of a clinical 
exam, which is often accompanied by diagnostic imaging to 
assess tissue pathology – each with limitations. Clinical 
evaluations are variable, subjective, and cannot evaluate 
underlying segmental contributions to motion to isolate levels 
of dysfunction. Traditional pathoanatomical imaging, 
primarily T2 weighted MRI of the intervertebral disc (IVD), 
only provides information on the relative hydration levels and 
is often inconclusive. Therefore, there is a clinical need for 
non-invasive techniques to quantity intersegmental 
arthrokinematics as well as the biochemical and 
biomechanical properties of the IVD. The purpose of this talk 
is to describe recent advancements in biplane radiography and 
quantitative MRI and how these tools may play a vital role in 
clinical assessment and for evaluating emerging treatments.  

Methods 
Biplane Radiography: Biplane radiography allows for the 
precise measurement of dynamic bone motion in 3D by 
optimizing the alignment of a bone model to the two 
radiographic projections (Fig 1). Traditionally, the bone model 
is derived from CT. However, this comes with high radiation 
cost and limits clinical translatability. Our group recently 
conducted a series of validation experiments using bone 
models from ultrashort echo time (UTE) sequence, PETRA-
Pointwise Encoding Time Reduction with Radial Acquisition, 
to generate “CT-like” models in conjunction with our custom 
2D-3D image registration algorithm (Nelder-Mead Simplex 
optimization, maximizing a normalized cross correlation 
similarity measure) to yield intersegmental motion of the 
cervical and lumbar spine.  

 

Quantitative MRI: A series of experiments were conducted 
with cadaveric lumbar IVDs to define the relationship between 
quantitative T2* relaxation times and corresponding 
sulphated-glycosaminoglycan (s-GAG) content and residual 
stress, or pressure [1]. These linear regression equations were 
then used to predict s-GAG and residual stress non-invasively 
in asymptomatic individuals across the age spectrum.  

Results and Discussion 
Biplane Radiography: UTE MRI derived bone models 
demonstrated similar bony contrast (Fig 2) and yielded 
comparable tracking accuracy to CT (RMSE within 1.63 mm 
and 1.45º). 

Quantitative MRI: A 
strong and significant 
correlation was observed 
between age and T2* 
relaxation time. The 
prediction intervals for s-
GAG and residual stress 
generated similar ranges 
observed in previous ex vivo 
studies [2]. Furthermore, the 
nucleus pulposus (NP) 
signal in conjunction with 
volumetric surface maps provided the ability to discern 
differences during initial stages of disc degeneration (Fig 3). 

Conclusions 
Advancements in medical imaging provide the ability to non-
invasively evaluate intersegmental motion (biplane 
radiography) and sensitive biomarkers for IVD health 
(quantitative MRI). Clinical translatability of these techniques 
may have profound impact on clinical care and assessment of 
emerging treatments and therapies.  
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Summary 

To better understand the effects of fatigue on running 

biomechanics, data were collected using an inertial 

measurement unit (IMU) for 28 subjects running a marathon 

race. During one marathon, however, one male recreational 

runner sustained a running-related injury in his left calf 

muscle and retired near the 28-km mark. In this case study, 

we use a composite index to characterize subject-specific 

‘typical’ running patterns for the injured runner at the 

beginning of the race and detect ‘atypical’ patterns that may 

have been indicative of injury.  

Introduction 

For lab-based settings, it is well documented that fatigue 

and/or injury can result in atypical running biomechanics 

[1,2]. Wearable technology presents an opportunity to 

investigate the effect of prolonged fatigue on running 

biomechanics in real-world settings and determine when 

atypical running patterns lead to injury [3]. Therefore, the 

purpose of this study was to use wearable technology data to 

identify a typical running pattern for a runner at the 

beginning of a marathon and detect how his running patterns 

became atypical prior to extreme pain and injury.  

Methods 

Data from 28 healthy marathon runners and one injured male 

runner were used for this study. Data were collected during 

seven different marathon races. A commercially-available 

IMU (Lumo Run®) was placed on the lower back. Six 

variables (cadence, bounce, braking, pelvic drop, pelvic 

rotation, and ground contact time) were computed on-board 

the IMU, with a measurement recorded every five strides. 

Participants were also outfitted with a GPS watch to record 

distance and speed.  

The first 4km were considered as warm-up and removed 

from each dataset. The next 10km (4-14km) of steady-state 

running data were considered the ‘typical’ run. The 

remaining data were partitioned into 2km test sections (i.e., 

14-16km, 16-18km, 20-22km, … 40km-Finish). Subject-

specific running patterns were quantified using a composite 

index [4]. The mean (µTypical) and standard deviation (SD, 

σTypical) of each IMU variable for each runner in his/her 10km 

‘typical’ run section were first calculated. Then, for each 

2km test section, the composite index (z) was created for 

each observation (x) with µTypical and σTypical. 

𝑧𝑖 =
1
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 𝑥𝑖𝑗 −  𝜇𝑇𝑦𝑝𝑖𝑐𝑎𝑙  
𝑗
 

 𝜎𝑇𝑦𝑝𝑖𝑐𝑎𝑙  
𝑗

, 𝑖 = 𝑒𝑎𝑐ℎ 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛, 𝑗 = 𝑒𝑎𝑐ℎ 𝑏𝑖𝑜𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒

6

𝑗 =1

 1 

This composite index represents the number of SDs by 

which the observation was above or below the mean value 

from the ‘typical’ run, averaged across all six biomechanical 

variables. A higher composite index indicates more 

‘atypical’ running strides within a given 2km test section.  

Results and Discussion 

For the first half of the race, the composite indices for the 

injured runner were comparable to the control group. Then, 

the indices increased exponentially until retirement (see 

Figure 1). According to his reflective statement, he felt knots 

in his left calf and slight pain in both legs at the 21-km mark 

but continued to run. At the 24-km mark, he felt comfortable 

running, yet the number of ‘atypical’ observations (yellow 

bar) continued to rise. Prior to injury (about the 28-km 

mark), the runner’s composite index was 2.19 SDs greater 

than his typical running pattern (red bar). In contrast, 

average the composite index for the uninjured runners was 

never 1.67 SDs for the entire race. 

 

Figure 1: Composite indices for the Injured runner (solid coloured 

bars) and Healthy Runners (grey bars). 

Conclusions 

This study presented a novel subject-specific method, using 

wearable technology data, to detect fatigue- and injury-

related changes in running gait patterns. These methods 

could be useful for future research involving longitudinal 

studies with subject-specific data to identify changes in 

biomechanics that may precede injury or be related to fatigue 

development. 
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Summary 
This abstract describes an analysis technique using a single, 
sacrum-worn inertial sensor to estimate kinetic descriptors of 
sprint performance. The ability of the proposed technique to 
assess sprint performance is demonstrated and compared to a 
previously validated photocell-based method. 

Introduction 
Recent advances in field-based sprint performance 
assessments enable estimation of kinetic sprint performance 
metrics best able to discriminate performance [1], namely 
sprint average forward ground reaction force (F), sprint 
average forward power (P), and the sprint average ratio (RF) 
of F relative to ground reaction force magnitude at each step 
(expressed as a percentage).  Current techniques use 
equipment which limit their applicability due to cost, 
constraints they place on movement, or because they are 
insensitive to other important indices of sprint performance 
(e.g. bilateral asymmetries). Wearable inertial measurement 
units (IMU) are a promising technological candidate to further 
advance field-based sprint assessments and overcome some of 
these limitations.  Methods exist for estimating ground 
reaction force during the sprint start [2] and sprint velocity (v) 
during an entire 40 m sprint [3] using a single IMU, but the 
validity of this approach for estimating F, P, and RF during an 
entire 40 m sprint is unknown. 

Methods 
Eight male non-sprinters and eight male collegiate level 
sprinters performed three 40 m sprints with a single inertial 
sensor worn around the sacrum. Photocell timing gates 
recorded split times at 10 m, 15 m, 20 m, 30 m, and 40 m. 
Performance variables for each subject’s best sprint were 
estimated using the proposed technique and the photocell 
method described in [4]. Briefly, the photocell position-time 
data inform a macroscopic model of sprint dynamics which 
along with whole-body mass and estimates of aerodynamic 
drag enable an estimate of F. Then, estimates of F along with 
velocity estimates are sufficient to compute F, P, and RF 
describing a sprinter’s force-velocity profile [4]. 

The proposed technique uses IMU data only to estimate v and 
step-average F via the methods described in [3] and [2] 
respectively to compute sprint average F, P, and RF. The 
estimate of each performance variable from the proposed 
technique is compared to the photocell estimate using 
Pearson’s product-moment correlation coefficient.  The ability 
of each performance variable to discriminate sprint 
performance is assessed using Pearson’s product-moment 
correlation coefficient with 40 m time and independent t-tests 
comparing sprinters and non-sprinters separately for both 
methods. The level of statistical significance was set a priori 
at 0.05. 

Results and Discussion 
Figure 1 contains scatter plots comparing the IMU and 
Photocell estimates of each performance variable. IMU 
estimates were strongly correlated with photocell estimates of 
RF (r = 0.84, p < 0.01), F (r = 0.87, p < 0.01), and P (r = 0.88, 
p < 0.01). Both methods detected significantly higher F, P, 
and RF values for sprinters compared to non-sprinters and 
showed strong correlations between 40 m time and RF (IMU: 
r = -0.85, Photocell: r = -0.92), F (IMU: r = -0.87, Photocell: r 
= -0.94), and P (IMU: r = -0.84, Photocell: r = -0.95).  Our 
results confirm the results of others [1] concerning the use of 
RF, F, and P to evaluate sprint performance. 

Conclusions 
The proposed technique is advantageous in terms of ease of 
use, cost, and because it enables estimation of other 
performance variables that currently deployed techniques 
cannot measure.  The results from this study demonstrate the 
utility of the proposed technique to assess sprint performance. 
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Figure. 1 Scatter plots of IMU and Photocell estimates of (a) RF, (b) F, and (c) P for sprinters (triangles) and non-sprinters (circles). 
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SUMMARY 

Novel adaptive zero-velocity update (ZUPT) criteria when 
applied to data from a shin-mounted inertial measurement unit 
(IMU) are able to acceptably track start-stop pedestrian 
movements conducted at multiple velocities.  This approach 
appears to overcome the persisting limitation of distinguishing 
complex movement patterns from shank IMUs. 

INTRODUCTION  

Soldiers often train in austere environments where 
environmental features preclude foot-mounted IMUs, and the 
activities performed are complex.  Shin-mounted IMUs are 
promising for quantifying soldier movements and gait 
characteristics, but ZUPT criteria developed for foot IMUs are 
not suited for the shank motions measured by shin IMUs.  
Furthermore, a simple gyro threshold ZUPT criterion is not 
sufficient to cover standing, walking and running, and 
transitions between standing and prone. Therefore, the purpose 
of this effort was to develop and examine the acceptability of 
novel ZUPT criteria specific to the shank for the ability to 
accurately track pedestrian movements across disparate 
physical activities.  

METHODS 

Ten male Soldiers (age=23.3±2.7 yrs.; height=1.78±.07 m; 
mass=87.3±15.9 kg) performed four sprints on an outdoor 
course while wearing body armor and gear (28.6 kg). The 
subjects walked to a nearby cone and began the sprints from a 
prone position. The first sprint was 10 m, followed by a ~5 m 
deceleration zone and short prone rest. The course continued 
with three more sprints (30, 10, and 30 m) with a short prone 
rest between each. Soldiers were instrumented with a shin 
IMU attached just above their combat boot that collected data 
at 500 Hz. Acceleration and angular velocity from the IMU 
were integrated into a Kalman filter-based pedestrian tracking 
algorithm to estimate position in a navigational frame [1].  

A novel configuration of adaptive ZUPTs for ambulation, non-
ambulation, and stationary activity classifications was then 
applied in the Kalman filter. Ambulation, heel strike, and toe 
off were detected using the mediolateral gyro axis [2]. 
Ambulation ZUPTs were the points of minimum acceleration 
magnitude during each stance phase. For non-ambulatory and 
stationary ZUPTs, acceleration and gyro magnitudes below 
20.0 m/s2 and 1.5 rad/s, respectively, were found within 0.50 
second non-overlapping, sliding windows. If all points in the 
window were below the gyro threshold, stationary ZUPTs 
were applied to all points satisfying the acceleration threshold. 
Non-ambulation ZUPTs were used for intervals where motion 
was inconsistent with ambulation (e.g., rising from prone to 

standing) and were applied to the single point of minimum 
acceleration magnitude below the gyro threshold for windows 
that did not include steps [3]. If two or more ZUPTs occurred 
at consecutive time samples, the position estimates were not 
updated. Results were visually examined for consistency with 
the sprint course and the tracked path lengths of the sprints 
were compared against the nominal path lengths from the 
course. For comparison, a simple ZUPTs tracker that used 
only a gyro threshold ZUPTs (no stance detection or stationary 
or non-ambulatory ZUPTs) was used. 

RESULTS AND DISCUSSION 

The use of adaptive ZUPTs resulted in an end-to-end track 
consistent with the expected sprint course over a wide range of 
movement conditions (Fig. 1A). The simple ZUPT tracker 
performed poorly in estimating position over the course (Fig. 
1B). Across all subjects, the adaptive ZUPTs tracks gave a 
mean path length of 16.6±1.3 m for the short sprint legs (10 m 
sprint with ~5 m deceleration) compared to 9.4±8.6 m for the 
simple ZUPTs. 

 
Fig. 1: Estimated position using (A) adaptive vs (B) simple ZUPTs. 

CONCLUSIONS 

Adaptive ZUPTs successfully tracked pedestrian motion 
during multiple activities from a shin-mounted IMU while 
simple ZUPTs did not track motion well. For adaptive ZUPTs, 
the resulting path lengths were repeatable across multiple 
subjects and trials with low standard deviation. 

ACKNOWLEDGEMENTS 

Funding: Department of the Army under Air Force Contract No. 
FA8702-15-D-0001. Any views, opinions, findings, conclusions or 
recommendations expressed in this material are those of the authors 
and do not necessarily reflect the views of the Department of the 
Army, Department of Defense, or the U.S. Government.   

REFERENCES 

[1] Fischer C et al. (2013). IEEE Pervasive Comput., 12: 17-27. 
[2] Aminian K et al. (2002). J Biomech., 35: 689-69. 
[3] Ojeda L and Borenstein J. (2007). J Navigation, 60: 391–407. 

Sunday, August 04 2019: Morning 1 (0900-1000) 2012

Running and Wearable Sensors 1



 

 

Data-reduction method and surface effects on accelerometer-based estimates of cumulative damage 

 

Olivia L. Bruce1,2, Brett J. Sealine3, Timothy R. Derrick3, W. Brent Edwards1,2 
1Human Performance Laboratory, Faculty of Kinesiology, University of Calgary, Calgary, AB, Canada 

2McCaig Institute for Bone and Joint Health, University of Calgary, Calgary, AB, Canada 
3Department of Kinesiology, Iowa State University, Ames, Iowa, USA 

Email: olivia.bruce@ucalgary.ca  

 

Summary 

Acceleration measures may be collected for entire training 

sessions in real-world conditions using wearable sensors. The 

resulting data must be reduced to provide meaningful metrics. 

The aims of this study were to: (1) quantify the influence of 

binning methods on a cumulative damage metric based on 

tibial acceleration, and (2) determine the sensitivity of the 

damage metric to different running surface conditions. 

Acceleration peaks collected over a 2.4 km run over variable 

surfaces were binned and used to calculate a damage metric. A 

sensitivity analysis determined that a minimum of 7 bins were 

required to calculate a damage metric within 5% of the 

reference value. Peak acceleration and cumulative damage 

were highest when running on grass, and these counter-

intuitive results may reflect limitations of using tibial mounted 

accelerometers as surrogate measures of tibial load.   

Introduction 

Wearable sensors allow for the collection of segment 

accelerations outside of a laboratory environment [1, 2]. Entire 

runs, over many different surfaces, may be collected. This 

results in a large quantity of data, which must then be reduced 

to meaningful metrics in a computationally efficient manner 

[1]. The aims of this study were to: (1) quantify the influence 

of data reduction methods on a cumulative damage metric and 

computational time, and (2) determine the sensitivity of the 

damage metric to different surface conditions. 

Methods 

Nine male recreational runners completed a 2.4 km variable 

surface course at self-selected speed. An accelerometer was 

secured to the distal anteromedial tibia. Average peak axial 

tibia acceleration was calculated for each surface. Tibia 

acceleration peaks were then categorized into 1 to 100 bins. A 

damage metric was calculated as the sum of acceleration 

magnitude (bin mid-point) raised to the power of a weighting 

factor, multiplied by the number of cycles [3]. A sensitivity 

analysis was performed to determine the minimal number of 

bins needed for the calculation to produce a cumulative 

damage metric within 5% of a reference value calculated using 

all peak acceleration magnitudes individually. Processing time 

was also recorded. Based on the results, cumulative damage 

was calculated for each surface. Repeated measures ANOVAs 

were performed to determine differences between surfaces. 

Results and Discussion 

A minimum of 7 bins were required to obtain a damage metric 

value within 5% error of the reference (Figure 1). Processing 

time increased with the number of bins; processing time for 

100 bins was 39.8% (0.000027 s) greater compared to 7 bins.  

 

Figure 1: Error in cumulative damage metric calculations using 

binning technique (1-25 bins) compared to reference calculation. The 

dotted line represents the 5% error cut-off. 

Differences in peak tibia acceleration and damage per 

kilometre were observed between surfaces (p = 0.001 and p = 

0.002, Table 1). Greater peak tibia accelerations occurred on 

grass and cement compared to asphalt surfaces. Damage was 

greater on grass compared to cement and asphalt surfaces. 

Conclusions 

This study illustrates the effect of binning technique on the 

precision of a damage metric calculation and the sensitivity of 

this metric to surface conditions. Based on the findings, 

categorizing acceleration peaks into at least 7 bins is 

recommended, but this may not be sufficient for longer 

duration runs. Additionally, the difference in computational 

time for the relatively short signals analysed in this study was 

negligible but may become important when processing longer 

duration signals. Finally, peak acceleration and cumulative 

damage were highest when running on grass, and these 

counter-intuitive results may reflect limitations of using tibial 

mounted accelerometers as surrogate measures of tibial load.  
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Table 1: Average peak tibia (axial) acceleration (SD) on different surfaces. (†greater than asphalt, *less than grass, p <0.05) 

Surface Dirt Cement Woodchips Grass Asphalt 

Tibia acceleration (g) 6.72 (1.19) 7.06 (1.17)† 6.40 (0.91) 7.46 (1.24) † 6.38 (1.07) 

Cumulative damage (g4.5 steps/ km x106) 2.54 (1.81) 2.60 (1.56)* 3.72 (1.96) 7.76 (4.95) 2.29 (1.39)* 
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Summary 

The maximum energy equivalent strain (EEQ) produced 
during running was positively associated with bone changes to 
distal tibia region that occurred during training for a first 
marathon. However, mean EEQ showed negative effects. 
Additionally, age, gender, height, and mass contributed 
significantly to the changes. 

Introduction 

Running is a popular form of exercise, which can potentially 
improve skeletal health through load-induced bone adaptation. 
However, running can also cause stress fractures, due to the 
accumulation of micro-damage within the bone tissue. Thus, 
the mechanical stimuli produced during running can 
potentially be both helpful and harmful. We hypothesize that 
changes to bone are strain-driven, with high strains generally 
improving bone strength. We examined the relationship 
between distal tibia strain during running and changes to bone 
microstructure and mass in adults training for a first marathon.  

Methods 

Eleven healthy adults, 5 males (age: 30.4±16.1 years, height: 
180.9±7.3 cm, mass: 73.5±10.7 kg) and 6 females (age: 
35.2±7.8 years, height: 162.5±4.1 cm, mass: 70.3±11.5 kg), 
who had registered for a first marathon, participated in this 
institutionally-approved research study. Participants had never 
run more than 21 km in a single bout and trained using a self-
selected, structured marathon training plan that was 15 to 40 
weeks in duration. Pre- and post-training data were collected 
on running biomechanics and distal tibia bone parameters 
(latter with high resolution peripheral quantitative computed 
tomography; HRpQCT; XtremeCT, Scanco, Switzerland). 
From biomechanics data, peak ankle joint contact forces were 
estimated at the instance of peak ankle joint load, assuming 
the Achilles tendon (moment arm: 5 cm) [1] was solely 
responsible for the ankle plantarflexion moment.  

 
Figure 1: Subregions of the distal tibia. Subregions were defined 

based on the volume centroids of tibia and fibula  

High resolution (HR: 82 micron/voxel, 9.02 mm region) and 
low-resolution (LR: 246 micron/voxel, 70 mm region) scans 
of the distal tibia were collected. HR data were analysed for 
cortical bone mineral density (Ct.BMD) and mineral content 
(Ct.BMC), trabecular BMD (Tb.BMD), and BMC (Tb.BMC) 

in anterior, posterior, medial and lateral quadrants (Figure 1). 
The primary outcome was percent change from pre- to post-
test. LR data were used to create subject-specific finite 
element (FE) models simulating peak ankle loading. 
Inhomogeneous, orthotropic material properties were assigned 
based on CT attenuation [2]. From these models, EEQ (ε) 
was calculated. To examine factors that predicted change in 
bone during marathon training, mixed general linear models 
and stepwise multiple linear regressions were used. 

Results and Discussion 

Mixed model analyses revealed that maximum EEQ had a 
significant effect on the percent changes of Ct.BMD, 
Tb.BMD, and Tb.BMC, explaining 41.9 to 52.8% of the 
within-subject variance. Regressions of Ct.BMD and Tb.BMD 
showed significant relationships and were able to explain up to 
43.2 and 53.6% of variations for cortical and trabecular 
percent changes of BMD, respectively (Figure 2).  

 
Figure 2: Predicted value vs. Observed value. % Change of BMD in 

cortical (Left) and trabecular (Right) subregions. For regressions, 
gender male=0, female=1; EQ = equivalent strain.  

With increasing maximum EEQ, Ct.BMD decreased whereas 
Tb.BMD increased. In addition to strain values, body size, 
gender, and age contributed to the prediction of percent 
changes in bone parameters. Quadrant did not have an effect. 

Conclusions 

In this small sample of novice runners, bone strain from 
marathon training affected cortical and trabecular 
compartments differently. In general, mean EEQ had negative 
regression coefficients, while max EEQ had a positive 
coefficient. It is possible that strain gradient, which we did not 
calculate here, may be more important in bone adaptation.  
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Summary 

Contractility increased following both aerobic and resistance 

exercise training. Resistance training resulted in increases in 

maximum force and velocity, aerobic training led to greater 

increases in shortening velocity, while combination training 

resulted in increases in both maximal force and velocity. 

Introduction 

At the structural level, the heart has been demonstrated to 

adapt differently to aerobic and resistance training as a result 

of differing hemodynamic stimuli [1-2]. These differences in 

structural adaptations are hypothesized to coincide with 

differences in mechanical function. Previous work has 

identified that shortening rates are increased, while force 

production is unaffected in cardiac muscle following aerobic 

exercise training. However, it is not known how these 

mechanical factors adapt to resistance training. Therefore, the 

purpose of this study was to evaluate the maximum force and 

velocity properties of cardiac muscle following chronic 

aerobic and resistance exercise training in rats. 

Methods 

Twenty-three three-month-old male Sprague-Dawley rats were 

randomized into four groups: (i) no exercise (control) group 

(n=5), (ii) aerobic exercise training group (n=6), (iii) 

resistance exercise training group (n=6), and (iv) combination 

training group (n=6). Training consisted of established 

progressive treadmill and resistance training programs for 11 

weeks. Aerobic exercise animals ran for 60 minutes 5 days a 

week [3]; resistance exercise animals completed weighted 

ladder climbing exercise 3 days a week [4]; and the 

combination group performed 3 days of aerobic training and 2 

days of weighted ladder climbing. At the completion of the 11 

weeks, hearts were excised and strips of the trabeculae were 

dissected and chemically permeabilized. 

On the day of experiments, fibre bundles were isolated and 

suspended between a force transducer and a length controller 

at 15°C. Sarcomere length was set to 2.2 µm using laser 

diffraction, and the width and length of the fibre bundles were 

measured (mean length and width: 1430 and 128 µm). 

Samples were then transferred to an activating solution to 

determine maximum active force, which was normalized to 

the cross-sectional area (stress). Unloaded shortening velocity 

was determined using the slack test [5]: once the sample was 

maximally activated, it was rapidly shortened by 10% of its 

length (FL). The time until tension redevelopment was then 

used to calculate the unloaded shortening velocity. This was 

repeated at shortening magnitudes of 11%, 12% and 13% of 

FL. 

Results and Discussion 

Maximal active force (stress) was not different between hearts 

from the control and aerobic trained animals. However, active 

stress was greater in hearts from both the resistance-trained 

and the combination groups (p=0.039) (Figure 1).  

Maximal shortening velocity was approximately 10% greater 

in hearts from the resistance and combination trained groups 

and was around 17% greater in hearts from aerobic trained 

animals compared to controls (p=0.001) (Figure 1).  

 

Figure 1: Maximal active stress and shortening velocity from 

isolated cardiac muscle bundles following exercise training. Data 

represents mean±SEM.  
* indicates significant difference from controls. 

An increase in either velocity or force production would result 

in increased contractility and represent an enhanced ability to 

eject blood from the ventricle. Therefore, from a muscle 

mechanics perspective, both training modalities increased the 

performance capacity of cardiac muscle.  

Conclusions 

Aerobic and resistance training both led to increases in 

contractility of the cardiac muscle. However, the specific 

adaptations differed. A combination of training modalities 

may be the most effective strategy for enhancing cardiac 

performance.   

Acknowledgments 

Canadian Institutes of Health Research, Canada Research 

Chair Program, Killam Foundation, Vanier Canada Graduate 

Scholarships, and Alberta Innovates Health Solutions. 

References 

[1] Morganroth J et al. (1975) Ann. Int. Med., 82(4): 521-524. 

[2] Spence AL et al. (2011) J. Phys., 589(22): 5443-5452. 

[3] Boldt KR et al. (2018) J A. Phys., 125(2): 495-503. 

[4] Hornberger TA et al. (2004) Can. J. A. Phys, 29(1): 16-

31. 

[5] Edman P (1979) J. Phys., 29: 143-15

 

* 

*    * *    * 

Sunday, August 04 2019: Morning 2 (1030-1130) 2017

ASB Journal of Biomechanics Awards



 

 

Situational factors associated with the frequency and severity of head impacts in varsity ice hockey 
Olivia M.G. Aguiar1, Tim Chow1, Brigitte M. Potvin1, Stephen N. Robinovitch1,2 

1Department of Biomedical Physiology and Kinesiology, Simon Fraser University, Burnaby, BC, Canada 
2School of Engineering Sciences, Simon Fraser University, Burnaby, BC, Canada 

Email: oaguiar@sfu.ca 
 

Summary 
We examined situational factors associated with the frequency 
and severity of head impacts in men’s varsity ice hockey, 
through analysis of 409 head impacts captured through video 
and helmet-mounted sensors. We found that the most common 
scenarios were head impact to the glass or hand of an 
opposing player, but shoulder-to-head impacts produced 
higher mean values of peak linear acceleration and angular 
velocity of the head. Puck possession at the time of impact did 
not affect head impact severity. About one in eight head 
impacts led to the player being visibly affected by the 
collision, and measured values of head impact severity were 
higher in these cases. 

Introduction 
Among varsity sports, men’s and women’s ice hockey have 
the highest rates of concussions [1]. 42% of concussions occur 
from shoulder-to-head impacts, and in 76% of all cases, the 
impacted player does not have puck possession [2]. Improved 
understanding of the nature and severity of head impacts in 
hockey should inform improvement in prevention of brain 
injuries. Visible signs of being “shaken up” may reflect 
greater trauma to the brain [3]. In this study, we examined 
associations between the characteristics of head impact 
observed on video, and the severity of impacts measured from 
helmet-mounted sensors in men’s varsity ice hockey. 

Methods 
Forty-five men from the SFU’s Men’s Ice Hockey team 
(21.8±1.2 yrs) participated. Data were collected during 42 
home games from 2014-18. Players wore helmet-mounted G-
Force Tracker sensors, which recorded linear acceleration 
(amax; g) and angular velocity (wmax; rad/s) at 3000Hz and 
800Hz, respectively, when an impact exceed 10g. Five video 
cameras (1080p, 60fps) around the rink captured footage of 
head impacts. At the game, trained volunteers noted the time 
and location of each impact. Head impacts were verified on 
video and synchronized with sensor data. We analysed 409 
head impact videos with a standardized questionnaire [4] 
probing (1) the object striking the head, (2) if the struck player 
had puck possession, and (3) if the struck player was visibly 
affected (or “shaken up”) by the impact. We used one-way 
ANOVA to determine differences in mean amax and wmax for 
each independent variable. To account for players with 
multiple impacts, subject code was used as a covariate. We 
also examined the frequency of impacts for different 
categories of independent variables. 

Results and Discussion 

Mean head amax and wmax were 33.2 ± 21.7g and 799.0 ± 421.4 
rad/s, respectively. The upper limb (hands in 22% of cases, 
shoulder in 12%, elbow in 8%) and glass (29%) were the most 
common objects to strike the head (Figure 1), but there was no 
significant difference between striking objects (shoulder, 
upper arm, elbow, forearm, hand, lower limb, stick, boards, 
glass, ice and head) for amax or wmax (p≥0.26). When compared 
to hand, forearm, elbow and upper arm impacts (n=152), 

shoulder-to-head impacts (n=51) caused 1.41-fold greater amax 
and 1.29-fold greater wmax (p<0.006; Figure 2). Players 
sustained most head impacts without possession of the puck 
(87.3% of n=409), and there was no association between puck 
possession at the time of head impact for amax or wmax 
(p≥0.119). Most head impacts did not result in players being 
visibly affected (86.6% of n=409). However, those who were 
visibly affected by the impact experienced 1.31-fold greater 
amax (p=0.011) and 1.28-fold greater wmax (p<0.001). 

Figure 1. Frequency and severity (linear acceleration and angular 
velocity) for objects striking the head during game-play. 

 
Figure 2. Peak mean linear acceleration and angular velocity for 
categories of upper limb contact site, puck possession and visibly 

affected. Vertical bars show standard errors. 

Conclusions 
Head impact severity was significantly higher in players who 
were visibly affected by checks, suggesting that players should 
be pulled from the game for assessment when this occurs. The 
high severity of shoulder-to-head impacts might be addressed 
through changes in the design of shoulder pads [5]. Efforts 
(e.g., improved video review policies) are required to address 
the high frequency of head impacts without puck possession. 
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Summary 

Women make up a large percentage of the running population, 

however research to understand benefits and risks of 

continuing to run into the silver years is limited. Our work 

suggests age-related changes in neuromuscular function and 

running mechanics are not the same for males and females and 

females may realize greater benefits of continuing to run. 

However, more knowledge is needed understand the 

biomechanical factors contributing to greater injury risks with 

age for female runners.  

Introduction  

The demographics of participants in running events around the 

world have shifted dramatically in the last three decades 

including more female participants as well as runners of 

greater ages (Running USA, 2014). There are wide ranging 

health benefits from participation in moderate- vigorous 

intensity physical activities like running. However running 

injury incidence remains high for all runners (1) and females 

over the age of 50 years are reported to have a greater overall 

risk of developing a running injury (2).  

Aging is associated with diminished neuromuscular function 

including, lower muscle torque and power,(3) greater muscle 

fatigue in response to dynamic muscle contractions,(4) and 

altered muscle activation patterns during functional activities 

(5) that may ultimately result in age-related changes in 

locomotion and in turn greater injury risk in older athletes. 

Few studies have focused on the neuromuscular benefits of 

running in midlife and potential consequences of age related 

changes in neuromuscular function for running mechanics and 

injury risk. The focus of our work has been to probe the 

neuromuscular and biomechanical changes in aging and the 

benefits of physical activity and in particular running to 

understand sex and age specific injury risks and rehabilitation 

needs in older athletes.   

Benefits of lifelong running 

To examine the potential benefits of life-long running on 

neuromuscular function and gait mechanics we quantified both 

age and sex differences in knee extensor function at rest and 

following a bout of activity. Three groups of 20 individuals 

(each 10 females) participated: young (21-35 years), and 

highly active (runners) and less active older (55-70 years) 

adults. In a rested state, older and less active females has 

lower knee extensor power than the younger and more active 

males as indicated by age by sex and physical activity by sex 

interactions. This suggests that females are at greater risk for 

declines in neuromuscular function than men but this can be 

partially mitigated by running 15 miles or more each week.  

Following a bout of activity the less active older adults had 

larger decreases in knee extensor power than their highly 

active older running counterparts. Thus, there are benefits of 

running for both males and females, including minimizing 

muscle fatigue in response to dynamic contractions, a critical 

problem in aging. 

Injury risks in older female athletes 

As large epidemiological studies suggest women over 50 years 

may be at greater risk for running injuries and age-related 

changes in walking mechanics may also be greater for women, 

we examined the impact of age on running mechanics 

separately for men and women and then quantified sex 

differences in running mechanics and coordination variability 

for older runners (6). Two group of runners, 20 younger (18-

35 years) and 20 older (45 to 60 years; 10 women each) adults 

ran overground at 3.5 m/s. We found sex differences only in 

older runners for the mid-stance knee flexion angle, and 

frontal and transverse plane ankle and hip peak moments. As 

well as sex-age interaction effects for the heel-strike hip 

flexion and ankle in/eversion and peak dorsiflexion angle. 

These suggest females experience greater changes in their 

strides and loading patterns. Finally, there were reductions in 

coordination variability for older women only. These age and 

sex differences in running mechanics and coordination 

variability may alter both injury risk and performance in older 

women athletes, highlighting the need for sex based analyses 

for future studies examining injury risk with age.  
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Summary 
Biomechanical changes in gait as a result of pregnancy have 
been studied in walking but not running. Thus, the objective of 
this pilot study was to examine changes in running mechanics, 
particularly at the pelvis and trunk, between pre- and post-
pregnancy as well as changes in running habits. At 6-weeks 
postpartum, runners exhibited decreased trunk and pelvis 
transverse rotation, reduced trunk and hip sagittal plane motion, 
and altered spatiotemporal characteristics. Changes observed 
postpartum compared to pre- or early pregnancy may be a 
protective response against the increased joint laxity, decreased 
gait stability, or compromised neuromuscular function that may 
develop during the gestation period and/or childbirth.  

Introduction 
Despite its many health benefits, running throughout pregnancy 
can be difficult, with over 25% of pregnant women unable to 
continue a regular running practice. This reduction in volume 
and consistency is seen in both recreational and competitive 
runners. Several factors may influence running mechanics 
during pregnancy and postpartum. However, to date, only gait 
mechanics during walking have been described.  The lack of 
investigation of running gait during pregnancy and postpartum 
represents a critical gap in current literature and prevents 
appropriate development of running-specific exercise 
guidelines for women wishing to continue running both during 
and after pregnancy. Thus, the purpose of our study was to 
perform a preliminary exploration of changes in running 
biomechanics pre- to post-pregnancy. An emphasis was placed 
on examination of trunk and pelvis motion as well as 
spatiotemporal characteristics since changes in these 
parameters have been documented in walking [1,2].  

Methods 
Five participants completed this longitudinal study. Participants 
were enrolled pre-conception or prior to 14 weeks gestation. 
Upon enrollment, participants completed a baseline running 
trial. Women ran at a self-selected pace for 3-minutes on a 
pressure-sensing treadmill (Quasar, h/p/cosmos, Nussdorf-
Traunstein, Germany). Segment kinematics were recorded with 
a 3D inertial measurement system (MyoMotion, Noraxon USA, 
Phoenix, AZ) and synced to the treadmill. Follow-up running 
biomechanics were collected 6-weeks postpartum. Treadmill 
speed was matched between baseline and follow-up testing. 
Surveys were administered electronically at enrollment, 14-, 
22-, 30-weeks of gestation, and 6-weeks postpartum. Questions 

of interest included running volume, training pace, 
musculoskeletal discomfort, and perception of injury risk.   
All study procedures were approved by the University 
Institutional Review Board prior to data collection.  

Results and Discussion 
Trunk and pelvis rotation decreased by 20% and 23% at follow-
up, respectively. Step width widened by 44% while contact time 
increased by 6% at follow-up. On average, hip sagittal plane 
range of motion decreased while knee and ankle range of 
motion increased postpartum. Three participants had returned 
to running at 6-wks postpartum. Only one participant continued 
running throughout pregnancy. Women cited discomfort (hip, 
pelvis, abdomen) as the primary reason for stopping running 
during pregnancy or postpartum. However, feeling 
discouraged, slow, or needing proper equipment (e.g., jogging 
stroller) were also reported as reasons for stopping.  

 
Figure 1: Trunk and pelvis rotation excursions for five participants at 

baseline and 6-weeks postpartum. 

Conclusions 
These pilot study findings suggest that women running at 6-
weeks postpartum exhibit more restricted trunk and pelvis 
rotation and altered spatiotemporal characteristics compared to 
pre- or early pregnancy. Specific alterations in biomechanics 
may be a compensation for increased laxity, a strategy to reduce 
gait instability, or a response to compromised neuromuscular 
core and pelvic floor function.  
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Table 1: Averaged spatiotemporal, trunk and pelvis rotations, and lower-limb sagittal plane range of motion at baseline and postpartum.  

 Steps per 
minute 

Contact 
time (s) 

Step width 
(m) 

Pelvis 
rotation (°) 

Trunk 
rotation (°) Trunk (°) Hip (°) Knee (°) Ankle (°) 

Baseline 168±3.7 0.31±0.04 0.07±0.03 14.4±4.9 26.1±3.4 9.1±9.5 37.9±3.5 26.6±2.6 42.1±10.4 
Postpartum 165±4.1 0.32±0.03 0.08±0.02 11.1±3.8 20.7±5.2 6.6±6.7 35.3±5.5 27.9±1.4 44.5±3.3 
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Summary  

In this presentation, Hilary Stellingwerff (2-time Olympian in 

1500m) will share her experiences training during and after 

pregnancy in lead up to the Rio Olympics. She will present and 

discuss these assessment and changes from an athlete and 

mother’s perspective and hopefully provide a unique 

opportunity for scientists to gauge the application, and further 

investigation of scientific knowledge to pregnancy in elite 

athletes. 

Background and Importance 

Training during pregnancy at an Olympic-level is 

under-reported or analyzed in research to date, and as a result, 

elite athletes and coaches have very little information on best 

practices (1). To add further complexity, elite athletes receive 

individualized training programs and each athlete’s experience 

and response to pregnancy is unique (e.g. symptoms, outcomes 

(natural birth versus caesarean [C-section]). As a result, the 

training one can sustain during pregnancy, or how one can 

progress in training after pregnancy, is multifaceted. This 

means that coaches and athletes need to innovate and respond 

to changing biomechanical and physiological conditions to 

provide optimal training load throughout and post- pregnancy. 

In this presentation, Hilary Stellingwerff (2-time 

Olympian in 1500m) will share her experiences training during 

and after pregnancy in lead up to the Rio Olympics. During 

Hilary’s training her support team (running coach, strength 

coach, physiotherapists) at the Canadian Sport Institute Pacific 

performed periodic assessments to evaluate her biomechanics 

and physiology and her ability to maintain her current training 

trajectory. These assessments lead to recommendations and 

interventions related to 1) targeted strength exercises to 

improve stability and tendon stiffness 2) changes in running 

technique to modify gait kinematics and 3) Use of technology 

for training, rehabilitation and assessment.  

Overview of Training and Injury Around Pregnancy 

Pre-Pregnancy 

- 2012 London Olympic Games (1500m) 

- High relative training loads, but slow progressions without 

sudden changes between phases/types of training 

- Regular treatment/alignment/mobility (physiotherapy, 

chiropractic, massage) 

- Strength training (2-3 x per week) and cross-training 

- Body composition periodization resulting in regular 

menstruation and optimal bone mineral density 

- Planned periods of yearly recovery (2 to 3 recovery 

phases/year of 1-3 weeks duration) 

- Pregnancy (Sept 2013-June 2014, age 33) 

During Pregnancy 

- No major medical or injury issues besides some pelvic pain 

at 20 weeks – resolved after starting running with pregnancy 

back belt until about 32 weeks, when training loads were 

reduced 
 

Post Pregnancy 

- C-section recovery 

- Started running 6 weeks post-partum with gradual walk/run 

program with core TVA and pelvic floor exercises 

- Initial knee pain 

- Two fibular stress fractures and 1 patella enthesopathy 

- 2016 Rio Olympic Games (1500m) 

Biomechanical Assessments  

Methods of Assessment 

- Force plate, slow-motion video, Orpyx® pressure insoles 

- Calipers and DEXA scan for body comp and bone density 

- Physiotherapist assessment 

Findings  

- Run posture had changed to “sitting” posture 

- More pressure and vertical force under right foot consistent 

with pre-pregnancy assessments during track season 

- Reduced bone density likely resulting from nursing and 

reduced training loads 

- Percent body fat dropped too quickly once full training 

resumed  

Anecdotal Hypothesis 

- Small biomechanical inefficiencies that existed before 

pregnancy could have been more exacerbated after pregnancy 

- Changes in bone density could have played a role in multiple 

bone edema/stress reactions post-pregnancy 

- Relaxin hormone might have reduced ligament and tendon 

stiffness, to shift stress on skeletal structure 

Conclusion 

Based on biomechanical assessments in the lab and in-

field from my integrated support team, a number of adjustments 

were made to avoid injury, which allowed me to qualify and 

compete in the 2016 Rio Olympics. These adjustments included 

using an SI belt, running on an Alter-G treadmill, specific 

strength exercises to improve stability and increase tendon 

stiffness, technical running/sprint and coaching cues to alter my 

stride length and foot strike and pre-running activation exercise. 
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Summary 
Four specimen-specific finite element (FE) models of the 
knee were developed and validated to investigate ACL 
injury mechanisms in realistic knee models, providing 
valuable insight into the inter-subject differences that cannot 
be captured with generic models calibrated to average data. 

Introduction 
The mechanism underlying non-contact anterior cruciate 
ligament (ACL) injury is multi-factorial. Impact-driven 
mechanical simulators have been designed to replicate the 
impulsive nature of the physiologic forces that occur during 
landing [1]. An in sim approach that integrates experimental 
tests and validated computational models can address some 
of the limitations of in vitro testing, such as time, specimen 
conservation, part fabrication, and specimen variability. The 
goal of the present study was to develop and validate four 
specimen-specific knee models to simulate drop landings 
using kinematics and strain data collected from our impact 
simulator [1]. Customized models can provide insight into 
inter-specimen differences, unlike generic models based on 
average data.   

Methods 
Four fresh-frozen human cadaveric limbs from four unique 
donors (two males (MR and ML) and two females (FR and 
FL)) were tested in the impact simulator [1]. Sixty-four 
combinations of knee abduction moment (KAM), anterior 
shear forces (ATS), and internal rotation torques (ITR), 
derived from data collected in vivo on 44 healthy athletes 
and stratified based on injury risk (0%, 33%, 67%, 100%), 
were applied to the cadaveric limbs, while an impulsive 
vertical force was delivered to the foot by dropping a 34 kg 
sled from 31 cm. ACL strain and knee kinematics were 
measured with a differential variable strain transducer 
(DVRT) and an Optotrak camera system, respectively. Four 
knee FE models were developed from CT and MRI images 
of the specimens and tested under the experimental loading 
conditions (Fig. 1a). Contact between cartilages was 
modeled with a pressure-overclosure relation and 
tibiofemoral (TF) and patellofemoral (PF) ligaments were 
represented with unidimensional non-linear elastic springs 
[2]. Viscoelastic properties of the cruciate and collateral 
ligaments were represented to capture their behavior under 
impulsive forces. TF ligament reference strain and stiffness 
were calibrated to match experimental TF kinematics and 
ACL strain in a subset of four loading combinations. 
Comparison of model-predicted and experimental kinematics 
and strain for the remaining 60 loading combinations was 
used to validate the models. ACL forces were compared 
between the 64 loading combinations for the 4 specimens.  

Results and Discussion 

The RMSE between experimental and model loaded 
kinematics were 1.2 ± 0.5 mm (mean ± 1 SD across the 4 
specimens) for anterior tibial translation, 1.2 ± 0.7° for knee 
abduction angle, and 1.9 ± 0.7° for internal rotation angle. 
Corresponding correlations were 0.76 ± 0.11, 0.96 ± 0.02, 
and 0.84 ± 0.09, respectively (p < 0.001). RMSE and 
correlation between experimental and model-predicted ACL 
strain changes were 1.8% ± 0.5 and 0.92 ± 0.04 (Fig. 1b). 
These results demonstrate our ability to calibrate the 4 
models and capture the specimen-specific differences 
observed in the experiment. Ligament force in the ACL 
progressively increased as the loading conditions were 
intensified, reaching average peaks of 2182 and 2059 N 
during impact, consistently with previously reported ultimate 
loads (2160 ± 157 N) [3]. ACL force estimated during the 
tests with 100% KAM were always significantly larger than 
model-predicted forces with lower KAM (p < 0.05; Fig. 1c). 

 
Figure 1: (a) FE model of the impactor. (b) Model-predicted vs. 

experimental ACL strain for the 4 specimens. (c) ACL force 
estimated for a representative specimen (MR).  

Conclusions 
The four models were able to match experimental data and 
capture specimen-specific differences. The validated 
computational models developed here represent the ideal 
framework for sensitivity studies, which are particularly 
relevant for investigation of injury mechanisms. 
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Summary 

Anterior Cruciate Ligament (ACL) tears often occur in 

landing situations due to unbalanced loading of the knee joint. 

In this study sagittal plane kinematics and kinetics of ACL 

reconstructed subjects were analysed during bilateral landing 

at six months after ACL reconstruction and compared to a 

matched healthy control group (CG). The ACL group showed 

reduced knee flexion excursions in the injured and non-injured 

legs. Internal knee extension moments were significantly 

increased in the non-injured legs compared to the injured legs. 

Therefore, our study revealed that ACL subjects showed 

compensations in landing biomechanics even at six months 

after ACL reconstruction. This could have high relevance with 

respect to re-injuries and degenerative joint diseases. 

Introduction 

Various studies have analysed biomechanical parameters 

during one-legged landing in ACL reconstructed subjects. 

Therein, compensation strategies appeared long-term after 

ACL reconstruction1,2. 

A previous study has shown3 a strong shift of the exposed load 

to the non-injured legs in bilateral landing after maximal 

countermovement jumps (CMJ) at six months after ACL 

reconstruction. In order to gain a deeper understanding of the 

load-shift to the non-injured legs, the purpose of this study 

was to analyse sagittal plane kinematics and kinetics during 

bilateral landing after CMJs in ACL reconstructed subjects at 

six months post-reconstruction compared to a healthy control 

group (CG). 

Methods 

20 subjects (32 ± 13.3 yrs.) with unilateral tears of the ACL 

(ACL group), reconstructed with the same technique, and 20 

matched healthy controls (33.3 ± 13.4 yrs.) performed CMJs 

on two separated 3D force plates (AMTI, 1000Hz) at 6 months 

post-reconstruction. Kinematic data were sampled with a 3D 

Motion Capturing-System (Vicon, 200Hz). Joint mechanics 

were calculated using the ALASKA full-body Dynamicus 

model4. 

Knee flexion excursions (KFE) was defined as the joint’s 

range of motion between initial contact and the maximum 

angle during landing and analysed alongside with the peak 

internal knee extension moment (IKEM). 

Results and Discussion 

KFEs were significantly reduced in the injured (86.0 ± 13.1°) 

legs compared to the non-dominant legs (98.1 ± 15.8°) of the 

CG at six months post-ACL reconstruction (p = .012; d = 

0.841). The non-injured legs’ (90.2 ± 11.6°) KFE did not 

differ from the dominant legs (98.6 ± 15.9°) of the CG (p = 

.064; d = 0.604). IKEM of the injured legs (0.61 ± 0.42 Nm/kg 

bw) was significantly reduced to the non-dominant legs (1.21 

± 0.54 Nm/kg bw) of the CG (p < .01; d = 1.24). The IKEM of 

the non-injured legs was significantly higher compared to the 

injured legs at six months post-ACL reconstruction (p = .004; 

d = 0.832). There was no difference between the IKEM of the 

non-injured legs of the ACL group and the IKEM of the 

dominant legs of the CG (p = .982; d = 0.02).  

These findings showed that ACL reconstructed subjects use 

compensation strategies on a kinematic and kinetic level. 

These appeared in reduced KFEs in both legs of the ACL 

group compared to the CG and increased IKEM in the non-

injured legs compared to the injured legs at six months after 

ACL reconstruction. However, the loads of the non-injured 

legs did not differ to the loads detected in the legs of the CG. 

Therefore, it can be assumed that due to the reduced KFE, the 

range of motion of both legs is still impaired six months after 

ACL reconstruction compared to healthy controls. 

Furthermore, as the IKEMs were increased in the non-injured 

legs compared to the injured legs, it is suggested that the 

quadriceps muscles of the non-injured legs must compensate 

for the increased demand. This implies higher demands to the 

knee extension muscles of the non-injured legs compared to 

the injured legs. Therefore, it was assumed that deficiencies of 

the knee extension muscles of the injured legs exist compared 

to the non-injured legs and the CG even at six months after 

ACL reconstruction. Such deficiencies of the injured legs’ 

thigh muscles was also detected in isometric measurement of 

peak knee extension force in the ACL reconstructed subjects 

at six months after ACL reconstruction3. 

Conclusions 

The revealed kinematic and kinetic differences in the 

reconstructed and non-injured legs implicate that there exist 

compensation and adaptation strategies in the legs during 

bilateral landing at six months after ACL reconstruction. The 

compensations seem to be mainly related to deficiencies of the 

knee extension muscles of the injured legs.  
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Summary 

The purpose of this study was to compare anterior cruciate 

ligament (ACL) injury risk factors between female dancers 

and female soccer players during single- and double-leg drop 

landing vertical jump tasks. The female dancers landed with a 

significantly lower trunk flexion, trunk external rotation, knee 

external rotation, and knee valgus moment than the female 

soccer players. In addition, the single-leg drop landing task 

demonstrated higher trunk external rotation and knee valgus 

moment than the double-leg drop landing vertical jump task. 

The female dancers had lower ACL injury risk factors than the 

female soccer players during landing tasks. The single-leg 

drop landing task is statistically correlated with ACL injury 

risk factors compared with double-leg drop landing vertical 

jump task in all groups. 

Introduction 

Female dancers have lower ACL injury rates (0.009 ACL 

injuries per 1,000 exposures) than other female team sports 

athletes (0.07–0.31 ACL injuries per 1,000 exposures), and 

there was no clear disparity between female dancers and 

soccer players during single- and double-leg drop landing 

vertical jump tasks [1]. Our primary hypothesis was that 

female dancers would have lower ACL injury risk factors than 

female soccer players during landing tasks. The secondary 

hypothesis was that single-leg drop landing task is correlated 

with ACL injury risk factors compared with the double-leg 

drop landing vertical jump task in all groups. 

Methods 

 

Figure 1: Single- (left) and double-leg drop landing vertical 

jump task (right). 

Fifteen elite female soccer players and 45 professional female 

dancers (15 ballet, 15 modern, and 15 Korean dancers) were 

recruited to participate in this study. Two drop landing tasks 

were conducted to calculate the ACL injury risk factors: one 

was single-leg drop landing task from a height of 45 cm, and 

the other one was double-leg drop landing vertical jump task 

from a height of 45 cm. ACL injury risk factors were obtained 

from motion and ground reaction force data. Two-way 

repeated measure of analyses of variance (participant groups 

and landing tasks, 42) were used. Post-hoc tests with Tukey 

correction were performed when significant factor effects 

and/or interactions were observed. 

Results and Discussion 

This study found that female dancers landed with a 

significantly lower trunk flexion, trunk external rotation, knee 

external rotation, and knee valgus moment than female soccer 

players. This may partially explain the low ACL injury rate 

among female dancers in the double-leg drop landing vertical 

jump task. In addition, the single-leg drop landing task 

demonstrated a higher trunk flexion, trunk external rotation, 

knee external rotation angle, and knee valgus moment than the 

double-leg drop landing vertical jump task. Several 

implications can be derived from these findings. It is likely 

that the extensive training in landing technique that 

professional dancers undergo from a young age is partially 

responsible for the protective biomechanics that they exhibit 

during landing. This is particularly encouraging for the 

potential of injury prevention programs to effect changes in 

movement patterns and ultimately decrease ACL injury rates 

among female team sport athletes. A variety of different 

programs have been developed, and many of them have been 

shown to be effective in reducing ACL injury rates [2]. Those 

programs that are most effective include correction of 

biomechanical faults as one of their elements but almost 

universally focus on sports-specific exercises [1,2]. It may be 

worth to investigate dance training and the possibility of 

incorporating some of its elements into injury prevention 

programs for team sport athletes. 

Conclusions 

Female dancers had lower ACL injury risk factors than female 

soccer players during landing tasks. Single-leg drop landing is 

statistically correlated with ACL injury risk factors compared 

with double-leg drop landing in all groups. These 

biomechanical findings may provide insight into the cause of 

the epidemiological differences in ACL injuries between 

dancers and athletes and the lack of a landing disparity. If 

dancers use ACL-protective strategies during activity, then 

their training routines should be further investigated to 

improve ACL injury prevention programs. 
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Summary 

Because of the epidemiological incidence of Anterior 

Cruciate Ligament (ACL) injuries and the high reinjury rates 

that occur when returning back to sports, what criteria 

should be used to return the athletes to sports after ACL 

reconstruction is still an open issue [1]. Neuromuscular risk 

factors have proven to provide strong theoretical support to 

clinical observations in association to ACL injury [2], 

however they are not adopted in the current clinical practice 

[1]. The aim of this paper is to provide a quantitative and 

testing tool for clinical decision making based on athletes 

individualized neuromuscular assessment. Results of this 

study can be utilized to make informed decisions to return 

athletes to their sports safely. 

Introduction 

ACL ruptures and damages occur when forces applied to the 

ligament are greater than the loads it can withstand [3]; in 

order to be effective, screening methods should be linked to 

ACL mechanical aetiology [3]. Furthermore, ACL re-injury 

occurs in 6-13% of ACL-reconstructed knees [1]. The most 

likely mechanisms causing ACL injuries have been 

identified as excessive knee valgus rotation, knee internal 

rotation moments and large anterior tibial translation [1-3]. 

To understand the biomechanics implications of ACL 

reconstruction, this study presents the evaluation of knee 

biomechanics while performing a single leg landing after 

surgery, prior to resume sport activity.  

Methods 

Nineteen subjects took part in the study: 9 élite athletes 

(mean (±SD) age and BMI respectively of 21.11±3.79 years 

and 27.54±5.41 kg/m2) were evaluated after surgery (AS) (6-

9 months), before returning to trainings; 10 healthy athletes 

(mean (±SD) age and BMI respectively of 21.8±3.65 years 

and 22.41±1.39 kg/m2). After signing appropriate informed 

consent, subjects performed 3 repeating single leg landing 

tasks on the injured limb, from a 32 cm height [4]. Ground 

reaction forces (GRF) and kinematics were acquired by 

means of a force plate (Bertec, 960 Hz), a Novel Pedar 

pressure insoles and a stereophotogrammetric system (6 

cameras, BTS Smart-E, 60-120 Hz); markers were 

positioned as in [5]. An sEMG system (FreeEmg, BTS, 1000 

Hz) collected the activity of Tibialis Anterior, 

Gastrocnemius Medialis, Vastus Lateralis, Rectus Femoris, 

Biceps Femoris and Semitendinosus. Hip, knee and ankle 

joint angles and torques were computed, as well as GRF and 

plantar pressure distribution, and compared with normative 

bands. Student T-test was used (p<0,05). 

Results and Discussion 

Results (Figure 1) showed a reduced GRF peak at landing on 

the reconstructed side, along with a reduction in both valgus 

and extensor moments at the knee joint. In terms of joint 

kinematics, the following differences were observed: a 

reduced knee and ankle flexion angles at initial landing, an 

excessive ankle flexion during the remaining landing phase, 

an excessive ankle eversion and external rotation; an 

excessive adduction, flexion and external rotation at the hip.  

 

Figure 1: Vertical GRF, knee angles and torques after ACL injury 
vs control group. 

Conclusions 

The adopted methodology has proven to be effective in 

detecting knee kinematics and kinetics differences between 

AS subjects and controls. This approach can be adopted for 

individualizing the clinical decision making for return to 

sports after ACL reconstruction, and for guiding the 

rehabilitation and preventive training programs.  
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Summary 

It is recommended that a thorough assessment of the athlete’s 

performance through this battery of clinical tests be performed 

to identify deficiencies prior to competitive sports 

participation.  Using such a performance evaluation tool will 

aide in objectifying the clinical decision-making used to 

determine the athletes’ readiness to return to sport and attempt 

to reduce the chance of reinjuries.  

Introduction 

The decision to return to sports after completing rehabilitation 

related to anterior cruciate ligament (ACL) reconstruction 

surgery is often based on medical clearance and the 

rehabilitation teams’ decision regarding the level of physical 

readiness of the athlete. The majorities of the currently 

available assessment tools used with these athletes focus on 

the athlete’s lower extremity performance and compare the 

operated and non-operated sides [1]. Unfortunately, even with 

medical clearance and successful rehabilitation, re-injury rates 

and contralateral lower extremity injuries have been increasing 

and are approaching 25-30% respectively in certain cohorts 

like young female athletes [2]. The purpose of this study was 

to compile a comprehensive athletic performance evaluation 

tool that is clinically applicable, comprehensive, is easy to 

administer and can be used to identify key impairments linked 

to readiness to return to sport after ACL reconstruction for 

DIII athletes.  The second purpose of this study was to follow 

those athletes for an additional year to identify how a 

summary of recommendations provided to each one of them 

(following initial assessment with the APET) affected their 

recovery and performance during that time frame. 

Methods 

Twenty-one participants (7 males and 14 females) with ACL 

reconstruction who had completed rehabilitation and received 

medical clearance to return to sport were recruited for this 

study.  The subjects mean age (20.3 ±1.7 years), mean weight 

(75.1 ±18.6 kg), mean height (1.7 ±.11 m) and the period 

following reconstruction ranged from 6 to 71 months.  The 

assessment of athlete’s performance included a detailed 2D 

motion analysis of the lower extremity while performing a 

single leg squat and drop landing activities, force plate 

assessment for their single-leg drop landing performance, 

balance testing utilizing the Y balance test, core stability 

testing using the side plank test and double leg lowering test 

and functional knee performance testing utilizing the triple 

hop for distance. Following this comprehensive assessment, 

each athlete was given a report to highlight the findings in 

addition to training suggests based on their scores. A year 

later, athletes completed a questionnaire to identify their 

highest level of activity/sports participation, knee injury status 

and compliance with training recommendations given 

including which specific areas of training they focused on  

Results and Discussion 

Following detailed within subject analysis of difference, there 

was a significant decrease in vertical ground reaction force of 

landing on the operated sides compared to the non-operated 

sides (t = 2.86, p = 0.01). Operated sides had less knee flexion 

and more knee valgus on landing compared to non-operated 

sides, however, the differences were not statistically 

significant. Similarly, the balance index scores were 

significantly lower on the operated sides (t = 3.95, p = 0.001), 

the triple hop functional knee test for distance was 

significantly reduced compared to the non-operated lower 

extremities (t = 2.57, p = 0.01). Participants had an average of 

grade 3 core stability as measured by the double leg lowering 

test. One year following testing the majority of the athletes 

that responded reported that they had changed their training 

regime as a result of the testing that was performed and the 

training recommendations that were given and only one 

participant reported a contra-lateral ACL injury 

Conclusions 

Participants continued to show a reduction in the operated 

legs’ balance abilities, functional performance, and landing 

force behaviors despite completing rehabilitation and being 

medically cleared to return to sports. Long lasting deficiencies 

in the athletes operated legs’ function (despite medical 

clearance) may explain the increased tendencies for re-injury. 

It is recommended that a thorough assessment of the athlete’s 

performance through this battery of clinical tests be performed 

to identify deficiencies prior to competitive sports 

participation.  Using such a performance evaluation tool will 

aide in objectifying the clinical decision-making used to 

determine the athletes’ readiness to return to sport and attempt 

to reduce the chance of reinjuries. 
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Summary 
This study investigated the classification of muscle activation 
patterns (MAP) during normal walking and while performing 
a cognitive task using artificial neural networks. The MAPs 
were successfully classified (average classification rate = 
92.2%), indicating a systematic difference between single and 
dual tasking muscle activity.  

Introduction 
Traditionally, the effects of dual tasking (e.g. walking while 
performing a secondary task, for example counting 
backwards) on gait have been investigated focusing on stride 
time variability, trunk range of motion, or centre of pressure 
[1-3]. Recently, researchers started to investigate muscle 
activation patterns (MAP) during dual tasking and discovered 
minor changes in onsets and co-contractions [4]. These results 
suggest that changes in MAPs during dual tasking are non-
random. Understanding the systematic nature of these 
changes can provide further insights to the effect of dual 
tasking on gait. The aim of this study was, therefore, to train 
a neural network to classify the MAPs of selected muscles 
during single and dual tasking.  

Methods 
Forty healthy adults participated in this study. Participants 
were asked to walk on a treadmill at a self-selected speed for 
2 minutes, once without any additional instructions (Single), 
and once while performing a cognitive task (Dual) that 
involved counting out loud backwards in increments of seven 
[2]. Both conditions were performed at the same speed in the 
same footwear. Muscle activity was recorded using surface 
EMG (Biovision, Germany) from the tibialis anterior (TA), 
peroneus longus (PL), gastrocnemius medialis (GM), 
gastrocnemius lateralis (GL), and soleus (SO) of the right leg, 
sampled at 2400 Hz. For each participant, 80 steps (heel strike 
± 600 ms) were analysed for each condition. The raw EMG 
data of each step was wavelet transformed into a low (2.5 Hz– 
35 Hz), a mid (48 Hz – 148.3 Hz), and a high (175 Hz – 462.5 
Hz) frequency band, and down sampled to 100 Hz. The 
vectorized data of each step was classified once using a neural 
network with a single hidden layer (200 nodes) that was 
trained on the data of the remaining steps (leave-one-out). 
Prior to training, the entire data set was normalised muscle 
wise to its maximum value, and the training set was randomly 
shuffled. Finally, the overall classification rate (CR) for each 
participant was calculated using Equation 1. A binomial test 
(probability: 0.5; alpha: 0.95) was used to determine that 90 
out of 160 steps (56.25%) needed to be classified correctly to 
be considered statistically significant.  

𝐶𝐶𝐶𝐶 =  
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝑐𝑐 𝑐𝑐𝐶𝐶𝐶𝐶𝑠𝑠𝑐𝑐
𝑇𝑇𝐶𝐶𝐶𝐶𝑐𝑐𝐶𝐶 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝐶𝐶𝐶𝐶 𝐶𝐶𝑐𝑐 𝑐𝑐𝐶𝐶𝐶𝐶𝑠𝑠𝑐𝑐 × 100 (1) 

Results and Discussion 
All participants had a significant classification rate. The 
average across subjects was 92.2% (range: 73.1% to 100%). 
Figure 1 shows the average muscle activation pattern of a 
selected subject in both walking conditions.  

Figure 1: Averaged MAP of 80 steps for both conditions. 

The neural network was able to classify a significant number 
of steps correctly in all participants, thus indicating that there 
is a systematic, subject-specific, difference in MAP of gait 
during normal walking and while performing a cognitive task. 
A preliminary analysis of the MAPs highlighted that 
differences were evident in all five investigated muscles. 
These results support the hypothesis that gait is attention-
demanding and competing for limited resources available to 
cognitive processes [1].  

Conclusions 
In conclusion, this study showed that there was a difference in 
muscle activation patterns between normal walking and 
walking while performing a cognitive task. These differences 
within each person are systematic and can be learned by a 
neural network.   

References 
[1] Beauchet O et al. (2005). J Neuroeng Rehabil, 2: 26. 
[2] Wrightson J et al. (2016). Motor Control, 20: 109-121. 
[3] Ebersbach G et al. (1995). Percept Mot Skills, 81: 107-

113. 
[4] Agostini V et al. (2015). J Neuroeng Rehabil, 12: 86. 

TA

Single
Dual

PL

GM

GL

-600 -400 -200 0 200 400 600

Time [ms]

SO

Sunday, August 04 2019: Morning 2 (1030-1130) 2030

EMG/MMG Analysis



 

 

QUANTITATIVE ASSESSMENT OF MOTION ARTIFACT CONTAMINATION IN SURFACE 
ELECTROMYOGRAMS 

 
Andrew Law

1
, Heather Wright Beatty

1
, Thomas Karakolis

2
, Philip S. E. Farrell

2
 

1
Flight Research Laboratory, National Research Council Canada, Ottawa, ON, Canada 

2
Toronto Research Centre, Defence Research and Development Canada, Toronto, ON, Canada, Canada 

Email: andrew.law@nrc-cnrc.gc.ca  
 

Summary 

Surface electromyograms (EMG) are susceptible to motion 
artifacts, especially during dynamic non-isometric 
contractions. A novel method is presented for detecting 

motion artifact contamination in EMG recordings. 
Specifically, root mean square (RMS) amplitudes of EMG 

recordings with two high-pass corner frequencies are 
computed (RMS1Hz and RMS20Hz) and the Spearman rank 
correlation coefficient, ρ, is calculated between RMS20Hz 

amplitudes and RMS20Hz/RMS1Hz amplitude ratios. For EMG 
recordings that are free of motion artifacts, RMS20Hz and 
RMS20Hz/RMS1Hz are strongly correlated (ρ~1), but for EMG 

recordings contaminated by large recurring motion artifacts, 
RMS20Hz and RMS20Hz/RMS1Hz are weakly or negatively 
correlated (ρ<<1). Therefore, the rank correlation between 

RMS20Hz and RMS20Hz/RMS1Hz is inversely proportional to 
the level of motion artifact contamination in EMG 
recordings.  

Introduction 

Motion artifacts in surface EMG recordings are caused by 
disturbances to the electrode-skin interface that alter the 

charge distribution on the electrode surface and/or modify 
the skin’s impedance [1]. The distribution of spectral power 
for a motion artifact generally peaks below 20 Hz [2], but 

large artifacts may contain spectral power that exceeds the 
electrical noise floor above 20 Hz, thereby contaminating the 

EMG signal spectrum (20 to 500 Hz). By evaluating the 
amplitude and distribution of EMG power relative to 20 Hz, 
artifact contamination in EMG recordings can be detected. 

Methods 

Neck and shoulder EMG data were recorded from 33 
Canadian Armed Forces reservists performing movements 
involving postural sequences (PS) associated with CH-146 

Griffon aircrew tasks [3]. EMG signals were acquired using 
a Delsys® Trigno

TM
 EMG system (Delsys Inc., Natick, MA) 

at five bilateral locations including erector spinae (ES) and 
upper trapezius (UT). Each subject performed maximum 
voluntary isometric contractions (MVIC) prior to the PS 

trials for EMG amplitude normalization.  For each MVIC 
and PS trial, time-resolved power spectral densities (PSD) of 
EMG recordings were computed in 250 ms moving windows 

(10 ms step). RMS amplitudes were then computed as the 
root PSD integral from 1 Hz to 500 Hz (RMS1Hz) and 20 Hz 
to 500 Hz (RMS20Hz). Figure 1 shows EMG recordings, time-

resolved PSDs, and RMS20Hz amplitudes versus 
RMS20Hz/RMS1Hz ratios for two MVIC recordings from one 

subject: right UT (RUT) recordings without motion artifacts 
and right ES (RES) recordings with motion artifacts. 

 
Figure 1: Example EMG recordings without (left) and with (right) 

motion artifact  contamination.  

  

Results and Discussion  

RMS20Hz amplitudes and RMS20Hz/RMS1Hz ratios were 
strongly correlated for the artifact-free RUT recording 
(ρ=0.99), but not for the artifact-contaminated RES 

recording (ρ=-0.12). In both cases, the lowest RMS20Hz 
amplitudes corresponded to baseline noise, which has a 
spectral peak below 20 Hz [2] and yields low 

RMS20Hz/RMS1Hz ratios. For the artifact-free RUT recording, 
the highest RMS20Hz amplitudes had the highest 
RMS20Hz/RMS1Hz ratios because EMG signals are 

predominantly above 20 Hz. For the artifact-contaminated 
RES recording, higher RMS20Hz amplitudes corresponded to 

a wide range of RMS20Hz/RMS1Hz ratios due to the 
intermittent presence of large motion artifacts. Across all 
subjects and trials, the Spearman rank correlation coefficient 

between RMS20Hz amplitudes and RMS20Hz/RMS1Hz ratios 
were generally higher during MVIC trials (mean ± standard 
deviation: 0.78 ± 0.23) than postural sequence trials (0.68 ± 

0.38), indicating that EMG recordings contained fewer 
motion artifacts during isometric contractions than during 
dynamic non-isometric movements.  

Conclusions 

The Spearman rank correlation coefficient between RMS20Hz 
amplitudes and RMS20Hz/RMS1Hz ratios is a measure of 

motion artifact contamination in surface EMG signals. 
Further work is required to evaluate this metric with 
simulated motion artifacts to establish threshold criteria for 

data quality classification.  
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INTRODUCTION  

Mechanomyogram (MMG) is a one of the evaluation index 
of a muscular function non-invasively. The aim of our study 
is to measure mechanomyogram (MMG) without influence 
of disturbance. In this study, MMG was measured by both 
accelerometer and microphone and frequency property were 
compared.  

METHODS 

The ten healthy male volunteers (24.4±1.7 yr) participated 
in this study. The subjects were seated in a chair and 
performed isometric contraction of profitable feet at the 
knee joint angle of 90 degrees. They maintained 20%, 40%, 
60% and 80% of maximum voluntary contraction (MVC) 
for 7 seconds, respectively. MMG and EMG were recorded 
by two types transducers (accelerometer and microphone) 
and surface electrode from vastus medialis muscle. 
Accelerometer is piezoelectric type with frequency response 
of 0.5Hz to 20kHz (Model 731Z, TEAC, Japan) and has 
shape of regular hexahedron with length of 10mm and a 
mass of 4.4g. Microphone is electric condenser type with 
frequency response of 0.5Hz to 1kHz (Model EM246, 
PRIMO, Japan) and has shape of circular cylinder with a 
diameter 5.8mm and height 2.1mm and a mass of 0.17g. In 
addition, the microphone was used with a plastic case 
having an air chamber with a diameter 10mm and a height 
5mm and a mass 1.5g. Two transducers placed on the 
muscle belly with double adhesive tape. Surface electrode 
with a diameter 8mm placed on the muscle with an inter-
electrode distance 10mm. EMG, MMG and force signals 
were stored on a personal computer through an A/D 
converter with a 16-bit resolution and with a sampling 
frequency of 1 kHz. For spectral analysis, five segments 
with a length of 2.048s (2048 points) that overlapped 
adjacent segments by 1.024s (1024 points) were taken from 
accelerometer's MMG (MMGacc), microphone's MMG 
(MMGmic) and EMG recordings at each contractile level. 
The power spectrum density (PSD) of the three signals of 
MMGacc, MMGmic and EMG were estimated by the fast 
Fouier taransform (FFT) algolism. Total power (TP) and  
medina frequency (MDF) were calculated from PSD. And 
more the relative band power per 10Hz (MMGacc) and 5 Hz 
(MMGmic) to TP were calculated to clarify the change in 
narrow frequency band. 

 
RESULTS AND DISCUSSION 

TP values of MMGacc, MMGmic, and EMG increased 
progressively with the increasing level of force. As 
increasing of level of force, MDF of MMGacc decreased 
progressively although MDF of MMGmic and EMG 
increased progressively. The relative band power of 
MMGmic and MMGacc were shown in Figure 1. As the 
level of force increased, the PSD of  MMGmic 
significantly decreased in 5-10Hz and significantly 
increased in 10-15Hz. On the other hand, the PSD of 

MMGacc significantly increased in 5-15Hz and significantly 
decreased in 25-35Hz. As the force level increased, it had 
been reported in many previous studies that the PSD shifts 
to the high frequency region and the TP value increased [1]. 
However, the MMGacc did not showed such results. Body 
movement increased as the level of force increased, so 
MMGacc might include both the muscular vibration that is 
MMG and body vibration. 

 

 
Figure 1: Relative band power of MMGmic (a) and MMGacc (b). 
*: p<0.05, **: p<0.01 

CONCLUSIONS 

The MMG of vastus medialis muscle during isometric 
contraction were measured by both the accelerometer and 
the microphone. From the results of frequency analysis, the 
accelerometer is susceptible to disturbances such as body 
vibration, so it is considered that the microphone is suitable 
for measuring the MMG. 
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Summary 

Trunk co-activity can indicate coordination and stability. 
However, historical agonist-antagonist approaches to co-
activity can over-simplify multi-planar, functional, and 
otherwise complex tasks. Here we present a flexible co-activity 
measure that expands the two-muscle case of co-activity to 
multiple muscles while attempting to retain the simplicity of 
agonist-antagonist co-activity. Computing instantaneous 
commonality and activity levels provides two dimensions of co-
activity that can be combined into a single measure: . EMG 
data from functional movements and simulated automotive rear 
impacts were analysed with the currently proposed measure of 
co-activity in two- and multi-muscle cases. The ability to 
examine multiple muscles and incorporate multiple dimensions 
of co-activity can allow new insights into muscular 
coordination. 

Introduction 

Co-activity of trunk muscles involves many muscles of varying 
moment arms working cohesively to generate stiffness 
throughout the trunk for a variety of scenarios [1]. The 
geometry of these muscles does not facilitate agonist-antagonist 
comparisons as is typical in research involving the limbs [2]. 
We present data from two studies showcasing the utility of a 
multi-muscle co-activity measure : functional movements in 
healthy and clinical populations and a simulated automobile 
rear-impact data set. 

Methods 

In the first study, participants with three different low back pain 
histories (12 no history, 11 transient pain during prolonged 
standing, 12 chronic low back pain) performed a dynamic 
standing spine extension task. In the second study, 12 young 
adults experienced a low-velocity simulated rear impact (∆v = 
4 km/h) in two conditions: relaxed (unknown timing and at rest) 
and braced (explicit timing given and instructed to “brace 
themselves”).  

Electromyography (EMG) was collected from 6 muscles 
bilaterally in study 1 (T9 and L3 erector spinae, external and 
internal oblique, gluteus maximus, and biceps femoris)., and 
from 8 muscles in study 2 (latissimus dorsi, T9 and L3 erector 
spinae, external and internal oblique, rectus abdominus, upper 
trapezius and sternocleidomastoid) EMG data were normalized 
to reference voluntary contractions in study 1 and maximal 
voluntary contractions in study 2. 

Commonality refers to how similar the muscle activity profiles 
are to each other independent of absolute magnitude; computed 
as the minimum activity divided by the mean activity at a given 
time point. Activity level refers to the total magnitude of muscle 
activity; computed as the mean activity at a given time point. 

The two dimensions (commonality and activity level) are raised 
to the power of 1/2.718 and multiplied together to get , 
equivalent to raising the minimum activation in a set to 1/2.718. 
The power chosen allows better resolution at lower 
commonalities and activity levels, as are expected in the two 
studies. 

Study 1 compared mean commonalities between groups using 
two- and multi-muscle sets. Study 2 compared mean  outputs 
to an existing multi-muscle co-activity measure TMCi [3].  

Results and Discussion 

Study 1: Computing commonality over all muscles of the 
posterior trunk (all erector spinae) revealed differences between 
the transient (0.422±0.201 RVC/RVC) and chronic low back 
pain groups (0.253±0.179 RVC/RVC; p = 0.008) that were not 
evident in examining muscle pairs. 

Study 2:  was superior at discriminating the relaxed and 
braced conditions compared to the TMCi from [3] due to the 
ability to tailor   to the range of data (Figure 1). 

 
Figure 1: Comparison of different muscle sets between  and TMCi 

Conclusions 

The co-activity measure, , is a generalization of other co-
activity measures to situations outside of the classic two muscle 
agonist versus antagonist. Additionally, it provides a nuanced 
means of distinguishing between different clinical groups by 
explicitly separating commonality from activity. 
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Summary: Despite there are many types of internal fixation 

devices for surgical treatment of acetabular fractures, reliable 

and accurate test method for assessing post-op biomechanical 

stability is still lacking. This makes more difficult for surgeons 

to accurately predict post-op stability of the device to meet 

various clinical demands. The purpose of this study is to 

develop a reliable testing apparatus that is capable of 

accurately assessing the 3-dimensional post-op stability of 

various internal fixation devices for both-column acetabular 

fractures. 

Introduction 

A both-column acetabular fracture involves both anterior and 

posterior columns of the acetabulum and its extent can be 

characterized by disruption of the iliopectineal line and ilioischial 

line. Surgical management often requires extensive use of plates 

and screws as internal fixtures to limit movement of each fracture 

fragment [1,2]. Currently, various designs of internal fixtures in 

combination of plates, bone screws, lag screws have been 

developed [3] to provide strong restraint against any types of 

movement of fracture fragment after surgery. However, clinical 

and biomechanical efficacies of these devices still remain to be 

elucidated as there is a lack of well-defined reliable test methods 

capable of accurately assessing stiffness provided by each fixation 

device in all three dimensions. In this study, we develop a testing 

method to better assess the stiffness of various pelvic plates in 

preventing unwanted movement of fractured pieces of the 

acetabulum after surgery. The rotational and linear stabilities 

provided by each fixation devices were measured in three 

dimensions to predict post-op clinical performances. 

Methods  

Both-column acetabular fractures were made from hemi-pelvis 

artificial bones (n=4, Hemi-pelvis, left, ø =54mm, Synbone AG, 

Switzerland)  by resecting along the iliopectineal and ilioischial 

lines resulting in three fracture fragments (Superior, Anterior and 

Posterior fragments in Fig 1) . They were reduced with different 

fixation types (Type I, Matta plate®  + 2 lag screws (length = 60mm, 

ø =3.5mm); Type II, 2 Matta plates® ; Type Ⅲ, Matta plate®  + T 

plate® ; Type Ⅳ, QLS plate®  only; Stryker, USA) by a single 

surgeon (JHY) (Figure 1). In all types, plates were secured with 

various bone screws (length = 24 ~ 60mm, ø =3.5mm). To properly 

align the specimen for loading in anatomically-relevant position, a 

specially-designed fixture was made with a 3D printer based on the 

3D data of the pelvis (3-matic 13.0, Materialize, Leuven, Belgium). 

This permitted anatomical orientation of the acetabulum as both the 

ASIS (Anterior Superior Iliac Spine) and the front of the top of the 

SP (Symphysis Pubis) were aligned in the same coronal plane 

producing a force vector of 45 degrees and 25 degrees posteriorly 

in the sagittal plane, both respect to the vertical axis, as in standing 

stance. It also provided anatomically-proper mounting of the hemi-

pelvis specimens at the SI (Sacro-iliac) and SP regions (Figure 2) 

[4]. Specimens were loaded at 0.2mm/sec to 2000N (3 x body 

weight) [5]. The axial structural stiffness of the whole construct 

was obtained as load over displacement along the vertical axis. The 

rotations of the fracture fragments before and after loading were 

assessed from 3-D coordinate changes of the landmarks (n=6 on 

each fragment, plastic beads, ø = 1mm) that were placed close to 

the fracture line at the anterior and posterior regions and digitized 

with Micro-scribe system (Revware Systems, Inc., USA). 

 

Figure 1: Test specimen after reduction with various fixation devices 

(Type I ~IV), Resection lines and fracture fragments are also shown. 

 
Figure 2: Orientation of the specimen for axial compressive loading 

Results  

Conventional linear load-displacement results showed that Type I 

(with 2 lag screws) exhibited the highest overall structural stiffness 

(710.8N/mm) followed by Type Ⅳ 86% relative to Type I), Ⅲ 

(57%), and Ⅱ (33%). However, rotations of the fractured fragment 

showed rather different results depending on the design features. 

Type I was the most effective against internal rotation of the 

posterior fragment as two lag screws were inserted to secure the 

ilioischial fracture line, Type 2 (with 2 Matta plates) were strongest 

against flexion of the anterior fragment, and Type 4 (QLS plate 

with quadrilateral plate design features) were most effective against 

the valgus rotation of both fragments. 

Conclusions  

In this study, we developed a testing method that is capable of 

accurately assessing the biomehcanical effectiveness of fixation 

devices in terms both linear and roational stability. Our results 
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Summary 

The change of the trabeculae is continuously changed by 

external stimulus and environment which is mechanoelectrical 

biosignal, since the bone fluid shear stress and flow induced by 

the trabeculae deformation stimulate the osteocytes for the bone 

modeling. The bone fluid flow is generated by mechanical 

deformations of the bone and the bone modeling process is 

stimulated by the bone fluid flow in the canaliculae.  Thus, the 

generated electrical potential by the fluid flow in the bone tissue 

can induce bone modeling by stimulating the bone. In this study, 

the endogenous electric signals was studied which were 

expected to effect on the modeling and remodeling process of 

trabecular bone. 

Introduction 

Bone modeling is the process by changing bone shape and size 

so that maintains bone strength. This process is continuously 

changed by external stimulation and environment. It means that 

the change of the trabeculae is caused by mechanical load 

condition to the trabecular bone, since the bone fluid shear 

stress and flow in the lacunocanaliculae induced by the 

trabeculae deformation stimulate the osteocytes for the bone 

modeling. Cresswell Erin N et al. mentioned a new bone 

formation of the trabeculae was affected by local tissue 

deformation rather than the number of the local osteocytes or 

density. As a result, bone modelling can be assumed that the 

osteocytes could affect to whole trabeculae bone modeling 

process with signalling to cells in the bone (osteoblast, 

osteoclast, bone lining cell, hematopoietic cell and 

mesenchymal stem cell). In addition, the endogenous electric 

potential of bone by the piezoelectric bone matrix could be a 

main factor for bone modeling. Therefore, it can be 

hypothesized that the bone electric potential would be an 

assistive mechanism for the bone modeling process of 

trabeculae. The purpose of this study is to discuss the 

endogenous electric signals that are expected to effect on the 

modeling and remodeling process of trabecular bone. 

Methods 

To predict the trabeculae modeling process, bone matrix, 

lacunae, and canaliculae of trabeculae rod were modeled using 

the two dimensional piezoelectric element (CPS4E), two 

dimensional fluid cavity (F2D2), and fluid link element 

(FLINK), respectively. The height of the bone matrix were 200 

μm height and diameter of the lacunae and the canaliculae were 

33 μm and 0.2 μm, respectively. The one dimensional 

lacunocanaliculae was connected five canaliculae between each 

lacuna on vertical axis. The Isotropic mechanical properties 

(E=13.0 GPa, ν=0.35) and transversely isotropic electric 

properties of bone were applied. The applied step pure bending 

moment (a loading duration of 0.5 sec: a rate of 1 Hz) to the 

trabeculae was 0.0294 Nμm to induce the stresses of ± 0.15 

MPa on the convex and concave faces of the trabeculae. And 

the porepressure on the concave and convex face was always 

zero. The initial conditions were that the initial electric potential 

of nodes on the vertical axis are always 0.1 mV. 

Results and Discussion 

The maximum tensile and compressive stress of ± 0.255 MPa 

occurred at lacuna near convex and concave face, respectively. 

Piezoelectric potentials was different in the vertical axis 

direction. In the calculation of the streaming potential, the 

piezoelectric potential around the vertical axis used as a 

boundary condition is positive. At the beginning of step loading, 

the maximum porepressure occurred, and the maximum 

positive and negative porepressure of ± 0.0788 MPa, 

respectively, were reversed at the beginning of step unloading. 

The absolute peak lacunocanaliculae streaming potential values 

on the concave (+4.47 mV) and convex (-3.83 mV) faces of the 

trabeculae during the loading were significantly higher than 

those during the unloading.  

    

Figure 1: The model configuration (left) and the streaming potential 

trend (right). 

Conclusions 

With regard to the simulation results, the lacunae in the side 

have the negative fluid pressure because the convex side of the 

trabeculae undergoes a tensile stress profile. In addition, the 

apoptosis of the osteocytes in the convex side of the trabeculae 

would occur by an excessive negative fluid pressure causes the 

apoptosis of the mesenchymal stem cell. This apoptosis could 

activate the osteocytes formation on the convex side. Therefore, 

the formation and resorption of bone could occur in the concave 

and convex faces of the trabeculae by assistive mechanisms of 

the lacunocanaliculae streaming potential. To understand roles 

of the negative lacunocanaliculae electrical potential in the 

modeling process, more biological study is needed.  
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Summary 

This study aimed to compare dynamic foot pressure 
distributions at different phases of walking in three different 
foot postures: a normal one (pes planus) and two abnormal 
ones (pes rectus and pes cavus). Fifteen young subjects 
participated in this study. At the start of mid-stance, the peak 
pressure of abnormal foot types located more lateral than the 
normal. At the end of terminal stance, the peak pressure of pes 
planus located more posterior than the others.  

 

Introduction 

Non-normal foot postures during static weight bearing, such as 
pes planus (pronated flat foot with low medial longitudinal 
arch) and pes cavus (supinated foot with high medial 
longitudinal arch), were found to be associated with high risk 
of lower extremity injuries [1]. However, how the foot posture 
affects the injuries are still not clear. Foot pressure distribution 
during dynamic walking would be a key to understand the 
mechanism [2]. In the literature, the plantar pressure was 
analyzed for the entire stance [3-4], but the pressure pattern in 
each phase of walking could supply valuable information on 
the dynamic feature of each foot type. Therefore, this study 
aimed to separately analyze plantar pressure in different 
phases of gait and compare the foot types.  

 

Methods 

Fifteen young subjects (age: 23.1 ± 1.5 yrs, weight 72.1 ± 
8.7 kg) participated in this study. Each foot of a subject was 
categorized into a foot type by using the resting calcaneal 
stance position (RCSP) which was measured by a clinical 
expert with a custom-made (more objective and reliable) 
goniometer. Subjects walked on 10 m corridor with their 
comfortable speeds. They wore identical type shoes built-in 
with pressure insole (F-scan, Tekscan Inc.). Peak pressure 
location was compared among foot types at three events of 
stance period (the start of mid-stance, the end of terminal 
stance, and the boundary of mid- and terminal stance).  

Results and Discussion 

At the start of mid-stance, the peak pressure location of 
abnormal foot types located more lateral than the normal. At 
the end of terminal stance, the peak pressure location of pes 
planus located more posterior than the others, suggesting the 

pressure is poorly transferred to toes in planus feet. These 
results would help to understand how abnormal foot types are 
associated with injuries.  

 
Figure 1: Peak pressure locations at different phases of stance in 
three foot types. Empty polygons indicate the peak pressure location 
of each foot. Filled polygons indicate the average position of peak 
pressure locations of each foot type group.  

Conclusions 

The peak pressure location depended on the foot types and 
also on the gait phases, which shows the dynamic features of 
each foot posture type.   
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Summary 

The production of prosthetic socket for a disabled person is 

made by the hand of the manufacturer, which makes it 

difficult to maintain the consistency of the quality, and the 

production time is lengthened and the efficiency of the work is 

poor. In order to overcome these problems, we have studied 

the digital socket manufacturing technique which replaces the 

existing manual manufacturing process with digital scanner 

and 3D printer 

Introduction 

The prosthetic socket is the most important component in the 

use of a prosthetic limb[1]. Generally, a prosthetic socket is 

made by casting a remaining end with a plaster cast and then 

pouring gypsum into a negative plaster model to make a 

positive plaster model. Then the prosthetic maker adds the 

gypsum and makes the final gypsum model. The socket is 

made by using thermoplastic resin in the model of the gypsum. 

These traditional methods vary in quality depending on the 

skill of the craftsman, and the craftsmen are exposed to noise, 

dust, etc., and are adversely affected by the health. With the 

recent advances in 3D scanning and printing technologies, 

attempts have been made to produce prosthetic socket. In this 

study, we introduce the 3D scanning and printing technology 

applied to real prosthetic socket. 

Methods 

In this paper, we have studied the two steps of socket DB 

construction and digital socket modelling test. We used 3D 

scanning equipment for socket DB construction and digital 

process such as 3D haptic modelling, CAM, CNC milling 

machine for digital socket modelling test. To construct a 

socket DB, 45 sockets made by gypsum, type method were 

collected. This is extracted into a 3D digital shape using a 3D 

scanning device and converted into a DB. The dimensioning 

of 45 socket models extracted from the 3D shape was 

performed. For this purpose, the socket length, the scoliosis, 

the circumferential length at a certain distance from the 

sciatica, the A-P length, and the M-L length were used as 

dimensioning indexes.  

 

Fig 1. Socket scan database construction and dimensioning 

Results and Discussion 

In the haptic modeling editing stage, geometric modification 

modeling for the blim was performed using Geomagic's 

Freeform®  Plus haptic modeling equipment. The length was 

modified according to the measured dimension of the cutting 

part, and the circumference was modified by applying the 

circumference reduction value. For the areas such as the distal 

/ sciatic / posterior proximal parts, shape / sensitivity modeling 

was performed according to whether the load was applied or 

not. Finally, shape modeling was completed through surface 

trimming. In the cam data generation step, roughing and 

finishing data were generated through coordinate and tool 

setting. In the milling machine processing step, roughing and 

finishing were carried out by processing urethane foam. In the 

check socket molding step, silicone grease was applied to the 

surface of the processed urethane foam to secure the socket 

transparency, and the duplex plate was molded by heating. 

After the water cooled cooling process, the finishing work was 

done to minimize socket deformation. 

 

Fig 2. Haptic modelling and socket molding 

Conclusions 

 The results of this study confirmed the effectiveness of the 

socket manufacturing technique using the digital process 

compared with the quality of the socket manufactured through 

the conventional gypsum - type work. 
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Summary 
Dynamic elastography imaging, whether based on Magnetic 
Resonance or Ultrasound modalities, attempts to reconstruct 
quantitative maps of the viscoelastic properties of biological 
tissue, properties that are altered by disease and injury. 
Reconstruction often assumes isotropy and homogeneity and 
neglects boundary conditions. Skeletal muscle violates all 
these assumptions, posing challenges and opportunities for 
developing better imaging biomarkers. These challenges are 
articulated and novel methods to address them are proposed.    

Introduction 
In many real tissues, such as striated muscle, anisotropy and 
inhomogeneity are so prevalent that ignoring them leads to 
significant estimation error in the elastography reconstruction 
problem. Muscle also poses additional challenges due to its 
fractal-like fiber structure and variation in properties under 
passive and activated conditions. 

Muscle fibers present a multiscale fractal-like heterogeneous 
geometry. Depending on the length scales of interest and 
wavelengths generated in the elastography measurement, it is 
often possible to “homogenize” this aspect of muscle 
heterogeneity [1,2]. Other types of inhomogeneity may 
correlate with disease and injury and recent studies have tried 
to quantify the degree of inhomogeneity based on 
perturbations in the elastography wave field image [2]. Also 
influenced by this fractal structure, muscle elastography 
measurements have identified dispersive rheological 
behaviour best described by fractional calculus models of 
viscoelasticity [3]. Such models are linked to fractal structure. 

Activation and varying tensile loads on muscle can also 
influence measurement interpretation. For bulk shear waves in 
an isotropic viscoelastic material without boundary conditions 
the measured transverse wavelength correlates with the square 
root of the tissue’s shear elastic modulus and viscosity, 
important rheological parameters. But, under significant 
tensile loading, which may increase with muscle activation, 
this measured transverse wavelength can correlate more with 
the tensile stress, having little to do with the muscle’s inherent 
rheological properties. The governing equation transforms to 
that of a string, with transverse waves only depending on the 
tensile (boundary) load and material density. 
Independent of inhomogeneity, tensile loads and activation, 
anisotropy in muscle poses challenges in elastography. Due to 
its fiber structure, muscle possesses transversely isotropic 
properties, with transverse mechanical waves propagating 
along the fiber direction experiencing a “stiffer” material than 
waves propagating across fibers, leading to an elliptic or 
ellipsoidal wave field emanating from a wave source. We 
propose a novel method for addressing this by essentially 

distorting space in order to make the anisotropic problem 
become isotropic [4,5]. This method, called Transformation 
Elastography, is introduced below for a simple geometry.   

Methods 
Consider a cylindrical container of tissue-like material with 
the cylinder axis in the z-direction, stiffening fibers in the 
material aligned along the y-direction that make the ratio of 
shear modulus in the y-direction to the x-direction equal 1+ϕ, 
and subjected to a vibratory input along the z-axis resulting in 
z-polarized shear waves propagating in the x-y plane away 
from the center in an elliptic wavefront (stretched along the 
fiber y-direction). When the cylindrical fixed boundary is 
reached, reflections occur creating a complex wave pattern. 

We distort the geometry into an elliptical cylinder, 
compressing it in the y-direction to create an isotropic 
equivalence. This distortion results in an elliptic boundary 
condition. The wave equation for an isotropic material in 
elliptic coordinates is solved using Mathieu functions (in place 
of Bessel functions for the cylindrical case) and then is 
“undistorted” to produce the results shown in Figure 1 based 
on typical physiologically-relevant material properties. These 
results have been validated using finite element analysis [5]. 

Results 

 

 
Figure 1. Normalized z-direction displacement on the x-y plane 
created by an oscillating (z-direction) source at the origin: neglecting 
outer fixed boundary (a: in phase, b: out of phase) and accounting for 
the cylindrical outer fixed boundary (c: in phase, d: out of phase).  
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Summary 
Although weightbearing CT scans have become common for 
assessment of foot and ankle disorders, radiographs are still 
the standard for imaging the hindfoot. This study assessed the 
influence of various digitally reconstructed radiograph (DRR) 
projection views derived from weightbearing CT scans with 
different internal rotations of the foot and simulated 
downward tilt of X-ray equipment on the visualization of the 
subtalar joint. Understanding the radiographic appearance of 
the posterior facet is important to identify pathologic changes 
among diseased ankles. 
 

Introduction 
A thorough understanding of subtalar joint morphology is 
needed to diagnose hindfoot pathology, to develop pre-
operative plans for reconstructive surgeries, and to evaluate 
the success of treatment [1,2]. Recent data suggest that the 
posterior facet of the subtalar joint has a major impact on the 
evolution of hindfoot disorders, including deformities and 
ankle osteoarthritis [3]. Thus, there is a clinical need to 
quantitatively evaluate the posterior facet and subtalar joint 
with new imaging methods. The purpose of this study was to 
determine how changes in the radiographic equipment beam 
projection angle from horizontal (tilt) and axial rotation of the 
foot influenced subtalar joint line as it relates to a 3D model. 

Methods 
Informed consent was provided by 27 healthy volunteers, 40 
to 70 years of age that did not have any previous medical 
history of foot or ankle injury. Each participant underwent a 
weight bearing CT scan (Planmed Verity, 0.2 mm slice 
thickness) of their foot and ankle. The CT images were 
segmented to generate 3-D surfaces representing the tibia, 
fibula, talus and calcaneus bones (Amira, v6.0.1). DRRs were 
generated by projecting the CT image data to a plane 
representing the desired view. A total of 25 DRRs were 
created to represent views with different positions of the foot 
and radiographic projection angle. 

 
Figure 1: A) Virtual beads and projected joint line. B) DRR with 

beads. C) MATLAB figure joint line derived methodology. 
 

The joint line visualized on the DRR views was projected onto 
the posterior facet (Fig.1). Six anatomic landmarks of the 
posterior facet of the subtalar joint (calcaneal side) were 

defined in the CT image data as virtual beads. Once the bead 
locations were established, their placement was used to 
quantify the direction of anatomical bead locations relative to 
the visualized joint line in each of the 25 DRR views (Fig 1A). 
The custom MATLAB script used the points to perform a 
curve fit of the joint line in that projection view and visualize 
it on the 3-D surface model. 

Results and Discussion 
The visible area where the joint line was projected onto the 
posterior facet changed between the different viewing 
perspectives (Fig 2). While on an AP view, the posterior area 
of the posterior facet was visible, a slightly more anterior area 
was visible when the foot was internally rotated. Simulated 
downward tilt of the X-ray beam also changed the visible area 
of the posterior facet from a posterior (without downward tilt) 
to more anterior (40° downward tilt).  

 
Figure 2: Projection of subtalar joint line onto posterior facet with 

internal rotation and simulated X-Ray beam downward tilt. 
 

To our knowledge, DRRs generated from weightbearing CT 
scans have not been assessed for the purpose of evaluating 
how changes in the alignment of the X-ray equipment could 
affect visualization of the subtalar joint. Use of DRRs is 
advantageous because it allows for computer-controlled 
projections, thus preventing errors that would otherwise be 
present if standard X-ray equipment was used for this study. 
 

Conclusions 
Based on our results, we recommend 20° of internal rotation 
of the foot to assess the posterior aspect of the posterior facet, 
while a combined 20° internal rotation of the foot and 40° 
downward tilt of the X-ray beam is likely best for assessing 
the anterior aspect of the posterior facet. With quantitative 
imaging, clinicians will be better-equipped to make 
meaningful interpretations of the morphology of hindfoot on 
conventional radiographs, thus providing reliable diagnoses 
for their patients. 
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Summary 

Mechanical loading plays an important role in maintaining 

normal cartilage health. On the other hand, abnormal 

mechanical loading potentially results in cartilage 

degeneration. However, there is limited data quantifying the in 

vivo cartilage mechanical strain response during activities of 

daily living. This talk will discuss a novel in vivo “stress test” 

utilizing MR imaging to quantify cartilage strain in response 

to different durations of walking. Additionally, applications of 

this technique will be presented for those at high risk of 

cartilage degeneration. These data provide important 

benchmarks for healthy articular cartilage behavior during 

walking and provide a baseline for studies investigating the 

influence of exercise on cartilage health. 
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Summary 
Fragility fractures pose a massive healthcare burden worldwide. 
Low bone quality is a major determinant of fracture risk. Bone 
strength, using computed-tomography based subject-specific 
finite-element (CT-SSFE) analysis, estimates bone quality 
more accurately than dual-energy X ray absorptiometry based 
areal bone mineral density (DXA-aBMD). Yet, longitudinal 
data – a requirement for computing long-term fracture risk – is 
challenging to obtain using CT but not using DXA-aBMD. To 
overcome this challenge, a model for estimating the rate of 
change of vBMD with aBMD is developed in this study based 
on CT and DXA-aBMD data measured in a cohort of 
postmenopausal women at risk of fracture. 

Introduction 
Any mechanistic model of long-term hip fracture risk must 
include the non-negligible effect of bone lost over that period. 
CT-SSFE analysis provides the most accurate estimate of bone 
strength [1], yet the longitudinal evaluation of bone loss using 
CT is challenging due to high radiation dose and cost 
considerations. With respect to CT-SSFE, bone quality is 
poorly estimated by DXA-aBMD [1], yet longitudinal DXA-
aBMD data are widely available. Strong correlations between 
vBMD and DXA-aBMD for femoral neck regions of interest 
[2] motivate our hypothesis that loss in local vBMD can be
inferred from loss in DXA-aBMD.

Methods 
Phantom-calibrated clinical CT scans at the proximal femur 
were obtained from 92 post-menopausal British women (aged 
between 55 and 91 years) who were referred to an osteoporosis 
specialist in a secondary care setting [3]. The proximal femur 
volume, segmented from CT images, was discretized by 
morphing a tetrahedral (tet) template mesh. This ensured an 
identical number of tets across all 92 meshes, with identically-
labelled tets in anatomically similar locations. vBMD values 
were associated with each tet-element by mapping the CT data 
(Bonemat, V3). In this study, we assume that in this cohort bone 
shape does not change with time, implying that DXA-aBMD 
change is explained fully by changes in vBMD. It is assumed 
that the rate of change of vBMD per unit change in DXA-
aBMD depends only on type of bone-tissue: it is zero (no 
change) for marrow (M); mT for trabecular (T) bone; and mC for 
cortical (C) bone. Bone-tissue type is determined by universal 
thresholds of vBMD: vBMD ≤ tMT implies M-type; vBMD > 
tTC implies C-type; and T-type otherwise. The four constants 
mT, mC, tMT and tTC are obtained by a non-linear least-squares 
fit (MATLAB lsqnonlin) that attempts to minimise the 
difference between observed vBMD values and vBMD values 
predicted using DXA-aBMD for all subjects. In each iteration, 
the differences were considered only for those elements which 

possessed a consistent tissue type across all subjects (Figure 
1A). A tet-mesh based estimate aBMD¢ = (∑ vBMD)V/Aap is 
defined where, ∑ denotes the sum over all tets, V is the total 
volume of all tets, and Aap is antero–posterior projected area of 
the tet-mesh. Loss in aBMD¢ is determined in dependence of 
vBMD loss following a 5% loss in DXA-aBMD. Note that a 5% 
loss in aBMD¢ for each subject implies a perfect model. 

Figure 1: (A) Elements possessing the same tissue-type (M/T/C) 
across all subjects are color coded; (B) vBMD loss predicted for a 

specific-subject (#74) due to a 5% decrease in DXA-aBMD.

Results and Discussion 

The best-fit model parameters were tMT = 0.16 g/cm3, tTC = 0.88 
g/cm3, mT = 0.72/cm, mC = 0.17/cm. The threshold values 
generally agree with previously reported values [4]. The higher 
rate of change for trabecular bone compared to that in cortical 
bone (Figure 1B) is expected because bone loss is a surface 
driven process and trabecular bone possesses a higher specific 
surface than cortical bone. A 5% loss in DXA-aBMD led to an 
acceptable (4.0 ± 0.75%) loss in aBMD¢ over the cohort. 

Conclusions 
Assuming that loss in local vBMD per unit loss in DXA-aBMD 
depends on universal tissue-specific rates and tissue-specific 
vBMD thresholds, trabecular regions were found to undergo a 
much rapid bone loss compared to cortical regions. Although in 
general agreement with literature, the simple form of this law 
makes it attractive for use in CT-SSFE based predictions of 
future bone strength and of long-term risk of fracture. 
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Summary 
Major knee ligament injuries, such as ACL injury, cause long-
term neuromuscular dysfunctions and morphological changes. 
Individuals after ACL reconstruction surgery (ACLR) exhibit 
quadriceps weakness and decreased force steadiness even 
months after surgery. The current investigation aimed to 
examine knee flexion and extension force steadiness at 
submaximal contractions at 6-month post ACL reconstruction 
surgery. Each subject completed maximal voluntary isometric 
contractions (MVIC) for knee flexion and extension; then, 
they were asked to hold 10%, 25%, 35%, and 50% MVIC 
values (visible in monitor) as steady as possible for 10 sec. 
Average force and standard deviation in the middle 8 sec was 
used to calculate coefficient of variation (CoV). Significant 
group-differences in CoV between the operated limb (OP) and 
controls were found at Quadriceps 35% and 50% (Quad35/50) 
in ACLR were larger than controls (P = 0.007-0.033). 

Introduction 
Individuals following ACL injury and ACLR exhibit 
neuromuscular alterations such as decreased quadriceps 
strength and CoV during MVIC [1]. Disruption of the 
ligament and its sensory feedback to the central nervous 
system is thought to cause muscle inhibition and decreased 
force steadiness (increased CoV). In turn, if left untreated, it 
could lead to altered joint loading and movement patterns and 
result in early osteoarthritis and increased pain and disability. 
Earlier force steadiness studies in ACLR individuals examined 
only the quadriceps force steadiness during MVIC; therefore, 
effects of ACLR on CoV in the hamstrings and at submaximal 
target force are largely unknown. It was hypothesized that 
ACLR individuals would exhibit significantly higher CoV 
during both hamstrings and quadriceps force steadiness tasks 
than their non-operated limb (NON-OP) and controls (CON). 

Methods 
16 ACLR individuals (sex: 10F/6M, age: 19.4 ± 3.0years, 
height: 172.3 ± 11.2cm, weight: 76.1 ± 14.0kg, involved leg: 
8R/8L, time from surgery: 202.7 ± 24.6days) and 16 sex- and 
age-matched (within 3 years) controls (sex: 10F/6M, age: 19.6 
± 2.8years, height: 171.8 ± 9.0cm, and weight: 67.6 ± 14.0kg, 
dominant Leg: 15R/1L) and participated in the study. Subjects 
sat on a dynamometry chair with their knee flexed 
comfortably. Force was recorded with load cell at sampling 
frequency of 20kHz. First, three MVIC trials were conducted, 
and the peak force was used to establish their 10, 25, 35, and 
50% force. Then, subjects were asked to hold reference force 
as steady as possible for 10 sec. The reference force was 
visible in a monitor in front of the subjects. The average of 
two trials was used for analysis. For knee flexion force 
steadiness, subjects were lying prone on a chair with their 

knee fixed at 30° of knee flexion angle. The same procedures 
were repeated to acquire the MVIC and 10-50% force. 
Moderate to good test-retest reliability (ICC=0.447-0.741) was 
previously established. 

CoV was used as a force steadiness measure [2] and was 
calculated by taking the standard deviations of the middle 8 
sec (out of 10 sec) and divided by the average force. Wilcoxon 
signed-rank tests were used to compare between OP and 
NON-OP limb differences in the ACLR group and between 
OP and NON-OP limbs in the ACLR group and the dominant 
(DOM) and non-dominant (ND) limbs in CON.  

Results and Discussion 
There were no limb differences in the ACLR group and group 
differences in hamstrings CoV (P = 0.119-0.752). Quadriceps 
force CoV at 35% and 50% were significantly greater in the 
ACLR group than the control group (P = 0.007-0.033). 

 
Figure 1: CoV at Various Conditions in ACLR and CON 

Conclusions 
Altered neuromuscular control of the quadriceps in OP limb 
seems to be exacerbated at higher target force (Quad35/50). 
Future studies should explore intervention strategies to 
improve neuromuscular function and reduce CoV. 
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Summary 
This research examined age-related changes in muscle strength 
and multi-channel surface electromyography (EMG) spatial 
parameters during isometric and isokinetic knee extensions. 
Peak torque, mean EMG amplitude, intensity,  entropy and 
Coefficient of Variation (CV) were compared across age and 
sex. While significant differences were found in peak torque, 
mean RMS and intensity between age and sex, there were no 
significant differences in entropy or CV except within the 
younger female group who demonstrated decreased entropy 
with increasing isometric torque. 

Introduction 
Muscle strength declines with age and is not simply due to 
muscle atrophy [1]. Aging skeletal muscle can result in MU loss 
and alteration in muscle fibre composition resulting in 
‘clustering’ or large areas of muscle being occupied by similar 
types of muscle fibers [2] resulting in low heterogeneity. The 
purpose of this study was to compare spatial EMG parameters 
during isometric and isokinetic knee extensions between older 
and younger men and women to examine age and sex-related 
differences. We hypothesized that the older group would have 
lower strength, higher EMG amplitude and lower heterogeneity 
compared to younger individuals.  

Methods 

Forty individuals participated in this study: 10 young males 
(mean age = 21.1 years), 10 young females (mean age = 21.9 
years), 10 older males (mean age = 70.4 years) and 10 older 
females (mean age = 73.3 years). A 64-channel high-density 
EMG (HDEMG) system (OTBioelectronica, Italy) was used to 
record activity from the vastus lateralis during isometric knee 
extensions (knee angle = 90°) at 25%, 50%, 75% and 100% of 
maximal voluntary contraction (MVC) and isokinetic knee 
extensions (60°/sec) using a dynamometer (Cybex Humac 
Norm, CSMI Inc., USA). Spatial distribution was estimated 
using the Root Mean Square (RMS) value for each electrode 
grid location and  used to develop 2-Dimensional (2D) maps 
(Figure 1A). Intensity was defined similar to previous work [3]. 
Modified entropy and CV were used to characterize 
heterogeneity similar to previous work [4].  Significant 
difference between sex and age for peak torque, mean RMS, 
intensity,  entropy, and CV were determined using a two-way 
ANOVA with Bonferroni adjustment (alpha level set to 0.05).  

Results and Discussion 
The younger groups produced significantly higher torques 
(p<0.001) than the older groups for the 25%,  50%, 75% and 

100% isometric and the isokinetic knee extension. Similarly 
males produced higher torques than females for the 25%,  50%, 
75% and 100% isometric and the isokinetic knee extension 
(p<0.001). The younger group had significantly higher mean 
RMS values for the 100% MVC isometric knee extension only. 
Sex-related differences were detected in mean RMS for the 
50%, 75%, and 100% isometric MVC as well as the isokinetic 
knee extension. The intensity results were similar with 
statistically significant age-related differences detected only in 
the 100% MVC.  Sex-related differences were detected in 
intensity for the 50%, 75%, and 100% isometric MVC as well 
as the isokinetic knee extension. Entropy and CV were similar 
across all groups. Although, within the young female group 
entropy decreased (p<0.05) with increasing isometric torque 
(Figure 1 B). 

 
 A    B 

Figure 1: A) Sample HDEMG Grid Recording  for a Participant B) 
Entropy During Submaximal and Maximal Isometric and Isokinetic 
(ISK) Knee Extension. OF = Older Females, OM = Older Males, YF 
= Young Females and YM = Young Males 

Conclusions 
Age and sex-related differences were detected in muscle 
strength and HDEMG parameters during isometric and 
isokinetic contractions but not in entropy or CV. Contrary 
previous research we did not find age-related differences in 
muscle heterogeneity as measured by entropy possibly due to 
the differences in the contractions examined. The younger 
female group exhibited a decrease in entropy with increasing 
torque suggesting sex-related differences should be further 
examined. 
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Summary 
Amputation severely disrupts muscles remaining at the end of 
the residual limb. We performed a pilot study to determine the 
effect of amputation on residual muscle architecture. We 
surgically amputated one hind paw in two rabbits. At two 
weeks post-surgery, we euthanized the rabbits, fixed both 
hindlimbs (intact and residual) in formalin, and removed select 
muscles (gastrocnemius, soleus, tibialis anterior) for 
architecture measurement. Muscle mass, muscle length, 
normalized fiber length, and physiologic cross-sectional area 
tended to be lower in the residual limb than in the intact limb 
for all muscles, with differences most pronounced in the 
soleus. These preliminary data reveal broad, varied muscle 
degeneration after amputation that could impair prosthetic and 
residual limb function (if the residual muscles still cross joints 
in the residual limb). More research is needed to quantify the 
extent and rate of muscle degeneration and identify 
approaches to prevent or reduce degeneration. 

Introduction 
Limb amputation, affecting nearly 1.6 million people in the 
US [1], severely disrupts multiple organ systems, including 
muscles. Muscles in the residual limb are frequently used to 
control motorized prostheses [e.g. 2] and may still cross and 
contribute to the motor function of residual joints. Muscle 
degeneration can degrade electromyogram signals (used for 
prosthesis control) and force-generating capacity, leading to 
impaired prosthetic and residual limb function.  
Amputation effectively immobilizes muscle in a retracted 
(shortened) position. These conditions are similar to tenotomy 
and joint immobilization, which lead to degeneration of 
muscle architecture (e.g. mass, length) [3,4]. However, muscle 
architecture changes have not been reported for amputation, 
which causes more extensive trauma than either tenotomy or 
immobilization. Our objective was to quantify the effect of 
amputation on residual muscle architecture in a rabbit model.  

Methods 
We surgically amputated one hind paw in each of two 13-
week-old New Zealand White rabbits (R1, R2). To reduce the 
effect of muscle retraction on post-amputation muscle 
architecture changes, the insertion tendons of select muscles 
(gastrocnemius, soleus, tibialis anterior) were sutured to the 
distal tibia approximately at their pre-amputation in situ 
lengths. We euthanized the rabbits two weeks post-amputation 
and fixed both hindlimbs of each rabbit in formalin. Then the 
select muscles were dissected for muscle architecture 
measurements. Tissue blocks from the muscle mid-bellies 

were sectioned perpendicular to the long axis of the muscle 
fibers and H&E-stained for histology. 

Results and Discussion 
The following results are with respect to the intact limbs. 
Degeneration presented in all muscles (Figure 1) but was most 
pronounced and histologically apparent in the soleus. Muscles 
were shorter in the residual limb, indicating some muscle 
retraction despite suturing the tendons to bone. Muscle mass 
was lower in the residual limb by 20-69%, as was normalized 
fiber length by 15-60%. Lateral gastrocnemius physiologic 
cross-sectional area was lower in the residual limb by 32%.  

 
Figure 1: Muscle architecture values for rabbits R1 and R2. 

Lm=muscle length; Mm=muscle mass; l0m=normalized fiber length; 
PCSA=physiologic cross-sectional area. 

Conclusions 
After only two weeks post-amputation, we observed 
substantial degeneration of muscle architecture, which may 
impair both prosthetic and residual limb function. Given our 
preliminary results, more research is needed to quantify the 
rate and extent of degeneration in animals and humans, and to 
identify interventions to mitigate degeneration. 
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Summary 

A system to generate mechanical load to the musculoskeletal 

system, through neuromuscular electrical stimulation (NMES), 

was developed, with load control through an isometric 

dynamometer adapted for bed-rest situations. The system 

allows for the control of several NMES parameters, and 

positions the patients’ knee extensor muscles at optimal length 

for mechanical load generation for both maximal voluntary 

isometric contractions (MVICs) and for evoked force (EF). 

Reliability was obtained for both intra-rater and inter-rater 

conditions. High intra-class correlation coefficients (ICCs), 

and low values for the standard error of measurement (SEM) 

and for the minimum detectable change (MDC) were obtained 

for both intra-rater and inter-rater reliability measurements. 

These results are evidence that the system is a reliable tool for 

evaluating neuromuscular conditions, and for generating 

mechanical load in bed-rest situations. 

Introduction 

One of the main bed-rest problems is the loss of muscle mass 

(2-3%/day) [1,2] and muscle function due to the drastic 

neuromuscular and skeletal systems use reduction [3]. 

Mechanical load is important to maintain these systems health, 

thereby maintaining the whole organism health. Apparently, 

there is no reliable system for the knee extensor muscles’ 

evaluation and mechanical loading in bed-rest situations. In 

addition, it is important to show that such system can be used 

independent of the testing day and of the evaluator. Therefore, 

the purpose of this study was to develop a NMES-EF system, 

and to determine how this EF relates to the MVIC in healthy 

subjects in a bed-rest condition. We also determined the 

MVIC and EF intra-rater and inter-rater reliability. 

Methods 

A multifunctional NMES-EF system was developed to 

evaluate and generate knee extensor mechanical load (Figure 

1L). Thirty-two healthy subjects (16 ♂ and 16 ♀; 26.6±4.9 

years) were submitted to two evaluations, performed on two 

separate days, with a week-interval. In day 1, a single rater 

evaluated the subjects. In day 2, rater 1 repeated the evaluation 

along with two additional raters. Subjects were placed resting 

in a dorsal decubitus position on the stretcher. The right ankle 

was fixed to a load cell coupled to the dynamometry system 

(Figure 1-R). The maximal force produced both during 

MVICs and by supramaximal doublet-pulse (double 

supramaximal stimuli pulses, 1 ms phase duration, 8 ms inter-

pulse intervals) EF were evaluated. Intra-rater and inter-rater 

reliabilities were determined by the ICCs and their respective 

confidence intervals (CIs). SEM and MDC values were 

calculated for each evaluated variable (significance level = 

5%; SPSS Software version 20.0). 

 

Figure 1: NMES system (Left) and bed-rest dynamometer (Right). 

Results and Discussion 

Intra-rater comparisons ICCs were high for both MVIC (0.91) 

and EF (0.94) (Table 1). Inter-rater ICCs were lower than 

those for the intra-rater comparisons, but still considered high 

for both MVIC (0.89) and EF (0.86). Relatively low SEM and 

MDC values were observed for both the MVIC and EF for 

intra-rater and inter-rater comparisons (Table 1). 

Conclusions 

The NMES-EF system is a reliable tool for to be used for 

evaluation in the clinical settings during bed-rest conditions. 
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Table 1: Intra-rater and inter-rater reliability values (. IR1 = inter-rater; IR3 = inter-rater. 

FORCE (Kgf) 1st Day 2nd Day Rater 1 Rater 2 Rater 3 SEM MDC ICC 95% CI 

IR1-MVIC 70.79±18.19 71.82±21.85    5.78 11.33 0.91 0.83-0.95 

IR1-EF 29.82 ±6.75 31.14±8.13    1.76 3.45 0.94 0.88-0.97 

IR3-MVIC   70.62±20.08 68.78±19.07 67.78±19.40 6.18 12.12 0.89 0.82-0.94 

IR3-EF   30.03±7.64 29.39±6.71 29.57±7.54 1.65 3.24 0.86 0.77-0.92 
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Summary 

The purpose of this study was to investigate alterations in lower 

limb work with military-relevant loads in females and males. 

This analysis indicates that females use a different joint 

adaptation strategy that relies on increased power generation at 

the hip, which may increase the risk of musculoskeletal injury. 

Introduction 

Load carriage is an essential military task that is associated 

musculoskeletal injury [1]. Increased positive joint work is 

required when walking with load, which puts greater demand 

on lower extremity muscles, decreasing time to fatigue and 

increasing injury risk [2]. Despite females having access to all 

US military occupations and having greater risk of 

musculoskeletal injury [3], military-relevant research typically 

focuses on male participants. We previously reported that 

females alter hip joint moments but not joint position in 

response to military-relevant loads, while males alter joint 

position but not joint moments [4]. In males, previous research 

has indicated that the hip contributes greater positive joint work 

when carrying military-relevant loads compared to carrying no 

load [5]. The purpose of this study was to investigate if females 

alter lower limb work differently than males in response to 

military-relevant loads. 

Methods 

Fifteen females (age: 26.1±5.1 yrs, height: 1.65±0.08 m, mass: 

67.8±9.4 kg) and fifteen males (age: 26±4.8 yrs, height: 

1.78±0.08 m, mass: 79.8±9.1 kg) completed 2-minute walking 

trials on a treadmill under three load conditions (unloaded: 1.2 

kg, light: 15 kg, and heavy: 27 kg) at 1.35 m/s. Loads and 

walking speed were selected based on army doctrine 

recommendations. While walking on an instrumented treadmill, 

kinematic and kinetic data were collected using a motion 

capture system. Lower extremity joint power was calculated 

using inverse dynamics. For each joint, we calculated the area 

under the positive (and negative) regions of the power curve for 

the entire gait cycle to determine positive (and negative) joint 

work. Positive and negative joint work were calculated 

separately. We then summed all joint work (ankle + knee + hip 

work) to determine positive (and negative) total limb work.  

All work values were then normalized to dimensionless form 

(body mass*gravity*leg length) and averaged across strides to 

calculate the dependent variables. We used a 2x3 mixed design 

ANOVA with sex as a between-subject factor, load as a within-

subject factor, and included the interaction of sex and load. 

Results and Discussion 

We have emphasized differences between females and males; 

therefore, only interaction effects are reported here. Significant 

interactions were detected for positive ankle, negative knee, and 

positive hip joint work, and positive total limb work. For all 

interactions, work (positive or negative) increased with 

increased load in both females and in males (p<0.001). Females 

had greater positive hip work and total limb work (Fig. 1A) than 

males when carrying the medium (p=0.026, p=0.004) and heavy 

loads (p=0.005, p=0.001). Females also had greater positive 

total limb work than males in the unloaded condition (p=0.023). 

While it may be suggested that the greater joint work in females 

is due to their lighter body mass, similar between-sex 

differences in joint work were not detected at the ankle and knee 

in any load condition. This suggests that females are using a 

different adaptation strategy that relies on generating more 

power at the hip. By examining the hip power time series (Fig. 

1B), it is apparent that females use greater positive hip power 

than males during mid-stance which corresponds with joint 

moment alterations found previously. 

 

Figure 1: A) Positive hip work and positive total limb work across 

stride. †indicate difference between females and males. B) Mean hip 
power time series. All units are dimensionless. 

Conclusions 

Females use greater positive hip joint work than males when 

walking with load. The increased power generated may increase 

the risk of musculoskeletal injury due to higher demands placed 

on the hip musculature. 
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Summary 

Carrying a loaded backpack in combat situations is highly 
prevalent in military environments. In this study we aim to 
analyse the spatiotemporal gait adaptations in men and women 
belonging to the Spanish Army as they carry their combat 
backpack. Based on the spatiotemporal gait analysis, men and 
women adapt their gait quite similarly, in spite of the fact that 
women’s backpack loads represented a 4% higher Body 
weight (BW) than men’s. 

Introduction 

Backpack carriage is an essential mode of supply 
transportation during military endeavours. Previous studies 
have concluded that backpack load for females should be 
reduced due to the biomechanical implications and associated 
mechanical stresses during walking [1]. Although a previous 
study highlighted that, despite differences in anthropometry, 
men and women adopt similar gait adaptations when carrying 
a load adjusted as a percentage of their body weight [2]. The 
present study evaluated the impact of carrying combat 
backpacks in infantry military men and women. 

Methods 
Eight females and 16 males belonging to the Spanish Army 
participated in this study. The average weight of the all worn 
equipment in this condition for males was 19.5 ± 1.8 kg, 
which represented 24.5 ± 2.8 %BW, whereas for females the 
average total equipment weight was 18.1 ± 0.8 kg, 
representing 28.3 ± 3.2 %BW. To analyse the effect of 
carrying a combat backpack in men and women, participants 
walked for 3 km without a backpack (control condition) and 
carried their usual combat backpack, including: spare clothing, 
a rigid 1-litre bottle of water, an American blanket, a medical 
kit, and various survival accessories. Soldiers completed the 3 
km by walking as quickly as possible -without running- 
around a rectangle that researchers created inside the sports 
hall of the military base. On one side of the rectangle was 
located the GaitRite system (GAITRite system; CIRSystems 
Inc., Clifton, USA). Spatiotemporal gait parameters were 
recorded at the beginning of the test and after 1 km, 2 km, and 
3 km in each condition and ware normalized following the 
Hof  equations [3].  
A 2-way RM ANOVA was conducted to analyse the influence 
of fatigue (at 0, 1, 2, and 3 km) and load condition (control vs 

combat backpack) designed with one between-subjects 
variable (gender). Bonferroni’s confidence interval adjustment 
for significant comparisons was applied. 

Results and Discussion 
Results of ANOVA are shown on Table 1 and between 
conditions results are represented in Figure 1.  
In this study, the results showed that men and women adopt 
similar spatiotemporal gait adaptations while carrying a 
combat backpack, which corroborates results from a previous 
study where men and women adopted similar adaptations 
carrying different loads [2], in spite of women carrying a 
heavier backpack relative to their BW (approximately 4% 
BW) than men.     

Conclusions 
Based on spatiotemporal gait analysis, women display the 
same gait adaptations to load than men, even while carrying a 
heavier load than men (approximately 4% of their BW).  
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Table 1: Summary of ANOVA results (p value) for the main and interactive effects of fatigue (F), Load condition (L) and gender (G).  

 Fatigue Condition Gender FxG LxG FxLxG 
Velocity  0.000 0.000 0.22 0.57 0.97 0.20 
Cadence 0.03 0.001 0.34 0.59 0.48 0.42 
Stride Length 0.18 0.000 0.37 0.33 0.97 0.68 
Swing phase 0.18 0.000 0.23 0.51 0.98 0.11 
Stance phase 0.18 0.000 0.23 0.54 0.97 0.16 
Double phase 0.61 0.000 0.21 0.51 0.43 0.62 
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Summary 

A musculoskeletal model that incorporates backpack 

attachments at the torso and pelvis was developed to evaluate 

load carriage effects during walking in military service 

members wearing backpacks with/without a hip-belt. 

Compressive L4-L5 and axial hip joint contact forces were not 

significantly different between backpack designs, suggesting 

that load magnitude may be more important than equipment 

design in reducing injury risk. 

Introduction 

Many military service members use backpacks to carry loads 

on the order of 20 - 60 kg, which may be associated with the 

high rates of musculoskeletal injury and low back pain 

experienced within the military. Of all joints, injury to the 

spine is the most prevalent medical issue affecting military 

service members [1,2]. Hip-belts incorporated into backpack 

designs may reduce joint loading in the spine, with potential to 

mitigate back injuries. However, differences in joint contact 

forces have not been quantified for different backpack 

configurations. Thus, we developed a musculoskeletal model 

and walking simulations of load carriage to investigate the 

effects of differing backpack designs on these internal forces. 

Methods 

A musculoskeletal model with a backpack was developed in 

OpenSim v3.3 (simtk.org) from a model incorporating the 

lower limbs, lumbar spine, and 294 muscle-tendon actuators 

[3]. Torso and pelvis backpack attachments were modeled as 

passive linear springs using reported stiffness and damping 

parameters [4]. 

We developed walking simulations for three randomized load 

configurations (unloaded – 0L, shoulder-borne – SHO, and 

hip-belt assisted – HBA) using kinematic (120 Hz) and ground 

reaction force (1200 Hz) data of US Marines (n=6 males; 

27.17±3.97 years old; 26.52±1.79 BMI) walking at their self-

selected speed. The carried load was 38.25 kg (an average of 

44% body weight). Individual muscle forces were determined 

from a static optimization algorithm that minimized the sum of 

muscle activations cubed while satisfying the net joint 

moments derived from the measured kinematics and ground 

reaction forces. Using these muscle forces, we then computed 

compressive L4-L5 and axial (along the femur) hip forces 

during stance for each configuration.  Repeated measures 

ANOVAs were performed on peak forces to determine the 

main effect of load for each metric.  Posthoc tests using 

Bonferroni corrections compared individual load 

configurations (α=0.05). 

Results and Discussion 

Significant main effects were found for L4-L5 (p=.008) and 

hip (p=.041) forces. Pairwise comparisons for L4-L5 indicated 

that only SHO was significantly greater than 0L (p=.005). For 

hip, only HBA was significantly greater than 0L (p=.012). No 

significant differences were found between SHO and HBA. 

The addition of backpack load caused average increases in 

peak L4-L5 force of 0.58 and 0.44 times bodyweight and in 

peak hip force of 1.62 and 1.65 times bodyweight for SHO 

and HBA, respectively (Figure 1).  

 

Figure 1: Mean ± one standard deviation of joint contact forces 

during the stance phase of walking with each load configuration.  

Participants walked at their self-selected speed as an outcome 

measure of the broader study (1.57 0L, 1.38 SHO, 1.30 HBA 

m/s), which contributed to large variation in the joint contact 

force results.  Standardizing walking speed would likely 

increase the differences in L4-L5 and hip forces between 

loaded and unloaded walking, but likely not suggest that hip-

belt assisted load carriage reduces L4-L5 compressive force 

compared to shoulder-borne load carriage.  Future work will 

investigate the effects of walking speed and expand analysis to 

additional participants. 

Conclusions 

Walking with carried load increased L4-L5 compressive 

loading in the shoulder-borne condition and axial hip joint 

contact force in the hip-belt assisted configuration but no 

differences were detected between backpack types. These 

findings suggest that differences in backpack design may not 

be as influential to musculoskeletal injury risk as the 

magnitude of the load carried.  
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Summary 

This research examined the changes in gait throughout loaded 
military march. Data on pace, step length, stance time, and 
cadence were collected in the field during a dismounted military 
movement. The results showed that all gait metrics tended to 
decline with fatigue until approximately 65% completion, when 
they improved toward the starting values.  Pace demonstrated 
the most marked changes with time, which suggests that it may 
be the best measure of fatigue status. 

Introduction 

During dismounted training and missions, soldiers often carry 
46 kg or more for extended periods of time [1].  These extreme 
loading conditions are thought to increase injury susceptibility 
and decrease physical performance [1,2].  

Many of the previous studies have been conducted in simulated 
load and fatigue conditions on a treadmill with controlled speed, 
or in a non-fatigued state.  Additionally, there are very few 
studies that have examined the effects of fatigue throughout 
long-distance walking in a healthy population [3,4].   

Therefore, the purpose of this research was to examine the 
changes in spatio-temporal parameters during a fatiguing ruck 
march, carried out as part of a military training exercise.  Each 
metric of interest (pace, step length, stance time, and cadence) 
was expected to change with time, although it was unclear 
which might be most sensitive to increasing fatigue status. 

Methods 

As part of a larger study, 30 Army soldiers (28M/2F; 1.8 ±0.1m; 
83 ±12.5kg) each wore a Milestone Pod (MSP) [13 grams, 
Milestone Sports; Columbia, MD] on the distal laces of their 
combat boots during a platoon ruck march (8 ±2km in 102 
±27min), while carrying a trunk-borne load (47 ±8% body 
mass). The MSP outputs pace, step length, stance time, and 
cadence during walking, approximately 1x/min. 

Data from the MSPs were first normalized to the individual’s 
own values for the first 10 minutes of walking, then to 100% of 
their ruck march time.  The resulting time series data could be  
 
 

merged for all participants, regardless of their intrinsic gait 
patterns and differences in ruck march distance.  

A 2nd order best-fit polynomial was calculated for each 
participants’ normalized gait pattern.  The changes were 
assumed to be a result of increasing fatigue, and the following 
were calculated: point of inflection (% completion of ruck 
march to reversed rate of change), average slope to the point of 
inflection, and average slope following the point of inflection.   

Results and Discussion 

The best-fit polynomial suggested that all metrics changed at a 
constant rate until approximately 65% completion of the ruck 
march.  Pace, step length, and cadence decreased, while stance 
time got longer.  From the point of inflection to completion, 
each metric tended to revert back toward their initial values, and 
even exceeding them.   

Table 1 shows the average points of inflection, as well as the 
slopes before and after the point of inflection, for each metric’s 
best-fit polynomial.    

Conclusions 

Until the inflection point at approximately 65% completion, the 
metrics of interest changed in the expected directions to reflect 
fatigue-related changes in gait.  The inflection point was an 
unexpected phenomenon, which may be the result of the 
participants’ prior knowledge of the overall course length; 
fatigue-related changes may have been transcended by a desire 
to complete the task.     

While overall pace is a reflection of cadence and step length, it 
is interesting that it was the most sensitive parameter to 
increasing fatigue status.  This suggests that pace may serve as 
a single surrogate measure for fatigue status during military or 
civilian scenarios where tracking of fatigue status is important.   
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Table 1: Best-Fit Polynomial Curve Characteristics for Spatio-Temporal Metrics Tracked Throughout a Fatiguing Ruck March 

 Avg Inflection Point, 
Completion of Ruck March 

Avg Slope to Inflection 
Point, % 

Avg Slope After Inflection 
Point, % 

Pace 65% -0.43 0.32 

Step Length 63% -0.25 0.16 

Stance Time 66% 0.12 -0.09 

Cadence 64% -0.18 0.12 
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Summary 
Load carriage is an essential component of combat related 
roles in military populations.  Warfighters are regularly 
required to walk at velocity more routinely associated with 
running, known as forced marching (FM).  There is a paucity 
of research regarding the effects of FM on knee total joint 
moments (KTJM) in women.  Results indicated that KTJM is 
greater during FM at heel strike (HS) and mid stance (MS).  
Greater limb asymmetry was observed during the FM. 
Introduction 
Marching with heavy loads is an essential component of 
training and standard operations in the military[1].  The rate of 
the march may surpass the velocity of the gait transition point, 
but warfighters are encouraged to maintain a walking gait.  
Due to the cyclical nature of bipedal locomotion, subtle 
variations are expected about all three axes of rotation for the 
knee.  KTJM provides an opportunity to capture changes in 
knee moments that may otherwise be overlooked in single 
plane analysis.  The purpose of this study was to determine the 
interactive effects of FM and running (RN) with load 
magnitude on the KTJM in recruit aged females.    
Methods 
Twelve healthy, recreationally active females (m=24.75, 
sd=2.17) completed three separate testing sessions.  3D 
biomechanics capture via 12 infrared cameras (Vicon Motion 
Systems, Oxford, UK) and a Bertec instrumented dual belt 
treadmill (Bertec Co., Columbus, OH).  Participants wore 
combat boots and a weighted vest with an evenly distributed 
load.  A custom 31-marker set was employed to capture trunk 
and lower extremity kinematics utilizing clusters for the thighs 
and shanks.  Prior to data collection, gait transition velocity 
(GTV) was determined by averaging 3 walk-to-run trials for 
each load condition.  Experimental trials were conducted at 
body weight (BW), and with loads; +25% BW, and +45%BW. 
For each load condition, participants performed two 
locomotion types (RN or FM) at a velocity 10% above their 
GTV.  Kinematic data were acquired at 100hz and kinetic data 
at 1000hz.  All data were processed in Visual 3D (C-Motion, 
Germantown, Maryland). Data was filtered using a Fast 
Fourier Transform filter with a cut-off frequency of 6hz.  For 
each trial, eight consecutive strides per limb were each 
normalized to 101 data points and then averaged together.  
Moments were normalized to system weight.  KTJM was 
calculated utilizing the method described by Asay et al (2017)
[2].  Additionally, KTJM differences between limbs were 
calculated (TJMD). Multifactorial RMANOVA for load by 
locomotion (3x2) were conducted separately on dominant 
(DOM)/nondominant (NON) limb and gait event (Heel strike 
[HS] and Midstance [MS]) for KTJM and TJMD. Post-hoc 
analysis using Bonferroni-corrected pairwise comparisons 
were conducted when necessary (alpha p<.05).  

Results and Discussion 
There was an interaction between load and locomotion for 
DOM KTJM at HS (p=.007) and MS (p<.001).  There was a 
main effect (p<.001) of locomotion on DOM KTJM at HS and 
MS.   There was a main effect (p<.001) of load on DOM 
KTJM at MS. Post hoc showed 45% was less than BW (p<.
001) and 25% (p=.002). There was an interaction between 
load and locomotion for NON KTJM at MS (p<.001).  There 
was a main effect (p<.001) of load on NON KTJM at MS.  
Post hoc showed all loads were significantly different (p<.
005). There was a main effect (p<.001) of locomotion on NON 
KTJM at HS and MS.  There was a main effect for locomotion 
on TJMD (p<.001) at HS and MS.  
FM resulted in significantly greater KTJM compared to RN at 
the same velocity for both limbs.  At HS when running, KTJM 
increased with load, while decreasing with load during the 
FM.  Greater KTJM at heavier loads while running may 
demonstrate a movement strategy to better absorb initial 
contact forces.  This compensatory action may be sacrificed 
during FM in favor of maintaining horizontal velocity.  
Moreover, the increased asymmetry of limbs during FM at HS 
supported by significant finings may indicate a potentially 
maladaptive strategy as the participant relies more heavily on 
their dominant side. KTJM was greater for RN compared to 
FM at MS.  Furthermore, at MS, KTJM for FM remained 
relatively unchanged across loads while at RN, KTJM 
decreased as load increased.  The decreasing trend in TJM 
during RN may demonstrate an ability to redistribute energy to 
other joints when increasing load that is unattainable with a 
FM gait pattern.  Lastly, during MS, the asymmetry was 
greater for RN, but the NON had the greater KTJM, but at FM 
the DOM had the greater KTJM.  This finding may exhibit 
more equal distribution of work across contralateral limbs 
during running, where as the DOM is utilized more during FM 
across a greater portion of the gait cycle.    
Conclusions 

The differences of KTJM observed due to FM, especially at 
HS,  coupled  with  significant  limb  asymmetry  may  indicate 
that  the  movement  strategy  is  maladaptive.   Repetitive 
performance of a FM with a substantial load carriage could 
potentially expose warfighters to deleterious forces that lead to 
chronic injuries of the soft tissues in the knee.   
. 
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Summary 

The in vivo elongation patterns of the medial (MCL) and 
lateral (LCL) collateral ligaments following total knee 
arthroplasty (TKA) were investigated during level walking 
and squatting using moving video fluoroscopy and subject-
specific modelling. Furthermore, a Monte Carlo analysis 
revealed the in vivo MCL and LCL elongation patterns are 
highly sensitive to the femoral attachment sites. This indicates 
that the implantation of the femoral component in TKA 
governs the post-operative ligament elongation patterns.  

Introduction 

Intraoperative ligament balancing during TKA is generally 
performed based on subjective manual evaluation by the 
surgeon rather than quantitative metrics [1]. To define the 
optimal ligament tensioning and avoid postoperative 
complications, a thorough understanding of the elongation 
patterns experienced by the MCL and LCL throughout 
functional activities is crucial. Assessment of ligament 
elongation has been demonstrated via fluoroscopy-based 
tracking of the ligament attachment points, however, the 
studied activities have been limited to forward lunge and 
treadmill walking [2] due to stationary imaging modalities. 
This study investigated the in vivo elongation patterns of the 
collateral ligaments throughout complete cycles of level 
walking and squatting and assessed the sensitivity of the 
estimated patterns to the positioning of the ligament 
attachment points in the subject-specific models. 

Methods 

Tibiofemoral kinematics were captured using a moving 
fluoroscope [3] in 6 TKA patients (5m/1f, aged 68±5 years) 
with an ultra-congruent implant (INNEX, Zimmer, 
Switzerland) throughout complete cycles of level walking and 
squatting (Fig.1a). Ligament attachment footprints were 
identified based on pre- and post-operative CT scans. 
Multibody models were developed with ligaments represented 
by fibre elements distributed over their origin and insertion 
footprints (Fig.1b). The fluoroscopic knee kinematics were 
prescribed to the subject-specific models to assess the 
elongation of the ligament fibres throughout five cycles of 
each activity. Elongations were reported relative to the 
reference length at heel strike during walking.  

A Monte Carlo analysis was performed by generating 500 new 
models for a single subject with the ligament attachments 
perturbed from their nominal location according to Gaussian 
distributions (standard deviations: 5mm in the anteroposterior 
and proximodistal directions, and 2mm mediolaterally). 
Tibiofemoral kinematics were fed into the perturbed models 
and the Pearson correlation coefficient (r) was computed 
between the maximum length-change of the ligaments and 
variation in the position of their attachments. 

Results and Discussion 

The collateral ligament bundles remained nearly isometric 
during the first 50% of the level walking cycle (Fig.1c). From 
50% to 70% gait cycle, the aMCL experienced lengthening 
with a maximum elongation of 5.4±1.8%, whereas the LCL 
slackened by 4.8±1.6%. With increasing the knee flexion 
angle during squat, the intermediate bundle of MCL (iMCL) 
showed an isometric behaviour while the aMCL lengthened 
(max: 4.6±1.5%) and the LCL and posterior bundle of MCL 
(pMCL) shortened (Fig.1d).  

The sensitivity analysis revealed that the strongest correlations 
in the max length-change of the ligaments were in the location 
of the femoral attachments (Fig.1e). The LCL showed the 
greatest sensitivity with a 1mm shift in the AP direction 
inducing a 1.1% change in the max length-change (r=0.68). 
However, the tibial attachment locations did not substantially 
influence the collateral ligament elongations (Fig.1f). 

 
Figure 1: Fluoroscopic image during level walking (a). 3D model of 
the knee (b). Length-change patterns of LCL and MCL during level 
walking (c) and squatting (d). Sensitivity of the length-change 
patterns to the location of femoral and tibial attachments (e and f). 

Conclusions 

We coupled dynamic imaging and subject-specific modelling 
to quantify post TKA collateral ligament function. This 
investigation revealed that MCL and LCL elongation patterns 
are substantially more sensitive to the location of the femoral 
attachment sites relative to the femoral component than the 
tibial attachments relative to the tibial component. Thus, in 
TKA where inlay designs dictate the relative tibiofemoral 
kinematics, the implantation of the femoral component will 
critically govern the post-operative ligament elongations. 
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Summary 

There are no longitudinal studies investigating the joint 

kinematics of the lower limbs following tibial plateau 

fracture. This means that physiotherapists and surgeons do 

not have the quantitative data on changes in function with 

time, which may be vital for postoperative rehabilitation. 

This study investigated whether postoperative joint 

kinematics during walking changed with time, and presents 

the first results of a larger study cohort involved at our 

institution. The hip, knee, and ankle joint angles were 

computed at two, six, and 12 weeks postoperative. At two 

and six weeks, there was reduced range of motion and 

asymmetry in all joints which rapidly improved by 12 

weeks. The first results from this case series indicate rapid 

improvement toward normal lower limb joint kinematic 

profiles and symmetry within 12 weeks post-surgery for 

tibial plateau fracture. 

Introduction 

Tibial plateau fractures affect the articular surface of the 

knee and are associated with poor functional outcomes [1]. 

The time course of lower limb kinematics with postoperative 

recovery has not been previously investigated, but may give 

some insight into functional limitations post injury. The aim 

of this study was therefore to determine the change in lower 

limb joint kinematics in the first 12 weeks after surgery, 

relative to both an immediate postoperative state (2 weeks) 

and healthy, age-matched controls [2]. 

Methods 

Fifteen tibial plateau fracture patients were recruited at the 

Royal Adelaide Hospital, Australia. Open reduction internal 

fixation surgery was performed [3] and patients were 

instructed to weight bear immediately after surgery either up 

to 20 kg or as tolerated by pain. Gait analyses were 

performed postoperatively at two, six and 12 weeks using 

standard motion capture techniques. A generic full-body 

musculoskeletal model [4] was scaled using static trial 

marker data in MAPClient [5] (sum of all marker RMS error 

10-35 mm). Rigid body motion was reconstructed using 

inverse kinematics and bilateral joint angles for the operated 

and non-operated/contralateral limb were calculated in the 

sagittal plane for the ankle, knee and hip [6]. The total range 

of motion (ROM) during walking gait was calculated and 

compared between analyses. Symmetry between the legs was 

defined as the ratio of ROM between the affected and 

unaffected legs. Joint kinematics were also compared to age-

matched healthy controls.  

Results and Discussion 

Data are presented for the first four of our case series. The 

ranges of difference between the affected and unaffected side 

for ROM and symmetry are presented in Table 1. At two 

weeks postoperative, all lower limb angles during walking 

gait showed both reduced ROM and significant dysfunction 

on the affected, as opposed to the unaffected side. The 

affected side then improved up to 12 weeks. The symmetry 

between legs at the hip and knee also improved up to 12 

weeks; however, there were greater differences remaining at 

the ankle. Reduced peak hip flexion, knee extension and 

ankle joint plantarflexion at 12 weeks were still observed 

when compared with the healthy controls.  

Conclusions 

These data, from the first four patients show rapid 

improvement in lower limb joint kinematics in the first 12 

weeks post tibial plateau fracture surgery. Patients showed 

an improvement in ROM and symmetry between joints over 

time. There are, however, still differences between the 

patients and healthy controls at 12 weeks which may 

partially explain the relatively poor outcomes of patients 

following these fractures. Data from other groups who treat 

these fractures with different surgical approaches and 

different rehabilitation strategies will be essential to better 

understand postoperative function after tibial plateau 

fracture.  

References 

[1] Thewlis D. et al. (2017) Injury, 48 1650-1656 

[2] Solomon LB. et al. (2011) J Bone Joint Surg, 93 817-823 

[3] Kersh M. et al. (2018) JBMR, 33 1999-2006 

[4] Zhang J. et al. (2014) Biomedical Simulation, 6 182-192 

[5] Delp S. et al. (2007) IEEE TBME, 54 1940-1950 

[6] Wu G. et al. (2002) Journal of Biomechanics, 35 543-548 

Table 1 Hip, knee and ankle differences in range of motion and symmetry between affected and unaffected legs postoperative. 

  Hip Knee Ankle 

Weeks Post-op  2 6 12 2 6 12 2 6 12 
ROM Difference 1°-16°  0°-12°  0°-4°  2°-20°   3°-27°  1°-6°  4°-14°  3°-7°  2°-9°  
Symmetry 0.8-2.46 0.61-1.46 1-1.1 0.69-1.73 0.81-1.57 0.92-1.13 0.83-2.27 0.9-1.39 0.8-1.5 
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Summary 
Quadriceps muscular strength weakness is commonly 
observed in individuals following ACL injury (ACLI). 
However, it is inconclusive whether force steadiness is worse 
in ACLI individuals. Twenty-four subjects with ACLI (54.9 
days prior to testing) and 25 control subjects (CONTROL) 
completed the maximal voluntary isometric contractions 
(MVIC) for knee flexion and extension; then, they were asked 
to hold 10%, 25%, 35%, and 50% MVIC values (visible in 
monitor) as steady as they could for 10s. Average force and 
standard deviation in the middle 8s was used to calculate 
coefficient of variation (CoV). Few CoV differences were 
found. CoV at Hamstrings 25% (Ham25) and Quadriceps 35% 
(Quad35) were larger in the ACLI group than the CONTROL 
group.   

Introduction 
ACL injury disturbs the sensory feedback loop and causes 
arthrogenic muscle inhibition of the quadriceps. In addition to 
the muscular weakness, noticeable and uncontrollable shakes 
of contracting muscles during MVIC have been clinically 
observed. An earlier pilot study attempted to quantify force 
steadiness with CoV differences at various knee flexion 
angles; however, did not find significance [1]. Force 
steadiness depends based on the amplitude (%MVIC) of target 
force; therefore, the current investigation aimed to compare 
CoV at different target forces between the ACLI group and the 
CONTROL group.  

Methods 
25 CONTROL individuals (sex: 14F/11M, age: 18.8±3.1years, 
height: 173.9±8.5cm, and weight: 67.6±13.4kg, dominant Leg: 
24R/1L) and 24 ACLI individuals (sex: 12F/12M, age: 
18.8±3.1years, height: 173.6±9.4cm, weight: 75.8±14.3kg, 
involved leg: 15R/9L, time from injury: 54.9±66.1days) 
participated in the study. Subjects sat on a dynamometry chair 
(Humac, CSMI, Stoughton, MA) with their knee flexed 
comfortably near 90°. Force was recorded with an MLP-300 
load cell (Transducer Techniques, Temecula, CA) and custom 
software at sampling frequency of 20,000 Hertz. First, three 
MVIC trials were conducted, and the peak force was used to 
establish their 10, 25, 35, and 50% force. Then, in random 
order, subjects were asked to hold reference force as steady as 
they could for 10 seconds. Reference force was visible in a 
monitor in front of subjects. Subjects completed each 
percentage two times and the average was used for statistical 
analyses. For knee flexion force steadiness, subjects were 
lying prone on a chair with their knee fixed at 30° of knee 
flexion angle. The same procedures were repeated to acquire 
the MVIC and 10-50% force. Moderate to good test-retest 
reliability (ICC = 0.447-0.741) was previously established. 

CoV was used as a force steadiness measure [2] and was 
calculated by taking the standard deviations of the middle 8 
seconds and divided by the average force. Paired t-tests or 
Wilcoxon signed-rank tests were used to compare between 
injured (INJ) and contralateral non-injured (NON-INJ) limbs 
between the ACLI group and the dominant (DOM) and non-
dominant (NON-DOM) limbs of the CONTROL group.  

Results and Discussion 
There were no limb differences in CoV values in the ACLI 
group (Figure 1). CoV at Ham25 in the NON-INJ limb and 
Quad35 in the INJ limb in the ACLI group were significantly 
greater than the CONTROL group. Overall, controls had high 
CoV at 10%MVIC and low at 25, 35, and 50% while the INJ 
limb exhibited high CoV in 35% and 50% in the quadriceps. 

 
Figure 1: CoV at Target Forces in ACLI and CONTROL Groups 

Conclusions 
A lack of side-to-side limb differences in the ACLI group (yet, 
elevated CoV than the CONTROL group) likely reflects the 
central neuromuscular changes in motor unit recruitment and 
output patterns following ACL injury. Future investigations 
should explore effects of reconstruction surgeries on CoV. 
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Summary 

In this investigation of 20 knees, part of a prospective study of 

surgical technique and outcomes of total knee arthroplasty, we 

observed no significant correlation between anterior femoral 

translation during passive knee flexion, measured 

intraoperatively, and peak involved knee flexion moment 

during stair ascent two years post total knee arthroplasty.   

Introduction 

Femoral rollback and posterior translation during knee flexion 

provide mechanical advantage for the quadriceps to generate 

extension moment, the demand for which is increased during 

stair climbing compared to normal gait. This apparatus can be 

disrupted during a cruciate-sacrificing total knee arthroplasty 

(TKA), causing reduced femoral rollback (reduced posterior 

translation) or paradoxical motion (excess anterior translation 

of the femur) during flexion compared to pre-TKA. [1]. The 

goal of this study is to characterize the effect of 

intraoperatively-quantified anterior translation of the femur 

during passive knee flexion on peak knee flexion moment 

(pKFM) during stair ascent two years after the procedure. We 

hypothesized that greater anterior translation is correlated with 

lower pKFM due to reduced knee extensor moment arm.   

Methods 

Eighteen IRB-consented patients (8 male, age 63.0 ± 7.3 years) 

diagnosed with predominantly medial compartment 

osteoarthritis (OA) and varus knee deformity participated. 

Potential participants were excluded for lateral compartment 

OA, valgus deformity, revision TKA, BMI > 45, or for 

requiring an assistive device for ambulation. Two patients with 

bilateral involvement had each knee assessed separately, for a 

total of 20 knees.  

Intraoperatively, a custom navigation device was used by the 

orthopaedic surgeon to track femoral translation during passive 

flexion after cruciate ligament excision and the posteriorly-

stabilized components (LPS Flex, Zimmer Biomet) were 

implanted [2]. 

At 2 years post-operatively (average 787 ± 61 days), each 

participant participated in motion analysis testing which 

included ascending a custom three-step instrumented staircase 

foot-over-foot. A modified point-cluster marker set was used to 

calculate knee kinematics [3]. Marker and force plate data were 

filtered using a 6Hz fourth-order low-pass Butterworth filter. 

The external pKFM of the involved knee over the stance phase 

of the second step was averaged over three representative trials 

for each participant and normalized by body weight times 

height. The Pearson correlation was used to assess the 

association between 2-year post-operative pKFM during stair 

ascent and intra-operative peak anterior translation during 

passive flexion. 

Results and Discussion 

 

Figure 1: Intraoperative femoral anterior translation vs. 2-year post-

operative pKFM during stair ascent. Pearson r = -0.287, p = 0.220. 

Anterior translation during passive flexion at the time of 

surgery was not significantly correlated to pKFM during stair 

ascent two years post-op (r=-0.287, p=0.220). Moreover, when 

one participant whose anterior translation was a statistical 

outlier was removed, the correlation jumped to 0.166 (p = .497) 

among 19 knees.   

While the small sample size does not permit a definitive 

conclusion for this negative finding, these results suggest that 

the degree of increased femoral rollback measured during the 

TKA does not predict the generation of a lower pKFM during 

stair ascent after two years. Possible reasons for this lack of a 

relationship could include pre-operative compensatory 

adaptations at other joints that persist after surgery or muscular 

compensations for the increased mobility at the knee.  

Conclusions 

While it is known that anterior translation of the femur during 

flexion compromises the quadriceps’ mechanical advantage 

during knee flexion, anterior translation immediately after 

implantation does not appear to be a strong driver of knee 

extensor function during stair ascent in the long term. Other pre-

operative or post-operative factors may play a larger role in long 

term function during stair ascent post-TKA.  
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Summary 
Total Knee Arthroplasty (TKA) procedures are prevalent 
throughout the United States [1]. Patients often experience 
dissatisfaction and asymmetric gait post-TKA. Seven TKA 
patients conducted walking trials on three different terrains as 
well as completed a satisfaction survey. Initial findings 
identify possible relationships between stride variability and 
satisfaction on the track and unpaved surfaces. 

Introduction 
Total Knee Arthroplasty (TKA) procedures are quickly 
becoming one of the most prevalent surgeries in the United 
States, with roughly 700,000 performed annually [1,2]. 
Studies have shown that up to 30% of patients are dissatisfied 
with their TKA [3]. Asymmetric gait mechanics have been 
identified in TKA patients post-surgery, yet little is known 
regarding how this asymmetry manifests itself during real-
world activities [4]. The effect of different terrains on local 
joint stability during walking in TKA patients has yet to be 
examined, especially in context of surgical satisfaction. 
Therefore, the purpose of this study is to determine the 
relationship between walking variability and clinical 
measures in TKA patients as well as to compare stride-to-
stride variability between healthy adults and TKA patients.  

Methods 
Subjects: 7 TKA subjects (Age: 64.14 ± 10.34, BMI: 32.34 ± 
6.31) and 25 healthy older adults (Age: 66.32 ± 8.61, BMI: 
27.43 ± 3.6)  were recruited. All TKA subjects had undergone 
a unilateral TKA (Mean: 9 months prior) with no history of 
TKA revision. Functional & Clinical Testing: Subjects 
completed walking trials on 3 different surfaces: an indoor 
track, an outdoor paved surface, and an outdoor unpaved 
surface. The Knee Society Scoring System (KSSS) was given 
to address subject satisfaction with their TKA procedure. 
Data Analysis: The Wolf algorithm [5] was used to calculate 
the Lyapunov Exponent (LyE) of lower limb sagittal joint 
angles for minutes of walking at 60Hz. Linear regressions 
were used to measure the relationship between stride-to-stride 
variability and satisfaction. A student’s t-test was performed 
to identify differences between groups across terrains.  

Results and Discussion 
Variability, determined by LyE, increased as the walking 
surface was less consistent (track<paved<unpaved) (Figure 
1). Initial findings identify a possible relationship between 
stride variability and satisfaction for the TKA limb on the 
involved limb, with the relationship approaching significance 
(p<0.1) on the track and unpaved surfaces (Table 1). 
Relationships were the strongest on the unpaved (R2 = 0.5) 
surface. The highest KSSS score belonged to the most 
variable subject, while the lowest KSSS score belonged to the 
least variable individual. Older adults experienced increasing 

stride-to-stride variability across terrains, yet no statistically 
significant differences were observed between older adults 
and TKA. 

 
Figure 1: LyE values across terrains between healthy older adults 
and TKA patients.  

Table 1: R² values for each limb across terrains comparing KSSS 
and LyE values. * indicates p <= 0.1 
Conclusion 
Initial findings identify possible relationships between stride 
variability and TKA satisfaction on the track and unpaved 
surfaces, with the strongest relationship being on the unpaved 
surface. We believe that our least and most variable surfaces 
may give the most insight into the relationship between 
satisfaction and variability. The highest KSSS score had the 
highest stride variability across all terrains while the lowest 
KSSS score also had the first, second, and third lowest 
variability on the track, paved, and unpaved surfaces 
respectively. We suspect that people who demand less of their 
TKA are more satisfied than those who require more of their 
knee and thus, are more critical of knee performance. Our 
hypothesis suggest that we move out of the clinical setting to 
the outside environment, where trends between walking 
variability and satisfaction are developing. Ultimately, 
accrual must be continued within the current study to fully 
examine the trends between walking variability and 
satisfaction post-TKA.   
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 Track Paved Unpaved 
Involved 0.45* 0.34 0.5* 
Uninvolved 0.18 0.31 0.39 
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Summary 

Modern wearable fitness trackers contain inertial measurement 

units (IMUs) to estimate user activity metrics. These trackers, 

however, typically require access to a GPS-enabled smartphone 

to measure gait speed and distance. This presents a problem 

when the GPS signal is sparse or when a runner exercises 

without a phone. Trying to estimate speed from raw IMU data 

using biomechanical models is problematic due to integration 

drift. Here, we construct a neural network model that predicts 

running speed from IMU-derived metrics alone, obviating the 

need for a GPS-enabled device. We trained the model on data 

captured by a commercial IMU fitness tracker (Lumo Inc.). The 

model predicts running speed on a validation set with 0.10 m/s 

mean absolute error. 

Introduction 

Wearable fitness tracking devices are used to estimate 

performance and kinematic metrics during physical activity. 

For example, the LumoRun fitness tracker (Lumo Inc.) uses an 

IMU to estimate interpretable running metrics, such as step 

cadence and contact time. Devices are often paired with a GPS-

enabled device (e.g., a smartphone) to estimate speed. Running 

with additional devices, however, can be inconvenient. 

The purpose of this study was to build and test a machine 

learning model to predict running speed to within the inherent 

error of ground-truth GPS data using LumoRun kinematic 

metrics and user anthropometry data. The dataset includes 

2,700 hours of LumoRun IMU-derived kinemetric metric data, 

as well as synced smartphone-GPS-derived estimates of speed, 

which we used as ground truth. We built and tuned a 

convolutional neural network to predict running speed over a 

given time window using this dataset. 

Methods 

The inputs to our model include six LumoRun kinematic 

metrics (cadence, braking, bounce, contact time, pelvic 

rotation, and pelvic drop) collected at a sampling rate of roughly 

0.33 Hz, as well as four user-reported metrics (height, weight, 

age, and sex). Ground truth speed, derived from the GPS signal 

of the runner’s smartphone, was synced to the kinematic 

metrics via a datetime stamp. Samples with an average speed 

below 1.5 m/s were removed to avoid capturing other activities, 

such as walking or standing. 

We designed our model to predict speed for a time window of 

approximately 1 minute (20 timestamps). This time window is 

short enough to produce reasonable average speed estimates, 

and long enough to leverage 1-D temporal kernels in the neural 

network model. The temporal kernels are useful for capturing 

time-dependent features in the kinematic data. Over 200,000 

training examples were shuffled into 90% training and 10% 

validation datasets. The neural network consisted of a series of 

1-D convolution kernels applied to each kinematic timeseries. 

The resulting nodes were then concatenated with user data and 

fed into a feed-forward fully connected network to extract 

complex, non-linear, relationships between the various inputs. 

Model hyperparameters (learning rate, batch size, optimization 

algorithm, etc.) were tuned to minimize mean absolute error 

(MAE) between the predicted speed and GPS-labelled speed. 

Two additional models were trained for comparison: a neural 

network with user data and step cadence as the only inputs, and 

a linear regression model. 

Results and Discussion 

The neural network model predicted running speed with an 

MAE of 0.10 m/s. A regression plot of the model is seen in 

Figure 1. 

 

Figure 1: Predicted speed versus ground truth GPS-derived speed for 

the validation dataset. The ideal fit is shown in black for reference. 

The accuracy achieved by the model is remarkable given the 

noisiness of the input kinematic metrics and the inherent noise 

in smartphone GPS-derived speed (~4% error) [1]. Further, a 

neural network trained using only user data and step cadence 

was able to achieve 0.14 m/s MAE. This suggests broader 

applicability of such a model to any device that can estimate 

cadence. A linear regression model achieved an MAE of 0.23 

m/s, highlighting that a simpler model does not sufficiently 

capture the complex features of the input data.  

Conclusions 

Our findings show that a neural network model can be used to 

accurately predict running speed from a single body-worn IMU. 
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Summary 

Running is a bilateral activity, but the majority of running 

injuries are unilateral. Differences in load experienced by the 

left and right sides of the body may help explain this paradox. 

This study examined the prevalence of left/right asymmetry 

among 30 recreationally active adults running at 1.83 to 4.02 

m/s using a waist-worn accelerometer and an automated step 

segmentation method. Peak vertical acceleration in left and 

right steps differed by an average of 0.285 g across subjects. 

Left/right asymmetry of  >0.5 g occurred at one or more 

speeds in 47% of subjects. Left/right asymmetry is common 

and has a subject-specific association with running speed. 

Introduction 

Overuse injuries are common among runners, but the majority 

of these injuries are unilateral. Only 25% of the 252 injuries 

observed over a year-long study of 927 novice runners 

occurred on both sides of the body [1]. While training patterns 

influence the risk of overuse injury, the unilateral nature of 

most injuries suggests that biomechanical or anatomical 

differences may alter the effective loading experienced by one 

side of the body versus the other. Since this left/right 

asymmetry could change as a function of speed or terrain, a 

method to measure left/right asymmetry in the field is needed. 

The purpose of this study was to investigate the prevalence 

and magnitude of left-right asymmetry in running among 

healthy adults using a wearable accelerometer.  

Methods 

Thirty healthy adults who participate in running-based activity 

at least once per week (17 M, 67.4 ± 11.4 kg, 1.73 ± 0.076 cm, 

22.5 ± 5.5 y) were equipped with an Actigraph GT3X 100 Hz 

triaxial accelerometer worn on the low back and completed 17 

one-minute segments of treadmill running at speeds between 

0.45 to 4.02 m∙s
-1

. Subjects were free to walk or run at each 

speed. Accelerometer data were extracted from the middle 36 

seconds of each segment. Only speeds in which the subject 

elected to run were included in the analysis; this resulted in 

291 running trials at speeds ranging from 1.83 to 4.02 m∙s
-1

. 

Individual steps were algorithmically identified in the 

accelerometer data using the procedure proposed by Urbanek 

et al [2]. Resultant acceleration was zero-lag bandpass-filtered 

to eliminate frequencies outside ±25% of the dominant 

frequency identified in the Fourier transform of the raw signal 

(mean ± SD 2.70 ± 0.16 Hz across all speeds). Peaks in the 

filtered data were then used to define individual steps in the 

unfiltered mediolateral and vertical acceleration data. Left and 

right steps were separated by using k-means clustering on the 

first three principal components of the mediolateral 

acceleration (MATLAB R2018a). Left/right asymmetry was 

quantified as the mean difference between peak vertical 

acceleration during right steps and left steps. Trends in 

asymmetry across speeds and individuals were assessed using 

mixed-effects modelling (R 3.5.1, 'lme4' package).  

Results and Discussion 

Peak vertical acceleration differed between left and right steps 

by an average of 0.285 g. Fourteen subjects (47%) displayed 

left/right asymmetry > 0.5 g at one or more speeds, and eight 

(27%) displayed left/right asymmetry > 0.75 g at one or more 

speeds. Compared to the absolute peak vertical acceleration 

(mean ± SD: 3.60 ± 0.81 g per step across all speeds) the 

average effect of speed was small—a 1 m/s increase in 

running speed corresponded to a 0.058 g increase in left/right 

asymmetry in peak vertical acceleration. 

However, mixed-effect modelling demonstrated that changes 

in speed are associated with changes in left/right asymmetry in 

a subject-specific manner, as seen in Figure 1. Considering 

running speed as a fixed and random effect explained 

significantly more variation in the data than a fixed-effect-

only model or a no-effect (null) model (p < 0.001). At the 

individual level, some subjects became less symmetric at 

faster speeds, while the opposite was true for other subjects. 

 

Figure 1. Representative data from 16/30 subjects shows the subject-

specific trends in left/right asymmetry in peak vertical acceleration 
per step as a function of speed. 

Conclusions 

Left/right asymmetry is common among healthy, active adults. 

Future work is needed to investigate whether these 

asymmetries persist in real-world running and the extent to 

which these left/right asymmetries may be related to the 

unilateral nature of most running injuries.  
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Summary 

New wireless sensors are being developed to help estimate 

kinetic and spatiotemporal running characteristics, but the 

relationship between these variables and kinetic variables 

quantified from ground reaction force (GRF) data are not fully 

understood. RunScribe variables estimating shock, braking, 

impact, contact time, and stride length were compared to 

similar parameters calculated using ground reaction force data. 

RunScribe’s braking estimates were positively correlated to 

peak posterior ground reaction force, however other kinetic 

measures were not significantly related. Contact time was 

significantly correlated; however, stride length was unrelated.   

Introduction 

Wireless running sensors have the potential to be used to 

provide feedback and assist in identifying factors related to 

injury risk and recovery following injury. However, given the 

proprietary nature of commercial sensor calculations [1], it is 

not known how closely these relate to common kinetic 

measurements. 

 

The purpose of this research was to identify any relationship 

between output variables from the RunScribe and variables 

calculated while individuals ran on an instrumented treadmill. 

We hypothesized the impact, shock, and braking estimates 

will be unrelated to average vertical loading rate, while impact 

and braking would associate with peak vertical ground 

reaction force (pkVGRF) and peak posterior ground reaction 

force (pkPGRF) respectively. We also hypothesized that stride 

length and contact time estimates would be significantly 

correlated. 

Methods 

Thirteen individuals (3 female:10 male 22 ± 5.93 yr, 1.78 ± 

.13 m, 80.74 ± 16.78 kg, 3 ± .20 m/s) provided IRB approved 

consent. RunScribe sensors were then attached to the back 

heel of each participants’ shoes. Participants ran at 75% of 

their two-mile pace for seven minutes on an instrumented 

treadmill [Bertec; Columbus, OH]. GRFs were collected at 

1200Hz for 15 seconds during the 3rd, 4th, and 5th minutes and 

normalized by bodyweight (BW). Three foot strikes were used 

to calculate average AVLR, pkVGRF, pkPGRF, contact time, 

and stride length using custom Matlab scripts. Pearson 

correlations were used to test for significant associations 

between RunScribe estimates and treadmill variables. 

Significance was set at alpha = 0.05. 

Results and Discussion 

RunScribe estimates of impact, shock, and braking were 

unrelated to AVLR (Table 1) (R2=0.1% p=0.92, R2=0.6% 

p=0.81, R2=2.9% p=0.58, respectively). However, braking 

significantly correlated to pkPGRF (Figure 1). Impact was 

unrelated to pkVGRF. Stride length estimates between 

RunScribe and the instrumented treadmill were not correlated, 

(R2=0.0%, p=0.98), while contact time was closely related 

(R2=82.3%, p<0.001). 

 

Figure 1: Scatterplot of peak posterior GRF (BW) and Braking (Gs). 

Conclusions 

RunScribe running sensor variables do not correlate to AVLR 

or pkVGRF, however RunScribe braking was correlated with 

pkPGRF. Stance time estimates were highly correlated 

between treadmill and RunScribe output, while stride length 

was unrelated. More research is necessary to understand the 

limitations of wireless running sensors and identifying better 

estimates for running parameters of interest. 
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Table 1: Comparison of Kinetic Variables. 

pkPGRF(BW) pkVGRF (BW) AVLR (BW/s) Stride (m) Stance time (ms)

Mean (STD) 0.27 (.04) 2.35 (.21) 63.50 (7.88) 2.14 (.17) 252.31 (23.08)

Braking (g's) Impact(g's) Shock (g's) Stride (m) Stance time (ms)

Mean (STD) 8.80 (1.98) 10.63 (2.13) 14.14 (2.11) 2.06 (.33) 294.64 (23.41)

Treadmill Data

RunScribe Data
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Summary 

We developed a single body-mounted sensor that integrates a 

3-axis accelerometer, 3-axis gyroscope, 3-axis magnetometer, 

barometer, and GPS. The sensor accurately computes speed, 

acceleration, location, angular velocity and angular orientation 

at 400 Hz. Steps are also segmented and metrics computed for 

each step (e.g. cadence, speed, step length and vertical 

oscillation). This device is a portable alternative to expensive 

and cumbersome existing methods. Here we present results of 

tests where biomechanical parameters were computed in 

walking and running on an outdoor track.  

Introduction 

Current biomechanical methods for the analysis of walking 

and running mechanics use a combination of high-speed video 

and ground reaction force measurements that can provide 

detailed gait information including forces, pressure 

distribution, joint angles, running velocity etc. However, these 

approaches are often limited by cost, portability, analysis time, 

and the need for trained personnel. In this study we present a 

novel wearable device that combines an inertial navigation 

system (INS) with GNSS (INS/GNSS) to perform continuous 

analysis of gait mechanics and technique during outdoor 

walking and running.  

Methods 

The measurement setup consists of a Raspberry Pi-3 model B 

running Linux OS, Vectornav VN-200 GPS-aided inertial 

navigation system (INS/GPS), GPS antenna and a power bank, 

all packaged in a 3D printed case. Data are stored on a 

memory card or via cloud storage, and sampled at 400Hz. The 

device is a small (150 x 75 x 48 mm), fully autonomous and 

self-contained data logger.  

A total of 20 participants (28±4 yrs., 74±13 kg, 176±7 cm) 

walked (1.0-1.5m/s) and ran (2.2-3.3m/s) on an outdoor track 

with the device attached to the upper back between the 

shoulder blades. Custom-written algorithms were used to 

transform velocity and acceleration to the anatomical frame 

(by computing ground track), segment steps, and compute gait 

metrics. Acceleration was transformed to forward acceleration 

by computing the magnitude of horizontal acceleration 

components. Steps were segmented based on vertical velocity. 

The beginning of each step was defined as the instant when 

vertical velocity was zero and the CoM was in the highest 

position. Vertical displacement was computed for each step by 

numerical integration of vertical velocity. 

Results and Discussion 

The following accuracy levels are achieved with our device 

(with good GPS coverage): Velocity: ±0.05 m/s; True inertial 

heading: 0.3° RMS; Pitch/Roll: 0.1° RMS; Angular resolution: 

< 0.05°; Vertical displacement: ≤ 3mm [1].Data were 

excluded from 3 participants who did not complete the 

protocol. Group mean results (n=17) for a range of common 

metrics are shown in Table 1. The results are consistent with 

values in the literature obtained using lab-based methods such 

as motion analysis [e.g. 2]. 

 

Table 1. Group mean data across all speeds/conditions 

computed from a mean of 95 steps (range: 57-147). 

Condition 
Speed 

(m/s) 
Cadence 

Vertical 

displacement 

(cm) 

Step 

Duration 

(s) 

Step 

Length (m) 

Walk 1.0 0.99 98 3.34 0.61 0.61 

Walk 1.3 1.27 111 4.40 0.54 0.69 

Walk 1.5 1.49 117 5.43 0.51 0.76 

Run 2.2 2.28 156 9.28 0.38 0.85 

Run 2.5 2.53 159 9.47 0.38 0.95 

Run 2.8 2.86 161 9.55 0.37 1.06 

Run 3.1 3.14 164 9.34 0.37 1.15 

Run 3.3 3.40 167 9.18 0.36 1.22 

 

Conclusions 

We present a device and methodological approach that can be 

applied to biomechanics research and sports performance 

evaluation. Our approach uses a new generation of small, 

accurate sensors for movement analysis in natural 

environments. Gait segmentation provides results in a 

convenient format, with metrics computed for each step. Data 

can also be integrated with deep learning techniques for 

indirect estimation of other important parameters such as 

ground contact time and ground reaction forces [1]. New 

sensor technology combined with machine learning and 

artificial neural networks can lead to improvements in athletic 

performance, injury rehabilitation and motion disorder 

diagnostics. 
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Summary 
We developed models to predict peak vertical ground reaction 
force (vGRF), vertical impulse, and contact time (tc) from 
running speed and a waist-mounted accelerometer. 25 
collegiate cross country athletes ran at 3.8-5.4 m/s while we 
measured vGRF and sacral accelerations. We low-pass 
filtered acceleration data with a 5Hz or 10Hz cut-off and 
compared each models’ predictive capability. Using a 5Hz 
cut-off better predicted vertical impulse and tc, while a 10Hz 
cut-off better predicted peak vGRF when the models were 
used on 4 new athletes. These models predicted peak vGRF, 
vertical impulse, and tc with 2-4% mean absolute error. 

Introduction 
Previous studies have used inertial measurement units (IMUs) 
with accelerometers to quantify running biomechanics, but 
with varying accuracy [1]. The filtering method used likely 
affects the accuracy of IMU-estimated vGRFs and stride 
kinematics. We determined the accuracy of a sacral-mounted 
IMU (IMeasureU, ±16G) to estimate peak vGRF, vertical 
impulse, and tc during running using a low-pass filter with 
5Hz or 10Hz cut-off frequencies. Based on prior work, we 
hypothesized that the accuracy of IMU-estimated vGRF 
properties will increase with a 5Hz versus 10 Hz cut-off [2].  

Methods 
25 NCAA Division 1 cross country athletes (M/F: 12/13, 58.2 
± 7.1 kg) ran on a force-measuring treadmill at 2-3 speeds for 
30 sec each with an IMU located at the sacrum. The IMU was 
attached to the waistband with a custom clip. Males ran at 3.8, 
4.1, and 5.4 m/s and females ran at 3.8 and 4.9 m/s; speeds 
representative of training and racing paces. We filtered GRFs 
with a zero-lag 4th order Butterworth filter and 30Hz cut-off. 
We filtered acceleration data using a zero-lag 8th order 
Butterworth filter and 5Hz or 10Hz cut-off and multiplied 
vertical acceleration data by body mass to estimate vGRF.  
Linear mixed effects models were constructed to determine 
the ability of speed and IMU-estimated vGRF to predict actual 
peak vGRF, vertical impulse, and tc. Two sets of models were 
constructed for IMU data filtered using 5Hz or 10Hz cut-offs. 
Models were assessed for assumptions of linearity and 
normality, and influential data points were identified and 
removed using Cook’s Distance. We determined the models’ 
predictive capabilities by applying them to data from 4 new 
athletes who were not included in the initial analysis. 
Results and Discussion 
Across both filtering conditions, we found a main effect of 
IMU-estimated data (p<0.01) on peak vGRF, vertical 
impulse, and tc. For data filtered with a 5Hz cut-off, there was 
a main effect of speed (p<0.001) on peak vGRF, vertical 

impulse, and tc but for data filtered with a 10Hz cut-off, there 
was a main effect of speed (p<0.001) only on peak vGRF and 
vertical impulse. We found a significant interaction (p<0.001) 
between speed and tc: tc decreased as speed increased. 
When we applied the models to the 4 new athletes (Figure 1), 
we found that using the 5Hz cut-off explained more variation 
in tc (90%) than the 10Hz cut-off and was not different from 
the identity line (p=0.26). Both models explained 23-38% of 
the variation in vertical impulse, but were not different from 
the identity line (p>0.9). Both models explained 82-96% of 
the variation of peak vGRF, but were different from the 
identity line (p<0.05). Models predicting peak vGRF were 
likely underfit and may require more parameters than IMU-
estimated peak vGRF and running speed. The top-performing 
models predicted peak vGRF, vertical impulse, and tc with 
2.5%, 4.2%, and 2.1% mean error, respectively.  

Figure 1: Predicted vs actual peak vGRF, vertical impulse, and tc 
using 5Hz and 10Hz cut-offs of 4 subjects’ trials (2-3 speeds each).  
Actual = Intercept –b1*Velocity + b2*IMU-estimated (filter cut-off). 
Dashed line is x = y. 

Conclusions 
IMU data filtered with a 5Hz cut-off better predicted vertical 
impulse and tc, while a 10Hz cut-off better predicted peak 
vGRF across running speeds. These models predicted peak 
vGRF, vertical impulse and tc with 2-4% mean error and may 
be used to accurately estimate these GRF properties. 
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Summary 
We model a cooperative drafting strategy that includes a team 
of 4 elite female marathoners. Our predictions show that when 
this group optimizes duration and position, they can break the 
current world record for a woman’s marathon performance by 
achieving a time of 2:15:10 (h:min:s), but only if they run the 
race on a course without significant incline.  

Introduction 
Sixteen years ago, in April 2003, Paula Radcliffe set the world 
record in the marathon at 2:15:25. This record time is typically 
considered as “unbreakable” because it is 96 seconds faster 
than Mary Keitany’s time, the second woman on the all-time 
marathon list. However, the current group of elite women is 
rather wide, with 8 athletes running sub 2:19 marathons in the 
past 2 years. We recently proposed that a multi-runner 
cooperative drafting strategy could lead to substantially faster 
marathon performance times, and therefore, we wondered 
whether a team of elite women who cooperate by alternating 
between leading and drafting positions could break Paula 
Radcliffe’s world record marathon time.  
To determine the optimal cooperative drafting strategy, we 
used performance times over various distances for 4 elite 
female marathoners to estimate their physiological critical 
velocity and distance capacity values. We then simulated 
depletion and recovery of their distance capacity when 
alternating between leading and drafting positions (i.e. running 
above and below their critical intensity) throughout a 
marathon [1,2]. In addition, we updated this framework to 
account for the physiological consequences of running uphill, 
allowing simulations on non-level marathon courses (i.e. the 
Newton Hills in the Boston Marathon). 

Methods 
Of the 8 women who ran the fastest marathons over the past 2 
years, only 4 (Tirunesh Dibaba, Gladys Cherono, Vivian 
Cheruiyot, and Ruti Aga) had representative performances of 
3 or more distances between 1500m and a half marathon, 
which allowed us to calculate their critical velocity (CV) and 
distance capacities (D’) above their respective critical velocity 
[1,3].  We then used our previously published methods [1,2] to 
find the minimum time these 4 marathoners could produce 
with an alternating leading and drafting strategy starting at the 
2nd half of the marathon, with runners leading in the listed 
order above. One limitation for our calculations is that women 
may have been drafting behind men in their marathon 
performances, so we approached our simulations in a 
conservative manner. We modelled a flat course as well as the 
effect of the Newton Hills by approximating an average slope 
of 0.38 degrees from 16 to 21 miles from the elevation profile 
of the Boston Marathon. We kept metabolic rate constant and 

calculated the effective level speed value using equations from 
[4] to determine the rate of D’ depletion. 

Results and Discussion 
In each course scenario, there were many time windows and 
speed strategies that led to the fastest marathon time possible, 
one of which is shown for each course (Fig. 1). For the flat 
course, the average speed was 5.29 m/s with leading time 
windows of 650, 450, 410, and 330 seconds. For the Newton 
Hills course, the average speed was 5.22 m/s, with leading 
time windows of 650, 450, 390, and 220 seconds.  

 
Figure 1: Mathematical simulations show that the current world 
record for a woman’s marathon (2:15:25) could be broken if four of 
the most elite woman runners cooperatively draft on a flat course (A; 
2:15:10), but not on a course that includes a substantial uphill section 
at miles 16-21 (i.e. similar to Boston’s Newton Hills (B: 2:15:49)).  

Conclusions 
Breaking the current world record set by Paula Radcliffe 
seems possible if four of the most elite female runners use an 
optimal cooperative drafting strategy on a flat course. 
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Summary 
This study compares the running mechanics of male and 
female runners. Motion analysis data and plantar pressure data 
were collected from healthy runners. Statistical analysis 
showed no significant differences in joint coordination 
variability or kinetics between healthy male and female 
runners. 

Introduction 

Running is one of the most common recreational activities for 
both men and women. While both groups experience running 
related injuries (RRI) at a high rate, it has been shown that 
females may be up to twice as likely to sustain RRIs due to 
slight differences in body mechanics [1]. Vector coding 
techniques combine the kinematics from two joint angles to 
determine intra-limb joint coordination throughout a 
movement cycle [2]. The purpose of this study was to compare 
gender differences of joint coordination and kinetics of 
recreational healthy runners.  

Methods 

Thirteen male (age: 28.4 ± 3.9 years, height: 185.3 ± 27.1 cm, 
weight: 82 ± 15.3 kg) and eighteen female (age: 27.6 ± 3.8 
years, height: 174.3 ± 80.7 cm, weight: 62.2 ± 8.9 kg) runners 
participated in this study. Subjects were currently injury free 
with no history of cardiovascular disease and ran at least 10 
miles per week. Informed consent was signed prior to 
beginning study procedures.  
Motion capture data was collected using 17 reflective markers 
placed on specific bony landmarks using the modified Helen 
Hayes marker set. A 12 camera Vicon MX system (Vicon 
Motion Systems, Ltd.; Oxford, UK) collected data at 150 Hz. 
Plantar pressure data was collected using an instrumented 
treadmill (Noraxon USA Inc.; Scottsdale, AZ) recording at 
300 Hz. A Polar heart rate monitor (Polar Electro Inc., 
Bethpage, NY) was worn around the chest. After warming up, 
subjects ran at 70-80% of their maximum heart rate on the 
treadmill while ten trials were recorded. Motion analysis and 
treadmill pressure data were collected concurrently during 
each trial.  
Joint angles were processed using the Vicon plug-in gait 
model, then analyzed using modified vector coding techniques 
[2] using custom written MATLAB (Mathworks, Natick, MA) 
code. The kinematic data was used to compare movements of 
the ankle, knee, and hip in the sagittal, coronal, and transverse 
planes. Six joint couple comparisons were made to assess joint 
coordination, selected based on previous research [2,3]: ankle 
eversion/inversion – knee internal/external rotation, ankle 
adduction/abduction – knee internal/external rotation, hip 
internal/external rotation – knee internal/external rotation, 

ankle eversion/inversion – knee flexion/extension, ankle 
adduction/abduction – knee flexion/extension, and ankle 
flexion/extension – knee flexion/extension.  
Kinetic variables (peak vertical ground reaction force 
(VGRF), time to peak VGRF, and rate of loading (RoL)) were 
calculated from the plantar pressure data and normalized to 
body weight. Individual subject means were calculated over 
60 strides and then used to find gender means. Two-tailed 
Student’s two sample t-tests were conducted to compare 
kinetic variables between genders, without assuming equal 
variances. Python package spm1d (www.spm1d.org) was used 
to perform statistical parametric mapping (SPM) two-tailed 
paired t-tests comparing coupling angles between genders. 
Significance was set at an alpha level of P < 0.05 for all tests.  

Results and Discussion 
There were no significant differences between males and 
females for height, weight, and running speed (males: 7.1± 0.6 
mph, females: 6.7 ± 0.6 mph). Kinetic variables also had no 
significant differences between gender (Table 1). SPM 
analysis showed no significant differences between genders 
for any of the joint couples.  
Table 1: Kinetic variables for female and male runners. 

  Peak VGRF Time to Peak Rate of Load 
Females 18.6 ± 1.1 121.1 ± 11.5 156.9 ± 21.1 
Males 20.6 ± 1.9 118.0 ± 11.1 180.7 ± 30.5 

 
This study was limited by a small sample size. Also, treadmill 
running may alter movement patterns differently than over 
ground running. With no differences in the joint couples 
between genders, future work will be to compare the coupling 
angle variability.  

Conclusions 
Identifying joint coordination patterns may benefit the study 
of RRI. The joint couples and kinetics analyzed were not 
found to be statistically different between the two genders. 
This study suggests that healthy runners of either gender have 
similar coordination patterns and forces. Further research 
should be done to compare healthy runners to those that have a 
history of RRIs.  
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Summary 
Differences in running biomechanics between males and 
females and between stable and unstable surfaces may have 
implications for overuse injury. The purpose of this study was 
to determine whether differences in biomechanical patterns 
between running surfaces depend on sex. A Principal 
Components Analysis approach was used to identify major 
modes of variation within an accelerometer signal during 
treadmill and sidewalk running for males and females. 
Treadmill running was characterized by greater regularity and 
less variability than sidewalk running, however, females 
maintained a more consistent side-to-side running pattern even 
as the surface became more unstable.  

Introduction 
Overuse running injuries have been attributed to improper 
mechanics, particularly in the frontal and transverse planes 
[1], and reduced variability such that the same tissues are 
repeatedly stressed [2]. Male and female runners exhibit 
distinct biomechanical patterns that may explain sex 
differences in injury rates [3], and runners adopt more variable 
running patterns on less stable running surfaces [4]. However, 
few studies have investigated the relationship between surface 
and sex.  Therefore, this study utilised inertial measurement 
units (IMUs) to determine whether differences in 
biomechanical patterns between running surfaces are sex-
related. 

Methods 
A total of 69 runners were outfitted with an IMU (Shimmer3), 
placed on the lower back near the centre of mass, and a GPS-
capable watch, worn on the preferred wrist (Garmin vivoactive 
HR). 28 participants (18M, 10F) ran on a level treadmill 
(Bertec) at their preferred speed for five minutes, 25 
participants (12M, 13F) ran outdoors on a concrete sidewalk at 
their preferred speed for 600 m, and 16 participants (8M, 8F) 
completed the treadmill and sidewalk runs on separate days. A 
set of 24 features related to magnitude, regularity, symmetry 
and variability was extracted from the accelerometer signal for 
each participant [5]. Speed was added as the 25th feature. 
Using data from participants that ran on either the treadmill or 
sidewalk only, a Principal Components Analysis (PCA) 
reduced the features to uncorrelated principal components 
(PCs), and the smallest number of PCs that represented at least 
80% of the variance in the data were retained [6]. The retained 
PCs were labelled based on the magnitude of the coefficients 
of the features for each PC. PC scores for each surface were 
computed for participants that ran on both surfaces. A mixed-
model ANOVA determined the effect of surface and sex for 
each retained PC (p<0.05).  

Results and Discussion 
The five retained PCs represented anterior-posterior (AP) and 
vertical (VT) regularity, magnitude, medial-lateral (ML) 
regularity, symmetry, and variability. There was a significant 
main effect of surface for PC1 (F(1,13)=47.195, p<0.001) and 
PC5 (F(1,13)=6.523, p=0.024), with greater AP and VT 
regularity and lower variability on treadmill. There was a 
significant surface*sex interaction for PC3 (F(1,13)=7.121, 
p=0.019). The simple main effect of sex indicated that ML 
regularity was greater for females than males for both 
treadmill (p=0.022) and sidewalk (p=0.001) conditions. The 
simple main effect of surface indicated that ML regularity was 
greater on treadmill than sidewalk for males, however, there 
was no difference between surfaces for females (Figure 1). 

 
Figure 1: Simple main effects of surface and sex on PC3 (ML 

Regularity). * Significant at p<0.05; ns=not significant. 

Conclusions 
Treadmill running was characterized by greater regularity and 
less variability than sidewalk running, however, females 
maintained a more consistent side-to-side stabilizing running 
pattern even as the surface became more unstable. These 
findings may have implications for overuse running injuries. 
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Summary 
Gender differences have been reported for lower extremity 
running mechanics in healthy and injured adult runners. 
However, lower extremity asymmetry has been less frequently 
studied. Uninjured adolescent runners were stratified by gender 
and side-to-side limb symmetry was measured during the stance 
phase of running. Females demonstrated greater side-to-side 
asymmetry in sagittal knee and coronal ankle position than 
males. Prospective study is warranted to identify if gender 
asymmetries are related to running related injuries. 
Introduction 
Running as an endurance sport continues to grow in popularity 
amongst middle- and high-school athletes, with nearly 500,000 
athletes participating in cross-country during 2017-2018 [1]. In 
high school cross-country runners, females demonstrated 
higher overall injury rates than males [2]. In adult runners, 
gender differences were found for lower extremity mechanics 
in healthy runners [3] and injured cohorts [4, 5]. Normal gait is 
often assumed to be symmetrical in healthy populations while 
asymmetry is frequently associated with pathology [6]. 
However, side-to-side asymmetries have been reported in 
uninjured adolescent and adult runners [7, 8]. Therefore, the 
purpose of this study is to investigate if gender is related to 
lower limb asymmetry in adolescent long distance runners. 
Methods 
Uninjured adolescents who participated in long-distance 
running activities were recruited for the study (M = 32, Mage = 
14.3 ± 2.2 years; F = 44, Fage = 13.5 ± 3.1 years). Subjects were 
instrumented with reflective markers [9] and tested using a 12-
camera Raptor 4 system (Motion Analysis Corp.; Santa Rosa, 
CA). Kinematics were measured during self-selected speeds on 
a non-instrumented motorized treadmill (Biodex RTM-600; 
Biodex Medical Systems, Inc; Shirley NY). Using methods 
described by Zifchock et al [6], absolute symmetry angles (SAs) 
were calculated for stance phase hip, knee, and ankle 
kinematics at initial contact (IC), peak knee flexion (KF), toe-
off (TO), and for joint range of motion (ROM) during stance:  

𝑆𝑆𝑆𝑆 = ��
�45˚ − 𝑡𝑡𝑡𝑡𝑡𝑡−1 �

𝑋𝑋𝑙𝑙𝑙𝑙𝑓𝑓𝑓𝑓
𝑋𝑋𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑓𝑓

��

90˚ �� 𝑥𝑥 100% 

A SA of 0% corresponds to perfect symmetry while 100% 
corresponds to equal but opposite in magnitude. Unpaired t-
tests were performed for males and females (p = 0.05). 
Results and Discussion 
Females were found to have greater asymmetries for coronal 
ankle position at IC, KF, and TO as well as sagittal knee 

position at TO as compared to males (Table 1). Though not 
significant, males demonstrated a trend for greater coronal hip 
position SA at IC (p = 0.075) while females demonstrated a 
trend for greater hip rotation ROM SA (p = 0.079). Notably, 
high variability in SA was measured for both genders in the 
coronal and transverse planes suggesting the need for further 
stratification. Zifchock et al. reported uninjured runners to have 
lower hip rotation ROM SA than injured runners (6.4 ± 5.9% 
vs 8.2 ± 5.3%) [8]. Though differences between males and 
females in the current study were not statistically significant, 
females demonstrated hip rotation ROM SA approximating 
injured runners (8.1 ± 6.0%) while males approximated 
uninjured runners (5.8 ± 5.0%). 
Women have been reported to have a greater proportionality of 
knee injuries and men to have greater proportionality of ankle-
foot and shank injuries [10]. The current study found adolescent 
females to have greater asymmetry at the ankle. If asymmetry 
is related to injury, these findings would suggest females would 
have a higher incidence of foot-ankle injuries, contradicting 
previous reports. Prospectively tracking pediatric runners 
identified by symmetrical/asymmetrical running patterns may 
provide further insights into understanding the risks of 
asymmetries and sustaining a running-related injury.  
Previous reports have found that healthy women demonstrate 
greater peak hip adduction, internal rotation, and knee 
abduction angles as compared to men [3]. Limitations of the SA 
include its insensitivity to angle magnitude and inability to 
represent the entire motion. A symmetry measure that includes 
angle magnitude and differences throughout the motion may 
provide greater clarity on gender asymmetry differences in 
adolescents.  
Conclusions 
Females were found to have greater side-to-side asymmetry at 
the ankle in the coronal plane. High variability in SA 
demonstrates the need for further research to identify 
underlying causes of asymmetry and understand injury 
incidences as they relate to asymmetry.  
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Table 1: Average (SD) hip, knee, and ankle SA (%) during stance stratified by gender. * denotes significant difference (p < 0.05). 

Joint Sex Sagittal Coronal Transverse 
IC KF TO ROM IC KF TO ROM IC KF TO ROM 

Hip F 3 [2] 3 [5] 23 [21] 4 [2] 9 [8] 9 [12] 40 [30] 4 [4] 45 [33] 40 [29] 37 [30] 8 [6] 
M 4 [3] 3 [3] 25 [27] 4 [2] 14 [13] 10 [12] 37 [29] 3 [2] 37 [31] 38 [24] 40 [24] 6 [5] 

Knee F 7 [7] 3 [2] 8 [7]* 2 [1] 23 [22] 45 [34] 35 [27] 11 [8] 37 [28] 39 [27] 17 [17] 7 [5] 
M 6 [8] 2 [2] 5 [4]* 1 [1] 24 [25] 38 [29] 35 [28] 11 [8] 41 [29] 40 [30] 24 [22] 7 [6] 

Ankle F 12 [10] 4 [13] 9 [9] 2 [2] 25 [19]* 25 [20]* 45 [29]* 7 [5] 39 [29] 23 [25] 42 [30] 7 [4] 
M 15 [19] 3 [3] 8 [9] 2 [2] 15 [13]* 14 [12]* 31 [23]* 7 [5] 39 [28] 28 [26] 38 [29] 7 [5] 
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Summary 

Joint kinematics during running were compared between 

performance-matched groups of fifty-seven male and female 

runners at 11 km.h-1.  Kinematics differed between the sexes at 

all joints, with the largest differences occurring in adduction-

abduction at each joint; during stance females displayed more 

adduction at the hip, abduction at the knee, and abduction at the 

ankle than males. 

Introduction 

Running performance and injury epidemiology, including 

injury type and frequency, differ between the sexes.  Despite 

this, relatively few studies have investigated whether, and if so 

how, the techniques of male and female runners differ.  These 

studies typically found differences in the frontal and transverse 

planes at the hip and knee, specifically, during stance, female 

runners demonstrated: greater peak hip adduction; greater peak 

hip internal rotation; and greater peak knee abduction angles 

when compared to men [1]. 

The aim of this study was to use statistical parametric mapping 

(SPM) [2] to investigate whether and, if so, where kinematic 

differences in running technique exist throughout the stride 

cycle between large heterogeneous performance-matched 

groups of male and female endurance runners. 

Methods 

Two groups of fifty-seven male and female runners, 

performance-matched by season’s best 10 km time, performed 

an incremental treadmill running test during which three-

dimensional kinematics, respiratory gases, and blood lactate 

were measured.  Forty-one retroreflective markers were placed 

on the body and tracked by a Vicon motion analysis system 

allowing an 8-segment model of the body to be defined (Visual 

3D); from this three-dimensional joint centres and joint angles 

were obtained.  Kinematics were averaged over ten consecutive 

strides [3]. 

Comparisons were made at the highest velocity at which all 

runners were at a sustainable steady state (i.e. below lactate 

turnpoint: 11 km.h-1).  Joint angle time histories were compared 

between sexes using SPM with a significance level of p<0.05. 

Results and Discussion 

Females differed from males in their running kinematics in 

several respects.  Kinematic differences at the hip were most 

marked.  Females displayed greater flexion immediately prior 

to stance, this has not been found in previous studies which 

typically did not find any differences in sagittal plane 

kinematics.  Females also showed greater hip adduction during 

late swing and stance which is in line with previous findings of 

greater peak hip adduction [1] and exhibited greater hip 

abduction during swing than males, indicating a larger range of 

abduction-adduction throughout the gait cycle (Figure 1).  

Females showed more internal rotation briefly around toe-off, 

which agrees with previous findings of greater peak internal 

rotation [1]. 

 

Figure 1: Hip adduction (+ve)/abduction (-ve) angles (± SDs) of 

males (black) and females (red) throughout a stride cycle beginning 

with touchdown of the ipsilateral limb.  Hatching represents 

significant differences between sexes. 

At the knee females displayed more abduction than males 

during stance, which is in line with previous findings that 

females had greater peak knee abduction angles [1].  There were 

no differences in joint angles about other axes during stance. 

At the ankle males displayed more dorsiflexion in the first half 

of stance, and females were more everted throughout stance. 

Conclusions 

Females have markedly different running kinematics to males 

at a common speed, these are particularly apparent in 

adduction-abduction at the hip, knee, and ankle.  This may have 

implications for sex-specific injury prevention regimes and 

footwear design. 
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Summary 
Quadriceps weakness is a common clinical sign following 
anterior cruciate ligament reconstruction surgery (ACLR). We 
examined quadriceps strength and limb symmetry index (LSI) 
from different types of functional tests: isokinetic 
dynamometry, hop tests, and leg press. A total of 26 subjects 
with ACLR participated in the study. Knee extension torque at 
speeds of 60/180/300°/s, single/triple hop distance, and 
unilateral peak leg power during a bilateral leg press were 
measured on each leg; LSI was calculated as the percent of the 
involved leg over the uninvolved limb values. Bivariate 
correlations were used to examine the relationships among 
those variables. One-way ANOVA and post-hoc analyses were 
used to assess the magnitude of LSI differences. Peak knee 
extension torque values were positively associated with hop 
distance and leg power. LSIs during hop tests were 
significantly higher than the LSIs from peak knee extension 
torque at 60°/s. 

Introduction 
Quadriceps weakness is the most common hallmark clinical 
presentation in individuals after ACL injury and ACLR. 
Quadriceps weakness and lower extremity asymmetries are 
associated with an increased risk of secondary ACL injury and 
early progression osteoarthritis [1,2]. Many believe the current 
“gold standard” for quadriceps strength testing is isokinetic 
dynamometry at slow speed (30-60°/s) [3]. Field expedient 
tests such as hop tests are also common clinical tests during 
ACLR rehabilitation [4]. More recently, a unilateral leg press 
has gained popularity to strengthen the quadriceps and 
minimize the LSI [5]. The aim of this study was to compare 
strength deficits and LSIs from different types of functional 
tests: isokinetic dynamometry, hop tests, and leg press. 

Methods 
A total of 26 individuals (15 females / 11 males, Age: 22.1 ± 
9.1 years old; Height: 173.5 ± 11.6 cm; Weight: 77.6 ± 23.0 
kg; Months from ACLR: 8.3 ± 2.6 months) participated in the 
study. All subjects sustained only a primary ACL tear on one 
leg. Board-Certified orthopedic surgeons at the same 
institution performed all ACLR using the bone-patellar 
tendon-bone autograft (n = 18), hamstring autograft (n = 6), or 
gracilis/hamstring allografts (n = 2). 

Peak knee extension torque was tested with isokinetic 
dynamometry at speeds of 60/180/300 degrees per second 
(ISO60/180/300). Hop distance was tested with single hop 
(SH) and triple hop (TH) tests. Unilateral peak leg power 
(POWER) was tested during a bilateral leg press test. LSI was 

calculated as the percent of the involved limb over uninvolved 
limb values. 

Pearson correlation coefficients were used to examine the 
relationships among those variables. Within-subject one-way 
analysis of variance (ANOVA) and post-hoc analyses were 
used to assess the magnitude of LSIs differences. 

Results and Discussion 
The ISO60/180/300 were significantly positively correlated 
with SH/TH and POWER (P<0.05) while SH/TH and POWER 
were not significantly correlated. ANOVA revealed significant 
LSI differences (P<0.05). Post-hoc analyses revealed that the 
TH LSI was significantly higher than the LSIs from ISO60, 
ISO180, and POWER (Figure 1). Similarly, the SH LSI was 
significantly higher than the LSI from ISO60. The results 
support that hop LSIs could be overestimating one’s 
quadriceps strength and lower extremity functions. 

 
Figure 1: Limb symmetry index (LSI) in Various Tests. 

Conclusions 
A novel test of unilateral power during a bilateral leg press can 
track individuals’ laterality in a closed-kinetic chain task. We 
should be cognizant that the LSIs are task dependent, and the 
current gold standard for assessment of quadriceps strength 
following ACLR is isokinetic dynamometry. 
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Summary 

Loading mechanics after anterior cruciate ligament 

reconstruction is said to lead to the progression of knee 

osteoarthritis. Early inflammation biomarker levels and patient 

reported levels of pain predict poor loading mechanics 6-

month post-surgery during running in those who have 

undergone anterior cruciate ligament reconstruction. By 

controlling postoperative inflammation, we may be able to 

improve knee mechanics and potentially alter the progression 

of post traumatic osteoarthritis.  

Introduction 

Anterior cruciate ligament reconstruction (ACLR) regularly 

results in altered loading mechanics at the knee [1, 2], which 

may contribute to the post-traumatic knee osteoarthritis 

present in almost one third of patients [3]. Little data are 

available to suggest if measures of inflammation, or cartilage 

breakdown are predictive of later loading mechanics. This 

may be a better guide to rehabilitation and delay the onset of 

osteoarthritis. The purpose of this study was to determine if 

inflammation and cartilage breakdown biomarkers, and patient 

reported outcomes four weeks after surgery can predict 6-

month postoperative loading mechanics during running. 

Methods 

Patients who suffered an ACL tear during sport participation 

were enrolled in an IRB approved randomized controlled trial 

to test a post-operative intraarticular hyaluronate injection 

compared to a placebo. Patients were aspirated four weeks 

post-ACLR and commercially available ELISA kits were used 

to determine concentrations of carboxy-terminal telopeptides 

of type II collagen (CTXII) and interleukin-1β (IL-1β) in 

synovial fluid. At four weeks patients also completed a Visual 

Analog Scale (VAS) for pain, and the Knee Injury and 

Osteoarthritis Outcomes Score (KOOS). Six months post-

surgery patients underwent biomechanical testing, using a 14-

camera 3D motion capture system (Vicon, Centennial, CO) 

and two floor mounted force plates (Bertec, Columbus, OH), 

during running to assess knee loading. Joint kinetics were 

calculated using inverse dynamics methods in Visual 3D (C-

Motion, Germantown, MD). Peak external knee adduction 

moments (KAM) were identified during the stance phase of 

running. Multiple linear backward stepwise regressions were 

used to determine if levels of CTXII, IL-1β, VAS, KOOS 

scores, and group could predict loading mechanics. Models 

were compared and the highest adjusted R2 was identified as 

the best model. An alpha value of 0.05 was used.  

Results and Discussion 

Nineteen patients (18.6±2.9yrs; 1.7±0.1m; 84.2±20.9kg) 

underwent ACLR (one patient screen failed, and one withdrew 

from the study after surgery). VAS and IL-1β were included in 

the final model, predicting 61.4% of the variance of KAM 

during running (p=0.002). Those with higher levels of VAS 

and greater concentrations of IL-1β presented with greater 

KAM during stance phase of running six months after ACLR 

(Table 1). Individually, VAS accounted for 45.3% of the 

variance and IL-1β accounted for 16.1%. Intervention group, 

CTXII, and KOOS did not predict the variance of KAM.  

Conclusions  

Early pain and greater synovial concentrations of 

proinflammatory cytokine IL-1β are important predictors of 

altered running mechanics six months after ACLR. These 

results help suggest that a possible way to minimize altered 

biomechanics resulting from ACLR may be to focus on 

controlling pain and inflammation early in rehabilitation. This 

may help reduce muscle dysfunction and movement patterns 

contributing to poor mechanics. 
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Table 1: Mean ± standard deviation of 4-week biomarker and patient reported outcome data and 6-month biomechanical data.  

Subjects 4-Weeks 6-Months 

N 
Time Since 

Surgery (months) 
VAS 

KOOS-
Pain 

KOOS-
Sport 

IL-1β 
(pg/mL) 

CTXII 
(pg/mL) 

Time Since 
Surgery (months) 

KAM 
(Nm/kg) 

17 1.1±0.3 32.4±28.6 72.4±19.4 38.5±38.7 -4.7±1.4 0.03±0.2 6.0±0.2 0.91±0.45 
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Summary  
Measuring landing kinetics during the single hop test provides 
valuable injury risk information and is clinically feasible. This 
study compares landing kinetics during a single hop between 
females with and without an anterior cruciate ligament 
reconstruction (ACLR). ACLR patients had shorter hop 
distances and smaller peak impact force when landing on their 
surgical limb. However, when normalized to potential energy, 
patients had larger impact force on their surgical limb, 
potentially indicating poor energy absorption.  

Introduction 
ACLR patients have poor surgical limb landing mechanics 
during hop testing [1, 2]. Peak impact force during landing is 
associated with ACL injury risk [3], and can be quickly and 
easily quantified in a clinical setting using portable force plates 
or load sensing insoles [4]. However, there are conflicting 
results in the literature as to whether ACLR patients land softer 
[4], harder [5], or similar [1] when landing on their surgical 
verses non-surgical limb. These conflicting results could be due 
to the landing task, as ACLR patients have deficits in surgical 
limb hop distance, which may alter landing kinetics [4]. Some 
studies have normalized impact force to body weight only [1-
4], whereas others have normalized to body weight and jump 
height [5], which could also impact study results. The purpose 
of this study was to compare hop distance and peak impact force 
when landing from a single hop for distance test between 
surgical and non-surgical limbs and between ACLR patients 
and healthy controls when controlling for body weight only, and 
when controlling for both body weight and jump height.  

Methods 

21 females (age: 18 ± 2 years, height: 169 ± 5, weight: 67 ± 9) 
recovering from a primary unilateral ACL reconstruction 
surgery (30 ± 5 weeks post-operative) who had recently been 
cleared for return to sport and 25 healthy uninjured females 
(age: 24 ± 3 years, height: 167 ± 6 cm, weight: 60 ± 6 kg) 
participated in the present study. All participants wore neutral 
cushioned running shoes and loadsol® that measured plantar 
force at 100 Hz [4]. Dominant limb was defined as the limb 
used to kick a soccer ball. Each participant completed two 
single hops for maximum distance on each limb. Hop distance 
was measured to the nearest centimetre using a tape measure. 
Hop flight time (tflight) was computed as the time between toe 
off and ground contact based on when the load dropped below 
or rose above 100 N. Peak impact force was computed for the 
first 200 ms after initial contact, and normalized in two separate 
ways: 1) by only body weight (N/N) [1-4] and 2) by body 
weight and jump height, which taken together reflects vertical 
potential energy at ground contact (N/J) [5].  Jump height was 
calculated as (H=0.5*g*(tflight/2)2) [5]. All outcomes were 

compared between groups (control, ACLR) and limbs (surgical, 
non-surgical) using a 2-way ANOVA (α=0.05).  

Results and Discussion 
There was a significant interaction between group and limb for 
hop distance, flight time, and impact force normalized to body 
weight and potential energy (all p<0.01).  ACLR patients had 
shorter hop distances and flight times when completing the 
single hop on their surgical limb than on their non-surgical 
limb. Peak impact force was smaller on the surgical limb when 
normalized to body weight, however impact force was larger on 
the surgical limb when normalized to body weight and jump 
height (Figure 1). Healthy controls hopped further on their 
dominant than their non-dominant limb, but there was no 
difference between limbs for flight time or peak impact force.  

 
Figure 1: Group by limb interaction for peak impact force (PIF)  

This study demonstrates that kinetic normalization choices can 
drastically change a study’s findings. It is currently unclear 
whether normalization to jump height should be employed 
when assessing risk for second ACL injury and needs to be 
explored further. Normalizing impact force to jump height may 
better reflect how well patients are able to appropriately absorb 
and dissipate energy during landing. Future work should 
explore whether peak impact force during hop testing is 
associated with second ACL injury risk. 

Conclusions 
How peak impact force is normalized can drastically change a 
studies findings. It appears ACLR patients have shorter hop 
distances, lower raw force magnitudes, and worse energy 
absorption when hopping on their surgical limb.  
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Summary 

Anterior cruciate ligament-deficient (ACL-D) individuals had 

a smaller total support moment (TSM) during stair descent 

compared to a control group. When examining joint 

components of the TSM, knee extensor and ankle 

plantarflexor moments were significantly reduced in the ACL-

D group while the hip extensor moment was not. ACL-D 

individuals may avoid loading the knee in an attempt to 

promote stability. Rehabilitation for ACL deficiency should 

not be limited to the knee, but also consider normalizing ankle 

function. 

Introduction 

Despite being a common daily activity, stair ambulation has 

not been widely assessed in ACL-D individuals. Stair descent 

in healthy populations produces an external knee flexion 

moment up to three times larger than walking [1], and has 

been associated with higher moments compared to stair ascent 

and sit-to-stand [2]. While differences in peak knee moments 

have been reported between ACL-D and healthy individuals in 

walking, little is known regarding kinetic patterns during stair 

descent. Further, by focusing on only the peak knee moment, 

contributions of other joints throughout a movement cycle 

may be missed. Such data are critical to develop effective 

rehabilitation strategies.   

The purpose of this study was to assess the internal knee and 

hip extensor moments and ankle plantarflexor moment during 

a stair descent task, and compare the TSM between an ACL-D 

and a control group. We hypothesized that the ACL-D group 

would have a reduced knee extensor moment, but similar TSM 

compared to the control group due to compensations at the hip 

and/or ankle. 

Methods 

Twenty-four individuals (12 ACLD: 9M, 21±5 years, 81±18 

kg; 12 Control: 9M, 30±5 years, 74±13 kg) participated in this 

study. Instrumented stair descent was performed using a 

motion capture system and dual force plates. Participants 

descended from a 20cm box on a single leg until the 

contralateral heel touched the force plate, then returned to a 

standing position with the knee fully extended. Joint moments 

for the knee, hip, and ankle of the stance leg were calculated 

using inverse dynamics, and normalized to the descent phase. 

The descent phase was initiated when the distal heel marker of 

the leading foot first accelerated downward, and ended at the 

time of peak vertical GRF of the leading foot. Extensor 

moments were indicated as positive. 

The knee and hip extensor and ankle plantarflexor moments 

were summated to obtain the TSM, which was evaluated at 

four time points: 25, 50, 75, and 100%. Group differences for 

TSM were assessed using an independent t-test for each time 

point. Joint moments were subsequently compared between 

groups at the 75 and 100% time points. 

Results and Discussion 

The ACL-D group had a smaller TSM compared to controls at 

75% (1.8±1.1 and 2.9±0.6 Nm/kg, respectively; p=0.006) and 

100% (1.5±1.0 and 3.0±0.6 Nm/kg, respectively; p<0.001) of 

the descent phase. The groups were not different at the start 

and 25% of the descent. Reduced knee extensor moment 

(p=0.005 and p<.001 at 75 and 100%, respectively) and ankle 

plantarflexor moment (p=0.004 and p<.001 at 75 and 100%, 

respectively) were primarily responsible for the observed 

difference in TSM, while the hip extensor moment was not 

significantly different between groups. These results show that 

ACL-D individuals were not able to compensate at the hip or 

ankle to maintain a similar TSM as the controls. Differences in 

descent strategy between groups was most apparent in the 

second half of the task, when the demands for leg extensors 

and quadriceps control increases.    

 

Figure 1: TSM for ACL-D and control groups during stair descent. 

Conclusions 

Individuals with ACL deficiency had a smaller TSM during 

the second half of a stair descent compared to a control group. 

The smaller TSM predominantly resulted from reduced knee 

extensor and ankle plantarflexor moments, suggesting an 

effort to stabilize the knee. This adaptive strategy shows that 

ACL-D individuals do not ambulate stairs normally, which 

supports the need to consider both knee and ankle function 

during rehabilitation programs. 
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Summary 
The purpose of this study was to determine if alternative 
functional performance tests are able to detect between limb 
differences following ACL-R. Participants performed a chair 
to box test, lateral hurdle hop, single leg forward hop, and 30 
second side hop test. The involved limb relative to the 
uninvolved limb had significantly worse performance on the 
chair to box test, single leg forward hop, and the 30-second 
side hop test. There was not a significant difference between 
limbs for the lateral hurdle hop. All tests were able to identify 
differences between legs in athletes who have undergone 
ACL-R. This suggests that these tests may have clinical value 
for identifying between limb differences following ACL-R. 
The advantage of all of these tests is that they are clinically 
feasible can inform return-to-sport decisions. 

Introduction 
Following anterior cruciate ligament reconstruction (ACL-R), 
readiness to return to sport is partially informed by a cluster of 
performance tests. The most common tests are the single leg 
forward hop, triple hop, cross-over hop, and a 6-meter timed 
hop. A limitation of these tests is that they require similar 
strategies for completion and are all performed in a forward 
direction. The purpose of this study was to determine if 
alternative functional performance tests are able to detect 
between limb differences following ACL-R. 

Methods 
Eleven individuals with a history of ACL-R (6 female, 5 male; 
mean±SD age= 22.8±4.5 y; height= 174.2±7.5 cm; mass= 
76.5±14.8 kg; time since surgery= 12.5±7.8 months; IKDC= 
84.1±15.0) were recruited from the surrounding community. 
Following a standardized warm up, participants performed a 
chair to box test, lateral hurdle hop, single leg forward hop, 
and a 30-second side hop test. The uninvolved limb (UnInv) 
was tested first followed by the involved (Inv) limb in all 
conditions. Outcome measures included time to completion 
(seconds) for the chair to box test and lateral hurdle hop, 
single leg forward hop distance (cm), and the number of 
successful repetitions completed during the 30-second side 
hop test. Paired t-tests were calculated to determine 
differences between limbs. Effect sizes and limb symmetry 
index (LSI) values were calculated for descriptive purposes. 

 

 

Results and Discussion 
The involved limb relative to the uninvolved limb had 
significantly worse performance on the chair to box test 
(P=0.03, d=-0.57; LSI=84.0±16.2%; Inv=1.74±0.63 s; 
1.41±0.35 s), single leg forward hop (P=0.02, d=0.52; 
LSI=91.4±10.8%; Inv=137.9±25.2 cm; 151.4±26.8 cm), and 
the 30-second side hop test (P= 0.001, d=0.75; 
LSI=73.3±18.2%; Inv=34.7±13.5 s; 46.3±11.4 s). There was 
not a significant difference between limbs for the lateral 
hurdle hop (P=0.08, d=-0.42; LSI=89.8±16.1%; 
Inv=5.95±2.16 s; 5.12±1.06 s).  

Conclusions 
All tests were able to identify differences between legs in 
athletes who have undergone ACL-R. The chair to box, single 
leg forward hop, and the 30 second side hop all had moderate 
effect sizes, while the lateral hurdle hop had a small to 
moderate effect size. This suggests that these tests may have 
clinical value for identifying between limb differences 
following ACL-R. The chair to box and the single leg forward 
hop tests were able to identify greater asymmetry between 
limbs relative to the single leg forward hop and lateral hurdle 
hop, suggesting these may be more difficult for individuals 
following ACL-R. The advantage of all of these tests is that 
they are clinically feasible can inform return-to-sport 
decisions. These tests should be included in a comprehensive 
battery of clinical performance tests used to determine 
readiness to return-to-sport. Utilizing tests which require 
different demand can help to identify deficits in athletic tasks 
that may not be captured when using a single test or multiple 
tests that are performed in the same direction (e.g. forward 
hop).  
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Analysis of Quadriceps Arthrogenic Muscle Inhibition of ACL Injury with Decomposed Electromyography 
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Summary 
Arthrogenic muscle inhibition (AMI) is a known phenomenon 
that causes reflex inhibition of muscles that surround the 
injured joint. The mechanisms of AMI remain unclear. Novel 
decomposed electromyography (dEMG) technology may 
reveal motor unit (MU) firing frequency and recruitment of 
AMI. EMG was collected longitudinally from controls and 
anterior cruciate ligament (ACL) injured subjects. Results 
reveal highest MU dysfunction at 6 months, with MU 
dysfunction also present at pre-surgery and 12 months, 
compared to controls. 

Introduction 
AMI, characterized as a reflex inhibition of joint musculature, 
occurs after traumatic joint injury, and is responsible for 
quadriceps atrophy following knee injury.[1] The exact 
mechanisms of AMI after ACL injury remain unclear. 
Decreased volitional force output associated with AMI may be 
caused by altered afferent input from mechanoreceptors within 
the diseased joint which could reduce efferent output from 
alpha motor neurons, likely characterized by lower MU firing 
frequency and recruitment of the quadriceps using dEMG 
technology. Thus, this exploratory study aimed to compare 
MU behaviors in ACL injured subjects before and after 
surgery compared with Controls.  

Methods 
56 subjects (25 control, 31 ACL injured) participated in the 
study (24 male, 32 female; age: 19.0 ± 3.1 years; height: 173.9 
± 8.6 cm; weight: 72.9 ± 15.0 kg). Dependent upon 
recruitment time, subjects performed longitudinal data 
acquisition at offset intervals of pre-surgery, 6 months, and 12 
months post-surgery. 

Subjects sat on a dynamometry chair in a self-selected, relaxed 
position. Surface EMG (sEMG) was recorded with dEMG 
sensors (Delsys; Natick, MA) at 20 kHz. Standard sEMG 
preparation was performed and electrodes placed on vastus 
medialis (VM) and vastus lateralis (VL) according to 
SENIAM standards [2]. sEMG signals were recorded by a 5-
pin array sensor. The signals from four pairs of the sensor 
electrodes were differentially amplified and filtered with a 
bandwidth of 20–450 Hz. Three maximal voluntary isometric 
contraction (MVIC) trials were conducted, and the peak force 
was determined to establish 10, 25, 35, and 50% MVIC. In 
random order, subjects followed a trapezoidal shape isometric 
contraction with %MVIC held for 10 seconds.  

Following data acquisition, post-processing decomposition of 
the EMG occurred with Delsys dEMG Analysis software. MU 
data of average firing rate and recruitment were extracted and 
analysed with JMP 14 (SAS; Cary, NC) statistical software 
via standard least squares linear regression. 

Results and Discussion 
All linear regression analyses comparing VM and VL average 
firing rate by MU recruitment, group, and the interaction of 
recruitment*group were significant (p <0.001, Fig. 1). 
Significance of the linear relationship referenced to controls is 
summarized in Table 1. As seen in Table 1, the VM 
demonstrates less MU efficiency from AMI than the VL. 
Additionally, the 6 month post-surgery time point is when the 
highest loss of MU function is observed compared to controls. 

 
Figure 1: Linear relationships of MU characteristics by group. 

Conclusions 
ACL injury causes significant MU dysfunction immediately 
after ACL injury and worsened at 6 months post-operation and 
did not fully recover even at 12 months post-operation. Future 
investigations should explore intervention strategies to prevent 
further joint degeneration. Significant dysfunction is primarily 
at higher %MVIC at pre-surgery, is most prevalent at 6 
months, and lower %MVIC at 12 months. 
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Table 1: Least Squares Mean of Average Firing Rate by ACL injury longitudinality. *Significant difference compared to controls (p <0.05).  

 Control % MVIC ACL Pre-Surg % MVIC ACL 6 mo % MVIC ACL 12 mo % MVIC 
Muscle 10% 25% 35% 50% 10% 25% 35% 50% 10% 25% 35% 50% 10% 25% 35% 50% 

VL 16.0 16.3 16.1 16.0 14.5 15.3 15.7* 15.1* 14.0 15.5 15.8 15.4 13.0* 14.8* 16.0 16.0 
VM 16.3 16.3 16.9 16.3 16.7* 16.8* 16.5* 15.8* 20.1* 17.5* 17.5* 16.9* 17.7* 16.4* 16.5* 16.4 
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Summary 

Static stretching and massage are commonly used to increase 
voluntary joint range of motion, but the acute influence of 
these interventions on motor unit activity is unknown. 
Changes in discharge rate observed following static stretching 
might indicate the presence of subtle changes in muscle or 
tendon properties. 

Introduction 
An increase in joint range of motion is often desirable for 
athletic performance and requisite mobility during daily 
activities, but the decrement in maximal force that can occur 
following static stretching is potentially problematic.  
We have previously shown that adding self-massage to an 
acute stretching intervention can increase joint range of 
motion more than stretching alone, without reducing maximal 
force [1]. Although the adjustments underlying the increase in 
range of motion are unknown, the most common explanation 
is an increase in willingness to tolerate the discomfort of  
stretch [2, 3]. Alternatively, changes in compliance of the 
muscle-tendon unit or its viscoelastic properties could 
contribute to increased range of motion and the changes in 
maximal force output [4]. Although the influence of stretching 
and self-massage on range of motion has been well 
documented, adjustments in motor unit activity immediately 
following each technique have not been characterized. 

Methods 
Thirty adults (35 ± 12 yrs) visited the laboratory on two 
separate occasions to perform a plantar flexor stretching 
protocol (3 x 30 s stretch, 30 s rest). One session included a 60 
s self-massage of the calf muscles prior to each stretch, for a 
total of 3 x 60 s massage. The other session included a 60 s 
control condition where the subject rested in a position 
mimicking the self-massage technique. 
The standing calf stretch was performed in a staggered stance, 
with the non-dominant knee bent in front and the dominant leg 
straight (Figure 1A). Subjects massaged the calf muscles with 
a two-ball roller at a rate of 4 s per proximal-to-distal pass, 
and vice versa. Subjects applied 20 s of massage to three 
regions of the posterior calf: lateral, mid-sagittal, and medial 
(Figure 1B).  
A test of maximal voluntary contraction (MVC) and a 30 s 
steady contraction at 20% MVC were completed ~7 minutes 
after the stretching intervention. High-density EMG 
recordings were obtained using two 4 x 8 grid electrodes 
placed on the medial gastrocnemius and lateral soleus 
muscles. Single motor unit activity was extracted via 
decomposition of the EMG recordings with an automated 

MATLAB program. Data were available from 15 adults (5 
female) for the current report. 

Results and Discussion 
Subjects showed a larger increase in ankle dorsiflexion range 
of motion and MVC force following stretching with self-
massage, as compared to stretching alone (p = 0.018 and p = 
0.025, respectively). Both interventions caused an increase in 
average motor unit discharge rate (stretch: p = 0.044, stretch + 
self-massage: p = 6.5 x 10-4). The increased discharge rate is 
expected in conjunction with the increase in MVC torque after 
stretch + self-massage, but not after stretching alone. 
Consequently, when expressed relative to torque produced, 
normalized discharge rate increased significantly as a result of 
stretching alone (Table 1, p = 2.7 x 10-14). 

 
Figure 1: Participants performed a standing calf stretch (A) and 

massaged the calf muscles with a two-ball roller (B).  

Conclusions 
After static stretching alone, a greater activation signal 
(discharge rate) was required from the motor neurons to 
produce a given amount of torque with the plantar flexor 
muscles. These results suggest that static stretching induces 
subtle changes distal to the motor neuron; Some change in the 
muscle-tendon unit is making force production less efficient 
per unit of activation (action potential) travelling to the 
muscle. The addition of self-massage to the stretching protocol 
may have blunted the changes resulting from stretching, as 
evidence by the absence of a change in normalized discharge 
rate. These findings suggest that static stretching may subtly 
influence the stiffness or viscoelastic properties of the muscle-
tendon unit enough to impact motor unit activity. 
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Table 1. Changes after stretching alone or stretching + self-massage. *p < 0.05 relative to before, ^p < 0.05 between sessions (% change). 

 Ankle Angle (°) MVC (N•m) Average Discharge Rate (pps) Normalized Discharge Rate (pps/N•m) 
 Before After Before After Before After Before After 
Stretch Only 26 ± 4 30 ± 4* 105 ± 36 100 ± 34 9.95 ± 1.9 10.0 ± 2.0* 0.483 ± 0.16 0.527 ± 0.16*^ 

Stretch + Self-Massage 25 ± 3 32 ± 4*^ 109 ± 36 118 ± 36*^ 9.79 ± 1.9 10.2 ± 2.0* 0.439 ± 0.14 0.437 ± 0.12 
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Summary 

We investigated the effect of movement speed and load on 

motor unit firing behaviour during repeated flexion/extension 

contractions of the Biceps Brachii. At all speeds and loads, 

greater motor unit firing rates were observed during the 

concentric vs. eccentric phases of the movement. However, 

different speeds and loads of the contraction were associated 

with changes in firing rates, rate of increase of firing rates, and 

recruitment angles, shedding light on the control mechanisms 

used by the nervous system to regulate dynamic activities. 

Introduction 

Relatively little is still known on the manner in which motor 

units are controlled to increase speed and load during dynamic 

muscle contractions. We used new algorithms capable of 

extracting motor unit firing behavior directly and 

noninvasively from surface EMG (sEMG) signals during 

dynamic movements to investigate the effect of speed and load 

during repeated concentric and eccentric contractions. 

Methods 

We recorded sEMG signals from the Biceps Brachii muscles 

of N=5 healthy subjects (3 males, 2 females, age 23-31 y.o.) 

during repeated flexion/extension tasks performed at: 1) no 

load and slower speed of 6s/cycle; 2) no load and faster speed 

of 3s/cycle; and 3) 10-lbs load and faster speed of 3s/cycle. 

Elbow joint angle was monitored using an electrogoniometer 

(Biometrics, UK). A sEMG array sensor placed on the skin 

over the muscle recorded four concurrent sEMG signals, 

which were filtered between 20-450 Hz and sampled at 2 kHz 

(NeuroMapTM System, Delsys, Natick, MA). The signals were 

decomposed into the motor unit action potential (MUAP) 

shapes and firing instances of constituent motor units using 

novel decomposition algorithms designed to identify and track 

MUAP shapes throughout dynamic movement [1]. For each 

motor unit, we calculated the MUAP amplitude as the 

maximum positive/negative MUAP phases, and the mean 

firing rate curve using a 0.8-s Hanning window. 

Results and Discussion 

The mean firing rate plots of concurrently active motor units 

are shown in Figure 1 (top), overlaid on the joint angle trace. 

Blue and red traces indicate the mean firing rates of motor 

units with similar MUAP amplitude across contractions at 

different speeds and loads, with the blue-trace motor units 

having lower (40µV) amplitude than the red-trace motor units 

(0.1mV). The mean firing rate vs. joint angle plots (Figure 1, 

bottom) show that firing rates were higher during the 

concentric vs. eccentric phase of the task, indicating greater 

muscle activation during muscle shortening as previously 

reported [1-2]. With increasing speed, greater rate of firing 

rate increase at lower angles (<30°) and earlier motor unit 

recruitment were observed, but peak firing rates showed 

relatively no change. With increasing load, firing rates 

increased throughout the range of motion and additional 

higher-amplitude motor units were recruited (Figure 1).   

Conclusions 

We observed different adaptations in motor unit behaviour 

during exercises where different speeds and loads are 

prescribed that shed new light on the mechanisms of muscle 

control during dynamic movements.  
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Fig. 1: Top) Mean firing rates and joint angle. Bottom) Mean firing rates vs. joint angle relation. 
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Non-invasive assessment of single motor unit activity in relation to motor neuron level and lesion location   
 in stroke and spinal muscular atrophy  

 Sybele E. Williams1, Kathrin C. Koch1, Catherine Disselhorst-Klug1 1 Department of Rehabilitation and Prevention Engineering, Institute of Applied Medical Engineering,  RWTH Aachen University, Aachen, Germany Email: williams@ame.rwth-aachen.de    
Summary 

Neuromuscular disorders e.g. spinal muscular atrophy (SMA) and stroke have a negative impact on functional movement capability. These disorders affect lower and upper motor neurons respectively. In this study high spatial resolution EMG (HSR-EMG) was used to record single motor unit (MU) activity in 3 groups: healthy subjects, an SMA group and a stroke group. 7 clinically sensitive parameters were used to analyse the activation patterns of single MUs. Results showed that for SMA there was no effect on single MU activation but on their number. Stroke was characterised by fewer active MUs, a significantly reduced firing rate with low variability. This suggests that information from the brain is modified thereby resulting in MUs firing at their natural frequency. Thus, HSR-EMG and the chosen parameters facilitate non-invasive, objective differentiation and analysis of muscle activation patterns in neuromuscular disorders. 
Introduction 

Altered muscle structure, activation and control are characteristic of neurological disorders. Stroke affects upper motor neurons (UMN) while autosomal-recessive spinal muscular atrophy (SMA) can cause a lesion of the lower motor neurons (LMN). These disorders have a negative effect on voluntary movement capability. Thus, improved understanding of the firing rate behaviour of motor units (MUs) and their effect on muscle activation is crucial for directing clinical treatment and for the recognition and monitoring of disease progression. This study investigates the effect of the location of a motor neuron lesion on the activation of motor units during voluntary muscle contraction.  
Methods The experimental design included 3 groups.  The stroke group comprised 10 patients (4 females, 6 males, avg. age: 59 ± 12 yrs.). Inclusion criterion for this group was a spastic upper extremity with limitations in m. abductor pollicis brevis (APB). The SMA group comprised 9 patients (3 females, 6 males, avg. age: 7 ± 3.6 yrs.). A healthy control group (10 subjects: 5 females, 5 males, avg. age 26.2 ± 7.4 yrs.) was recruited for comparison. The activation of single MUs was measured using non-invasive HSR-EMG. For each participant data was collected during 3 isometric, maximal voluntary contractions (IMVC) of APB. Each contraction lasted 1 second with a 2 minutes pause in between to reduce the likelihood of fatigue. Data processing was based on 7 clinically sensitive parameters: root mean square (RMS), excess of root mean square (Vex), signal entropy (H), number of peaks per second (NPS), firing rate (FR), isometric 

normalized amplitude of peaks (INPA), and the inter-peak distance (IPD) [1,2]. 
Results and Discussion 

The results of the parameter-based analysis are summarized in 
Figure 1. 

 
Figure 1: Normalized Feature Values 

SMA is characterized by a degeneration of the lower motor 
neurons. Due to the atrophied motor neurons the number of 
active motor units is decreased. This is represented particularly by the decrease in NPS. While FR was similar to that for healthy subjects it was significantly increased relative to stroke patients. The activation of MUs is however unchanged and variable as for a healthy muscle. In the case of the stroke group, which exhibited post-stroke spasticity, fewer active MUs and a low number of peaks per second were observed. This was represented by low RMS and NPS and high IPD. Contrary to SMA and healthy subjects, FR was significantly reduced and its variability was quite low. Thus adjustment of MU activation via FR is not possible. The lesion in the UMNs, severs or limits information from the brain and the MUs are firing at their natural frequency. 
Conclusions The combination of HSR-EMG and suitable parameters facilitates the non-invasive, objective differentiation and analysis of muscle activation patterns in neuromuscular disorders.  
References [1] Disselhorst-Klug C, Silny J, Rau G (1998) Estimation of the relationship between the noninvasively detected activity of single motor units and their characteristic pathological changes by modelling. Journal of 
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Summary 

We measured the recruitment threshold and discharge rate of 

m. flexor hallucis brevis (FHB) motor units during a maximal 

voluntary contraction (MVC) using indwelling fine-wire 

electrodes. We observed motor unit recruitment across a wide 

range of isometric forces as well as across a wide range of 

firing frequencies. The demands placed on the plantar intrinsic 

foot muscles may explain these observed discharge patterns. 

Introduction 

During gait, the human foot provides leverage for the body to 

apply proximally generated forces to the ground. Increasing 

the stiffness of the foot allows this mechanism to be used more 

effectively. Recent evidence has shown that the intrinsic foot 

muscles play an important role in actively stiffening the 

forefoot [1]. However, very little is known about the force 

generating properties of these muscles.  

Voluntary force production is largely determined by the 

recruitment and discharge properties of its motor units, along 

with its length and velocity characteristics. While recruitment 

and discharge rate are used concurrently, the relationship 

between them has been shown to vary greatly depending on 

the performed tasks and the primary function of the muscle, 

i.e., postural muscles preferentially recruit new units up to 

high force levels (50-75% MVC) [2] where muscles assigned 

to more precise tasks rely more on rate coding (up to 30 Hz) 

[3].  

As the plantar intrinsic foot muscles provide postural stability 

as well as a stiffening of the forefoot during gait, we 

hypothesised that FHB would rely mostly on unit recruitment, 

and less on rate coding. 

Methods 

10 participants (age: 28 ± 6 yrs.) were trained to perform an 

isolated isometric flexion task (ramp and hold with visual 

guidance) with their first-toe from 0 - 100% of MVC (5-s 

ascending limb, 3-s plateau at 100% MVC, 5-s descending 

limb, Fig. 1). To assure success in the task, all participants 

underwent significant training prior to being tested. Then, 

each participant underwent multiple recording sessions (1 to 3 

times) with a minimum of five days between sessions. For this 

abstract, only the data from 8 out of 10 participants was used, 

adding up to a total of 26 measurement sessions. 

A quadrifilar fine-wire electrode was inserted into the lateral 

head of FHB under ultrasonic guidance. The tips of the four 

wires were glued together, with each wire having an effective 

recording surface area of 0.51 mm2. Two channels of 

differential data were amplified 1000 times, bandwidth-

filtered (50 Hz – 5 KHz) and notch-filtered at 50 Hz prior to 

A-D conversion at 20 KHz.  

Results and Discussion 

A total of 36 motor units were decomposed and followed over 

the entire ramp. A wide range of recruitment thresholds (3 – 

83% of MVC) and initial and peak discharge frequencies (4.8 

– 16.6 Hz and 8.6 – 29.2 Hz, respectively) within and between 

participants were found (Fig. 1).  

 

Figure 1: Discharge frequencies as a function of force for all 36 

motor units across 8 participants. Lines with the same colour 

represent motor units from the same participant, but potentially 

different measurement sessions. The dashed line shows a graphical 

interpretation of the shape of the target ramp.   

The high force levels at which new units were recruited is in 

line with other postural muscles [2]. However, the relatively 

high peak frequencies are more in line with muscles used for 

fine-control [3]. Discharge frequency at recruitment was 

substantially varied and not related to the force at which the 

units were recruited (r2 = 0.11). Later recruited units generally 

had lower peak discharge frequencies (r2 = 0.29). Overall, the 

relationship between recruitment and discharge rate was quite 

variable across the motor units sampled, and not uniform as 

typically seen in muscles when decomposed from a surface 

signal. 

Conclusions 

The ability of the muscle to utilise both recruitment of new 

units up to high forces and increase discharge frequencies over 

a wide range, appears to be in line with the various mechanical 

demands placed on the foot, e.g. significant force generation 

during gait versus precision control for maintaining balance 

while standing.  
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Summary 

National arthroplasty registries around the world have an 
increasingly important role in monitoring population-based 
quality outcomes in total hip and knee arthroplasty since the 
first registry was started in 1979. The registries combined with 
design, material and surgical improvements have led to 
significant improvements in the outcome of primary hip 
(THR) and knee replacement (TKR). Today 10 years after 
surgery, survival rates of 95% are the gold standard, making 
THR and TKR one of the most successful surgeries in 
orthopaedics [1,2]. Poor implant designs and materials have 
widely been removed from the markets based on registry 
results and patient safety has greatly improved. To move 
beyond the safety aspect and address the performance of TJR, 
registries will have to collect detailed implant data and link 
those to the anonymised medical patient records. Early results 
of the German Arthroplasty Registry EPRD are presented to 
underline the power and the limitations of such an approach. 

Introduction 

The voluntary German Arthroplasty Registry EPRD was 
established in 2010. A major focus is to ensure quality and 
completeness of arthroplasty follow up data. This has been 
achieved by structural cooperation with the two major public 
health insurance agencies for the medical records and the 
medical device industry for a highly granular arthroplasty 
component classification. Since 2012, over one million hip 
and knee arthroplasties are under registry surveillance. In 
2018, the registry covered about 63% of all THR and TKR 
implantations [3]. In order to reach complete coverage, the 
legislative process has been started and hopefully in 2021 the 
registry will be mandatory. 

Even so the results are very preliminary with only 2 to 3 years 
of follow up, some results already highlight the potential of 
such an approach. Two example analyses are presented. 

Example 1: The influence of experience on outcome 

Uni-condylar knee replacement (UKR) is a very controversial 
procedure in the medical literature. The NJR reports a revision 
rate which is 3-times higher after 14 years in comparison to 
total bi-condylar knee replacement [2]. The higher failure rates 
are mainly observed early after surgery and are speculated to 
be due to incorrect indications for a UKR and/or surgical 
errors. An analysis of the EPRD data revealed that the 3 
hospitals with the most UKR procedures have a 3-times lower 
revision rate if compared to all other hospitals, which perform 
UKR procedures. Furthermore, the revision rate of UKRs of 
these 3 hospitals is similar – and not elevated – if it is 
compared to the revision rate of all bi-condylar TKRs 
performed in Germany (Figure 1). 

 
Figure 1: Revision risk of UKR performed in the 3 hospitals with the 

most procedures compared to the UKR and bi-condylar TKR 
performed in all other hospitals (adapted from Figures 8 & 15 [3]). 

Example 2: The influence of changing the implant supplier 

In price competitive markets, hospital chains re-evaluate their 
implant suppliers every several years. An analysis of the 
EPRD data revealed that changing the implant supplier 
increases the revision risk after 2 years (Figure 2). This 
finding highlights that every change of established processes 
needs to be appreciated and carefully monitored. 

 
Figure 2: Revision risk of TKR performed in hospitals, which 

changed their main implant supplier compared to those, who did not 
(adapted from Figure 17 [3]). 

Conclusions 

The presented examples do not yet consider individual patient 
or additional hospital characteristics. From the design of the 
registry this would be possible. Conclusions drawn from “big 
data” might not be applicable to every individual patient. The 
risk of registries is the reduction of variety for the benefit of 
overall safety. This is why the “performance” aspect has to be 
analysed in more detail in the future - if possible down to very 
small patient sub-populations or even the individual patient.  
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Summary 

After total joint replacement, patients aim to resume typical 
activities of daily living but also to perform sportive and athletic 
activities. However, there is only little knowledge about the in 
vivo joint loads acting during such activities. Furthermore the 
group of patients receiving an artificial joint replacement are 
getting younger and more active, hence their requirement on the 
outcome and especially the load capacity and lifetime of such 
implants are increasing. For more than 2 decades, our group has 
been focused on in vivo load measurements. One of our aims is 
to support clinicians, physiotherapists, engineers but also 
patients with realistic knowledge about the in vivo joint loading 
during several activities. Some data have previously been 
published about the loading during rehabilitation, activities of 
daily living but also athletic activities. 

Introduction 

Degeneration of the large weight bearing joints is one of the 
main problems of health care and the major factor for increased 
health care costs. Aim of our group is to measure and 
investigate the loads, acting at the knee and hip joints, in vivo 
with instrumented implants. Such in vivo data are essential for 
implant development and optimization, for the validation of 
muscle skeletal models and to give advice for clinicians and 
patients.  

Methods 

To measure the in vivo acting joint loads in artificial joint 
replacements an instrumented knee [1] and hip implant [2] were 
developed [fig. 1].  

 
Figure 1: Instrumented knee (left) and hip (right) implant for in vivo 
load measurements 

These prostheses were implanted using conventional surgical 
techniques in subjects, suffering from primary gonarthrosis 
respectively coxarthrosis. At this study, 9 knee (68y, 3f/6m) and 
10 hip patients (57y, 2f/8m) participating. Measurements 
started at the first week post operatively and were realized up to 
107 months (knee) respectively 90 months (hip) post 
operatively (to date). Within this period, a wide range of the 

acting loads during different activities could be measured in 
vivo. 

Results and Discussion 

Currently our internal database contains 62,260 trials with 
various activities. Results of the in vivo measurements were 
already in several publications. Furthermore, selected examples 
of the joint loading acting during several activities are also 
available at the free public database http://orthoload.com. This 
unique dataset of in vivo measured loads acting in artificial knee 
and hip joints will support further developments and 
optimizations regarding the artificial joint replacement as well 
as fracture implants and the analysis of implant failures. 

In figure 2, few examples of the in vivo loading during a short 
selection of activities are given as a direct load comparison 
between hip and knee (blue charts – activities performed in 
water). 

 
Figure 2: Examples of the in vivo acting joint loads in the knee and 
hip joint during different activities. 

Conclusions 

Until today there are already 2,062 examples are published on 
the free available database http://orthoload.com with more than 
100 different activities of in vivo measurements performed with 
instrumented knee and hip implants. These unique datasets are 
offering an inside into the in vivo acting loads have an impact 
on artificial joint replacement. Hence, such data are used for 
implant dimensioning and optimization, but also for validation 
of musculoskeletal models and as a basement for an advisement 
of clinicians, physiotherapists and patients. 
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Summary 

Predictive testing that will result in wear rates and patterns 

that closely reflect true in vivo use will advance the design 

process of knee prostheses. Any preclinical elimination of 

material and/or design errors directly improves implant 

longevity and impacts ultimately the well-being of the patient. 

Introduction 

Total knee replacement (TKR) has become a common surgical 

procedure to alleviate pain and increase functional mobility in 

diseased or traumatized knee joints, and TKR procedures have 

more than tripled since the early 1990’s. A major limiting 

factor to the service life of TKRs remains the wear of the 

polyethylene tibial liner. Increases in life expectancy and body 

weight, as well as the trend for TKR surgery in younger 

patients will put even higher demands on future devices. 

Preclinical endurance testing has become a standard procedure 

to predict the mechanical performance of new devices during 

implant development. These testing procedures follow a test-

to-success strategy, which require input data derived from the 

load and motion spectrum of daily use. Here, we propose a 

workflow that incorporates both retrieved specimens and gait 

analysis. 

Methods 

Articular surface wear for 69 retrieved tibial liners of a 

cruciate retaining TKR design (NexGen; Zimmer Inc) was 

quantitatively determined using a coordinate measuring 

machine and autonomous reconstruction [1]. Backside wear 

was also assessed by scoring surface damage. Implant 

positioning parameters were obtained from radiographs. 
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Figure 1: Workflow to compare patient specific wear on knee 
simulator with retrieved component. 

Eleven retrieved tibial liners from ten patients had matching 

gait trials of normal walking for each knee. Motion analysis of 

normal level walking gait had been conducted between 1986 

and 2005 and stored in a consented Human Mechanics 

Repository, ranging from pre-operative to long-term post-

operative testing. Contact location between the femoral 

component and the tibial component on the medial and lateral 

plateaus were calculated throughout stance [2]. A previously 

validated and fine-tuned parametric numerical model was used 

to calculate TKR contact forces for each gait trial [3].  Vertical 

contact forces and contact paths on the medial and lateral 

plateaus were input to a knee simulator and the resulting wear 

scar was compared with the retrieved component (Figure 1). 

Wear was also estimated using simple wear modelling with 

the Archard equation.   

Results and Discussion 

The mean volumetric wear rate of the articulating surfaces of 

the retrieved liners was 11.6 mm3/yr. Positioning variables 

were associated with wear rate. In particular, tibial slope and 

the Blackburne Peel index (BPI), a measure to detect surgical 

joint line elevation, were significant. The wear rate decreased 

with increased BPI and decreased tibial slope.  

The wear scars generated on the simulator showed good 

agreement with those on the retrieved specimen, but only if 

the liner was rotated internally by approximately 10 degrees. 

Such an internal rotation angle was also suggested by 

measurements from X-ray. 

The Archard equation of wear, using patient specific gait 

inputs, was able to explain 57.4% of the variability of 

measured total wear, or 60.9% of the variability of measured 

medial wear and 23.2% of the variability of measured lateral 

wear. 

Conclusions 

TKR implant wear is variable and patient specific. Wear is 

partly driven by surgical implant positioning. Further, patient-

specific variations in contact forces and tibiofemoral pathways 

during gait cause wear scar and wear rate differences. Despite 

the many sources of variability, this study demonstrated the 

feasibility of a patient-specific model of wear using a rare 

population of gait-matched retrieved specimens. Overall, the 

workflow may help to improve future implant design.  
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Summary 

Evaluation of TKA by means of robotic cadaver studies and 
associated numerical analyses allows quantifying the effect of 
component size selection on the resulting laxities of the knee 
throughout its arc of flexion (envelope of motion). Relatively 
small changes of 2mm in tibial insert height and/or femoral 
AP dimensions were shown to have a large impact on the 
envelope of motion and might be an indicator for how the 
knee feels to a patient. Finer size increments in the portfolio of 
a TKA system allow a refined adjustment of the knee laxities 
and could facilitate a more natural feeling of the knee. 

Introduction 

While the fundamental goal of total knee arthroplasty (TKA) 
is to alleviate pain and restore mobility for patients, the 
ultimate goal can be defined as replicating the functional 
behaviour of the natural joint such that it feels natural to a 
patient. To address this, TKA has to provide the right balance 
of restoring constraints and stability of the knee while at the 
same time allowing for enough freedom and flexibility to 
perform various activities of daily living. In recent studies the 
concept of the envelope of motion was used as a measure to 
quantify the laxities in the knee after TKA [1,2,3]. Special 
attention was put on the size selection of the femoral and tibial 
components. This study summarizes the findings and 
highlights potential aspects to consider for closer matching the 
natural situation. 

Methods 

Using an industrial robot, equipped with a 6 DOF load cell, 
knee laxity tests were performed on cadaveric human leg 
specimen (with ethical approval) for varus valgus (VV) and 
internal-external (IE) moments as well as anterior-posterior 
(AP) translation for different flexion angles (0°, 30°, 60°, 90° 
and 120°) under a low (44N) and high compressive load 
(500N). Starting from the intact situation, different states of 
ligament deficiencies were evaluated through a resection 
protocol for the articular femoral surface, the cruciate and 
collateral ligaments, the popliteus tendon and the posterior 
capsule. Specimen specific validated numerical models were 
reconstructed based on CT and co-registered MRI scans 
incorporating the passive tissue structures as non-linear 
springs calibrated to the respective robotic measurements. The 
envelopes of motions for specimens after implantation of a 
contemporary posterior stabilized TKA were determined using 
both, direct robotic measurement as well as respective 
numerical models. Starting from reference sizes, the influence 
of tibial insert height variation (+/-1, +/-2 mm) and AP 
dimension of the femoral component (+/-1, +/-2 mm, anterior 
referenced) was evaluated [2,3]. 

Results and Discussion 

An increase / decrease of the insert height influences the VV, 
IE and AP joint laxities throughout the whole arc of flexion 
whereby the change for +/- 2 mm was about twice as high than 
for +/- 1mm. Shown exemplarily for one specimen model in 
Figure 1, based on a reference insert height, the VV laxity can 
increase on average by 58% (4.3°) for 2mm less insert height 
and 29% (2.1°) for 1mm less insert height.  

 
Figure 1: Increased VV laxity for decreasing insert heights 

The effects on laxity were more pronounced under low 
compressive loading than for a high compressive loading, 
especially for AP laxity. This can be explained by the 
increased effect of the congruency between insert and femoral 
component that mainly acts in AP direction [2]. On the 
femoral side with an anterior referenced positioning and 
constant distal resection, changes in the femoral AP dimension 
only affect the envelope of motion with increasing flexion. For 
90° flexion and a decrease in AP dimension by 2mm, similar 
changes compared to the effect of the insert height could be 
observed with an average increase of laxity in VV, IE and AP 
by 3.1°, 7.1° and 3.7mm, respectively. For an increase in 
femoral AP dimension the laxities decreased by a similar 
amount. For changes of the AP dimension by +/- 1mm the 
laxity changes were reduced by approximately 50% [3]. While 
the qualitative influences of insert height and femoral AP 
dimensions were expected, the methodological approach used 
here also allowed quantifying the effect of small changes in 
component sizes on the resulting laxities in the knee. 

Conclusions 

The outcomes of the envelope of motion studies suggest that 
finer size increments in the portfolio of a TKA system allow a 
refined adjustment of the knee laxities and could facilitate a 
more natural feeling of the knee.  
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Summary 

This study employed a novel, micro-grooved finite element 

model to characterize the contact mechanics at the total hip 

head-neck modular taper junction during implant assembly 

under different conical angles and head taper surface 

topography. Modeling the head taper as an idealized “flat” 

surface led to a 19% reduction in the contact pressure at the 

interfaces and no plastic deformation of the stem taper micro-

grooves as compared to the rough head taper model. Retrieved 

implants clearly show that plastic deformation occurs in vivo, 

therefore failing to consider the stem and head taper surface 

finish may lead to incorrect conclusions. 

Introduction 

Fretting corrosion of head-neck modular junctions in total hip 

replacement (THR) can lead to adverse tissue reactions and 

implant failure. Fretting corrosion is driven by unintended 

micromotion between the femoral head and stem taper. Taper 

mechanics can be influenced by numerous design factors, 

including conical angles and the surface finish (micro-

grooves) of the stem and head taper. Systematic evaluation of 

design factors has been conducted using finite element 

analysis (FEA) models; however, the models neglected micro-

grooves on both the stem and head tapers, limiting clinical 

relevance. The objective of this study was to employ a novel, 

micro-grooved FEA model of the hip taper interface and 

investigate contact mechanics during implant assembly. 

Methods 

Two-dimensional axisymmetric finite element models were 

created of a half cross section of the head and stem taper 

(Figure 1). The stem taper was made of Ti6Al4V, and the head 

taper was made of CoCrMo. Both were modeled as elastic 

perfectly plastic. Model dimensions were consistent with a 

standard 12-14 taper, with the baseline conical angles and 

micro-groove dimensions taken from median retrieval 

measurements [1]. A sinusoidal function was implemented to 

model the micro-grooves of the stem and head taper 

interfaces. To simulate modular assembly during surgery, 

boundary conditions were applied to move the femoral head 

taper at a constant velocity onto the stem taper until a 4kN 

assembly reaction load was achieved. 40 simulations were run 

to evaluate the effect of stem taper micro-groove dimensions, 

head taper surface finish, and mismatch between the stem and 

head taper conical angles. Simulations investigated 4 stem 

taper micro-groove dimensions, 2 head taper surface types 

(micro-grooved and flat), and 5 mismatch between conical 

angles. All dimensions spanned the ranges measured in 

retrieved implants. Outcome variables included contact area, 

contact pressure, equivalent plastic strain, and percent of 

micro-grooves undergoing plasticity. 

Results and Discussion 

Stem taper micro-grooves with a larger sine wave amplitude 

or a smaller sine wave period led to decreased contact area, 

increased contact stress, and more plastic deformation. Flat 

head taper topography lead to greatest contact area, but 

decreased contact stress and no plastic deformation as 

compared to head tapers with micro-grooves (Figure 2). 

Larger conical angular mismatch led to decreased contact area 

and increased contact stress (as stress was concentrated over a 

smaller number of stem taper microgrooves). As plastic 

deformation is present on retrieved stem and head tapers, 

models with flat head tapers—which did not lead to plastic 

deformation—are not clinically relevant. 

  

Figure 1: 2D Axisymmetric finite element model and example 

surface topography of a total hip head-neck modular taper junction. 

 

Figure 2: Example Mises stress contour plot with the head taper 

modeled with “rough” micro-grooves (left) or a “smooth”, flat edge 

(right) in the undeformed (top) and deformed (bottom) states. 

Conclusions 

The use of realistic stem and head taper surface topography is 

necessary to simulate taper junction contact mechanics that are 

representative of surface damage as it occurs in vivo.  
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Summary 

Plantarflexor functional deficits are associated with poor 

outcomes in patients following Achilles tendon rupture. In this 

study, we established the link between changes in 

gastrocnemius structure with plantarflexor function 3 months 

after injury. We found that deficits in peak isokinetic torque 

were positively correlated with decreases in resting fascicle 

length following tendon rupture. These findings suggest that 

patient function is explained by plantarflexor muscle 

remodelling, which is a rapid and permanent response to 

Achilles tendon ruptures. 

Introduction 

Two-thirds of patients who suffer Achilles tendon ruptures 

have limited plantarflexor function 1-year following the 

injury. While tendon elongation has been reported as a 

possible mechanism of functional deficits [1], our recent 

findings suggest that changes in muscle structure [2] are 

detrimental to patient function [3]. However, the link between 

muscle remodelling and isokinetic plantarflexor function has 

not been well described. Therefore, the purpose of this study 

was to establish the link between detrimental changes in 

medial gastrocnemius structure and plantarflexor function. We 

hypothesized that the magnitude of fascicle length shortening 

at 3-months following Achilles tendon rupture would be 

positively correlated with isokinetic plantarflexor deficits. 

Methods 

Eight adults (7 males; Age: 43.9 ± 12.9; BMI: 28.7 ± 6.5) who 

suffered acute Achilles Tendon ruptures and were treated non-

operatively were enrolled in this IRB approved study. Subjects 

were prospectively tracked from the first clinical visit through 

3 months after injury. Measurements of the medial 

gastrocnemius structure and function of the uninjured 

(contralateral) limb were made at the first visit and repeated 

for the injured limb at 3 months. Images of the mid-muscle 

belly were acquired with an 8 MHz ultrasound transducer 

(LV7.5/60/128Z-2, SmartUs, TELEMED) attached to the leg 

with a custom made cast. Measurements of muscle structure, 

characterized by fascicle length and pennation, were made 

while the ankle was passively positioned at 16˚ plantarflexion. 

Isometric and isokinetic dynamometry was performed to 

quantify plantarflexor function. Subjects lay prone with their 

knee fully extended and their foot affixed to a dynamometer 

foot plate. Each subject performed sets of 3-4 MVCs under 4 

different contraction conditions. Isometric contractions were 

performed with the ankle at neutral, and isokinetic 

contractions were performed at 30, 120, and 210˚/s. 

 

 

 

Results and Discussion 

Medial gastrocnemius structure and plantarflexor function 

following an acute Achilles tendon rupture differed from the 

healthy contralateral limb 3 months after injury. Fascicle 

length was 27% shorter (P = 0.005) and explained functional 

deficits in the injured limb. These deficits in isokinetic torque 

were strongly correlated with changes in fascicle length at 

210˚/s (R2 = 0.68, P < 0.05) and moderately correlated at 

120˚/s (R2 = 0.54, P < 0.05). While peak isometric torque 

decreased by 51% (P < 0.001) and peak isokinetic torque 

measured at 30˚/s decreased by 28% (P < 0.005), these 

functional deficits were not explained by changes in fascicle 

length. Although and pennation angle was 33% greater (P < 

0.001) 3 months after injury, plantarflexor kinetic deficits 

were not explained by these changes in pennation. 

 

Figure 1: Decreases in fascicle length were positively correlated with 

decreases in isokinetic torque at 120 and 210˚/s. 

Conclusions 

Plantarflexor kinetic deficits following Achilles tendon injury 

are explained by the magnitude of gastrocnemius muscle 

remodelling at 3 months after injury. These findings challenge 

the clinical paradigm that functional deficits are explained by 

tendon elongation [1]. Our ongoing work is focused on 

understanding the link between tendon elongation and muscle 

fascicle remodelling. 
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Summary 
Ultrasonic measurements of rectus femoris echogenicity 
(ECHO) provide a measure reflecting infiltration of muscle by 
non-lean tissue (muscle quality). ECHO and subcutaneous fat 
thickness (SCFT) were related to mobility in older women 
with knee OA. Over and above obesity, muscle quality is 
associated with poorer disease outcomes in knee OA. 

Introduction 
Knee OA is a disabling, degenerative disease that leads to 
pain, impairments in mobility and strength, as well as 
reductions in muscle volume and cartilage [1]. Obesity is an 
important contributor to knee OA [1], highlighting the need to 
consider the implications of muscle quality (e.g., infiltration of 
muscle with non-lean tissue, such as intramuscular fat) and 
subcutaneous fat on OA-related symptoms. Compared to MRI, 
ultrasound is time and cost-effective, and capable of 
measuring muscle thickness (MT) and SCFT, while also 
estimating infiltration of non-lean tissue in muscle with 
measures of ECHO. The primary purpose of this study was to 
use ultrasound to determine whether muscle quality (ECHO) 
was related to pain and mobility in older women with knee 
OA. The secondary purpose was to examine the relationship 
between MT and SCFT and each disease outcome. It was 
hypothesized that poorer muscle quality (i.e., higher ECHO), 
smaller MT, and greater SCFT would relate to higher pain 
intensity and poorer mobility, strength and physical activity.  

Methods 
Women with clinical knee OA were recruited to participate. 
Rectus femoris ECHO, MT, and SCFT were measured using a 
high frequency (12MHz) linear array ultrasound transducer 
(Vivid Q BT10, GE Healthcare, Milwaukee, WI; freq. 
11MHz, depth 6cm). Measurements were captured at the 
midpoint of the ASIS and superior border of the patella with 
the probe held perpendicular to the skin in a longitudinal 
orientation. Participants were seated in a dynamometer 
(Biodex System 3, Shirley, MA) with their leg resting at 60° 
of knee flexion. Three repetitions of each ultrasound 
measurement were completed with analyses performed in Fiji 
[2]. SCFT and MT were measured avoiding the hyperechoic 
layers of the skin and aponeuroses. ECHO is a grayscale 
measure of the muscle area that was corrected for the impact 
of SCFT [3] on signal acquisition. Pain was measured using 
the Knee Injury and Osteoarthritis Outcome Score (lower 
score = higher pain). Mobility was measured using the six-
minute walk test (further distance = better mobility). Isometric 
knee extensor strength was measured at a knee angle of 60°. 
The average of three strength exertions, normalized to body 
mass, was used. Physical activity was measured using the 
Physical Activity Scale for the Elderly. Pairwise correlations 

were calculated between pain, mobility, strength, physical 
activity and each of ECHO, MT, SCFT. Analyses were 
conducted in Stata/IC 13.0 (StataCorp LP, College Station, 
TX), with p<0.05 used to determine significance. 

Results and Discussion 
Data from 25 participants (age 61.3±6.1y; BMI 
27.7±6.0kg/m2) were analyzed. ECHO could not be captured 
from 5; these participants had a higher BMI (35.7kg/m2) from 
the remaining sample (25.7kg/m2, p=0.0002).  Mobility was 
negatively related with ECHO (r=-0.52, p=0.02), and SCFT 
(r=-0.61, p=0.0012) (Figure 1). Repeating these analyses with 
ECHO and SCFT normalized to thigh circumference, to 
account for obesity, did not eliminate the significance of these 
associations. Strength was inversely related to SCFT (r=-0.46, 
p=0.02). No other correlations were identified (r<0.4).   
These results suggest that muscle fattiness (ECHO, SCFT), 
but not MT, related with mobility and strength outcomes in 
OA. These findings corroborate a 4-y longitudinal study that 
showed that the change in subcutaneous fat, but not muscle, 
was significantly greater in those with chronic knee pain than 
without [4]. Future research should investigate these 
parameters on a larger sample and compare findings to MRI 
images. Further, improvements to the ECHO correction factor 
are warranted as they may be overly influenced by SCFT.  

 
Figure 1: Relationship between mobility and each ECHO and SCFT.  

Conclusions 
Greater ECHO and SCFT were significantly related to poorer 
mobility in older women with knee OA. This suggests that 
addressing factors contributing to muscle quality, in addition 
to obesity, may be important in improving OA-related 
impairments in mobility among women. This research also 
demonstrates the potential utility of ultrasound for capturing 
muscle and fat properties in the leg.  
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Summary 

The purpose of this study is to understand variable gearing in 

medial gastrocnemius (MG) muscle of chronic stroke 

survivors, as estimated from the “fascicle gear ratio.” Five 

stroke survivors performed isometric plantarflexions at 

different ankle joint angles. During each contraction, ankle 

torque and ultrasound images were recorded simultaneously. 

Regression analysis was performed with gearing (muscle 

shortening velocity/fascicle shortening velocity) as a function 

of torque level, in order to compare variable gearing in non-

paretic and paretic MG muscle. We found that gear ratio in 

non-paretic muscle decreased with increasing torque level, 

whereas variable gearing was lost in paretic muscle. This 

result may provide better understanding of a potential impact 

of altered muscle architecture and material properties on 

impaired muscle performance after stroke. 

Introduction 

During contraction of pennate muscles, fascicles shorten and 

rotate to reach greater pennation angles. Due to fascicle 

rotations, fascicle shortening velocity can be decoupled from 

muscle shortening velocity, which is characterized by gear 

ratio [1]. 

Dynamic change in muscle architecture during the contraction 

is thought to be closely linked to muscle performance [2]. For 

example, fascicle shortening with high fascicle rotations is 

preferable for higher muscle shortening velocity (i.e., higher 

gear ratio), but compromises muscle force production. In 

contrast, fascicle shortening with small fascicle rotations 

preserves force, but limits muscle shortening velocity (i.e., 

lower gear ratio). 

This study aims at investigating whether variable gearing can 

be maintained in human medial gastrocnemius muscle of 

chronic stroke survivors. 

Methods 

Five chronic stroke survivors (age: 56.9 ± 7.8 yrs.; time since 

stroke: 7.5 ± 4.2 yrs.; height: 176.3 ± 3.9 cm; body mass: 83.7 

± 6.3 kg; affected side: 1/4 (L/R); sex: 5M) participated in this 

study and gave written informed consent from approved by the 

IRB prior to the experiment. 

Participants were seated upright with the knee flexed to ~10° 

and the foot secured to a dynamometer. A linear ultrasound 

transducer was placed over medial gastrocnemius muscle belly 

in order to characterize muscle architecture. 

Each subject was asked to perform maximum isometric 

plantarflexions at different ankle positions: maximum 

plantarflexion, neutral position, maximum dorsiflexion, and 

two intermediate positions. During the experiment, ankle 

plantarflexion torque and ultrasound images were collected 

simultaneously at a sampling rate of 2 kHz and of 25 Hz, 

respectively. Two separate sessions were conducted for non-

paretic and paretic sides, and the testing order was 

randomized. 

Fascicle length (lf) and pennation angle (α) were determined 

from the ultrasound images, and muscle belly length (lb) was 

estimated by lb = lf cos α. Fascicle shortening velocity (vf) and 

belly shortening velocity (vb) were calculated as the first time-

derivative of changes in lb and lf. Muscle belly gearing (vb /vf) 

was determined at the time when belly shortening velocity was 

maximum [3]. 

Regressions were performed in MATLAB (Mathworks, 

Natick, USA) to compare changes in muscle belly gearing as a 

function of isometric ankle plantarflexion torque at 5 different 

angles between non-paretic and paretic muscles. Data used in 

regressions were pooled from all five individuals. 

Results and Discussion 

Figure 1 shows relationship between absolute isometric ankle 

plantarflexion torque and gear ratio in both non-paretic and 

paretic muscle. There was a significant decrease in gear ratio 

in non-paretic muscle with increasing absolute torque (p < 

0.001). However, gear ratio in paretic muscle was nearly 

constant regardless of absolute torque level (p = 0.268). 

 

Figure 1: Relationship between gear ratio and torque. 

Conclusions 

This study showed that variable gearing was lost in paretic 

muscle of chronic stroke survivors. This may support a 

potential impact of altered muscle architecture and material 

properties on impaired muscle performance after stroke. 
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Summary 

We investigated if ultrasound image (US) brightness could be 

used as a surrogate measure of force in 2 quadricep muscles 

during gait. We hypothesized that higher speeds would have 

higher correlations between brightness and ground reaction 
force (GRF). We found that the preferred speed (PS) had the 

lowest correlation in the rectus femoris (RF) muscle during 

both loading and propulsion phases of gait.  

Introduction 

While surface EMG is a popular tool for assessing muscle 

function, it only measures muscle activation and has difficulty 

distinguishing activity in deep muscles. US imaging provides 

the ability to distinguish activity between the RF and vastus 

intermedius (VI) during dynamic tasks. Our purpose was to 

investigate if US image brightness is a surrogate measure of 

force in the RF and VI during gait. We hypothesized that 

image brightness would be correlated with GRF during gait 

with higher speed having higher correlations. 

Methods 

Ten healthy volunteers (25.6±5.0 yrs, 1.68±0.11 m, 70.3±18.0 

kg) completed 3 trials each of walking at 4 speeds [preferred 

(PS), fast (FS), slow (SS), & very slow (VSS)]. Each speed 

was determined by calculating a percentage of the PS: FS = 

(120 ± 5%), SS = (80 ± 5%), and VSS = (50 ± 5%). Kinematic 

data were collected using a motion capture system (200Hz, 

Vicon) while participants walked across a 6-meter walkway. 

Four in-line force plates (1000Hz, Bertec) recorded GRF. B-

mode US images of the quadriceps were collected at 80Hz 

(Ultrasonix SonixTouch). Biomechanical data were processed 

in Visual 3D and exported to MatLab. US data were exported 
to MatLab for processing, synchronization, and analysis. 

Kendall Tau correlations were calculated between the US 

image brightness and the GRF for both loading (0-25%) and 

propulsion (75-100%) portions of the stance phase of gait. 

Results and Discussion 

Our results did not support our hypothesis that the magnitude 

of the correlation between RF and VI US brightness would 

increase with faster gait speed. In contrast to our expectations 

the PS gait had the lowest correlation with the RF in both 

loading and propulsion (Table 1). The lower brightness in the 

PS condition may be due to increased efficiency while 

walking at that pace, which is consistent with the literature.  

There was no consistent pattern in the correlations between the 

various conditions but in most cases the correlations during 

propulsion were higher than loading. Figure 1 provides 

ensemble curves of the average brightness in the RF and VI 

during the stance phase. Muscle thickness was identified as a 

confounding factor in the results because thickness during gait 

may impact the brightness. To investigate this, multiple linear 

regression was run with GRF and knee angle (being used as a 

surrogate for muscle thickness) as the predictor variables. 

Preliminary results indicate that thickness is an important 

contributor to brightness. 

 

Figure 1: RF and VI brightness across stance phase of gait. 

Conclusions 

US is an alternative method to assess muscle function during 

dynamic tasks and has the potential to be applied to a wide 
range of applications. If a reliable metric for in-vivo force can 

be identified using US, this would provide valuable insight 

into muscle function during dynamic tasks such as gait. Future 

work should seek to understand the relative contributions 

between muscle thickness and force using US brightness.  

 

Table 1: RF and VI Correlations with GRF by Condition and Standardized Beta's from Regression. 

RF VI RF VI Loading Propulsion Loading Propulsion Loading Propulsion Loading Propulsion

Fast 0.55** -0.38* 0.90** 0.48** 2.6** 0.16 1.7** 1.4** 1.8* 2.0* 2.5** -1.6

Preferred 0.34* 0.37** 0.69** -0.47** 3.0** 0.91** 1.9* 1.5** 0.44 -3.4** -0.46* 2.6**

Slow 0.41** 0.77** 0.84** 0.33* -0.21 1.8** -1.1 -0.91* 1.9** -0.14 1.1** 0.64

Very Slow 0.52** 0.35** 0.83** 0.83** 2.1** -.22 0.32 0.56 1.4** 1.4** 1.3** -0.38*

**p-value < 0.01 ; * p-value < 0.05

Correlations Standardized Beta's for RF Standardized Beta's for VI

Loading Phase Propulsion Phase GRF Knee Angle GRF Knee Angle
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William H. Clark, Jason R. Franz 
Joint Department of Biomedical Engineering, University of North Carolina at Chapel Hill & 

North Carolina State University, Chapel Hill NC, USA 
Email: wihclark@unc.edu  

 

Summary 
We investigated differences between medial gastrocnemius and 
soleus muscle contractile behavior during walking under 
conditions strategically designed to augment the demand for 
forward propulsion. Ten young adults walked on a treadmill at 
1.2 m/s both normally and with: (i) a 5% horizontal aiding force 
(decreases propulsive demand) and (ii) a 5% horizontal 
impeding force (increases propulsive demand). We reveal that 
medial gastrocnemius muscle shortening was significantly 
more sensitive than soleus muscle shortening to changes in 
propulsive demand. In addition, compared to normal walking, 
differences between peak gastrocnemius and peak soleus 
muscle shortening decreased during the aiding force condition 
and increased during the impeding force condition – findings 
consistent with purported differences in the biomechanical 
functions of these two muscles during walking. 

Introduction 

Ankle moment contributes to vertical support and forward 
propulsion during walking and is important for regulating 
walking speed [1]. Ankle moment is governed by forces 
generated and work performed by the biarticular gastrocnemius 
(GAS) and uniarticular soleus (SOL) muscles. However, the 
relative contribution of these two muscles to vertical support vs. 
forward propulsion is equivocal. GAS activation exhibits larger 
changes than the SOL in response to conditions that alter the 
demand for forward propulsion [2]. Similarly, GAS muscle 
stimulation elicits larger anterior shifts in the stance phase 
center of pressure than SOL muscle stimulation [3]. 
Conversely, SOL muscle work derived from computational 
simulations changes more than that for the GAS in response to 
altered propulsive demands [4]. Here, we provide novel insight 
into this ongoing scientific discussion using ultrasound imaging 
to determine differences between GAS and SOL muscle 
contractile behavior during walking with and without horizontal 
aiding and impeding forces. We hypothesized that increases 
(decreases) in the demand for forward propulsion would elicit 
larger (smaller) differences in peak muscle shortening and 
activation between these two muscles.  

Methods 
We report data for 10 young adults (age: 23.5 ± 3.0 years). 
Subjects walked on a treadmill for 2 min at a range of walking 
speeds (0.8 to 1.8 m/s, not presented) and again at 1.2 m/s with 
a: (1) 5% body weight horizontal aiding force and (2) 5% body 
weight horizontal impeding force, each prescribed by a motor-
driven force field attached via steel cable to a waist belt. A 60 
mm ultrasound transducer (Telemed) recorded cine B-mode 
images through the right leg medial GAS and SOL at 76 
frames/s. Simultaneously, motion capture tracked lower body 

joint kinematics and wireless electrodes recorded lateral GAS 
and SOL activations. Available MATLAB routines quantified 
time series of GAS and SOL fascicle lengths from 2 strides per 
condition [4]. A rmANOVA tested for main effects of condition 
on the difference between peak GAS and SOL muscle 
shortening and on peak activation (α=0.05).  

Results and Discussion 
Compared to normal walking, peak ankle moment decreased by 
11% with aiding forces and increased by 9% with impeding 
forces (p<0.05). Fully consistent with our hypothesis, increases 
in propulsive demand elicited larger differences between peak 
GAS and SOL muscle shortening (p<0.05, Fig. 1); compared to 
the normal walking, this difference averaged 53% smaller with 
aiding forces (p<0.05) and 47% larger with impeding forces 
(p<0.05). Moreover, increases in propulsive demand resulted in 
greater peak GAS and SOL muscle activation (p’s<0.05). 
However, consistent with our hypothesis and prior EMG studies 
[2], only GAS muscle activation decreased in the presence of 
horizontal aiding forces (p<0.05).  

 
Figure 1: Change in fascicle length for the medial gastrocnemius 

(blue) and soleus (red) walking at 1.2 m/s: (A) with a 5% BW aiding 
force, (B) normally, and (C) with a 5% BW impeding force 

condition. Dotted lines represent normalized muscle activation. 

Conclusions 

Medial gastrocnemius muscle fascicle behavior and activation 
during walking are significantly more sensitive to altered 
demands for forward propulsion than those of the soleus. 
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Behavioural energetics – an introduction  
 

 Jessica C. Selinger1, J. Maxwell Donelan2 
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Summary 
Drs. Jessica Selinger and Max Donelan, co-organizers of this symposium, will begin by providing an overview of energy 
optimization and its central role in shaping our behaviour, as well as its explanatory limits. 
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Energy economy in unsteady, non-straight-line, perturbed and constrained locomotion 
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Summary 

Dr. Srinivasan studies energy optimization by combining 
human subject experiments, with simple mathematical 
models, and large-scale optimizations. Here he will discuss 
his recent work that finds that energy optimization explains a 
surprisingly large fraction of our locomotor repertoire. 

Abstract 

In this talk, we will discuss the implications of energy 
economy and minimization to not just steady straight-line 

locomotion, but also to locomotion in the presence of 
changing speeds, changing directions, external perturbations, 
uneven terrain or unstable ground, gait change, time and 
distance constraints, and assistance from a prosthesis or 
exoskeleton. We will discuss these using a mixture of human 
subject experiments, simple mathematical models, and large-
scale optimization predictions. 
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Movement vigor, preference, and the subjective valuation of effort 
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Summary 
Dr. Ahmed studies the costs and rewards underlying the control of movement using a neuroeconomic approach. She will discuss 
her foundational work investigating the role of energetic cost in shaping non-locomotor tasks, including arm reaching and eye 
movements. 

Abstract 
How does the brain represent effort? When considering two effortful options, such as walking up a steep incline for a short amount 
of time vs. walking on the level for a longer time – what is the energetic currency used to compare them and ultimately choose 
one? One may compare the objective metabolic cost of the options, calculating the joules expended by multiplying the energetic 
rate by the movement duration and choose the option that minimizes metabolic cost. Alternatively, one may unevenly weight either 
the intensity or the duration, leading to choices that were either intensity-averse or duration-averse. Critically, these choices will 
not always minimize metabolic cost. Here we investigate this question using a neuroeconomic paradigm that provides two 
indicators of preference: choice and movement vigor. We provided participants (n=19) effortful options consisting of walking at 
varying inclines and durations on a treadmill. Their choices allowed us to fit effort utility functions in terms of metabolic rate and 
duration, and determine each participant’s subjective utility function. As a second measure of preference, we also recorded eye 
movements as participants viewed the two options and ultimately made their choice. Results show that participants made their 
decisions using a subjective cost model which produced choices significantly different than predicted by a metabolic cost model, 
with most participants avoiding high-intensity options despite the shorter durations.  Intriguingly, their preferences were also 
revealed with the vigor of their eye movements (saccades). Saccade vigor was greater towards the preferred option and also 
responded to the magnitude of differences in costs between the two options: the greater the difference in cost the greater the 
difference in vigor. Together these findings help us understand the role of metabolic cost in effort-based decisions and reveal 
intrinsic links between decision making and movement vigor. 
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Contribution of blood oxygen and carbon dioxide sensing to the energetic optimization of human walking 
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Summary 

Dr. Wong applies computational models and human 
experiments to questions across the realms of sensorimotor 
control, from reaching to energy optimization in locomotion. 
Here he will discuss his recent work towards understanding 
how the nervous system senses energy use by investigating 
the role of blood gas sensing in energy optimization. 

Abstract 

People can adapt their gait to minimize energetic cost, 
indicating that walking’s neural control has access to 
ongoing measurements of the body’s energy use. In this 
study we tested the hypothesis that an important source of 
energetic cost measurements arises from blood gas receptors 
that are sensitive to O2 and CO2 concentrations. These 
receptors are known to play a role in regulating other 
physiological processes related to energy consumption, such 
as ventilation rate. Given the role of O2 and CO2 in 

oxidative metabolism, sensing their levels can provide an 
accurate estimate of the body’s total energy use. To test our 
hypothesis, we simulated an added energetic cost for blood 
gas receptors that depended on a subject’s step frequency 
and determined if subjects changed their behavior in 
response to this simulated cost. These energetic costs were 
simulated by controlling inspired gas concentrations to 
decrease the circulating levels of O2 and increase CO2. We 
found this blood gas control to be effective at shifting the 
step frequency that minimized the ventilation rate and 
perceived exertion away from the normally preferred 
frequency, indicating that these receptors provide the 
nervous system with strong physiological and psychological 
signals. However, rather than adapt their preferred step 
frequency toward these lower simulated costs, subjects 
persevered at their normally preferred frequency even after 
extensive experience with the new simulated costs. These 
results suggest that blood gas receptors play a negligible role 
in sensing energetic cost for the purpose of optimizing gait. 
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A role for proprioception in the selection of economical gaits 

Jesse Dean 

Medical University of South Carolina; Ralph H. Johnson Veterans Affairs Medical Center 

 

Humans typically appear to prefer metabolically economical gait patterns, as evidenced by the 
increases in metabolic cost that accompany large deviations from the preferred step length and 
step width at a given walking speed. Additionally, alterations of the mechanical context (e.g. 
walking speed; incline) tend to evoke changes in the preferred gait mechanics that are 
consistent with adaptation toward gait economy. However, the mechanism underlying the 
selection of economical gait patterns is not presently clear.  

The link between gait mechanics and metabolic cost suggests that a control strategy of sensing 
and responding to the body’s mechanical state could have beneficial downstream effects on 
metabolic economy. Proprioceptive feedback that rapidly provides the central nervous system 
with information regarding body mechanics could play an important role in such a strategy. To 
investigate this possibility, we have used fairly low-tech methods (e.g. non-invasive peripheral 
vibration) to grossly manipulate proprioceptive feedback, while monitoring the effects on gait 
mechanics, adaptation, and economy. We have sought to either enhance or disrupt the 
available proprioceptive feedback, essentially making this feedback either more or less 
representative of the ongoing movement pattern. In all cases, we hypothesized that more 
representative feedback would be linked with lower metabolic costs. In combination, our results 
generally suggest a small, context-dependent effect of proprioceptive feedback on metabolic 
cost during walking. It seems likely that proprioceptive feedback can contribute to gait economy 
in combination with multiple other sensory feedback sources, with the most relevant feedback 
source determined by the specific task demands of interest.  
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Summary 

Age-related differences in stride length variability during an 

incremental walk-to-run transition (WRT) treadmill protocol 

revealed that walking may only mature by 13 years old and 

running may not mature until 15 years old. When analysing 

how gait patterns are regulated in response to increasing gait 

speed, it was shown that 10-13-year-olds lack the ability to 

swiftly adapt their gait patterns to changing task demands. 

Ongoing neuromuscular development and calibration of the 

control mechanisms of gait may limit the rate of gait 

maturation. The present results support that gait patterns have 

not matured before adolescence. 

Introduction 

Greater variability in children’s and adolescent’s walking [1] 

and running [2] patterns compared to adults has suggested that 

the development of mature gait patterns continues through 

adolescence. In addition to spatiotemporal variability, the 

ability to adjust gait patterns to changing task demands, such 

as gait speed, may also be important for determining whether 

gait is mature. Therefore, the purpose of this study was to 

compare stride length variability, preferred transition speed 

(PTS) and how efficiently PTS was identified during the WRT 

between adolescents and young adults to determine whether 

gait patterns and gait control has matured in adolescents. 

Methods 

Forty-six adolescents (10-17 years; n=5-6; Table 1) and 12 

adults completed an incrementally ramped treadmill test (+0.2 

km∙h⁻¹ every 30 s) to determine PTS. After 5 speed increments 

following the final speed at which a WRT occurred (i.e. PTS), 

the increments increased to +0.5 km∙h⁻¹ every 30 s until peak 

exertion. 3D kinematic data were collected at each speed. 

Stride lengths  at a self-selected walking speed, the PTS, 

PTS±0.2 km∙h⁻¹, PTS±0.4 km∙h⁻¹, PTS±0.6 km∙h⁻¹, PTS±0.8 

km∙h⁻¹, PTS±1.0 km∙h⁻¹, and PTS+3.0 km∙h⁻¹ were calculated. 

Table 1: Participant characteristics and preferred transition speed. 

Age Height (m) Mass (kg) Leg length (m) PTS (m∙s⁻¹) 

10 1.44±0.02 34.8±4.3 0.77 ± 0.02 1.84±0.16 

11 1.51±0.03 40.9±3.1 0.80 ± 0.01 1.93±0.11 

12 1.58±0.04* 51.2±9.2* 0.85 ± 0.03 1.76±0.20 

13 1.63±0.06* 46.8±7.1 0.87 ± 0.03* 2.07 ± 0.11‡ 

14 1.64±0.11* 49.4±10.2 0.86 ± 0.07* 1.90 ± 0.18 

15 1.73±0.03*†‡ 57.4±4.2* 0.91±0.03*† 2.16 ± 0.18*‡ 

16 1.64±0.09 * 54.6±11.3 * 0.85 ± 0.05 1.92 ± 0.16 

17 1.71±0.09*† 62.6±7.7*†◊ 0.90±0.04*† 1.94 ± 0.11 

19-29 1.71±0.10*†‡ 62.6±10.5*†◊ 0.88±0.06*† 1.98 ± 0.18 

Significant differences compared to the * 10 year olds; † 11 year 
olds; ‡ 12 year olds; and ◊ 13 year olds (p<0.05). 

Coefficients of variation were calculated for the stride lengths 

and compared between the adolescent age groups and adults 

using a repeated measures ANOVA (p<0.05). The numbers of 

gait transitions observed and speeds at which a gait transition 

occurred were counted and averaged for each age group. 

Results and Discussion 

Significant differences were seen in stride length variability 

between the 10-14-year olds and young adults (p<0.05). 10-

12-year-olds exhibited more variability across all walking and 

running speeds. 13-14-year-olds only exhibited differences in 

variability while running at speeds near PTS, while no 

differences were seen at PTS+3.0 km∙h⁻¹. As the gait patterns 

at typical walking and running speeds resembled adult-like 

gait at an earlier age than at less typical speeds near PTS, past 

experiences may help calibrate the mechanisms controlling 

gait to improve the consistency of gait patterns. 

While PTS did not differ between any of the adolescent 

groups and the young adults, differences were seen in how 

PTS was identified (Figure 1). 10-14-year-olds tended to 

experiment across a larger range of speeds to try identify their 

PTS, whereas the 15-17-year-olds and young adults were 

generally able to identify their PTS with one gait transition at 

a single speed during the treadmill test.  

 

Figure 1: Counts of the gait transitions and speeds at which gait 
transitions occurred for each age group. YA: young adults. 

Conclusions 

The development of mature walking and running patterns 

occurs in progressive stages during adolescence, with walking 

maturing earlier than running. The ability to efficiently adapt 

gait patterns to changes in gait speed also continues to develop 

through to mid-adolescence. Therefore, the control 

mechanisms of gait are unlikely to have matured until late- 

adolescence and mature gait patterns may only emerge once 

neuromusculoskeletal development is complete. 
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QUANTIFYING GAIT VARIABILITY AMONG CHILDREN WITH AUTISM SPECTRUM DISORDER 
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SUMMARY 

Children with Autism Spectrum Disorder (ASD) have been 

shown to exhibit gait abnormalities when compared to children 

with typical development (TD). Despite this phenomenon, few 

discernible gait patterns have been revealed among children 

with ASD. Therefore, no generalized gait characteristics have 

been established for this population. The purpose of this study 

was to quantify spatio-temporal (ST) parameter variability 

during walking in children with ASD to reveal potential 

patterns unique to the population. Findings revealed that 

children with ASD did not exhibit large differences gait 

variability when compared to the TD group. 

INTRODUCTION 

Recent research has shown that children with ASD have 

different gait patterns when compared to children with TD [1-

3]. Still, there have been few findings suggesting consistent 

identifiable gait patterns among children with ASD. To date, 

there is limited information regarding gait variability among 

children with ASD. However, gait variability may be used to 

explain the fluctuations of movement among children with 

ASD and identify whether there are any consistencies between 

individuals with the disorder [3]. The purpose of this study was 

to quantify ST parameter variability during walking among 

children with ASD and identify any potential characteristics 

shared among the children when compared to children with TD.    

METHODS 

Twenty children with a diagnosis of ASD (1.46±0.21 m; 

46.96±24.59 kg) and 10 children with TD (1.40±0.14; 

35.78±9.78) between the ages of 5 and 17 years were recruited 

for this study. The data used for this analysis is a compilation 

of two data sets. In both sets, participants completed at least 15 

trials of over-ground walking at a self-selected velocity. Three-

dimensional kinematic data were collected (120 and 200 Hz, 

Vicon Motion Systems, Ltd., Oxford, UK) and exported to 

Visual 3D for processing in which a low pass Butterworth filter 

(6 Hz) was applied. Variables of interest included: left and right 

stride lengths, stride width, and stride velocity. The coefficient 

of variation (CoV) was used compute the variation of right and 

left leg stride length, stride width, and stride velocity among the 

participants. Group mean and standard deviations of CoV were 

computed. To compare magnitudes of variability between 

groups, effect sizes (ES) were computed and interpreted with 

Cohen’s scale.    

RESULTS AND DISCUSSION 

Mean values (Figure 1) for the right stride length CoV were 

3.15 (±1.99) for the ASD group and 3.84 (±2.52) for the TD 

group and the mean difference was small (0.31). Left stride 

length CoV had mean values of 3.09 (±1.96) for the ASD group 

and 2.48 (±1.72) for the TD group, which had a small mean 

difference (ES= 0.32). CoV means for stride width were 11.40 

(±4.99) for the ASD group and 12.40 (±4.12) for the TD group 

and the mean difference was small (ES = 0.21). CoV means for 

stride velocity was 1.53 (±0.54) for the ASD group, 1.26 

(±0.35) for the TD group and the mean difference was moderate 

ES (0.56). These results indicate that the children with ASD had 

greater variability in stride velocity than the children with TD. 

Right/left stride length and stride width exhibited a small 

difference in variation between the ASD and TD groups. Thus, 

the ASD groups had relatively the same amount of variation in 

right/left stride length and stride width as the TD group.  

 

Figure 1: Mean CoV values for each ST parameter between ASD 

and TD groups. 

CONCLUSIONS 

The results demonstrated that stride velocity was moderately 

more variable in the ASD group, whereas the other parameters 

had a small mean difference. Given these results, there appears 

to be little difference in ST gait variability between children 

with ASD and children who are considered TD. The small 

difference in variability between the two groups could have 

been due to a small sample sized used for this study. Future 

research could investigate the same ST parameters with a larger 

sample of children with ASD and/or use a single-subject design 

to look for differences among the individuals themselves. 
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SUMMARY 

This study examines the discrepancy between an assumed 

neutral-zero position and the actual posture of the lower 

extremity of young and elderly subjects during the calibration 

process of an IMU system. The joint angles were calculated 

using a marker based optical motion capture system. The 

results showed a moderate repeatability of the pose and 

significant differences mainly in the knee and ankle joint angle 

between young and elderly subjects. 

INTRODUCTION 

Inertial Measurement Unit (IMU) systems are increasingly 

used in human gait analysis. They rely on a sensor to segment 

calibration. A common approach is to use a neutral-zero 

position (n-pose) calibration, where every joint angle is 

considered to equal zero. However, due to wrong 

implementation or anatomical restrictions, the posture might 

differ from the n-pose [1]. In gait analysis, these deviations are 

dragged along a measurement as consistent offsets. It was the 

aim of this study to investigate the magnitude of these offsets 

in the joint angles of the lower extremity after a verbally 

instructed n-pose procedure, in young, healthy subjects but 

also in elderly people with physical impairments. 

METHODS 

28 healthy subjects (Group1) and 22 subjects after total hip 

replacement (Group2) participated in the study. The 

participants were instrumented by means of 32 retroreflective 

markers. A trained movement scientist instructed the subjects 

how to perform the n-pose. Afterwards they were instructed to 

stand in the n-pose for several seconds. No active placement 

of the subject’s body segments was conducted. Instructions 

were verbally given only. A record was taken using OptiTrack 

Motive. The biomechanical model and joint angles were 

calculated using Visual 3D. For statistical interpretation the 

mean and standard deviation of the joint angles over all 

subjects of each group was calculated. An ANOVA was 

calculated to detect significant differences in the joint angles 

between groups. To examine the repeatability of the execution 

of the n-pose, the 28 subjects of Group1 performed a second 

test session (RETEST) and the intraclass-correlation 

coefficient (ICC) was calculated. 

 RESULTS AND DISCUSSION 

Table 1 shows the mean joint angles plus standard deviation of 

hip, knee and ankle of the right lower limb and pelvis flexion 

and obliquity for both groups. Group2 showed higher 

deviations from the n-pose in the frontal plane of hip, knee 

and ankle and in the transversal plane of the hip. Significant 

differences between the groups were found in the knee and 

ankle joint angles and in the pelvis. The hip joint angles 

revealed no significant differences. The pelvis flexion and 

obliquity of Group2 showed a higher variance compared to 

Group1. Additionally, Table 1 contains the results of the ICC 

calculation. ICC values ranged from 0.24 to 0.85. 

Table 1. Results of the right lower extremity; mean angle ± standard 
deviation. Significant differences between groups are marked bold. 

Joint Group 1 - joint 

angle [deg] 

Group 2 - joint 

angle [deg] 

p-value ICC 

RHIP - Flexion 3.85 ± 3.74 2.83 ± 2.47 0.248 0.63 

RHIP - Abduction 1.87 ± 1.25 6.52 ± 4.77 0.844 0.73 

RHIP - Rotation 5.52 ± 4.44 8.29 ± 7.29 0.062 0.70 

RKNEE - Flexion 3.64 ± 2.70 5.13 ± 3.73 0.988 0.70 

RKNEE - Abduction 2.25 ± 1.55 15.53 ± 7.90 <0.001 0.85 

RKNEE - Rotation 13.88 ± 6.70 7.01 ± 5.99 <0.001 0.24 

RANKLE - Flexion 7.44 ± 1.94 4.42 ± 2.75 <0.001 0.57 

RANKLE - Abduction 8.82 ± 4.15 13.59 ± 5.38 0.001 0.65 

RANKLE - Rotation 9.40 ± 3.46 8.52 ± 2.10 <0.001 0.79 

PELVIS - Flexion 3.13 ± 1.76 4.60 ± 13.75 0.019 0.64 

PELVIS - Obliquity 6.33 ± 3.64 6.97 ± 18.37 0.639 0.42 

The repeatability of the n-pose proved to be poor to good. 

Knee abduction showed the highest reliability. However, in 

young subjects the knee abduction is anatomically restricted to 

almost no motion. Group2 showed higher deviations from zero 

in most of the joint angles. The knee joint in the frontal and 

transversal plane as well as the ankle joint and the pelvis 

flexion revealed significant differences between groups. The 

higher deviations from zero in the frontal plane of the knee 

joint might be explained by age related changes of its structure 

[2]. Further, Group2 showed a higher variance in the pelvis 

flexion and obliquity. 

CONCLUSIONS 

This work tried to fill a gap in the literature, examining the 

repeatability and accuracy of the commonly used n-pose. 

Mainly among the elderly the n-pose is executed with higher 

deviations from the assumed zero degrees and higher 

variances. Therefore, IMU systems would benefit from a pose-

independent calibration as proposed in [3]. Otherwise, it is 

important to consider the offsets due to the n-pose calibration. 
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Summary 

Fixed speed treadmills are commonly used in the clinical and 

research setting but fail to simulate the variation inherent to 

natural gait that occurs with overground walking (OGW) at a 

quasi-steady pace for a high number of gait cycles. The self-

paced treadmill (SPT) allows for user-driven variation in the 

treadmill speed to capture the variations that fixed speed 

treadmills (FST) fail to replicate. The purpose of this study 

was to compare the variation of gait parameters during five-

minute walking trials for OGW, FST and SPT conditions. The 

results of this study showed that the variation in OGW speed 

was statistically equal to the variation in SPT speed for ~26% 

of the participants and overall, the SPT condition replicated 

significantly more variation in walking speed. However, gait 

parameters, such as stride time, showed how the SPT failed to 

capture certain variation in the OGW condition.  

Introduction 

Research studies have shown that measured gait parameters of 

FST gait differ significantly from OGW gait [1,2]. Inherently, 

OGW has variations that FST walking fails to capture. Recent 

studies have proposed SPTs for simulating OGW in the 

clinical/research setting [3]. However, previous SPT designs 

have used marker based motion capture systems [3] or force 

data from instrumented treadmills [4] that are not readily 

transferable to the clinical setting. The SPT in this study uses a 

low-cost infrared depth sensor that would enable swift 

application to the clinical setting.  

Methods 

15 healthy participants (age: 32 ± 10y; 2 female; BMI 26 ± 3) 

gave informed consent in accordance with procedures of the 

Institutional Review Board of The Ohio State University. 

Participants were tasked with walking for 5 minutes (~300 gait 

cycles) under three different conditions: outdoor OGW on a 

straight and level path and indoor walking on a FST and SPT; 

the treadmill being a Bertec split belt treadmill (Bertec, 

Columbus, OH). Treadmill trials began at a subject specific 

overground self-selected speed (1.32 ± 0.11 m/s). 

Speed data was collected using a global positioning system 

enabled device for outdoor trials and a direct readout of 

treadmill speed for indoor trials. Gait cycle data was collected 

on 9-axis accelerometers (3 sensors) at 500Hz located at the 

pelvis and both ankles for all three test conditions.  

For each test condition, participants were instructed to walk at 

a comfortable pace (without regard for maintaining any 

specific pace) over the 5-minute trial. For the SPT condition, 

participants were first given a 5-minute acclimation trial. 

Results and Discussion 

Using a two-sided F-test of unequal variance, 4 of the 15 cases 

(~26%) showed equal variation in SPT and OGW speed for 

the 5-minute trial.  The speed variation for all 15 cases (Figure 

1) shows the improvement of the SPT to replicate OGW speed 

variation in comparison to FST. 

 
Figure 1: Variation (Standard Deviation) of Walking Speed 

However, the variation in stride time (Figure 2) for OGW was 

not captured by the SPT.  

 

Figure 2: Variation (Standard Deviation) of Stride Time 

These results show further analysis is needed to determine 

how the SPT replicates variation across all gait parameters.    

Conclusions 

The SPT replicates quasi-steady state gait speed variation 

significantly more than FST, but further work is needed to 

improve the SPT design to better and more consistently 

replicate other gait variability parameters.  
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Summary 

High stride time variability, the integrated motor output of the 

locomotor system, is a factor in age-related falls. The origin of 

this variability remains unclear, but likely originates from 

variability of the motor inputs and outputs from individual 

muscles and joints. The gait of Italian males and females aged 

19-99 years was analyzed using EMG and optoelectronic 

cameras. Variability parameters of motor inputs (EMG 

amplitudes) and motor outputs (joint angles) were extracted, 

parameters were reduced in principal component analyses, and 

regression models assessed which components predicted stride 

time variability in gait. A total of 10 principal components 

explained the majority of variance in motor input and motor 

output variability. Two of these components, interpreted as the 

variability of ankle plantar flexion and ankle dorsiflexion, 

independently predicted stride time variability. This suggests 

that reducing ankle motor output variability may help reduce 

excessive stride time variability and help prevent falls. 

Introduction 

Stride time variability during gait has been closely related to 

falls in aging adults [1,2]. As it can be viewed as the integrated 

output of the locomotor system [1], stride time variability can 

be influenced by gait speed [3] and likely originates from 

variability of both the motor inputs (neuromuscular activation) 

and motor outputs (angles) of individual lower limb 

muscles/joints. However, the contributions of these motor input 

and output variabilities to stride time variability remain, 

surprisingly, unclear. This study sought to assess which 

muscle/joint-specific parameters of motor input variability and 

motor output variability predict stride time variability. 

Methods 

A sample of Italian adults (N = 79; 19-99 years old; 48 females) 

completed six gait trials, walking at their preferred speed over 

a 10 m platform. Electromyography (EMG) sensors measured 

neuromuscular activation from the rectus femoris (RF), tibialis 

anterior (TA) and gastrocnemius lateralis (GL). An 

optoelectronic system and the Davis model [4] were used to 

extract sagittal plane joint angles for the hip, knee, and ankle. 

Heel strike events from foot markers were used to calculate gait 

speed and stride length, and to identify gait cycles and several 

phases for EMG and angle data. Cycle-to-cycle variabilities of 

stride time (CCVST), EMG amplitude, and several joint angle 

parameters were calculated. EMG variability and joint angle 

variability parameters were reduced into fewer components 

using principal components analyses. EMG variability and 

angle variability principal components (CCVEMG PCs and 

CCVangle PCs) were entered into hierarchical linear regression 

models to predict CCVST, with gait speed as a covariate. 

Results and Discussion 

Principal component analyses reduced EMG variability 

parameters (N = 21) to six CCVEMG PCs, explaining 64.3% of 

total EMG variability variance, and reduced joint angle 

variability parameters (N = 12) to four CCVangle PCs, explaining 

73.4% of total angle variability variance.  

Hierarchical regression analyses revealed a model containing 

only CCVangle PCs 2 and 3 that predicted 16.5% of variance in 

CCVST (R2 = .165, F (1,78) = 7.5, p = .001). In this model, 

CCVangle PCs 2 and 3 each independently predicted CCVST (ps 

< .05). Loading of variables on CCVangle PC 2 and PC 3 

indicated that these components represent the variability of 

ankle plantar flexion and the variability of ankle dorsiflexion, 

respectively.  

Conclusions 

Variability of sagittal plane ankle motor output, and not of knee 

and hip motor output, has a small role in producing stride time 

variability during gait. 
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SUMMARY 

Hamstring strain injuries (HSIs) are the most common and 

recurrent soft tissue injury in Australian Rules Football 

(ARF) [1], with only minor reductions in prevalence 

observed over the past 20 years. While common belief 

suggests that hamstring injuries are most likely to occur 

during terminal swing phase, this study showed significant 

increases in movement variability during early stance phase 

among those with a history of HSI, thus identifying early 

stance as a point of increased soft tissue vulnerability. 

INTRODUCTION  

Athletes with a history of HSI have an increased risk of 

future HSI [2], yet the exact basis for this remains 

unidentified [3]. While sprinting has been identified as a 

high-risk activity for HSI [3], the contribution of technique 

variability has not been considered. An optimal range of 

movement variability is critical because it represents health 

[4] and an ability to adapt to changing conditions [5]. Too 

little variability is believed to limit flexibility of movement 

[5] and reflect avoidance of pathological tissues [6], while 

excess variability may impair effective task performance [4]. 

The purpose of this study was to consider movement 

variability as a novel means to examine the effect of 
previous HSI on high-speed running mechanics. 

METHODS 

A laboratory-based protocol simulating the running 

requirements of an ARF match was used to assess 30 

community-level ARF players (24.5±5.3 years, 

183.7±7.1cm, 85.4±9.4kg), eight of whom reported a HSI in 

the previous 24 months. The protocol involved a warm-up 

(WU) and four quarters (Q1 to Q4), each quarter utilising a 

programmed treadmill to complete 39 pre-defined speed and 

distance changes. Treadmill activity was followed by 10 

overground sprints at maximum speed to allow collection of 

kinematic and ground reaction force (GRF) data. Standard 

deviations (SDs) of sprint technique measures were used to 

quantify linear movement variability [5] and assessed using 

mixed-design factorial analyses of variance (p<0.05). 

RESULTS AND DISCUSSION 

The simulation protocol successfully induced participant 

fatigue, as indicated by the s ignificant increases in ratings of 

perceived exertion and reductions in sprint speed from Q1-

Q4. Overall joint angle SDs were higher in the History than 

the Control group through all phases of the gait cycle, the 

differences being significant during stance phase at peak 

posterior GRF (FPOST) when comparing WU to Q1, Q2, Q3 

and Q4, and during toe-off (TO) when comparing WU to Q2 

(Figure 1). No significant differences were observed during 

mid-swing (MID_SW), late swing (LATE_SW), initial 

ground contact (IC), or the point of peak anterior GRF 

(FANT).  

 
Figure 1: Group mean standard deviations of combined joint angles 

at six temporal events during running gait. * p<0.05. 

A generalised increase in movement variability in the 

History group could suggest either an inefficiency during a 

specific portion of the gait cycle [4], or a sign of increased 

adaptability to the immediate demands on the participants 

[5]. Given the high rate of injury recurrence, the former may 

offer a more plausible explanation here. It is often assumed 

that eccentric contractions during terminal swing phase are 

the likely source of HSIs while sprinting [3,7]. However, it is 

also reported that the addition of opposing GRFs during 

early stance presents a greater risk than open-chain events in 

the gait cycle [7]. This study failed to find any between-

group differences during terminal swing phase but identified 

peak posterior GRF, an event early in stance phase, as the 

point at which movement variability increased the most. 

Assuming such an increase in variability is a sign of 

dysfunction, this suggests that the point of greatest risk for 

HSI occurs following the application of ground reaction 
forces to the at-risk limb during high-speed running. 

CONCLUSIONS 

Among ARF players with a history of HSI, increased 

movement variability during early stance phase, and not late 

swing phase, suggests that early stance phase is a point of 
increased HSI risk in football populations. 
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Summary 

The aim of this study was to determine how individual lower-
limb muscles contributed to body COM acceleration during 
the first stance of sprint running when the runner presented a 
considerable side-to-side movement at the beginning of a 
sprint start. It remains unclear whether a wide step width 
affects muscle contribution and if so, what its influence is. 

Introduction 

The best results in sprint running are based upon developing 
the greatest forward acceleration, reaching the maximal speed, 
and keeping that speed over the remainder of the run [1].   

The greatest forward acceleration is generated in the first 
stance of a sprint due to the very high propulsive force 
production [2]. A wide step width is associated with high force 
generation during long foot-ground contacts [3]. Thus, the first 
step of wide-base-width sprinters was selected to study body 
COM accelerations induced by major lower-limb muscles. 

Methods 

Four (2 men and 2 women) internationally-competitive 
sprinters (mean ± SD: height 1.75 ± 0.1 m, mass 70.25 ± 14.04 
kg, personal best for 100 m: men 11.23 ± 0.35 s, women 11.62 
± 0.45 s) performed several sprint start trials with their natural 
wide step width (0.33 ± 0.03 m) in a motion capture lab. 

Marker trajectories were sampled at 250 Hz and GRFs were 
recorded at 1500 Hz. Data were low-pass filtered at 50 Hz 
with a 3rd order Butterworth filter. EMG patterns were 
measured at 1500 Hz using surface electrodes on six muscles. 

A 12-segment, 29-DOF musculoskeletal model [4] was used 
in OpenSim v3.3 and scaled to each participant’s 
anthropometry. Joint angles were generated with inverse 
kinematics. Joint moments were computed with the residual 
reduction algorithm, which also adjusted the model to resolve 
dynamic inconsistencies.  Muscle activations were calculated 
with computed muscle control and constraints were used to 
match better EMG. Finally, an induced acceleration analysis 
was performed and individual muscle contributions to fore-aft, 
vertical, and mediolateral COM accelerations were estimated.  

Results and Discussion 

Ankle plantarflexors were the largest contributors to induced 
support and propulsive body COM acceleration for the fastest 
female sprinter (Figure 1). The knee extensors (rectus femoris, 
vastus medialis, vastus lateralis, and vastus intermedius) also 
contributed to upward acceleration but decelerated the body 
COM in the direction of progression. Hamstrings, tibialis 
anterior and adductors contributed to downward acceleration. 

 

 
Figure 1: Ankle plantarflexors’ (top) and knee extensors’ (bottom) 

contributions to fore-aft and vertical body COM accelerations. 

The vasti were the largest contributors to medial acceleration, 
followed by rectus femoris, gastrocnemius, and soleus. This 
direction has not been studied before during a sprint start to 
the best of our knowledge. 

Conclusions 

Ankle plantarflexors were the main contributors to body 
propulsion and support, while knee extensors decelerated 
forward propulsion but induced medial accelerations. Hip 
extensors and hip adductors did not offer a remarkable 
contribution to body COM acceleration in any direction. 
Better understanding of muscles’ induced COM accelerations 
may provide some explanation for sprinters’ very wide first 
few steps.  
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Summary 

The purpose of this research was to clarify a mechanism of body 
orientation change at the approach phase to curved path in the 
sprinting event such as 200m or 400m. As a result, the authors  
revealed that the direction of the runner’s velocity already 
changed before the curvature. Then, once runner’s trunk leans, 
the runner’s trunk is oscillating with more than 90 degrees 
inclination angles. Because the moment about x axis which is 
corresponding to the anteroposterior axis acted on opposite 
direction at the stance phase of left and right ground contacts.  

Introduction 

Regardless of animals or vehicles, a locomotion in curved path 
requires the centripetal force. The centripetal force acting on the 
moving object on the ground is originated from the lateral 
component of the ground reaction force. Since our running is a 
series of jumps, the ground reaction force does not act on the 
runner steadily. In other words, from the view point of the 
particle model, our human running trajectory is not the circular 
path. Comparative studies between a straight and curved path is 
has been investigated previously. It is reported that runner’s 
trunk leans toward the inside of track in curved path [1]. 
However,  a mechanism at the approach phase to curved path is 
an open question. Therefore, the purpose of this study was to  
examine how runner control their body tilting motion at the 
approach phase to the curved path in sprinting. 

Methods 

The authors set up a curved path with a radius of 38.2m and   
40m straight path as the approach in the indoor track which is 
equipped with 50 force-platforms.The ground reaction force and 
anatomical landmarks were measured using force-platforms and 
motion capture system at the approach to curved paths. The 
authors modelled a runner as 3-dimensional inverted pendulum 
with COG and a non-mass variable arm from COG to COP. The 
lean of a trunk on the frontal plane was defined as an angle 
between the ground and a vector from the midpoint of the 
greater trochanters to the sternum on the edge point. 

 
Figure 1: 3-dimensional inverted pendulum model with variable arm  

Results and Discussion 

The lateral inclination angle of the trunk on the frontal plane 
(Fig. 2) had already leant toward the inside of track at the approach 
phase to curved path. It also increased between the right foot 
and left foot ground contact. On the other hand, it decreases 
between left to right foot ground contact. Thus, the runner’s 
trunk is oscillating at the transition from the approach to curved 
path. It is suggested that this oscillating runner’s trunk motion  
keeps the inside inclination posture of the trunk. The ground 
reaction force acts as the moment around COG (Fig. 3). Fig.3 
shows that negative moment can be seen at the right foot stance 
phase, while positive at left foot stance phase. It is caused by the 
switching of the direction of ground reaction force vector to the 
variable arm from COG to COP. 

 
Figure 2 : Inclination angle of the runner’s trunk on the frontal plane 

 
Figure 3 : Moment around COG on the frontal plane by the 

ground reaction force 

Conclusions 

The trunk inclination angle had already learnt at the approach 
phase to curved path. Once the runner’s trunk inclined, it 
oscillated by the positive/negative switching of the ground 
reaction force moment.  
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SUMMARY (147/150) 

The relative muscle volume is the critical parameter to 

estimate the contribution of individual muscle on joint torque. 

Because muscle hypertrophy is prominent in the fast than slow 

twitch muscle, it is hypothesized that the relative muscle 

volume of triceps surae may vary among subjects according to 

the training status. We examined this hypothesis by comparing 

the relative muscle volume among sprinters, runners, and 

untrained subjects. Magnetic resonance imaging was used to 

calculate the total and relative muscle volumes of medial 

gastrocnemius (MG), lateral gastrocnemius (LG) and soleus 

(SOL). The total muscle volume was significantly larger in the 

sprinters than the runners and untrained. The relative muscle 

volume of MG was larger and that of SOL was smaller in the 

sprinter than in the runners and untrained. These results 

indicate that the relative muscle volume can vary among 

subjects, possibly due to the fiber type-dependent muscle 

hypertrophy. 

INTRODUCTION 

Muscle force is closely related with its architecture. For 

example, it is widely known that muscle force (joint torque) is 

determined by its cross sectional area (volume) [1]. This 

makes it possible to estimate the contribution of individual 

muscle on the joint torque based on the relative muscle 

volume with respect to the total muscle volume. In fact, 

several studies examined the contribution of individual muscle 

(force distribution) during walking or running. Because it is 

difficult to directly measure the muscle volume, they used the 

previously-reported ratio of muscle volume [2] supposing that 

the relative muscle volume is constant among subjects. 

However, it is well known that muscle hypertrophy is 

prominent in the fast than in the slow twitch muscle [3,4], 

which can induce selective muscle hypertrophy. This may 

change the ratio of muscle volume. Therefore, the purpose of 

this study was to examine the influence of training status on 

the relative muscle volume of triceps surae through the 

comparison of relative muscle volume among sprinters, 

runners, and untrained subjects. 

METHODS 

The total muscle volume of medial gastrocnemius (MG), 

lateral gastrocnemius (LG) and soleus (SOL) was determined 

by Magnetic resonance imaging (MRI) from 48 sprinters, 40 

long-distance runners, and 38 untrained subjects. In addition, 

the relative muscle volume was calculated as the relative value 

of each muscle volume with respect to the total muscle 

volume. The scanning protocol of MRI was as follows: fast 

spin echo; matrix 512 × 256; repetition time 600 ms; echo 

time 7.6 ms; slice thickness 10 mm; gap 0 mm; field of view 

480 mm with a standard body coil. 

RESULTS AND DISCUSSION 

The total muscle volume was larger in the sprinters (923.5 ± 

158.8 cm3) than the runners (744.9 ± 110.8 cm3) and untrained 

(755.2 ± 115.8 cm3). Regarding the relative muscle volume, 

MG was larger in the sprinter (30.6 ± 2.7%) than in the 

runners (28.6 ± 2.8%) and untrained (28.7 ± 2.3%), and that of 

LG was larger in the sprinter (17.0 ± 2.2%) than untrained 

(15.9 ± 2.0%). On the other hand, the relative muscle volume 

of SOL was smaller in the sprinters (52.4 ± 3.7%), than in the 

runners (54.8 ± 3.0%) and untrained (55.4 ± 2.9%) (Figure 1). 

These results indicate that the relative muscle volume of MG, 

LG and SOL can vary among subjects. A possible reason 

would be the fiber type difference among MG, LG, and SOL 

and fiber type-dependent muscle hypertrophy. If our 

observation is true, we should measure the subject-specific 

relative muscle volume (cross sectional area) to estimate the 

contribution of individual muscle on the joint torque (force 

distribution). 

 

 Figure 1: The relative muscle volume of MG, LG and SOL among 

sprinters, runners and untrained subjects. † indicates p < 0.05. 

CONCLUSIONS 

In conclusion, the relative muscle volume of MG, LG and 

SOL can vary among sprinters, runner and untrained subjects, 

possibly due to the fiber type-dependent muscle hypertrophy. 

ACKNOWLEDGEMENTS 

This study was supported by a Grant-in-Aid for Challenging 

Exploratory Research (16K13009). 

REFERENCES  

[1] Ikai M and Fukunaga T. (1968) Int Z Angew Physiol., 26: 

26-32. 

[2] Fukunaga T et al. (1992). J Orthop Res., 10: 926-934. 

[3] Oishi Y et al. (2002). Acta Physiol Scand., 176: 311-319. 

[4] Shi H et al. (2007). Am J Physiol Cell Physiol., 292: 

C1681-C1689. 

 

Sunday, August 04 2019: Morning 3 (1145-1245) 2117

Biomechanics of Sprint Running



 

 

Using instrumented Running Specific Prostheses during sprinting and long jumping for performance assessment of elite 

Paralympic athletes. 

 

Nicola Petrone1, Gianfabio Costa1, Gianmario Foscan1, Rosanne Boekestijn2, Gian Luca Migliore3, Sacchetti Rinaldo2,  

Cutti Andrea G.2  

1Department of Industrial Engineering, Univ. of Padova, Italy 

2Faculty of Science & Technology, University of Twente, The Netherlands 
3INAIL Prosthesis Center, Vigorso di Budrio, BO, Italy 

Email: ag.cutti@inail.it  

 

Summary 

Running Specific Prostheses (RSP) used by amputee athletes 

for sprinting and long jumping have a large effect on athlete 

performance and health. This study reports about the 

development and test of a set of instrumented RSP (iRSP) that 

could be used on the field for data collection of block start, 

sprinting, curve running and for the whole run-in and take-off 

of long jump. A portable data logger can collect multiple steps 

loading from the iRSP. 

Introduction 

Running Specific Prostheses (RSP) used by amputee athletes 

for sprinting and long jumping have a large effect on athlete 

performance and health. Not only the choice of RSP type, 

length and stiffness [1], but also its adaptation to athlete’s 

sockets and its fine alignment influence athlete’s feeling, 

technique, performance and eventually injury occurrence [2]. 

The knowledge of loads acting at the foot clamp either to the 

socket or to the prosthetic knee is one of the most important 

biomechanical parameters to be achieved: literature data on 

this regard are mainly obtained during indoor tests on elite 

athletes running on force platforms in motion capture 

environment [3]. The aim of this work was to develop a set of 

instrumented RSP (iRSP) that could be used on the field for 

data collection of block start, sprinting, curve running and for 

the whole run-in and take-off of long jump. A portable data 

logger can collect multiple steps loading from the iRSP. 

Methods 

The system allows measuring forces acting on the foot clamp 

of the athlete without modifying the RSP behaviour and 

clamp: the system is composed by 3 strain gauge bridges 

applied to each RSP; the configuration used allows to 

decouple the vertical and longitudinal loads at the foot clamp 

during the stance phase. 

The calibration of the iRSP system was performed using a 

new, aim-specific bench test (Figure 1). A servo-hydraulic 

actuator moves a vertical sledge with a dummy socket to 

which the RSP are fixed; a horizontal sledge, moved 

horizontally by a second actuator, hosts a force platform 

covered with tartan in contact with the RSP tip. The 

inclination of this sledge can be adjusted to reproduce 

different angles between RSP and ground. The bench was 

used to perform bridge calibrations under known load values 

and point of application, with different combinations of 

vertical (max. 2200 N) and horizontal loads (max. 2000 N). 

Four elite athletes, 2 T64 males (TT_M1 & TT_M2), 2 T63 

females (KD_F1 & KD_F2), were involved for the track test: 

all were Olympic, World and Europe class medallist.   

Loads collected with the iRSP in the Foot Reference System 

were compared with those from a Kistler force plate 

embedded in the track: high speed video captured the foot 

orientation and allowed to calculate the loads on the Ground 

Reaction Forces Reference Frame 

Results and Discussion 

The difference between the peak loads estimated by the iRSP 

and the force platform GRF resulted about 5% for the sprint 

runners in vertical direction and 9% in horizontal. The 

subjects showed force pattern at both limbs and normalized 

peak loads that were closely comparable to those from 

literature[3].  

 

Figure 1: Test bench designed for RSP calibration. 

Despite Peak vertical loads reached 3.4 BW for TT_M1 and 

3.3 BW KD_F2, horizontal peaks resulted of 0.8 BW for 

TT_M1 and 0.55 BW for KD_F2, showing differences in 

sprinting.  

Conclusions 

The method opens new perspectives in training protocols for 

athletes and coaches when real time assessment of sprinting 

and RSP alignment will be available.   
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Summary 

The removal of gender restriction in combat-centric roles will 

increase female soldier exposure to regular heavy load 

carriage. Physiological sex differences place women at a 

disadvantage for these physically demanding roles. Identifying 

sex-specific responses during a standardised load carriage task 

will provide essential information of how task demands are 

met and if different programs are needed for males and 

females. The current study identified that sex-specific 

responses primarily occurred at the knee and ankle joints, 

suggesting males and females adopt different kinematic 

stategies to meet task demands during a load carriage task. 

Introduction 

Combat-centric roles require soldiers to regularly carry load to 

complete occupational tasks. Loads carried and tasks 

undertaken are determined by occupation rather than the 

physical capacity of individuals. There are known 

physiological differences between sexes which manifest in the 

form of reduced physical capabilities in females compared to 

males [1] , however, potential sex-based differences in load-

carriage remains largely unexamined. Only one study to date 

has used an absolute load to assess sex differences in load 

carriage, reporting few lower-limb kinematic differences 

between sexes with only small effect sizes [2]. Therefore, this 

study aimed to identify and characterise sex-specific responses 

across a wide range of kinetic and kinematic measures during 

a load carriage task. 

Methods 

Fifteen male (age 22.4±1.6 years, height 1.82±0.06 m, body 

mass 83.8±6.7 kg) and eight female civilians (age 21.3±2.1 

years, height 1.65±0.06 m, body mass 64±5.8 kg) participated 

in this study. At the time of testing, participants had no acute 

or chronic injuries, or former load-carriage experience. 

Participants provided written informed consent and Macquarie 

University Human Research Ethics Committee approved the 

study (protocol number: 5201826834691). Participants met or 

exceeded the Army Basic Fitness Assessment standards for 

soldiers [3]. 

A single treadmill load carriage task, representative of the 

minimum Australian Army All Corps physical employment 

standard (5 km at 5.5 km⸱h-1, wearing a 23 kg vest), was 

completed. Three-dimensional motion capture and ground 

reaction force data were acquired for 1-minute at the 

beginning and end of the 5 km load carriage task. A generic 

full-body scaled OpenSim model [4] was used to estimate hip, 

knee, and ankle joint angles from inverse kinematics. 

A two-way analysis of variance with repeated measures was 

conducted to test for interactions between sex and time and 

main effects of sex and time on kinematic variables (p < 0.05). 

Results and Discussion 

Main effects of time were found for step width, hip angle at 

heel strike, and knee flexion first peak angle. Significant 

interaction effects revealed that stride time increased and hip 

extension peak angle decreased over the duration of the 5 km 

load carriage task for males, whereas no change was observed 

for females. Interestingly, sex-specific responses were 

identified predominately at the knee and ankle joints, with 

main effects of sex also being shown for spatiotemporal 

variables (Table 1). 

Table 1: Results for primary variables of interest for males (n=13) 

and females (n=8). Data presented as mean±SD. 

 

Conclusions 

Findings from the current study suggest that over time, males 

and females adopt different kinematic strategies to meet load 

carriage task demands. Identifying sex-specific responses will 

provide an evidence-base to inform physical training programs 

that effectively prepare and enhance female soldier’s physical 

capacity for load carriage tasks. 
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Summary 

Previous reports suggest males have greater force steadiness 
(FS) compared to females [1]. This study showed females had 
greater variability in motor unit discharge rate (MUDR) and 
reduced FS. The sex differences may be due to inherent 
biomechanical differences in tendon compliance or muscle 
architecture, leading to compensation strategies in females 
motor unit (MU) behaviour that reduced FS. 

Introduction 

Isometric FS is the ability to maintain a constant force output 
[1], where force fluctuations lead to decreased steadiness. The 
degree of force fluctuations is affected by the level of force 
output (maximal or submaximal). The pattern of motor unit 
behaviour (MUDR and MU recruitment) along with the ability 
of the muscle to generate force, affects the amplitude of force 
fluctuations [2, 5, 6]. Steadiness may also be influenced by 
motoneuron noise [4]. The purpose of this work was to 
examine MU behaviour underlying sex differences in FS. 

Methods 

Forty-eight (F=24; M=24) healthy college-aged individuals 
were seated with their hip and knee fixed at 90º and ankle 
fixed at 20º plantar flexion. Force was recorded from a load 
cell (JR3 Inc., Woodland, CA) beneath the distal metatarsals. 
An oscilloscope (Tetronix, TDS 460A, Beaverton, OR) 
provided real-time feedback of intramuscular EMG (iEMG) 
signal quality and force feedback with ± 2.5% error bars 
around the desired force output. Surface EMG (sEMG) was 
recorded from the tibialis anterior with both monopolar 
Ag/AgCl electrodes (Grass F-E9, Astro-Med Inc., West 
Warwick, RI) and an intramuscular electrode (Viasys 
Healthcare UK; Surrey, Eng) inserted 1 cm distal to the 
surface electrode. Myoelectric activity was amplified (Grass 
P511; Astro-Med Inc., Warwick, RI) and band-pass filtered 
(sEMG: 3 & 1000 Hz; iEMG: 1 & 10 kHz). Force and EMG 
were sampled at 25.6 kHz. Participants completed 3 isometric 
dorsiflexion contractions at 20, 40, 60, 80 and 100% of a 
maximal voluntary contraction (MVC). Submaximal contrac-
tions were performed in a balanced order with 100% MVCs 
taking place both pre and post submaximal trials. Each con-
traction was 8-sec in duration with 3-min rest in-between. 
EMGlab (www.emglab.net) was used for MU identification. 

Results and Discussion 

Submaximally, females had greater MUDR, MU recruitment 
and a greater incidence of doublet discharges (p’s < 0.01). 
Females also had a greater MUDR coefficient of variation 
(CV) (8.4%) and reduced FS (16% greater normalized force 
error) compared to males (MUDR CV, 7.4%) across all levels 

of force (p’s < 0.01). The standard deviation (SD) of MUDR 
accounted 34.8% of the variance in FS. Additionally, the SD 
of MUDR was linked with the magnitude of the scores (r = 
0.56, p < 0.01), providing indirect support for an association 
between MUDR and force error (Figure 1). 
 

Correlation between Force Error and the SD of MUDR. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Black lines correspond to individual linear correlations and 
the grey line is the overall linear correlation.  
 
It is likely females exhibited less FS than males due to a 
neural strategy to compensate for biomechanical differences 
(pennation angle, joint laxity and tendon compliance) during 
submaximal contractions [3]. These differences resulted in the 
modulation of MU behaviour which increased the summation 
of twitch force twitches in a way that reduced FS [7]. 

Conclusions 

We suggest it is biomechanical differences leading to a neural 
compensation strategy in females MU behaviour manifesting 
as a difference in FS.  
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Summary  

Biomechanical evaluations of people with hip-related pain 

are often conducted in male dominated cohorts with 

minimal female representation. This study shows that men 

and women move differently with task specific differences 

observed at the hip and knee and consistent differences 

across tasks high and low impact tasks at the ankle.  

Introduction 

Quality-of-life and sport participation are affected in people 

with persistent hip-related pain (HRP). Lower-limb 

biomechanics alter joint loads and may provide insight into 

the contributing factors in the commencement and 

development of persistent HRP. People with this 

presentation have been shown to have differing hip joint 

biomechanics compared to controls[1], however this 

research has been conducted in male dominated cohorts 

without consideration of between sex differences. During 

walking, evidence suggests that there are inherent 

differences in lower-limb biomechanics in pain free men 

and women[2]. Therefore, it cannot be assumed that 

observations obtained from male dominant HRP cohorts can 

be generalised to females with the same presentation. The 

aim of this study was to investigate the differences in lower-

limb biomechanics in men and women with HRP during 

walking and a single leg drop jump (SLDJ). 

Methods 

Football players (Australian Rules football and soccer), aged 

18-50 years, with a 6-month history of HRP and a positive 

flexion/adduction/internal rotation test were eligible to 

participate. 23 women (W) and 65 men (M) were included.  

Participants completed the International Hip Outcome Tool 

33 (iHOT33)[3] and the Copenhagen Hip and Groin 

Outcome Score (HAGOS)[4] to quantify symptoms. 

Biomechanical data was collected using a 10-camera opto-

reflective motion capture system (Oxford Metrics, Oxford, 

UK) and two in-series force plates imbedded in the 

laboratory floor (AMTI, Watertown, MA; and Kistler 

Group, Winterthur, Switzerland) on two functional tasks of 

differing vertical force magnitude (walking and SLDJ) 

Tasks: 

Walking: at a comfortable self-selected speed  

SLDJ: participants stood on their less symptomatic limb and 

dropped off a 30 cm high box, landing on their symptomatic 

limb and hopped vertically up, reaching for the roof.  

Following familiarisation, participants completed three 

successful trials of each task. Nexus v1.8.5 (Oxford Metrics, 

Oxford, UK) was used to record camera and force plate data 

and a seven-segment biomechanical model was created in 

Vicon BodyBuilder (Oxford Metrics, Oxford, UK) to 

calculate lower limb joint angles, external joint moments 

and external impulses. Data were stratified by sex and 

normality explored. Joint angles and moments were 

analysed using two-samples t-tests via statistical parametric 

mapping (spm1D v0.4, http://www.spm1d.org) in python 

2.7 (PythonTM, Python Software Foundation). Impulse data 

were analysed using a two-samples t-test in R (R, R 

Foundation for Statistical Computing).  

Results and Discussion   

Men and women experienced a similar amount of pain 

levels in the previous 7 days ((Median [IQR]) M: 4.0 [3.0], 

W: 3.0 [3.0], P= 0.11) and no difference in iHOT score 

((Mean ± SD) M: 61.9±15.2, W: 62.0±18.7, P=0.97) or 

HAGOS subscales (P≥0.07).  

Walking: During stance, men walked with less hip flexion 

(P<0.01) and internal rotation (P<0.01). During different 

sections of stance, men also displayed a lower hip adduction 

angle (P=0.017) and moment (P=0.04), lower knee flexion 

angle (P=0.03) and moment (P=0.03), as well as greater 

dorsi flexion moment (P<0.01) and impulse (P<0.01) 

compared to women. 

SLDJ: Men completed the SLDJ with less hip flexion in 

early stance (P=0.03), greater external knee flexion moment 

(P<0.01) and ankle dorsi flexion moment (P<0.01). Men 

also produced a greater external dorsi flexion impulse 

(P=0.01) compared to women.  

Conclusions 

Men and women with HRP demonstrate similar levels of 

disability but ultimately use different lower-limb 

biomechanics during walking and a SLDJ. Task-specific 

differences were observed at the hip and knee but not at the 

ankle. These results demonstrate that sex may be a potential 

effect modifier in people with HRP. In order, to provide 

informed, evidence-based recommendations on the 

biomechanical impairments of men and women with HRP, 

extrapolation of data from male dominated cohorts, without 

appropriate consideration of differences between the sexes, 

should be discouraged. Future research should include sex-

specific analyses to account for this effect as well as the 

determination of whether sex-dependent prevention or 

intervention strategies are warranted.  
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Summary 

The purpose of this study was to compare knee joint moments, 

kinematics and muscle activation between male and female 

team sport athletes during unanticipated sidestepping to 

further the understanding of sex-specific differences and their 

potential influence on anterior cruciate ligament (ACL) injury 

risk. We found that although males and females display 

similar peak joint moments at the knee, muscle activation 

strategies and hip kinematics differed. These findings may 

have implications for injury prevention training protocols.  

Introduction 

Female athletes are 2-9 times more likely than their male 

counterparts to sustain an anterior cruciate ligament (ACL) 

injury in team sports [1]. Although the mechanism of ACL 

injury does not differ between males and females, researchers 

have suggested a number of modifiable risk factors for the 

increased incidence of injuries in female athletes [2]. The 

purpose of this study was to investigate differences in peak 

knee moments (i.e., surrogate measure for ACL injury risk), 

lower extremity kinematics and muscle activation strategies 

between male and female team sport athletes in the attempt to 

further understand the biomechanical mechanisms of increased 

ACL injury incidence in female athletes.  

Methods 

Twenty male (20.2 ± 1.2 years, 1.81 ± 0.07 m, 72.3 ± 7.8 kg) 

and 17 female (19.3 ± 1.1 years, 1.64 ± 0.05 m, 61.2 ± 7.3 kg) 

team sport athletes participated in this study. 3D kinematics, 

kinetics and surface electromyography of eight lower limb 

muscles were recorded while participants completed an 

unanticipated sidestepping protocol. A successful sidestep trial 

required athletes to have an approach velocity of 4.0 ± 5% 

m·s-1 and change direction at 45 ± 10°. 

Stance phase hip and knee kinematics were compared between 

groups with two-sample t-tests utilizing statistical parametric 

mapping (SPM). Peak knee joint moments, total muscle 

activation (TMA; sum of mean activation of muscles in each 

muscle group and all muscles spanning the knee) and 

quadriceps/hamstring directed co-contraction ratios (Q/H 

DCCR) during weight acceptance (WA) were compared with 

discrete two-sample t-tests (α = 0.05). 

Results and Discussion 

The main finding of this study was that although females and 

males displayed similar peak knee valgus (M: 0.36 ± 0.17 

Nm·kg-1·m-1, F: 0.46 ± 0.30 Nm·kg-1·m-1, p = 0.225, d = 0.43) 

knee moments, the way these moments were experienced (i.e., 

muscle activation strategies) differed. Contrary to previous 

research [3], we saw no differences in knee kinematics 

between groups (Figure 1). However we saw significant  

 

differences in hip kinematics in all three planes during early 

and mid-stance, likely related to the 32% lower gluteal TMA 

observed in female athletes (Figure 2B). Males had quadriceps 

directed Q/H DCCR while females had generalized co-

contraction. However, upon reflecting on the individual data, 

few individual females had DCCRs close to zero (Figure 2B).  

 

Figure 1: Mean (SD) hip and knee kinematics for males (black) and 

females (grey) during the stance phase of unanticipated sidestepping. 

Shaded areas indicate statistically significant differences between 

groups from SPM analysis (P < 0.05). 

 

Figure 2: TMA of muscles crossing the knee and gluteal, quadriceps, 

hamstrings and gastrocnemii muscle groups (A) and Q/H DCCR (B) 

for males (black) and females (grey) during WA of unanticipated 

sidestepping. Individual data are presented for DCCRs for males 

(black circles) and females (grey triangles). *Indicates statistically 

significant difference between groups (p < 0.05). 

Conclusions 

Although female team sport athletes display similar peak knee 

valgus knee moments (i.e. surrogate measure for ACL injury 

risk) relative to their male counterparts, their ability to support 

the same applied load at the knee joint may be lower due to 

varied Q/H DCCR and reduced gluteal TMA during 

unanticipated sidestepping.  
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Summary 
Nowadays, females commonly perform Military combat roles 
that were once exclusively performed by males. Given the 
strength differences between the sexes, it is important to 
understand if females adapt differently to physical training, 
which may necessitate sex-specific training programs. This 
study measured lower-body force and power as well as basic 
fitness, and found males and females both improved lower-
body force production in the same way, but females upper-
body strength improved more than males. 

Introduction 
Physical training is a common aspect of Military service for 
males and females, who typically undergo the same type of 
training [1]. Recent policy changes have opened combat roles 
to females making it necessary to consider potential 
differences in how males and females respond to the same 
training stimulus, and if sex-specific training is necessary. The 
purpose of this research was to assess male and female 
strength and power as well as basic fitness adaptations to the 
same training program designed to improve load carriage 
performance. 

Methods 
Participants included 15 males (22.4±1.6 years, 1.82±0.06 m, 
83.8±6.7 kg) and 8 females (21.3±2.1 years, 1.65±0.06 m, 
64±5.8 kg); all provided written informed consent (Macquarie 
University Human Research Ethics Committee, number: 
5201826834691). Participants met or exceeded Australian 
Army Basic Fitness Assessment standards (males: 70 sit-ups 
and 40 push-ups in 2 minutes each; females: up to 70 sit-ups 
and 40 push-ups in 2 minutes each) and a minimum beep test 
result of 7.5 [2]. Participants undertook testing over two days: 
day 1 included countermovement and squat jump, day 2 
included beep test, push-ups, and sit-ups. Jump testing took 
place on a Fitness Technology Series 400S force plate (Skye, 
SA, Australia). Data were collected in Ballistic Measurement 
System (Innervations, Perth, WA, Australia). Custom Matlab 
code (Mathworks, Natick, MA, USA) analysed the force plate 

data to determine peak force and power production during the 
jump tests. Participants undertook resistance and load carriage 
training for 10-weeks. They were re-tested halfway and at the 
end of the program. Participants walked 5 km wearing 23 kg 
in 55 mins before and after the 10-week program. 

Results and Discussion 
Males outperformed females in nearly all measures, except for 
sit-ups. With the focus of the training being on strength (not 
power), the main effect of training time on squat jump force 
production makes sense; males increased by 124 N (6%) and 
females by 50 N (4%). In upper body strength (push-ups) 
females improved significantly more than males increasing the 
number completed by 16 (44%) compared to males 7 (13%). 
While both sexes rated the load carriage task easier after the 
training, only males improved estimated VO2max (Table 1). 

Conclusions 
This study confirmed that males and females mostly improve 
in a similar fashion in response to the same training program, 
but that females improve more than males when considering 
upper body strength. Males outperformed females in most 
measures, and what remains to be seen is if a sex-specific 
program could improve females to the same level as males. 
While cardiovascular fitness was not trained specifically, it 
seems the training provided enough of a stimulus for males, 
but not females, suggesting that if this is a goal, then the two 
sexes do require different programs. 
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Table 1: Results for males (n=15) and females (n=8). * = main effect of time, † = main effect of sex, # = interaction of time and sex. 
  PRE MID POST 
  Male Female Male Female Male Female 
COUNTER-
MOVEMENT JUMP 

Power (W) † 4291 (718) 2519 (414) 4454 (689) 2575 (328) 4363 (635) 2582 (364) 
Force (N) † 1899 (182) 1270 (140) 1924 (179) 1304 (120) 1930 (214) 1295 (104) 
Velocity (m/s) † 2.78 (0.2) 2.27 (0.18) 2.81 (0.2) 2.3 (0.14) 2.76 (0.19) 2.29 (0.17) 

SQUAT JUMP Power (W) † 4172 (729) 2517 (395) 4270 (748) 2515 (307) 4270 (887) 2539 (381) 
Force (N)* † 1958 (315) 1288 (152) 2024 (302) 1323 (133) 2082 (245) 1339 (138) 
Velocity (m/s) † 2.6 (0.19) 2.27 (0.17) 2.64 (0.3) 2.24 (0.11) 2.6 (0.39) 2.23 (0.15) 

BASIC FITNESS  Push Ups (n)* # † 51 (8) 37 (7) 54 (12) 47 (6) 57 (13) 53 (9) 
Sit Ups (n) 76 (4) 76 (5) 78 (7) 78 (8) 81 (9) 77 (9) 

LOAD CARRIAGE RPE (AU) * 15(3) 17(2) -- -- 14(3) 15(1) 

VO2max (ml/min/kg) #  † 42.9(4.6) 40.3(2.8) -- -- 45.2(5.4) 39.4(3.8) 

 

Sunday, August 04 2019: Afternoon (1500-1600) 2126

Sex Dependent Differences in Human Biomechanics



Sunday, August 04 2019: Afternoon (1500-1600) 2127

19.3 Quadriceps Function After ACL Rupture
1. Stephan Bodkin: Knee Extensor Fatigue Resistance In Individuals Following Acl-Reconstruction

2. Kazandra Rodriguez: Y Balance Scores Are Related To Quadriceps Strength At Return To Activity Following Anterior
Cruciate Ligament Reconstruction

3. Alex Spencer: Rate Of Torque Development Declines At Lower Relative Torque Outputs In Acl Reconstructed Limbs

4. Elanna Arhos: Quadriceps Strength Does Not Modify Gait Mechanics After Acl Reconstruction, Rehabilitation And
Return To Sport Training

5. April Mcpherson: 12 Month Post-Acl Reconstruction Quadriceps Strength, Neural Activity, And Muscle Stiffness
Asymmetries

Quadriceps Function After ACL Rupture



 

 

Knee Extensor Fatigue Resistance in Individuals Following ACL-Reconstruction  
 

Stephan G. Bodkin1, Joseph Hart1 
1Department of Kinesiology, University of Virginia, VA, USA 

Email: sgb3d@virginia.edu  
 

Summary 
Individuals following ACL-Reconstruction (ACLR) often 
present with signs of persistent muscle weakness. In this 
study, measures of quadriceps strength and fatigue were 
compared between individuals following ACLR and healthy 
active controls. ACLR knees presented with patterns of fatigue 
resistance compared to the uninjured limb and to healthy 
controls. A weak, negative relationship presented between 
quadriceps strength and fatigue in individuals following 
ACLR. Fatigue resistance may be sign of muscular weakness 
at the time of return to sport.  

Introduction 
Individuals following ACL-Reconstruction (ACLR) present 
with persistent muscle weakness and the inability to regain 
strength at the time of return to sport [1]. The inability to 
produce adequate strength is often accompanied with patterns 
of fatigue resistance [2,3]. It is hypothesized that this may be 
due to the proportions of motor unit types that are inhibited 
and regained throughout rehabilitation. If true, assessments of 
fatigue may be an identifier of individuals that may present 
with delayed recovery following ACLR.  

Therefore, the purpose of this study was to assess measures of 
fatigue in ACLR patients at the time of return to sport in 
comparison to healthy controls.  
Methods 
A total of 215 individuals, 120 ACLR (21.0±8.2 years, 
171.8±11.0 cm, 73.7±17.5 kg, 5.96±.48 months post-ACLR) 
and 95 healthy controls (21.5±2.9 years, 174.1±11.0 cm, 
70.7±11.3 kg), participated in this study. ACLR participants 
were assessed between 5 and 7-months following primary 
ACLR. All participants completed a 30-second knee extensor 
maximum voluntary isometric contraction (MVIC). The 
MVIC was obtained by taking the peak torque produced 
within the first 5-seconds of the trial. The fatigue index (FI) 
was calculated through the following equation:                      
FII = 100% * [1-(AUFC0-30/Fmax, 0-5*30))], where AUFC 
represents the area under the force curve and Fmax is the 
maximal force produced for the first 5-seconds. Strength and 
fatigue was compared to the contralateral limb though the 
following equations: MVIC Limb Symmetry Index (LSI) = 
Involved MVIC/Uninvolved MVIC *100; Fatigue Index Limb 
Difference = Involved limb FI – Uninvolved Limb FI. 

Results and Discussion 
Comparisons of knee extensor strength and fatigue are 
presented in Table 1. For ACLR participants, there was a 
weak, negative, significant relationship between the involved 
limb strength and fatigue (r= -.184, P=.048). There was no 
relationship between MVIC LSI and FI Limb Difference 
(r=.137, P=.142). For Healthy individuals, there was no 

relationship between limb strength and fatigue (r= -.174, 
P=.093). There was a positive, moderate relationship between 
MVIC LSI and FI Limb Difference (r= .400, P<.001). 

Table 1: Strength and Fatigue compared between Groups 

 ACLR 
n=120 

Healthy 
n=95 

P-
value 

Effect Size 
[95%CI] 

MVIC (Nm/kg) 1.44±.52 2.20±.67 <.001 1.29 [.99, 1.58] 

MVIC LSI (%) 64.3±21.2 94.3±18.5 <.001 1.5 [1.19, 1.8] 

FI (%) 18.7±10.9 22.5±8.2 .002 .39 [.12, .66] 

FI Limb 
Difference -5.6±11.2 2.2±7.9 <.001 .79 [.51,1.07] 

Abbreviations: CI: Confidence intervals, MVIC: Maximum Voluntary 
Isometric Contraction, LSI: Limb symmetry Index, FI: Fatigue Index 

Individuals following ACLR demonstrate fatigue resistance 
compared to healthy active controls (Figure 1). ACLR patients 
demonstrated greater resistance to fatigue in their involved 
limb compared to their contralateral limb, whereas on average, 
healthy individuals presented fairly symmetrical in this 
measure.  

 
Figure 1: Histogram of Fatigue Index Limb Differences within 

Healthy and ACLR individuals. A negative value indicates fatigue 
resistance of the involved/non-dominant limb compared 

contralaterally. A positive value indicates greater fatigability of the 
involved/non-dominant limb compared contralaterally. 

Conclusions 
Individuals following ACLR demonstrate patterns of fatigue 
resistance in their involved limb compared to their uninjured 
limb and to healthy controls.  
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Summary 
Injury to the anterior cruciate ligament (ACL) results in 
lingering quadriceps deficits leading to long-term dysfunction. 
A simple screening tool such as the Y Balance Test (YBT) 
may provide a surrogate measure of strength deficits. 
Quadriceps strength and dynamic balance using the YBT were 
assessed in ACL patients and controls. Significant moderate 
correlations were found between non-ACL anterior YBT reach 
and ACL strength scores (p < 0.05).  
Introduction 
Following ACL reconstruction (ACLR) patients demonstrate 
significant quadriceps deficits that can persist following return 
to activity (RTA) [1]. Quadriceps strength has previously been 
linked to decreased patient-reported function [2] and presents 
a risk for post-traumatic osteoarthritis [3]. Therefore, 
identifying strength deficits is important for short and long-
term joint health.  
Quadriceps strength is typically assessed using an isokinetic 
dynamometer, which is an expensive device that may not be 
available in all clinics. A low-cost screening tool that could 
provide a surrogate measure for strength deficits would 
provide an accessible way for clinicians to determine 
clearance for RTA.  The Y Balance Test (YBT) has 
demonstrated a relationship with knee extension and flexion 
torques [4], but little to date is available examining the 
relationship between YBT reach distances and quadriceps 
strength. Therefore, the primary purpose of this study was to 
determine if YBT reach distances are correlated with 
quadriceps strength in patients after ACLR. 

Methods 

Twenty controls (8 men, 12 women; age = 21.75 ± 4.98 yrs; 
height = 1.73 ± 0.12 m; mass = 84.94 ± 8.19 kg) and 17 
patients who were cleared to RTA, were 12 months ± 2 weeks 
post-ACLR with patellar tendon grafts (6 men, 11 women; age 
= 18.06 ± 4.19 yrs; height = 1.68 ± 0.08 m; mass = 68.64 ± 
9.26 kg) completed quadriceps isometric strength testing and 
the YBT. Bilateral quadriceps isometric torque was measured 
with the participant seated in an isokinetic dynamometer 
(Biodex, Corp., Shirley NY). Participants performed 3 
maximal voluntary isometric contractions (MVIC).  YBT 
(Perform Better, West Warwick, Rhode Island) reach 
distances were assessed in the anterior, posteromedial, and 
posterolateral directions.  
Variables of interest included bilateral peak quadriceps 
strength (Nm) and raw YBT reach distances (cm). Pearson 
product correlation coefficients between quadriceps strength 
and average YBT reach distances were calculated using a 
commercial software package (SPSS version 23.0 IBM Corp., 
Armonk, NY). Coefficients 0.01-0.3, 0.3-0.5, and 0.5-0.99 
were considered weak, moderate, and strong respectively. 
Significance for all statistical tests was set a priori at p < 0.05. 

Results and Discussion 
Significant correlations were found between anterior reach of 
the non-ACL limb and quadriceps strength of the ACL limb 
(Table 1). No other significant differences were found in the 
ACL group. In addition, significant correlations were noted 
between most YBT reach distances and quadriceps strength in 
the control group (Table 1). The relationship between non-
ACL anterior reach and ACL strength is reasonable given 
previous literature has found that the YBT requires significant 
quadriceps activity in the support limb during anterior reach 
[5]. Altered neuromuscular control strategies used during 
single-leg exercises by patients after ACLR [6,7] may explain 
the differences in the correlations between the control and 
ACLR groups.   

Conclusions  
Significant correlations between anterior reach distance on the 
non-ACLR limb and quadriceps strength of the ACLR limb 
were observed. Given the moderate relationship, this suggests 
the YBT is unable to fully capture quadriceps strength.  
However, if clinicians opt to use YBT in the ACL population, 
measuring the non-ACL limb anterior reach while standing on 
the ACL limb seems most appropriate.    
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Table 1. Pearson r values between average Y Balance reach 
distances and quadriceps strength for ACLRs and controls  

 ACLR CON 

  
 Uninvolved 
Strength 

 
Involved 
Strength  

Right 
Strength 

Left 
Strength 

Left 
Anterior  

0.156 0.454 .449* .501* 

Right 
Anterior  

0.250 .501* 0.357 0.379 

Left PM  0.168 0.376 .615** .630** 

Right PM  -0.006 0.241 .514* .539* 

Left PL  0.127 0.275 0.371 0.411 

Right PL  0.295 0.421 .540* .568** 
**p<0.01; PM = posteromedial; PL = posterolateral 
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Summary 

We analysed the rate of torque development (RTD) drop-off 

characteristics of forty anterior cruciate ligament (ACL) 

reconstructed (ACLR) subjects during maximal quadriceps 

voluntary isometric contractions (MVIC). We found that the 

RTD of ACLR limbs drops at a lower percentage of their 

maximum torque output compared to their contralateral limb, 

but that this drop-off occurs at the same time for both limbs. 

This exertion dependent component of ACLR quadriceps 

dysfunction could limit performance during high-intensity 

activities.  

Introduction 

Anterior cruciate ligament reconstruction is associated with a 

prolonged period of quadriceps dysfunction [1]. One facet of 

this dysfunction is a decline in RTD, which is the rate of force 

increase upon muscle contraction [2]. RTD is calculated as the 

linear slope from 20 to 80% of the 200ms interval following 

muscle activation onset. However, investigating the 

instantaneous RTD characteristics of subjects’ torque output 

throughout a larger time window may provide deeper insight 

into muscular dysfunction. In particular, assessing the time 

and relative torque output upon RTD decline may indicate if 

this characteristic is dependent on timing or relative exertion, 

which could have a number of clinical implications. 

Therefore, the purpose of this study was to assess the 

instantaneous RTD drop-off characteristics of ACLR and 

contralateral limbs. We hypothesized that ACLR limb RTD 

would drop 1) at a lower percentage of their maximum torque 

output and 2) sooner after muscle activation onset than their 

contralateral limb.  

Methods 

Forty subjects who had an ACLR (18 F, 19 ± 5 years old, 71.0 

± 14.8 kg, bone-patellar tendon-bone autografts) underwent 

isometric strength testing six months post-surgery. Each 

subject completed five quadriceps MVIC’s for five seconds on 

each leg. The torque-time curves were analyzed using custom 

MATLAB code. Instantaneous RTD was calculated with a 

centered difference approximation (step size of 10ms). The 

RTD drop-off point was identified as the first time point at 

which the subject’s instantaneous RTD dropped below 75% of 

their peak RTD. The torque value at this time point relative to 

the subjects’ peak torque during the interval represented the 

RTD drop-off percentage. The time lag between this time 

point and muscle activation onset defined the RTD drop-off 

time (Figure 1). Muscle activation onset was determined as the 

first time point at which the subject reached 3% of their 

maximal torque output. 

 

Figure 1: Representative RTD drop-off analysis 

Results and Discussion 

ACLR limbs had a significantly lower RTD drop-off 

percentage (51.8 ± 12.1 and 62.3 ± 11.0% (p < 0.05), 

respectively), but not RTD drop-off time (235.5 ± 79.7 and 

252.5 ± 80.2ms (p = 0.20), respectively) as compared to the 

contralateral limb (Figure 2). 

 

Figure 2: RTD drop-off characteristics comparison 

These data indicate an exertion-dependent decrease in torque 

generation within ACLR limbs. This discrepancy may be 

attributable to a lack of type II muscle fiber recruitment which 

occurs at higher levels of relative exertion [3]. Interestingly, 

the timing of RTD drop off was not different between limbs, 

indicating that this limitation is not time-dependent, but solely 

exertion-dependent. Finally, we propose that a drop in RTD at 

a low percentage of maximum output may negatively 

influence performance during high-intensity activities.  

Conclusions 

We found a decrease in the RTD drop-off percentage within 

ACLR limbs. We speculate that a lack of type II muscle fiber 

recruitment influences this characteristic, and that future 

rehabilitation protocols should consider these findings due to 

their potential impact on athletes returning to high-intensity 

activities.  
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Summary 

Individuals after anterior cruciate ligament reconstruction 

(ACLR) walk using aberrant mechanics, (e.g., smaller 

involved knee flexion angles and moments and medial 

tibiofemoral joint under-loading) linked to the early 

development of osteoarthritis. Limited research has studied the 

relationship between quadriceps strength and gait mechanics 

after ACLR, rehabilitation, and return-to-sport (RTS) training. 

We analyzed data from 77 participants after ACLR, post-

operative rehabilitation, and RTS training. We found no 

significant or meaningful correlations between quadriceps 

strength and our gait variables after RTS training. 

Interventions among those who are well-rehabilitated may not 

be adequately targeting gait post ACLR. 

Introduction 

Biomechanical deficits during gait after ACLR, including 

altered knee kinematics, kinetics, and medial compartment 

loading are prevalent, persistent, and linked to post-traumatic 

osteoarthritis [1,2]. Quadriceps strength is linked to pre-

operative gait asymmetries and post-operative function, and is 

included in RTS criteria [3,4]. Evidence linking quadriceps 

strength with gait biomechanics is limited to pre-operative and 

early rehabilitation time points. We sought to determine the 

relationship between quadriceps strength and gait 

biomechanics after RTS training in level I and II athletes [5]. 

We hypothesized that athletes with higher quadriceps strength 

after RTS training will have more symmetrical gait. 

Methods 

Participants were enrolled 3-9 months after a primary, 

unilateral ACLR. Data were processed and analyzed from 77 

participants (38 men, 39 women; ages 21.13 ± 7.71 years). 

Data collections occurred after completion of post-operative 

rehabilitation and an additional 10 RTS training sessions 

consisting of strengthening, agilities, and plyometrics. 

Quadriceps strength was measured using maximal voluntary 

isometric contraction (MVIC) and reported using a Quadriceps 

Index (QI = involved quadriceps MVIC / uninvolved 

quadriceps MVIC x 100%). Participants completed over-

ground gait analysis at a self-selected speed consistent across 

trials. Data were processed using Visual 3D, and knee kinetics 

were calculated via inverse dynamics. A validated, patient-

specific electromyography (EMG) driven musculoskeletal 

model was used to estimate quadriceps muscle forces and joint 

contact forces bilaterally from EMG data [6]. The key 

variables of interest included: QI, peak knee flexion (PKF) 

angle, internal knee extensor moment at PKF, sagittal plane 

knee excursion at weight acceptance and mid-stance, 

quadriceps muscle force at PKF, and peak medial 

compartment contact force.  

Results and Discussion 

There was no significant or meaningful correlation between 

QI and any of the variables of interest (Table 1). Our findings 

indicate that among those at RTS who are well-rehabilitated, 

QI is not related to gait asymmetries. These data suggest 

interventions after ACLR may not be adequately targeting 

gait. Post-operative rehabilitation should include gait specific 

components to address these lingering biomechanical deficits.  

 

Figure 1: No correlation between peak knee flexion angle and QI. 

Conclusions 

Among those who are well-rehabilitated, quadriceps strength 

is not correlated with biomechanical gait deficits after RTS 

training, suggesting current clinical interventions are 

insufficient at targeting gait. 
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Table 1: Pearson correlation coefficients (and p-values) for key biomechanical variables during gait and quadriceps strength index (QI). 

 
Peak Knee 

Flexion Angle 

Knee Excursion-

Weight Acceptance 

Knee Excursion-

Midstance 

Knee Extensor 

Moment 

Medial Compartment 

Loading 

Quadriceps 

Muscle Force 

QI 0.042 (p=0.714) -0.011 (p=.925) 0.063 (p=.589) 0.003 (p=.979) 0.031 (p=.802) -0.086 (p=.489) 
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Summary 

Arthrogenic muscle inhibition (AMI) after ACL 

reconstruction is a result from neural inhibition and quadriceps 

muscle atrophy. Asymmetrical quadriceps muscle strength has 

also been reported after ACLR and is associated with altered 

biomechanics during dynamic movement tasks. It is currently 

unknown if neural activity and quadriceps muscle stiffness is 

also asymmetrical post-ACLR. Twelve months after ACLR, 

patients completed isometric knee extension contractions 

while EMG data and shear wave ultrasound images of the 

quadriceps muscles were acquired. Patients demonstrated 

asymmetrical quadriceps strength between injured and non-

injured limbs, but there were no differences in neural activity 

or quadriceps tissue stiffness. This study found that strength 

asymmetries may not be due to an underlying neural 

mechanisms or muscle tissue property differences.  

Introduction 

Arthrogenic muscle inhibition (AMI) is a known sequelae of 

ACL reconstruction (ACLR), and is thought to be caused by 

neural inhibition and quadriceps muscle atrophy. Neural 

mechanisms of knee extensor activity can be investigated 

using decomposition of surface electromyography (EMG).[2] 

Shear wave elastography (SWE) provides quantitative 

assessment of quadriceps stiffness in subjects after ACLR.[3] 

In addition, lower quadriceps strength and consequently 

strength asymmetry has been reported after ACLR and are 

known risk factors for second ACL injury. It is currently 

unknown if measures associated with AMI, including neural 

activity and quadriceps muscle stiffness, similarly demonstrate 

limb asymmetries. The purpose of this study was to determine 

if limb asymmetries are present in quadriceps strength, neural 

activity, and stiffness 12 months post-ACLR. It was 

hypothesized that the injured limb would have lower strength, 

neural activity, and tissue stiffness compared to the non-

injured limb. 

Methods 

Nine subjects (5M/4F) 12-months post-primary ACLR were 

recruited. Informed consent was obtained and subjects 

completed the Marx Activity Rating Scale. Testing was 

performed on a HumacNORM with subjects in a seated 

position with their leg at a self-selected, comfortable position. 

EMG electrodes were placed on the muscle belly of the vastus 

medialis (VM) and vastus lateralis (VL). Three maximum 

isometric contractions were performed (Fmax) in order to 

determine 10% and 25% maximum voluntary isometric 

contraction (MVIC) levels. Each test consisted of following a 

trapezoidal waveform, with a sustained 10 sec contraction 

during which three SWE images were obtained. Shear 

modulus values were used to calculate muscle stiffness values 

for each trial using a custom MATLAB program (Mathworks, 

Natick, MA). Each percentage was completed twice in order 

to obtain shear wave images on both the VM and VL. EMG 

decomposition was performed to obtain motor unit activity, 

defined as average motor unit firing rate per sec.[3] Statistical 

analyses were performed in JMP 14 (SAS, Cary, NC).  

Results and Discussion 

Table 1: Biomechanical measures: knee extensor strength (Nm), 

muscle stiffness (kPa), and average firing rate (ppm); median (IQR) 

 Injured Non-injured LSI (%) 

Fmax  614 (328) 803 (589) 92.8 (48.3) 

 

 
0% MVIC 10% MVIC 25% MVIC 

VM VL VM VL VM VL 

SWE 

Injured 
35.6 

(23.4) 

24.5 

(9.8) 

30.8 

(58.3) 

56.3 

(48.4) 

32.9 

(80.9) 

21.4 

(50.3) 

Non-

injured 

23.6 

(15.8) 

29.0 

(22.3) 

39.1 

(26.2) 

37.7 

(35.5) 

25.1 

(12.6) 

33.7 

(26.7) 

 

dEMG 

Injured -- -- 
13.9 

(4.5) 

12.9 

(9.0) 

15.7 

(4.3) 

12.7 

(4.3) 

Non-

injured 
-- -- 

14.6 

(12.2) 

13.0 

(1.5) 

15.2 

(4.8) 

16.2 

(4.2) 

 

The median Marx Activity score was 11 (IQR 5.5) points, 

similar to previously reported 12 month post-ACLR patients. 

Patients had lower quadriceps muscle strength on the injured 

limb compared to the non-injured limb (p = 0.03), with a 

median limb symmetry index of 92.8%. There were no other 

between-limb differences for either muscle during any trial for 

either muscle stiffness or average firing rate (p > 0.05).  

Conclusions 

Only quadriceps muscle strength was asymmetrical between 

the injured and non-injured limbs 12 months post-ACLR. 

There are several possible findings explanations for this 

finding, one being that strength asymmetries may not be due 

to muscle tissue property differences, another being that 

differences occur at higher %MVIC than SWE was capable of 

measuring.  
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SUMMARY 

Diabetic neuropathy is one of the most common complications 
associated with progression of diabetes. Several approaches 
have been used in an attempt to predict the onset of 
neuropathy, peak pressure notwithstanding. Yet, prediction of 
this complication remains elusive. We sought to broaden the 
approach of discrete (peak) pressure values by evaluating the 
effects of the pressure-time integral (PTI) at specific plantar 
surface foot regions (rear-, mid-, fore-). Four groups: healthy 
(H), pre-diabetic (PD), diabetic without neuropathy (D), and 
diabetic with neuropathy (DN) walked while wearing 
pressure-measuring insoles. Results identified a significant 
region x group interaction for PTI. Simple main effects 
demonstrated significant PTI differences at the forefoot region 
for all groups. Excluding H, results further suggested that PTI 
may be used to identify group membership, as demonstrated 
by an increase in PTI across foot regions for PD, D and DN. 

INTRODUCTION 

Approximately 371 million people worldwide have been 
diagnosed with diabetes mellitus [1]. Complications associated 
with progression of the disease include neuropathy, often 
leading to development of plantar ulcerations, infections, and 
even amputation. Researchers have sought to develop means 
to predict the onset of neuropathy in order to intervene prior to 
ulcer development. Attempts to monitor peak plantar pressure 
during activity have been the focus of inconclusive predictive 
attempts [2]. It has been suggested that new tools and/or 
techniques must be explored in order to better understand and 
predict the progression of diabetes [3]. The purpose of the 
study was to assess the utility of using the pressure-time 
integral (PTI) measured during walking as a parameter to 
discriminate group membership across levels of disease 
progression in individuals with diabetes.  

METHODS 

Forty-four individuals (M=21, F=23, 51.0±18.4yr, 1.67±.09m, 
89.8±21.5kg) were recruited representing group membership 
(n=11/group). Institutionally approved written consent was 
obtained and participants were fitted with pressure-measuring 
insoles (Medilogic, Schӧnefeld, Germany, 60 Hz) secured 
with a pair of thin socks. Participants walked over a linoleum 
floor (without shoes) while pressure data were recorded. Three 
trials were completed. The three steps in the middle of the 
walking trial were extracted per-participant during the support 
phase. Insole sensors corresponding to the rear-, mid-, and 
forefoot regions of the foot were identified with each region 
representing approximately 1/3 of the foot length. Pressure 
sensor data were summed and normalized to body mass 

(Figure 1). PTI was calculated for each region and a 4 (group) 
x 3 (foot region) ANOVA (α=.05) was conducted to determine 
if group membership at the level of foot region could be 
detected from PTI. Follow-up statistical tests were conducted 
using Bonferroni corrections. Group velocity was also tested 
via a univariate ANOVA (α=.05). 

Figure 1. Exemplar normalized pressure-time history by foot region 
during the support phase of walking for a single right step. 

RESULTS AND DISCUSSION 

Descriptive PTI and velocity results are given in Table 1. With 
a significant group x region interaction observed, simple main 
effects identified significant (α=.0125) region differences for 
all groups. At the group level, significant (α=.017) differences 
were observed at the forefoot region only. There were no 
significant differences in velocity among groups. 

Table 1:  Mean (± standard deviation) values of normalized PTI 
(kPa*s/kg) and velocity (m/s) by group and foot region. 

Region/Group H PD D DN 

Rearfoot 0.94 (0.24) 0.75 (0.22) 0.78 (0.16) 0.85 (0.20) 

Midfoot 0.48 (0.28) 0.59 (0.17) 0.60 (0.20) 0.89 (0.58) 

Forefoot 4.23 (1.76) 1.88 (0.46) 1.88 (0.42) 2.43 (0.52) 

Velocity (m/s) 0.93 (0.13) 0.97 (0.19) 0.92 (0.22) 0.88 (0.12) 

CONCLUSIONS 

Excluding H, it was shown that PTI could be used to 
discriminate group membership for DN vs. PD and D in this 
exploratory study. Of note is that forefoot PTI values for PD 
and D were significantly less than those for DN. Additional 
research is warranted to assess the clinical utility of this 
approach for identification of the onset of diabetic neuropathy.  
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Summary 

It is of interest for health professionals to automatically 
classify and diagnose diabetic neuropathy (DPN) patients. 
Therefore, in this study, we initially propose a machine 
learning based tool capable of discriminating healthy from 
DPN individuals using motor data from surface 
electromyography signals. The tool is based on deep learning 
techniques, a convolutional neural network applied to fuzzy 
entropy extracted from high-density surface electromyography 
(sEMG). The tool showed ~75% of accuracy with cross 
validation, revealing a promising method for DPN diagnose in 
a clinical context, even if the professional does not have 
experience. 

Introduction 

According to studies, DPN affects approximately 50% of all 
diabetic population [1]. The DPN includes motor neuron 
degeneration, which leads to reduced force generation capacity 
and functionality [1]. 

The DPN diagnosis is not yet accurate, and in many cases, 
specialized professionals may not classify it correctly.  

The field of computer vision gained prominence with 
algorithms of deep learning [3], more specifically, the 
convolutional neural networks, which present excellent 
solutions in image classification. Their use, however, has 
expanded to other fields, including automatic diagnosing and 
patient classification. 

In this sense, to improve the classification between healthy 
and DPN individuals, it was initially proposed in this study a 
classifier based in deep learning, which was trained using high 
density surface electromyography data (HD-sEMG). 

Methods 

The data used in this study come from HD-sEMG during 
isometric contractions at 10% of maximal voluntary 
contraction (MVC) of the biceps femoris, tibialis anterior, 
vastus lateralis and gastrocnemius medialis of 20 DPN and 10 
healthy individuals age matched. The acquisition was 
performed via matrices of 64 electrodes (ELSCH064NM2; OT 
Bioelet- tronica, Turin, Italy) – 13 rows and 5 columns with 
one missing electrode [2]. 

The signals were off-line band passed filtered (10-500Hz, 
fourth order Butterworth filter) [2]. A notch filter for 60 Hz 
and its harmonics (120, 180, 240, 300, 360, 420, and 480 Hz) 
was applied to decrease the interference of the power line [2]. 
For bipolar signals, the monopolar signals were subtracted, 
resulting in new matrices of 12 rows and 5 columns. 

The fuzzy entropy was calculated along each bipolar channel 
in the matrix, generating one entropy matrix (12x5) for each 
participant. Two groups were defined: DPN and healthy 
individuals. 

The entropy matrices were converted into grayscale and then 
inserted in a convolutional 2D neural network. The data was 
divided into training and test data (80% and 20%, 
respectively). The neural network architecture was: 
convolution layer with 64 filters (3,3), activation “RELU” and 
padding same; pooling layer (2, 2); convolution layer with 128 
filters (3, 3), activation “RELU”; pooling layer (2, 2); 
flattening layer; fully connected layer (dense) with 512 
neurons; dense layer with 256 neurons and dense layer with 1 
neuron. The optimizer adopted was “adam” and accuracy was 
chosen as metric. 

Results and Discussion 

The model shows promising results reaching near 75% of 
accuracy with cross validation. Without the cross validation 
the accuracy of the model drops to less than 70%. However, 
the number of training samples is still low.  

Stango et al achieved an accuracy of 95% in hand and forearm 
recognition problem [3]. Du et al achieved an accuracy above 
90% in gesture recognition [4]. Such studies show how 
promising is this technique, and how we need to improve our 
tool, maybe extracting other features from EMG data. 

Conclusions 

Although improvements need to be done, the proposed tool is 
a promising method to discriminate healthy from DPN 
individuals using HD-sEMG data, providing an automatic 
diagnose even for an unexperienced professional. Next step in 
this study is the discrimination of the level of DPN in diabetic 
patients from EMG data. 
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Summary 

We investigated whether surface-detected motor unit action 

potential (MUAP) shapes can be used to identify alterations in 

muscle control that occur in neuropathy and that are typically 

assessed using invasive needle electromyography (EMG). We 

found that a novel, non-invasive MUAP extraction technique 

was able to detect the presence of MUAPs with abnormally 

large sizes during low force contractions in our patient group, 

consistently with needle EMG findings from the literature [1], 

and to discriminate control from neuropathic populations.  

Introduction 

MUAP shapes are routinely assessed in clinical practice to 

characterize the presence of neuropathic diseases using needle 

EMG [1-2]. We used a novel surface EMG (sEMG) technique 

capable of extracting the constituent MUAP shapes non-

invasively to investigate whether characteristics of 

neuropathic abnormalities in muscle control can be identified 

from surface-detected MUAPs. 

Methods 

We collected data from n=4 controls (males, age 30-68 y.o., 

no known neuromuscular diseases) and n=2 neuropathic 

subjects (males, age 18-62 y.o., diagnosed with Hirayama 

disease and Amyotrophic Lateral Sclerosis, respectively). We 

used a small sEMG array sensor (NeuroMapTM System, 

Delsys, Natick, MA) placed on the skin over the First Dorsal 

Interosseous to record 4 channels of sEMG signals during 

abduction of the index finger against resistance at a low 

(~10% maximum voluntary contraction (MVC)) and at the 

highest force level that could be sustained for at least 5-10 s, 

following routine clinical procedures. Signals were 

decomposed to extract the MUAP shapes and firing instances 

of individual motor units [3]. For each motor unit, we 

calculated the MUAP amplitude as the maximum amplitude of 

the positive or negative phase, which was normalized by the 

amplitude of the largest MUAP detected for each subject to 

allow inter-subject comparison. Significant differences in the 

distribution of MUAP amplitudes were tested with Mann-

Whitney U-test (α=0.05). 

Results and Discussion 

Subjects produced an average force of 16.3±5.1% MVC and 

80.7±22.3% MVC during low and high-force contractions, 

respectively. MUAPs were not discernable by eye because of 

complex interference patterns in the sEMG signal, but were 

able to be successfully extracted using our decomposition 

algorithms (Figure 1). We found that control subjects were 

able to recruit new, higher-amplitude motor units to increase 

contraction force level, as evident by the significant difference 

(p<0.001) in the distribution of MUAP amplitudes at low vs. 

high forces and the 72% increase in the upper range of 

MUAPs at high forces (Figure 2). In contrast, neuropathic 

individuals manifested abnormally large MUAPs already at 

low forces, as evident by the similar (p=0.18) distribution of 

MUAP amplitudes at low vs. high forces and the minimal 

increase of 11% in the upper range of MUAPs at high forces. 

Presence of large MUAPs at low-force contractions is a 

known sign of neuropathy due to axonal degeneration and 

reinnervation of surviving motor units [2].  
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Figure 1: sEMG signals and constituent MUAP shapes and firing 

instances for one control and one neuropathic subject.  
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Figure 2: Top) MUAP amplitude distributions for all subjects. 

Bottom) Upper range of MUAP amplitudes.  

Conclusions 

Our data show that surface-detected MUAPs can be used to 

identify abnormalities in MUAP recruitment at low vs. high 

forces that are consistent with the patients’ clinical diagnosis. 

These data support the potential to detect neuropathic from 

control populations.  

Acknowledgments 

Funding was provided in part by the National Institute of 

Neurological Disorders and Stroke (R44NS077526) and by the 

De Luca Foundation, MA. We thank Baystate Medical Center 

(Springfield, MA) for their support in the study.  

References 

[1] Buchtal et al. (1952). Acta Med Scand Suppl, 5: 34-36. 

[2] Preston and Shapiro. (2013) Electromyography and 

Neuromuscular Disorders; Elsevier. 

[3] De Luca CJ et al (2015). Clin Neurophysiol, 25: 374-3. 

Sunday, August 04 2019: Afternoon (1500-1600) 2136

Neuropathies in Disease



 

 

                                 Neuromuscular control during gait in people with haemophilic arthropathy 
                                     Carlos Cruz-Montecinos 1,2,3, Sofia Pérez-Alenda 1, Mauricio Cerda 4, Huub Maas 2.  
                                             1. Department of Physiotherapy, University of Valencia, Valencia, Spain.  

2. Department of Human Movement Sciences, Vrije Universiteit Amsterdam, Amsterdam, Netherlands.  
3. Laboratory of Clinical Biomechanics, Department of Physical Therapy, University of Chile, Santiago, Chile.  

4. SCIAN-Lab, Programme of Anatomy and Developmental Biology, ICBM, University of Chile, Santiago, Chile 
Email: carcruz2@alumni.uv.es  

 

Summary 

Haemophilic arthropathy is the result of repetitive 
intraarticular bleeding and synovial inflammation. The effects 
of haemophilic arthropathy on neuromuscular control during 
gait have not been investigated. We compared muscle activity 
patterns and lower limb kinematics between people with 
haemophilic arthropathy (PWHA) and healthy controls during 
gait. Our results showed that PWHA had higher and longer 
activity in plantar flexors and knee flexors muscles, as well as 
a lower range of motion in ankle, knee and hip joints. These 
results suggest that the changes in neuromuscular control in 
PHWA are associated with increased joint stiffness.  

Introduction 

Haemophilic arthropathy is the result of repetitive intra-
articular bleeding and synovial inflammation. In PWHA, the 
knee and ankle joints are commonly affected, which is 
accompanied with a reduced range the motion, muscle size, 
muscle force capacity and impaired proprioception. However, 
neuromuscular control during gait has not been investigated. 
The aim of this study was to compare muscle activity patterns 
and lower limb kinematics between PWHA and healthy 
controls during gait at the same velocity. 

Methods 

Thirteen control subjects (CG) and thirteen PWHA walked 
overground on a 30 m walkway at the same velocity (1 m/s) 
twice. The kinematic and temporal gait parameters of gait 
were registered through four inertial sensors positioned at the 
pelvis, femur, tibia, and foot. Surface electromyography 
(EMG) was collected from eleven leg muscles: Gluteus 
Maximus (GMAX), Gluteus Medius (GMED), Vastus 
Medialis (VM), Vastus Lateralis (VL), Rectus Femoris (RF), 
Medial Gastrocnemius (MG), Lateral Gastrocnemius (LG), 
Soleus (SOL), Tibialis Anterior (TA), Rectus Femoris (RF), 
Semitendinosus (ST), and Biceps Femoris (BF). Group 
differences in EMG activity level and joint angles were 
compared using Statistical Parametric Mapping (SPM) [1]. 
EMG burst on- and off-set were identified using a continuous 
wavelet algorithm [2].  

Results and Discussion 

Similar walking velocity was found between groups (Table 1). 
For two muscles (LG and BF), a higher activation level was 
found during stance (p<0.05). No significant differences were 
found for all other muscles (p>0.05). In addition, the range on 
motion in hip, knee and ankle joints, during the deceleration 
phase of gait was lower in PWHA (p<0.05). 

Variables % of stance Cycle (s) Walking (m/s)  

CG 62.8 ± 3.5 1.2 ± 0.1 1.0 ± 0.2 

PWHA 60.7 ± 2.5 1.1 ± 0.1 1.0 ± 0.2 

p-value 0.091 0.004 0.541 

Table 1. The temporal gait parameters.  

In PWHA compared to CG, LG and VL muscles were excited 
earlier, and a longer burst was found for BF (p<0.05). In 
addition, in PWHA a shorter EMG burst was found in VM and 
RF muscles (Fig 1).  

 

Figure 1: EMG onset and off-set of muscles during gait. Data are 
expressed as the mean + or  standard deviation. *<0.05 

Conclusions  

PWHA showed higher and longer activity in plantar flexors 
and knee flexors, and reduced range of motion in ankle, knee 
and hip joints. These results suggest that the changes in 
neuromuscular control in PHWA are associated with increased 
joint stiffness.  
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Summary 
The purpose of this pilot study was to determine differences in 
gait in cancer survivors with and without neuropathy and 
healthy controls. Nine cancer survivors with neuropathy, 8 
without neuropathy, and 12 healthy controls walked at their 
normal pace across a walkway. Gait speed, step length, and step 
width mean and standard deviation were extracted. There were 
no main effects for gait speed. Cancer survivors with 
neuropathy had greater step width variability and less step 
length variability than healthy controls. Damage to peripheral 
nerves in cancer survivors may result in a lack of control of gait. 
Gait should be examined in cancer survivors with neuropathy 
symptoms. 

Introduction 
With the growing number of cancer survivors in the world, 
there is a critical need to manage symptoms of cancer treatment 
[1]. Falls are prevalent among cancer survivors, and 
neuropathy, a side effect from chemotherapy treatment, is 
thought to contribute to falls [2]. While falls commonly occur 
during walking, there is limited information about gait function 
in cancer survivors with neuropathy. The purpose of this pilot 
study was to determine differences in gait speed and gait 
variability in cancer survivors with and without neuropathy and 
healthy controls. 

Methods 
Nine cancer survivors with neuropathy, 8 cancer survivors 
without neuropathy, and 12 healthy controls participated. 
Neuropathy was categorized based on the FACT/GOG 
Neurotoxicity subscale, ranging from 0-44, with lower scores 
representing worse symptoms.   

Participants were instructed to walk across a 6m ZenoTM 
pressure sensitive walkway at their normal, comfortable pace 
for two trials. Gait speed, step length, and step width mean and 
standard deviation were extracted from the walkway. 
Participants then completed the Physiological Profile 
Assessment (PPA), a test to measure an individual’s overall risk 
of falling based on vision, reaction time, leg strength, 
proprioception, and balance.  

A one-way ANOVA with Tukey’s post-hoc analysis was used 
to detect differences in gait speed, average step length, average 
step width, step length variability, and step width variability 

between cancer survivors with neuropathy, cancer survivors 
without neuropathy, and healthy controls. The level of 
significance was set at p ≤ 0.05. Effect sizes for ANOVA were 
calculated with eta squared (h2) and for post-hoc analysis with 
Cohen’s d.  

Results and Discussion 
Demographic information for all participants is represented in 
Table 1. No main effects were found for gait speed (p = 0.06, 
h2 = 0.19). A significant main effect was found for step length 
variability (p = 0.03, h2 = 0.24) between groups. Step length 
variability was significantly less in cancer survivors with 
neuropathy than healthy controls (p = 0.05, d = 1.30). There was 
a significant main effect for step width variability between 
groups (p = 0.05, h2 = 0.20). Cancer survivors with neuropathy 
had significantly greater step width variability than healthy 
controls (p = 0.04, d = 1.04).  

Cancer survivors with neuropathy demonstrate greater step 
width variability and less step length variability than healthy 
controls. While gait speed was not significantly different 
between groups, the large effect size suggests that cancer 
survivors may have slower gait speed than healthy controls. 
Neuropathy characterized by damage in peripheral nerves may 
result in a lack of control of gait and contribute to step length 
and step width variability in cancer survivors. Gait impairments 
may also contribute to the high fall risk found in cancer 
survivors with neuropathy [3]. Clinicians should track gait 
function in cancer survivors with neuropathy and prescribe fall 
prevention strategies for those with gait impairments. 

Conclusions 
This study suggests that cancer survivors with self-reported 
neuropathy demonstrate less step length and greater step width 
variability compared to healthy controls. Gait function should 
be tracked in cancer survivors receiving chemotherapy 
treatment. Treating cancer survivors with altered gait variability 
and slow gait speed may help improve their ambulation and 
overall function.   
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 Cancer Survivors with 
Neuropathy 

Cancer Survivors without 
Neuropathy 

Healthy Controls 

Age (years) 61.9 (6.1) 50.75 (14.1) 53.5 (11.8) 
Gender 8 females; 1 male 7 females; 1 male 10 females; 2 males 

Neurotoxicity Subscale  31.4 (3.2) 39.8 (3.4) 40.9 (2.3) 
PPA  -0.1 (0.5) -0.1 (0.6) 0.4 (1.0)  

Table 1. Demographic and clinical variables for cancer survivors and heathy controls. 
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Summary 

The Hollowing exercise is part of training regimens to recover 

dynamic lumbar stability thought the enhancement of deep 

abdominal muscles function. During exercise execution 

guidance is usually given, but the intra-session effectiveness is 

unknown. We compared the thickness of transverse abdominis 

(Tra) during Hollowing exercise guided by feedback using 

ultrasonography images (US) together verbal guidance and 

verbal guidance alone. Our main findings are related to 

improved Tra contraction when feedback was delivered during 

the session using US. 

 

Introduction 

The Hollowing maneuver is a therapeutic exercise that 

involves the Tra muscle action to improve the lumbar stability 

[1]. Currently, the use of real-time image feedback of muscle 

activity to guide the execution of stability spine exercises is 

increasing between therapists [2]. Using images appear to 

improve the quality of muscle contraction by the addition of 

visual information to nervous system [3]. But, US feedback 

together with the verbal instruction of Hollowing maneuver 

could be more effective in improving the quality of muscle 

contraction than only verbal instructions?. Little is known 

about intra-session effectiveness. Here we compare thickness 

change of Tra during Hollowing exercise guided by feedback 

using US together verbal guidance and verbal guidance alone. 

Methods 

An experimental simple randomized study 1:1 design was 

conducted. Participants were twenty healthy adults (7 men and 

13 women) with age: 25 (5) years, height 166 (1) cm, body 

mass: 64 (6) kg, BMI: 22 (6) kg/m
2
 without lumbar pain. All 

participants were positioned over a therapeutic table and 

adopted the “crook-lying position” and performed four 

repetitions of Hollowing exercises with 2-min of rest between 

them. The abdominal Hollowing exercise consisted in a 

selective contraction of Tra by means of abdominal 

contractions during 7 s after one cycle of full-inspiration and 

expiration pulling the navel toward the spine [4]. The group of 

US feedback were instructed during 5-min through video 

indicating to focus center attention in the change of thickness 

of the Tra. The first measure was the basal condition 

performed for both groups restricting the real time US 

feedback but permitting verbal feedback. The group without 

US feedback performed three Hollowing repetitions receiving 

only the verbal feedback, and the group with US feedback 

performed three Hollowing repetitions receiving verbal and 

US feedback. Real-time images of contractions (thickness 

change) of Tra were allowed to be seen by the participants. 

Data were reported as mean and standard error because the 

Shapiro-Wilk test revealed a normal distribution of data 

(p=.090). Homoscedasticity was confirmed using the Levene’s 

test. The data confirm to the assumption of sphericity 

according to Mauchly test. To determinate the effect between 

groups, repetitions and interaction an ANOVA mixed-model 

of 2x2x3 with p<.05 was used with Bonferroni corrections.  

Results and Discussion 

US feedback combined with verbal resulted in larger thickness 

changes than verbal feedback (p<.05, Figure 1). The lowest 

minimal detectable changes were achieved using US feedback. 

Our main finding concerns that a session of US feedback 

improves muscle contraction of Tra during the execution of 

Hollowing exercise. These findings are important to optimize 

the muscle rehabilitation by choosing the appropriate 

feedback. US images may play an important role to teach the 

muscle action during lumbar stabilization especially. 

 

Figure 1: Bio-feedback difference during Hollowing exercise.  

Conclusions 

Intra-session, contraction of Tra is improved using online US 

images combined to verbal feedback.  
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Summary 
Individuals with lower extremity bone tumors (osteosarcoma or 
Ewing’s sarcoma) have complex reconstructive procedures 
which may result in changes to muscle architecture. This 
preliminary work demonstrates the use of ultrasound to 
measure architecture of the vastus lateralis in this population.  

Introduction 
Limb sparing surgeries are the most common treatment for 
primary bone tumors [1]. These procedures have the functional 
and physiological benefit of avoiding amputation but result in 
considerable soft tissue damage [2]. Although alterations in 
muscle architecture have been observed in other populations 
with substantial changes in joint function [3], little research 
exists describing any secondary muscle adaptation from this 
primary treatment. The purpose of this pilot study is to 
investigate changes in muscle architecture (muscle thickness as 
a correlate to cross-sectional area, and fascicle length) in the 
vastus lateralis in individuals who have undergone these limb-
sparing procedures. 

Methods 
Participants (N=3) were recruited from various pediatric and 
orthopaedic oncologists in the Baltimore, MD and Washington 
D.C. area. All subjects were between the ages of 13-26, had 
completed chemotherapy and were at least 1-year post-surgery. 

All subjects had osteosarcoma with involvement of the femur 
(subjects 1 and 2) or tibia (subject 3). Subjects ranged from 15-
17 yrs and were on average 7 yrs since diagnosis (range of 2-12 
yrs). Subjects 2 and 3 had endoprosthesis reconstruction, while 
subject 1 received an allograph to the proximal femur and 
vascularized fibular graft. 
Ultrasonography was used to quantify muscle thickness and 
fascicle length of the vastus lateralis using B-mode ultrasound 
(GE Logiq v9). To ensure consistency of image location, marks 
were placed on bony landmarks bilaterally at the beginning of 
the session. Images (3 trials) were taken at 50% of the distance 
from the inferior margin of the greater trochanter to the tibial 
tuberosity on both limbs. Extended field-of-view ultrasound 
was used to image the entire length of the vastus lateralis 
fascicles between the 40-60% markings on the same marked 
line to ensure consistency between trials (Figure 1).  

Figure 1: Extended field-of-view image of the distal vastus lateralis 
with representative fascicle measurement (in yellow) 

Results and Discussion 

Across the three individuals, there was a decrease of 0.5 cm ±  
0.04 (mean ± SD, p=0.003) in muscle thickness of the vastus 
lateralis in the surgical limb (Figure 2), as we hypothesized due 
to the altered structures and functional deficits experienced in 
this group. We also observed a change in fascicle length 
between limbs, although results were not uniform across 
subjects as with muscle thickness. Two individuals showed a 
small increase in fascicle length in the surgical limb (interlimb 
difference of 0.96 
and 0.47 cm for 
subjects 2 and 3 
respectively), while 
Subject 1 had a 
decrease in fascicle 
length in the surgical 
lower extremity 
(0.86 cm). It should 
be noted that subject 
1 had a leg length 
discrepancy (~10 
cm) and unique 
surgical procedure, 
which may explain 
the differing results 
from the other 
subjects.  
Figure 2: Vastus lateralis muscle thickness (top) and fascicle length 
(bottom) interlimb comparison in 3 individuals with osteosarcoma. 

Conclusions 
Although preliminary in nature, this work provides early 
evidence of muscle alterations in individuals with osteosarcoma 
of the lower extremity. Although adjuvant chemotherapy may 
also influence changes in muscle function, alterations in muscle 
architecture may also contribute to the continued strength 
deficits and functional limitations experienced by these 
individuals. Future research will explore these results in 
additional subjects as well as explore the impact of these 
changes and in potential changes in other affected muscles of 
the lower limb, including the gastrocnemius.  
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Summary 

The physical properties of motor units (MUs), and the 

connective tissues into which they are embedded, are 

important to understanding movement. MU remodelling and 

loss result from various causes, including neurodegenerative 

diseases such as Motor Neurone Disease (MND). Involuntary 

excitations of MUs (fasciculation) are a diagnostic indicator of 

MND, detectable with ultrasound imaging. This investigation 

determined that features of MU excitation can be quantified in 

b-mode ultrasound image sequences. Differences exist in the 

characteristics of fasciculations in healthy and MND affected 

muscles. These measures may be valuable clinical biomarkers 

and inform understanding of skeletal muscle properties. 

Introduction 

Traditionally motor unit characteristics and behaviour are 

studied via their electrophysiology [1]. For any movement to 

occur however, excitation must be coupled to contraction and 

generation of forces that are transmitted through the muscle 

tissue to the joint. Thus the physical properties of motor units, 

and the connective tissues into which they are embedded, are 

important to understanding movement. 

Motor Neurone Disease (MND) is characterised by 

progressive motor neuron degeneration leading to muscle 

weakness and wasting. A diagnostic feature of MND is 

spontaneous, intermittent, involuntary motor unit excitation, 

termed fasciculation [2]. Fasciculations are visible in 

ultrasound image sequences, as small, localised muscle tissue 

displacements [3]. Characterising features of fasciculations in 

ultrasound data could provide new markers of disease 

progression related to motor unit remodelling and loss. 

This investigation therefore aimed to determine whether 

features of motor unit excitation can be quantified in b-mode 

ultrasound image sequences and whether features differ in 

healthy muscles and those undergoing pathological motor unit 

remodelling. 

Methods 

Nineteen healthy adults and 20 patients, diagnosed with 

definite or probable MND were recruited. Participants gave 

written informed consent to participate and the local Ethics 

Committee at Manchester Metropolitan University and the 

National Research Ethics Service Committee approved the 

study. 

Four 35 second B-mode ultrasound image sequences (~82 

f.p.s.) were obtained from Gastrocnemius medialis and Biceps 

brachii muscles of participants. Trials were collected from 

each muscle with the probe oriented either longitudinal or 

transverse to the muscle’s long axis. 

The occurrence of fasciculations in image sequences results in 

transient variations in the intensity values of pixels within the 

image region the fasciculation occurred [4]. Fasciculations can 

therefore be classified as foreground objects, and their 

occurrence identified with computational algorithms for 

foreground detection using a mixture of Gaussians [5]. 

Fasciculation spatial characteristics were quantified from the 

features of the foreground objects. Total x- and y-distances 

between foreground objects, normalised to muscle size, 

quantified the extent of the tissue displacement region 

associated with the fasciculation across the length and depth of 

the image, respectively. The Euler number quantified the 

foreground object connectedness and quantified how clustered 

the tissue displacement was. Data were statistically analysed 

using mixed effects ANOVA. 

Results and Discussion 

Total x-distance between objects was significantly smaller for 

fasciculations in MND affected participants in each muscle 

and probe orientation. Total y-distance was significantly 

different between groups only for fasciculations in 

Gastrocnemius medialis recorded with a transverse probe 

orientation. Euler number was significantly larger for 

fasciculations in MND affected participants in all muscles and 

probe orientations, indicating a greater total number of 

foreground objects or that they were more densely clustered. 

Taken together these results reflect features of motor unit 

remodelling and loss that likely influence both the motor unit 

characteristics (e.g. size) and changes in the connective tissues 

(e.g. fibrosis) in which the muscle fibres are embedded. 

Conclusions 

There is potential for ultrasound imaging to provide objective 

measures of motor unit linked skeletal muscle properties. 

These measures may be valuable clinical biomarkers and 

inform understanding of skeletal muscle properties and 

movement generation. 
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Summary 

Panoramic ultrasound has been used to measure muscle 

morphology – an important biomechanical parameter. 

However, the validity of this measure has yet to be shown in 

the hamstrings. Our preliminary results suggest good to 

excellent reliability of ultrasound for multiple hamstring 

muscle-tendon morphology metrics. 

Introduction 

Magnetic resonance imaging (MRI) is a gold-standard method 

for measuring skeletal muscle cross-sectional area (CSA) but 

is neither time- nor cost-effective [1]. Alternatively, 

ultrasonography (US) is widely available and routinely used in 

clinical settings. Panoramic US automatically combines 

multiple US images, creating a field of view capable of 

capturing large muscles, and panoramic US measures of 

quadriceps [1,2] and gastrocnemii [2] muscle anatomical CSA 

(ACSA) are valid. Excellent inter-day reliability has been 

demonstrated for the hamstring muscles at 50% thigh length 

[3], although this may not be the location of maximal muscle 

ACSA [4] and validity is not yet established. Additionally, it 

is unclear if US can accurately measure semitendinosus (ST) 

tendon CSA [5]. The aim of this ongoing study is to assess the 

reliability and validity of US for measurement of i) individual 

hamstring muscle ACSA at different thigh lengths in 

panoramic mode, and ii) ST tendon CSA. 

Methods 

To date, bilateral data has been collected from three male 

participants (n=6). At approximately the same time on 

consecutive days, panoramic US images of the posterior thigh 

were acquired at 10% intervals from 30-80% of the distance 

between the greater trochanter and lateral knee joint space 

with a 46 mm linear transducer (8 MHz, i11LX3, Aplio i800, 

Canon). Additionally, single frame US images of the ST 

tendon were acquired with a 41 mm ultra-high frequency 

linear transducer (21 MHz, i24LX8) at half the distance from 

the distal ST muscle-tendon junction to the popliteal crease. 

Axial T1 three-dimensional fast field echo and proton density 

3T MRI scans (Phillips) were performed prior to US imaging 

on  the second day.  Cod liver  oil capsules  (275 mg; Cenovis)  

were attached, without muscle compression, over the skin 

using adhesive tape to match corresponding MRI slices to US 

images. Imaging was performed after participants rested for 20 

minutes in a prone position to allow for fluid shifts [6]. Intra- 

and inter-day reliability was assessed using intraclass 

correlation coefficients (ICC). Two or three US images were 

analysed from each percentage of thigh length for intra-day 

repeatability, and the average of each day was used for inter-

day repeatability. Validity will be assessed using a limits of 

agreement analysis. 

Results and Discussion 

Largest ACSA did not occur at 50% thigh length for any 

muscle (Table 1). Good to excellent intra- and inter-day 

reliability was demonstrated for all muscles at all measured 

thigh lengths, except for intra-day reliability of biceps femoris 

short head at 50% thigh length, possibly because this muscle is 

thin and courses deep within the posterior thigh at this length. 

Similar to previous reports [5], mean CSA, intra-day, and 

inter-day values for ST tendon were 12.1 mm2, 0.99, and 0.99, 

respectively. The MRI images have yet to be analysed. 

Conclusions 

Preliminary results suggest panoramic US can reliably 

measure individual hamstring muscle ACSA; however, 

obtaining images at 50% thigh length alone may 

underestimate ACSA values. Thus, panoramic US images 

should be acquired from several thigh locations. Additionally, 

measures of ST tendon CSA can be reliably obtained with 

single frame US images. 
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Table 1: Mean anatomical cross-sectional area and intra- and inter-day reliability, respectively, for ultrasound measures at different thigh lengths.  

 30% 40% 50% 60% 70% 80% 

BF long head 2.5cm2/0.97/0.99 7.0cm2/0.97/0.98 11.5cm2/0.97/0.96 12.5cm2/0.96/0.98 9.3cm2/0.99/0.99 3.5cm2/0.96/0.96 

BF short head N/A N/A 1.7cm2/0.61/0.91 3.5cm2/0.81/0.91 6.2cm2/0.78/0.92 7.6cm2/0.96/0.99 

ST 8.5cm2/0.95/0.98 10.4cm2/0.89/0.95 9.1cm2/0.93/0.99 7.9cm2/0.99/0.99 4.2cm2/0.97/0.99 0.7cm2/0.99/0.98 

SM N/A 1.7cm2/0.94/0.99 7.0cm2/0.98/0.96 11.8cm2/0.97/0.98 13.5cm2/0.98/0.98 14.3cm2/0.99/0.99 

BF = biceps femoris; ST = semitendinosus; SM = semimembranosus; N/A = not applicable. 
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Summary 

To develop assistive devices that can account for muscle 
dynamics, we developed a machine learning algorithm that 
measures muscle fascicle lengths in real-time from live 
ultrasound imaging. Our algorithm’s predictions yielded up to 
95% correlation and R2 = 0.89 with respect to hand-tracked 
images, opening the door towards real-time feedback for 
device control with muscle dynamics in-the-loop. 

Introduction 

Muscles drive human movement, yet injuries, aging and 
inherent musculoskeletal constraints often limit performance. 
State of the art wearable devices have begun to improve 
locomotion performance but are still limited because they fail 
to directly account for underlying muscle dynamics. Making 
direct measurements of muscle force, length, and velocity in 
vivo would require invasive instrumentation techniques. 
Dynamic ultrasound imaging is a viable alternative, but 
currently requires time-intensive offline image tracking that 
hinders real-time implementation [1]. Here, we aim to develop 
machine learning (ML) techniques that extract muscle length 
changes from live ultrasound images in real-time.  

Methods 

We collected ultrasound images from the tibialis anterior 
muscle of a single subject (Fig. 1[A]). Next, we hand-tracked 
500 frames to obtain a training length set [B] and 100 frames 
to be used as a ground truth set for verifying performance of 
the live feed [F]. Then we trained a ML regressor which 
mapped together two inputs [C]: images processed as matrices 
of pixel brightness values [A], and the previously measured 
training length set [B]. Lastly, the algorithm looked at changes 
in pixel brightness and gradient flow from live ultrasound 
images [D] to yield real-time fascicle length predictions [E]. 
Since hand-tracking is time intensive, we also processed the 
training images with UltraTrack, a semi-automated muscle 
fascicle length measurement software [2]. We calculated the 
processing times of manual and semi-automated tracking and 
used both data sets for training, yet the ML algorithm 
predictions were done in real-time from the live feed. After 
data collection, we plotted obtained lengths to understand how 
closely the algorithm predictions followed ground truth 
fascicle lengths [F] and quantified the correlation and 
coefficient of determinations (R2).  

Results  

The ML algorithm predictions well-correlated to the hand-
tracked ground truth fascicle lengths when trained with hand-
tracked training lengths (95% correlation, and R2 =0.89). The 
ML algorithm predictions had lower correlation to hand-
tracked fascicle lengths when trained with UltraTrack training 

lengths (76% correlation, and R2 =0.58). Obtaining the muscle 
fascicle length changes via hand-tracking and UltraTrack took 
4 hours and 0.5 hours, respectively (Table 1).    

   Table 1: ML trained with training lengths from HT vs UT. 

Training Set Comparison Hand-Tracked UltraTrack 

Correlation 94.6% 76.2% 

R2 0.89 0.58 

Processing Time (500 frames) 4 hours 0.5 hours 
 

 

Figure 1: Data Flow & obtained lengths 

Discussion and Conclusions  

ML predictions closely matched ground truth length changes 
under both training conditions. Depending on the intended 
application, scientists can choose either greater accuracy 
(hand-tracked) or faster training speeds (UltraTrack) while 
still obtaining real-time muscle fascicle lengths through both 
training methods. Having access to muscle fascicle length 
change data in real-time will enable novel assistive device 
controllers and biofeedback training protocols that place 
muscle physiology in the loop in order to augment human 
locomotion performance. 
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 How people initiate energy optimization and converge on their optimal gaits  
 

Jessica C. Selinger1 
1School of Kinesiology and Health Studies, Queen’s University, Kingston, ON, Canada 

Email: j.selinger@queensu.ca 
 

Summary 
Dr. Selinger’s research combines a big data approach with controlled lab experiments, and computational models of learning to 
study motor learning and optimization in human locomotion. Here she will discuss her recent work focused on how the nervous 
system discovers and learns energetically optimal coordination strategies. 

Abstract 
A central principle in motor control is that the coordination strategies learned by our nervous system are often optimal. Here we 
combined human experiments with computational reinforcement learning models to study how the nervous system navigates 
possible movements to arrive at an optimal coordination. Our experiments used robotic exoskeletons to reshape the relationship 
between how participants walk and how much energy they consume. We found that while some participants used their relatively 
high natural gait variability to explore the new energetic landscape and spontaneously initiate energy optimization, most 
participants preferred to exploit their originally preferred, but now suboptimal, gait. We could nevertheless reliably initiate 
optimization in these exploiters by providing them with the experience of lower cost gaits suggesting that the nervous system 
benefits from cues about the relevant dimensions along which to re-optimize its coordination. Once optimization was initiated, we 
found that the nervous system employed a local search process to converge on the new optimum gait over tens of seconds. Once 
optimization was completed, the nervous system learned to predict this new optimal gait and rapidly returned to it within a few 
steps if perturbed away. We model this optimization process as reinforcement learning and find behavior that closely matches these 
experimental observations. We conclude that the nervous system optimizes for energy using a prediction of the optimal gait, and 
then refines this prediction with the cost of each new walking step. 
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Give and Take: learning to use asymmetry to reduce energy cost during walking  
 

 James M. Finley1 
1Division of Biokinesiology and Physical Therapy, University of Southern California, Los Angeles, CA, USA 

Email: jmfinley@pt.usc.edu 
 

Summary 

Dr. Finley’s research focuses on the neuromechanics and control of healthy and pathological gait. He was the first to demonstrate 
that learned behaviors observed during adaptation to walking on a split belt treadmill are likely driven by a preference for 
economical gaits. Here he will present recent work demonstrating that this energy optimization arises from people learning to take 
advantage of assistance from the split-belt treadmill. 

Abstract 
The neuromotor system generates motor patterns that flexibly adapt to changes in our bodies or the environment. In many motor 
tasks, this adaptive learning process enables us to take advantage of the assistance provided by the environment to reduce energy 
cost. For example, assistive devices are often designed to reduce the energy cost of walking, but their success requires the user to 
learn how to take advantage of the device. Although adaptation is central to this learning process, the study of adaptation is often 
done using approaches that seem to have little in common with the use of assistive devices. Our recent work bridges this gap by 
exploring how people learn to take advantage of assistance when walking on a split-belt treadmill. We use a simple model to show 
how asymmetric stepping patterns could allow people to extract energy from the treadmill. We then validate this model empirically 
by demonstrating that the modification of asymmetry allows people to extract positive work from the treadmill to simultaneously 
reduce the positive work performed by the legs and reduce metabolic cost. We also show that walking with steps of unequal length 
minimizes metabolic cost and that people choose this pattern after guided experience with a wide range of asymmetries. Together, 
our results suggest that people naturally adapt their spatiotemporal coordination strategies on split-belt treadmills to take advantage 
of the work performed by the device. Therefore, split-belt adaptation could serve as a model approach for understanding a broader 
class of motor tasks in which people learn to use external assistance to reduce energy cost. 

 

Sunday, August 04 2019: Afternoon (1500-1600) 2147

Behavioural Energetics: how energy minimization determines how you move (cont)



 

 

 Can we leverage energy optimization as a mechanism for gait rehabilitation?  
 

 Purnima Padmanabhan1, Ryan T. Roemmich1 
1School of Medicine, John Hopkins University, Baltimore, MD, USA 

Email: rroemmi1@jhmi.edu 
 

Summary 
Purnima Padmanabhan and Dr. Ryan Roemmich research interests include the control of gait in persons with neurological 
disorders and the design of gait rehabilitation strategies. Here they will discuss their recent and exciting findings that leverage 
energy optimization to enhance gait retraining for persons with Parkinson’s Disease. 

Abstract 
Energy optimization is considered a key determinant of human walking. It then stands to reason that energy optimization could be 
leveraged to develop effective rehabilitation approaches for people with gait disorders:  if a new walking pattern becomes less 
effortful following a therapeutic intervention or use of an assistive device, this may naturally drive patients to adopt the desired 
pattern. Here, I will discuss our recent work investigating energy optimization during walking in persons with Parkinson’s Disease 
(PD) and its potential clinical applications. 

Persons with PD exhibit gait slowness caused by shortened step lengths. This is exacerbated following withdrawal from 
dopaminergic medication (the standard pharmacologic therapy for PD). After dopamine withdrawal, persons with PD walk slower 
but not infinitesimally slow. So what is “preferable” about this slower speed? We observed that dopamine withdrawal shifts the 
cost of transport curve such that slower speeds become energetically optimal. This reveals that 1) persons with PD retain a 
preference for low cost walking speeds, and 2) this preference may explain gait speed decrements commonly observed in persons 
with PD. However, the dopamine-corrected walking speed is still sub-optimal, and could be improved by increasing step lengths at 
the same speed.  

We are now interested in leveraging energy optimization to incentivize persons with PD to take longer steps. We designed a 
treadmill controller that links step length to the treadmill pitch:  the treadmill pitches downhill when a participant takes longer 
steps, creating a new energetic landscape wherein walking downhill with longer steps costs less energy than walking on a flat 
surface with one’s preferred step length. We found that healthy adults indeed prefer to walk with longer steps in this environment, 
suggesting that 1) people readily abandon their habitual walking patterns when new patterns cost less energy, and 2) energy 
optimization can incentivize people to take longer steps. Experiments aiming to incentivize longer stepping in persons with PD are 
underway. 
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Women evolved to walk 
 

 Cara M. Wall-Scheffler1 
1Department of Biology, Seattle Pacific University, Seattle, WA, USA 

Email: cwallsch@spu.edu 
 

Summary 
Dr. Wall-Scheffler is a biological anthropologist, who has made important contributions to the areas of locomotor evolution and 
behavioural ecology. Here she will discuss her work on how energy optimization shapes locomotion in reproductive females and 
its implications for human evolution. 

Abstract 
In order to understand how human locomotor morphology evolved, we must consider the range of pressures acting on people, and 
particularly people whose reproductive fitness is dependent upon walking while loaded.  Here we present a range of data on the 
interactions between morphology and energetics in regards to the cost of walking for reproductive women and place these data into 
a specific ecological context of time and heat load.  Loads in different positions, including both pregnancy and pregnancy-like 
loads, often slow the optimal and preferred walking speed of women, significantly increase cost at the optimal speed.  Additionally, 
loads substantially perturb the curvature of the Cost of Transport curve for human walking and make it significantly more costly 
for women to walk with other people.  However, wider pelvises characteristic of most bipedal hominins as well as living human 
women, increase both stride length and speed flexibility, providing a morphological offset for load-related costs. Longer lower 
limbs also increase stride length. Observed differences between preferred and energetically optimal speeds with frontal loading 
suggest that speed choices of women carrying reproductive loads might be particularly sensitive to changes in heat load, not 
energetics alone. Our findings show that female reproductive costs, particularly those related to locomotion, would have 
meaningfully shaped the mobility strategies of the hominin lineage. 
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Lower Extremity Electromyography while Walking in the AlterG at different Bodyweight Support 

 
Paul Craig1, Amanda L Ransom2,1 , Lance M Bollinger2,, Robert Shapiro2 

1Department of Physical Education and Exercise Science, Methodist University, Fayetteville, NC 
2Department of Kinesiology and Health Promotion, University of Kentucky, Lexington, KY 

 

Email: pcraig@student.methodist.edu  
 
Summary 
Obesity leads to a plethora of health risks and in addition, the 
excess adipose tissue in obese individuals negatively affects 
skeletal muscle by altering biomechanics and muscle activation 
patterns. This study was an exploratory study used to determine 
if muscle activity and lower extremity joint kinematics could be 
examined simultaneously in the AlterG treadmill. EMG data of 
the semitendinosus (ST), vastus lateralis (VL), vastus medialis 
(VM), and the gastrocnemius (GA) were collected while 
walking in the AlterG treadmill at 100% and 50% body weight 
(BW) support. Muscle activation of the GA was significantly 
less in the 50% BW support condition compared to walking at 
100% BW support. Although, mean muscle activity is relatively 
unchanged between 100% and 50% BW support it may still be 
that the positive pressure from the AlterG is beneficial to help 
increase functional activities of daily living in an obese 
population.  

Introduction 
Increasing physical activity using the AlterG may be an 
extremely beneficial tool for an obese population because of the 
reduction in impact forces during gait when body weight is 
supported. The AlterG provides a system to study the 
independent effect of body weight on gait mechanics and 
muscle activity without confounding variables such as the 
changes in body segmental volume that often accompany 
weight loss interventions [1].Therefore, with the lower impact 
forces it can be suggested that while walking in the Alter G, 
lower extremity muscles would respond with decreased activity 
as more body weight was supported [2].  The purpose of this 
study was to compare lower extremity muscle activation 
patterns between 100% BW support and 50% BW support 
while walking in the AlterG treadmill. It was hypothesized that 
100% BW support condition would walk with greater muscle 
activity as represented by greater activation patterns than 50% 
BW.  

Methods 
9 participants (3 male; 6 female) (27.6 ± 5.2 kg/m2, 22.2 ± 2.22 
years 1.72 ± 0.10 m, 78.7 ±15.3 kg) participated. Surface 
Electromyography (EMG) of the medial gastrocnemius (GA), 
semitendinosus (ST), vastus medialis (VM), and vastus lateralis 
(VL) of the self-reported dominant leg was recorded using 
SENIAM guidelines [3].  EMG data were recorded at 1000 Hz 
with DE-2.1 single differential EMG sensors and amplified by 
a Bagnoli 16-channel system (Delsys Inc, Boston, MA). 
In the AlterG, hip and knee kinematics were tracked using 
wireless Inertial Measurement Units (IMUs) attached to the 
participants dominant leg (Xsens Technologies, Enschede, 
Netherlands). Participants walked at two different body weight 
supports (100% & 50%) for 2 minutes, in order to familiarize 

themselves with the 50% weight support condition. Data were 
recorded for the last 15-seconds of each condition. 
All data are reported as mean ± SD. Statistical comparisons 
were made via made via paired t-tests comparing 100% BW vs 
50% BW support for all muscles α = 0.05. Descriptive statistics 
were also analysed using GraphPad Prism version 7.00 for 
Windows, GraphPad Software, La Jolla California USA. 
Results and Discussion 
The mean muscle activation of the GA was significantly higher 
in the 100% BW support (9.75% MVIC) condition compared to 
the 50% BW support (7.67% MVIC) p= .04. Mean VL was 
7.82% and 11.23% respectively whereas mean ST was (5.68% 
and 5.92%) and VM (10.65% and 10.82%) of the MVIC. Mean 
muscle activation means are depicted in Figures 1 and 2 
respectively. 

 
Figure 1: Mean Muscle Activation between 100% and 50% body 

weight support for each muscle during the stance phase of gait.  
 

 
Figure 2: Ensemble curves for GA, ST, VL, & VM as a % MVIC for 
100% & 50% BW support in the Alter G during stance phase of gait. 

Conclusions 
Muscle activation of the GA was significantly less in the 50% 
BW support condition compared to walking at 100% BW 
support. Surprisingly, muscle activation remained unchanged 
for all the other muscles despite the reduction in BW support. 
Walking may not be a demanding enough task elicit significant 
changes in muscle activation despite the reduction in body 
weight support. Further research is needed to understand the 
relationship between muscle activation and reduction in body 
weight support while walking in the AlterG.   
References 
[1] Grabowski et al. (2010) Arch of phys med & rehab, 6 951-957 
[2] Hunter et al. (2014) J. of Electomyo & Kinesiology 24 348-352 
[3] Hermens et al. (1999) Roessingh research & develop, 2 13-54
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Effects of self-paced incline treadmill walking on lower limb muscles activation level  
 

Chenmiao Lu1, Mohammad Al-Amri1, 2 
1School of Healthcare Science, Cardiff University, Cardiff, UK 

2 Arthritis Research UK Biomechanics and Bioengineering Centre, Cardiff, UK 
Corresponding author email: Al-AmriM@cardiff.ac.uk  

 

Summary 
The aim of this study was to investigate the effects of inclined 
walking on muscle activation level of biceps femoris (BF), 
soleus (SOL), and tibialis posterior (TP). Subjects included 28 
able-bodied volunteers walked at level and inclined self-paced 
instrumented treadmill. Uphill walking increased the muscle 
activation level of BF and downhill walking increased muscle 
activation level of TP while SOL only had significant reduced 
activation level in downhill. Our findings suggest that inclined 
walking affects lower limb muscle activation level to maintain 
a comfortable and safe gait in able-bodied individuals. 

Introduction 
Gait requires active neuromuscular control to maintain 
stability [1]. This is done primarily by recruiting appropriate 
leg muscles in response to changes in environment, which are 
most active during ground-level walking. Those changes, for 
example, are accompanied by differences in joint kinematics 
and kinetics in the hip, knee, and ankle during inclined 
walking [2]. Biceps femoris (BF), soleus (SOL), and tibialis 
posterior (TP) are crucial in maintaining ankle and knee 
stability during walking [1]. Limited literature demonstrates 
that inclined walking requires additional muscles activity to 
maintain gait stability than level-ground walking [3]. This has 
been subject to a small number of gait cycles on inclined 
surfaces in a laboratory or to a fixed speed treadmill. A 
reliable self-paced treadmill mode in combination with a 
speed-matched virtual reality has been introduced to overcome 
these limitations [4].  The aim of this study was therefore to 
explore the effect of incline self-paced walking on muscle 
activity level of BF, SOL and TP.  

Methods 

Twenty-eight healthy subjects (age: 25.02±2.06 years) walked 
on an instrumented dual-belt treadmill at the inclination angles 
-8o ,0o, and 8o for 3 minutes after providing written informed 
consent. The treadmill is integrated with the GRAIL system 
(Gait Real-time Analysis Interactive Lab, Motek Medical B.V.) 
that also consists of a synchronized virtual reality system 
projected in a 180o screen and a 10-camera Vicon tracking 
system (Oxford Metrics, UK). Reflective markers were placed 
using the Motek Human Body Model2 (HBM2) lower limb 

marker set. Estimated muscle activation levels (F/Fmax) were 
obtained from the HBM2. The peak muscle forces activation 
levels of BF, SOL and TP were further analysed in Matlab 
R2017 (The Mathworks Inc., USA). Repeated measures 
ANOVA and Freidman test were used to explore the effect of 
inclines in lower limb muscle activity and gait stability. The 
level of statistical significance was set at p<0.05.  

Results  
Descriptive statistics of activation level of muscles are 
presented in Table 1. The muscle activations of BF were 
significantly (P<0.001) increased and decreased during uphill 
walking and downhill walking, respectively. Whilst SOL 
activity level was significantly reduced during downhill 
compared to level and uphill walking. Downhill walking 
significantly increased muscle activation level of TP while it 
was significantly decreased during uphill walking. 

Discussion and Conclusion 
The results show that BF is most active and SOL is also active 
during uphill, which indicate that uphill walking would be 
challenging for individuals with weak BF and SOL. TP 
activation level was increased by approximately 60% during 
downhill walking compared to other two gait conditions. This 
can be explained by the reason that more ankle plantarflexion 
is needed during downhill. The effects of incline self-paced 
walking on muscle activity level of BF, SOL and TP provide 
basic knowledge for clinical training. Taken together, this 
suggests that it is important to consider incline walking 
exercise as part of such neuromuscular training programme in 
order to increase lower limb muscles activity. However, 
further work should explore the effects of incline walking on 
muscles activation level in individuals with an injury. 

References 
[1] Jonkers, I. et al. 2003. Gait & Posture, 17: 264-272 
[2] Pickle, N. T. et al. 2016. J Biomech, 49: 3244-3251 
[3] Lay, A. N. et al. 2006. J Biomech, 39: 1621-1628. 
[4] Al-Amri, M. et al. 2017. Comput Methods Biomech 

Biomed, 20: 1669-1677 

 
Table 1: Descriptive statistics (means and standard deviations (SD)) of muscle activations during three walking conditions   BF: Biceps Femoris; 
SOL: Soleus; TP: Tibialis Posterior   P1: P value of Level walking and Downhill walking; P2: P value of Level walking and Uphill walking; P3: P 

value of Downhill and Uphill walking 

 Level walking 
Mean(±SD) 

Downhill walking 
Mean(±SD) 

Uphill walking 
Mean(±SD) 

P value 
P1 P2 P3 

BF  0.19(0.06) 0.13(0.06) 0.65(0.49) <0.001 <0.001 <0.001 

SOL  0.42(0.11) 0.28(0.14) 0.40(0.10) <0.001 0.235 0.002 

TP 0.26(0.13) 0.86(0.31) 0.13(0.05) <0.001 <0.001 <0.001 
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Altered Gluteus Medius Contraction during Gait in Chronic Ankle Instability versus Coper and Healthy Groups 
  

Alexandra F. DeJong1, Rachel M. Koldenhoven,1 Jay Hertel1 
1Department of Kinesiology – Sports Medicine, University of Virginia, Charlottesville, VA, USA 

Email: afd4au@virginia.edu  
 

Summary 
Musculoskeletal ultrasound imaging (USI) was used to assess 
gluteal muscle activity throughout walking gait among healthy 
individuals, patients with chronic ankle instability (CAI), and 
lateral ankle sprain “copers”. While gluteus maximus activity 
was comparable across groups throughout the gait cycle, the 
CAI group presented with significantly decreased gluteus 
medius activity throughout the gait cycle when compared to 
copers and healthy counterparts. Copers and healthy groups 
presented similarly with increased gluteus medius activity 
above resting thickness levels. As gluteus medius inactivity was 
unique to CAI patients, this proximal muscle deficit may 
exacerbate lower extremity dysfunction during walking gait.  

Introduction 
Chronic ankle instability (CAI) patients frequently present with 
deficits during walking compared to healthy individuals and 
lateral ankle sprain copers. The majority of gait analyses have 
focused on local ankle adaptations following injury, such as 
shank muscle activation patterns[1]. However, pelvic 
stabilizing muscles play a vital role in limb alignment during 
gait and may contribute to neuromuscular dysfunction in these 
patients. There is increasing evidence to indicate that gluteal 
muscle weakness contributes to CAI [2], though how these 
limitations manifest during fundamental movements like 
walking remains unknown. Musculoskeletal USI is a 
visualization tool that enables clinicians to evaluate patients’ 
muscle thickness changes during activity, and has been 
successfully used in other populations to non-invasively 
measure the gluteal muscles during gait[3]. Therefore, the 
purpose of this study was to compare USI gluteal muscle 
activity throughout walking gait in healthy, CAI, and Coper 
groups.  

Methods 
Healthy (n=20), Coper (n=9), and CAI (n=34) participants were 
evaluated at a single time-point in a university laboratory. An 
ultrasound transducer was secured unilaterally on participants’ 
injured and healthy-matched limbs using a custom aparatus to 
view the gluteus maximus (GMAX) and medius (GMED) 
muscles. Still images were captured during bipedal stance for 
normative resting thickness measures. Participants walked at 
1.35 m/s on an instrumented treadmill while 10-second USI 
video clips were recorded in conjunction with ground reaction 
force data. The video clips were reduced to 55 still images 
representing 10% increments of five full gait cycles (0-100%). 
GMAX and GMED thicknesses were measured from the 
superior to inferior fascial borders using ImageJ software 
(v1.50, NIH, USA). Functional activity ratios (FARs) were 
calculated using the following equation for all GMAX and 
GMED measures: 

𝐹𝐴𝑅 =	𝑚𝑢𝑠𝑐𝑙𝑒	𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠123456	6748 𝑚𝑢𝑠𝑐𝑙𝑒	𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠924:8	;8751456<  

Statistical parametric mapping (SPM) was used to run 
ANOVAs to assess group main effects for GMAX and GMED 
FARs throughout the gait cycle using MATLAB (spm1d v0.4, 
MathWorks, Inc., USA). SPM post-hoc t-tests were run to 
determine where the significant differences arose in the gait 
cycle. Alpha was set a priori for all analyses to p≤.05. 

Results and Discussion  
There was a significant main effect for GMED thickness 
differences throughout the majority of the gait cycle (p<.05). 
Subsequent t-tests revealed that the CAI group had significantly 
decreased GMED thickness from initial contact to terminal 
swing of the gait cycle when compared to coper and healthy 
groups(p<.05), while there were no significant differences 
between the coper and healthy groups (Figure). CAI GMED 
thicknesses were below resting thickness values throughout gait 
(below dashed line in Figure). There were no significant 
GMAX differences for between groups at any timepoint. 

 
Figure: Healthy, Coper, and Chronic Ankle Instability Gluteus 

Medius Functional Activity Ratios. Note: dashed line represents 
equivalent muscle activity to rest. Areas where 95% CIs do not 

overlap indicate significant differences. IC, initial contact; TO, toe-
off; TSw, terminal swing. 

Conclusions 
The CAI group uniquely presented with significantly altered 
GMED contraction throughout the gait cycle, which may 
contribute to the continued dysfunction throughout movement 
seen with these patients. This inadequate muscle activation 
pattern suggests the need for neuromuscular education of the 
GMED during gait-training in CAI patients. 
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Summary 

Surface and fine-wire electromyography activity of flexor 

hallucis longus, soleus, medial and lateral gastrocnemius and 

tibialis anterior muscles was measured simultaneously during 

walking at four different speeds to examine whether signals 

recorded with the two methods exhibit similar signal 

characteristics. We found statistical differences between 

methods at all walking speeds in soleus and tibialis anterior, at 

all speeds except fast walking in flexor hallucis longus, and at 

faster speeds in lateral gastrocnemius. No differences were 

found in medial gastrocnemius at any speed or in lateral 

gastrocnemius at slow and preferred speed walking. 

Introduction 

Ankle plantar flexor muscles are the primary contributors to 

body propulsion in walking. Increased walking speed has been 

suggested to require increased work and electromyography 

(EMG) activity from ankle plantar flexors [1], which may 

affect the validity of the recorded surface EMG signals. Thus, 

in this study we simultaneously recorded surface and fine-wire 

EMG activity of flexor hallucis longus (FHL), soleus (SOL), 

medial gastrocnemius (MG), lateral gastrocnemius (LG) and 

tibialis anterior (TA) muscles during walking at different 

speeds to examine whether EMG signals obtained with the 

two methods exhibit similar signal characteristics. 

Methods 

Ten healthy subjects took part in this study. Surface and fine-

wire EMG signals were recorded from the right leg using 

bipolar configurations. Participants walked overground at the 

following speeds: preferred speed, 30% slower than preferred, 

30% faster than preferred, and maximum speed. The walkway 

was 7-meters long, with two force platforms placed in series. 

Three-dimensional ground reaction force data were collected, 

one contact per trial, in order to define sub-phases of the step 

cycles. Plantar pressure of the foot was also measured, in 

order to define the sub-phases of step cycles for steps that did 

not hit either of the force platforms. EMG signals were band-

pass filtered between 20 and 500 Hz using a zero-lag 4th order 

Butterworth filter. EMG data were normalized to the peak 

activity of preferred speed walking. All signals were analysed 

in the stance phase. Statistical Parametric Mapping (SPM) 

two-tailed paired t-test was used to statistically examine EMG 

signals. Statistical significance level was set at P<0.05. 

Results and Discussion 

In FHL we found statistical differences between methods at all 

walking speeds except fast. In SOL and TA, there were 

differences at all walking speeds, in phases where no activity 

was detected with fine-wire EMG, activity was detected with 

surface EMG, which is in line with previous studies in SOL 

[2,3]. In SOL, there were further statistical differences in the 

active phase at all speeds except slow. No statistical 

differences were found in MG at any walking speed or in LG 

at slow and preferred speeds. However, statistical differences 

were observed in LG at the two fastest speeds in late stance 

(Table 1). 

 

Figure 1: Surface and fine-wire EMG of flexor hallucis longus and 

soleus at preferred speed walking (mean ± SD for all) (A, C). 

Corresponding SPM results showing statistical differences (B, D). 

Conclusions 

Based on our results we do not suggest using surface EMG to 

study FHL activity during walking. Our results suggest that 

surface EMG is generally a suitable method to measure MG 

and LG activity across several walking speeds. Furthermore, 

the data suggest that SOL and TA activity measured with 

surface EMG should be interpreted with particular caution, 

since surface EMG is prone to detect activity in phases where 

the muscle is not actually active. 
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Table 1: SPM statistical results comparing surface and fine-wire EMG activity for all examined muscles (%stance phase). 

p-value time (%) p-value time (%) p-value time (%) p-value time (%) p-value time (%)

Slow <0.001 65.7-74 0.004; 0.03 <7.3; 95.3-98.6 >0.05 - >0.05 - 0.0495; <0.001; 0.023 43.7-44.3; 47.5- 67.2; 78.6-83.3

Preferred 0.003 64.8-70.9 0.008; 0.047 <5.3; 72.7-73.6 >0.05 - >0.05 - <0.001 45.9-85.3

Fast >0.05 - 0.045; <0.001; 0.016 <1.4; 68.5-84.2; 95.3< >0.05 - <0.001 71.8-86.3 <0.001 39.4-70.2

Maximum 0.005 60.1-66.7 0.02; <0.001; 0.023 <5.2; 63.8-86.6; 95.2< >0.05 - 0.036 82-85 0.015; <0.001 25.7-30.4; 35.6-67.2

SOL MG LG TAFHL
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Summary 

The energetic cost of muscle force production depends on the 

contraction type. For example, during mid stance of human 

walking, the calf muscles show relatively isometric fascicle 

behaviour, which is thought to be one reason why human 

walking is highly economical. As fascicle behaviour of the knee 

extensor vastus lateralis (VL; which has the largest relative 

quadriceps’ PCSA) during human walking is unclear, a gait 

analysis investigating its fascicle behaviour was conducted. We 

found active fascicle lengthening of the VL fascicles in early 

stance during human walking and propose that this behaviour is 

favoured because energy must be absorbed by the joint and 

isometric fascicle behaviour would presumably require greater 

muscle activity or altered knee kinematics so that fascicles are 

not stretched. 

Introduction 

Intrinsic muscle properties, like force-length or force-velocity 

properties, as well as history-dependent properties, determine a 

muscle’s force capacity and the metabolic cost of force 

production. During movement, muscle tendon unit (MTU) 

length and length changes are determined by the kinematics of 

the joints it crosses. However, MTU and fascicle behaviour can 

be decoupled and undergo different length changes. This has 

been shown for the calf muscles during mid stance of human 

walking, where relatively isometric behaviour of the fascicles 

along with tendon lengthening has been reported [e.g. 1]. 

Consequently, walking kinematics at a preferred speed and 

cadence seem to reduce the cost of transport by favourable 

isometric contraction conditions, which is made possible 

through optimised MTU compliance. However, only few and 

conflicting data exist regarding fascicle behaviour of VL during 

walking, which is active during early stance. While Chleboun 

et al. [2] found that VL fascicles lengthen during this phase, 

Bohm et al. [3] reported relatively isometric behaviour of VL 

fascicles. 

Therefore, the purpose of this study was to investigate the 

fascicle behaviour of VL during human walking. We 

hypothesized that VL fascicles undergo active lengthening 

during early stance because of the relatively stiff patellar tendon 

and the requirement to absorb energy at the knee. 

Methods 

Six healthy participants (3 females, age 23.7 ± 2.7 yrs; height 

182.0 ± 5 cm; body mass 74.3 ± 5.5 kg) performed seven 

walking trials at their preferred walking speed and cadence on 

a walkway in an indoor laboratory after becoming accustomed 

to the experimental setup.  

Kinematics of the lower limb were measured using an inertial 

measurement unit (IMU) system and muscle activities of VL, 

vastus medialis, rectus femoris and biceps femoris were 

obtained by a wireless EMG system (aktos-t/aktos, myon AG, 

Switzerland). Fascicle behaviour of the right VL was recorded 

by a linear ultrasound probe (LS128; Telemed, Lithuania) with 

a frequency of 8 MHz at a sampling rate of 60 Hz (60 mm width 

x 65 mm depth). Fascicle length changes were determined using 

a semi-automatic tracking algorithm [4]. Ultrasound data of 

only four of the six participants was of sufficient quality and 

included in the analysis. Gait cycles were determined from 

ground contacts of the right leg using acceleration data recorded 

by the IMU placed on the right foot. The difference between 

minimal and maximal fascicle length during early stance was 

then calculated as fascicle length change. EMG was used to 

ensure that the muscle was active during this period. The 

Wilcoxon-test was used to test if the active fascicle length 

change was significant.  

Results and Discussion 

While VL was active, fascicles lengthened by 2.8 ± 2.6 mm (p 

< 0.01) and subsequently shortened by 3.0 ± 3.7 mm (p < 0.01). 

This fascicle lengthening is in accordance with results reported 

by Chleboun et al. [2]. 

Interestingly, the active fascicle lengthening covered only a 

small portion of initial knee flexion and occurred during the 

final phase of initial knee flexion. Therefore, MTU lengthening 

initially seems to be accounted for by lengthening of the series-

elastic tissues before fascicle lengthening. It appears that the in-

series elastic tissues buffer energy dissipation by the muscle [5] 

during the deceleration of the body’s center of mass. The timing 

and degree of muscle activation might enhance the buffering 

capacity of the elastic tissues to reduce peak muscle forces and 

lengthening rates, but also allow for enhanced power 

production following knee flexion due to the stretch-shortening 

cycle at the fascicle level. 

Conclusions 

We conclude that eccentric contractions are utilized in everyday 

human movements like walking and may contribute to the high 

economy and low cost of transport. A stretch-shortening 

behaviour of the VL fascicles might be favoured to absorb 

energy in the long fibres under low muscle activity and 

subsequently enhance power production following active 

muscle stretch as opposed to isometric fascicle behaviour.  
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Summary 

This study evaluated four different forms of neuro-

musculoskeletal modelling to estimate musculotendon forces 

during gait in children with cerebral palsy and typically 

developing (TD) children. A scaled-generic musculoskeletal 

model for each child was used, estimating musculotendon 

forces by, i.e. I) static optimization (SO) minimizing summed-

excitation squared; II) SO with maximum isometric muscle 

forces scaled to body mass; III) an EMG-assisted (EA) 

approach using optimization to minimize summed-excitation 

squared while reducing tracking errors of experimental EMG-

linear envelopes and joint moments; and IV) EA with 

musculotendon model parameters first personalised by 

calibration. Models were assessed by comparing their outcomes 

with measured EMG-linear envelopes and joint moments. 

Models using SO showed a relatively low model performance. 

EA approaches performed much better, especially in CP. 

Therefore, this study highlights the importance of EMG-

assisted modelling when estimating musculotendon forces in 

TD children and even more so in children with CP. 

Introduction 

Cerebral palsy (CP) is one of the most common motor disorders 

among children, often resulting in problems with gait [1]. 

Neuro-musculoskeletal modelling can provide insight into the 

aberrant muscle function during gait in these patients. When 

estimating muscle activations and forces, static optimization 

approaches are commonly used to solve for the redundancy of 

the system, combined with a generic model (e.g. [2]). However, 

these generic approaches do not account for disturbed motor 

control and muscle weakness in CP. The aim of this study was 

to evaluate different forms of neuro-musculoskeletal model 

personalization and optimization to estimate musculotendon 

forces during gait in children with CP.  

Methods 

Nine children with CP (GMFCS I-II) and nine typically 

developing (TD) children participated. Data collection included 

3D-kinematics, ground reaction forces, and electromyography 

(EMG) of eight lower limb muscles. Four different methods 

were used to estimate muscle activations and musculotendon 

forces of a scaled-generic musculoskeletal model for each child, 

i.e. I) static optimization that minimized activation squared 

(SO), II) SO with maximum isometric muscle forces scaled to 

body mass (SO_MIF), III) an EMG-assisted approach using 

optimization to minimize summed-activation squared while 

reducing tracking errors of experimental EMG-linear envelopes 

and inverse dynamics joint moments ([3, 4], EA), and IV) EA 

with musculotendon model parameters first personalised by 

calibration ([4, 5], EA_CAL). Model performance was assessed 

using R2 between each model’s estimated excitations and joint 

moments with their corresponding experimental measures 

(recorded EMG and inverse dynamics joint moments 

respectively). Average R2 across all the i) muscles’ excitations, 

and ii) joint moments were assessed.  

Results and Discussion 

SO and SO_MIF showed a poor agreement with EMG in both 

pattern (reflected by the R2 in Figure 1A) and amplitude. 

Compared to SO and SO_MIF, EA had substantially higher 

agreement with EMG, especially with CP, with only minor 

decrement in joint moments predictions (see Figure 1B). 

Calibration did not significantly affect model performance. It 

is expected that a model more consistent with experimental 

measures is more likely to yield more physiologically results.  

 

Figure 1: The R2 of the models’ estimates of joint moments and the 

estimates of muscle excitations compared to experimental measures 

Conclusions 

This study highlights the added value of EMG-assisted 

modelling when estimating musculotendon forces during gait, 

in TD children and even more so in children with CP.  
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Summary 
Multibody dynamic simulations are often used to generate 
estimates of muscle force and activation profiles during tasks 
like walking, but it is unclear if these simulations generated 
accurately capture muscle coordination patterns as measured by 
experimental electromyography (EMG) data. Muscle synergies, 
defined as groups of muscles activated together during a task, 
provide a tool to quantify and compare muscle coordination 
strategies. We investigated the similarity of synergies produced 
from musculoskeletal simulation and measured EMG data. 
Synergies from simulations were more accurate than random 
chance in describing muscle coordination, yet still had 
significant deviations from EMG data.  
Introduction 
Multibody dynamic simulations use kinematic and kinetic data 
coupled with bio-inspired optimization algorithms to estimate 
muscle activity. However, it is unclear if simulations accurately 
capture muscle coordination patterns, especially among clinical 
populations. For example, assumed optimality criterion (e.g. 
cost functions) may be inappropriate for individuals with 
neurological impairments.  
Muscle synergies provide a framework to evaluate the accuracy 
of simulated motor control [1]. Muscle synergies are defined as 
groups of muscles activated together during functional motor 
tasks. Synergies are identified using dimensionality reduction 
techniques on EMG data such that 𝐸𝑀𝐺	 = 𝑊 ∗ 𝐶	 + 	𝑒𝑟𝑟𝑜𝑟, 
where W represents which muscles are activated together and C 
represents how synergies are activated over time [2]. The goal 
of this research was to use synergies to evaluate whether muscle 
coordination patterns from musculoskeletal modeling 
optimization algorithms (i.e. static optimization, SO) accurately 
capture coordination measured from EMG data. 
Methods 
We used previously collected gait analysis data from six 
typically developing (TD, age 8.9 ± 1.1 yrs) individuals and six 
individuals with cerebral palsy (CP, age 10.0 ± 3.3yrs). Subject-
specific models, containing 23 degree-of-freedom and 92 
musculotendon actuators, were scaled in OpenSim 4.0 [3]. We 
performed inverse kinematics and residual reduction before 
using SO to estimate muscle activations. Weighted non-
negative matrix factorization identified synergies from eight 
unilateral lower limb muscles for SO muscle activations and for 
measured EMG data. EMG and SO activations were normalized 
to their maximum. To evaluate synergy weights (i.e. which 
muscles were activated together), cosine similarity compared 
synergy weights between SO activations and experimental 
EMG data. To assess how well a set of SO synergies represent 
EMG data, we calculated total variance accounted for (tVAF) 

for 1 to 5 synergies. We also calculated similarity and tVAF for 
1000 groups of random synergies to evaluate whether 
simulations performed better than random chance. 
Results and Discussion 
Even for TD children (Fig. 1), musculoskeletal simulations 
struggled to accurately capture muscle coordination patterns. 
Synergies from SO were more accurate than random chance, 
but for both CP and TD groups, synergies from SO had 
significantly lower tVAF than EMG data (8.6% for TD and 
9.2% for CP, 5 synergies). These results suggest that SO 
predicted different muscle coordination patterns than those used 
by children with CP and TD peers. Examining synergy weights, 
SO predicted which muscles were activated together better than 
random chance for TD and CP groups. The average similarity 
of SO synergy weights for 5 synergies was 0.74 ± .07 for the 
TD group, and 0.71 ± 0.11 for the CP group.  

 
Figure 1: Average tVAF for 1-5 synergies for TD children calculated 
from experimental EMG data, static optimization (SO), and random 

sets of synergies. 
Conclusion 
While musculoskeletal simulation commonly relies on 
algorithms such as SO to estimate muscle activity during 
dynamic tasks, such algorithms failed to accurately predict 
muscle coordination patterns even for TD children. These 
simulations did not account for inter-individual differences in 
strength or other properties that may improve SO predictions. 
However, for both CP and TD groups, the lack of similarity 
between synergies calculated from SO and EMG data suggests 
that new methods are needed to accurately model 
neuromuscular control.  
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Summary 

The magnitude and complexity of skeletal muscle force 

variability has been shown to change e.g. with different force 

levels [1], with fatigue [1], and with ageing.  The purpose of 

this study was to use motor unit models to determine how the 
location of noise inputs affect variability at different activation 

levels.  Models that changed whether a motor neuron (mu) 

fires and its firing rate and noise in the twitch parameters had 

the largest effects on force magnitude and complexity. 

Introduction 

Neurological systems are inherently noisy and noise could 

arise at several locations, for example variations in the timing 

of a mu’s action potentials, known as inter-spike intervals, 

have been experimentally measured to have a coefficient of 

variation of 10-30%.  The aim of this study was to use a model 

of a motor unit pool to investigate the effect of various sources 

of noise (motor recruitment, contractile properties and 

synaptic noise) on the magnitude (CV), and complexity 

(ApEn), of the force output. 

Methods 

The mu pool model was based on a previous model [2] such 

that recruitment threshold properties were assigned across the 

pool of 120 mus using an exponential function.  Above the 

recruitment threshold there was a linear relationship between 

excitatory drive and neuron firing rate starting at the neuron’s 

minimum firing rate up and increasing to the peak firing rate.  

Neurons recruited earlier attained higher peak firing rates.  

Twitch shape parameters were assigned according to the 

Henneman size principle and the time course of the twitch was 
modelled as the impulse response of a critically damped 

second-order system.  Force outputs were summed for the 

pool and then scaled to muscle force at maximum excitatory 

drive.  Seven models were simulated (Table 1).  Noise was 

added to a parameter by random number generation from a 

Gaussian distribution with a CV of 0.2. 

Table 1: Models simulated with location of added noise 

Model Location of noise 

0 None 

1 Inter-spike intervals (firing rates vary  around mean) 

2 Recruitment threshold 

3 Twitch rise time 

4 Twitch peak force 

5 Minimum firing rate 

6 Excitatory drive 

7 Peak firing rate 

Results and Discussion 

Noise in the recruitment threshold and excitatory drive 

(Models 2 and 6) affected both whether an mu fires as well as 

the firing rate.  These sources of noise had the most significant 

effect on the force-excitation relationship as a higher force 
was developed at lower excitation as some powerful fast 

twitch fibres were activated earlier.  Noise in the twitch 

parameters (Models 3 and 4) reduced ApEn (reduced 

complexity) across all excitation levels (Figure 1) compared to 

the no noise model.  Models 1, 2 and 6 reduced ApEn at low 

force levels but increased ApEn at high force levels.  Noise in 

the minimum firing rate had little effect on ApEn. 
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Figure 1: ApEn across excitation levels for the different models. 

Model 2 had the largest effect on CV at low recruitment levels 

such that CV was greatly increased.  Noise in the twitch 

parameters also increased CV and these models (3 and 4) also 

had the highest CV at excitation levels above 50%. 

Conclusions 

Noise location affects the magnitude and complexity of the 

force arising from a simulated motor unit pool.  Future work 

will align different sources of noise with the magnitude and 

location of noise that may arise during processes like fatigue 

that have been shown to alter ApEn for a given force level.  
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Summary 

Traditional static optimization, which minimizes muscle 

activations squared, may not accurately estimate muscle 

activity in pathological populations that have abnormal muscle 

co-activation. A Matlab-OpenSim interface was created to 
develop and test objective functions that included a muscle co-

activation term. When applied to an individual with post-

stroke hemiparesis, the co-activation term produced better 

agreement with experimental data.  

Introduction 

OpenSim’s static optimization tool solves muscle redundancy 

at each time point by minimizing the sum of muscle 

activations squared [1]. However, this objective function may 

not be valid in some pathological populations, such as 

individuals post-stroke whom often have abnormal muscle co-

activation [2]. An existing plugin can enforce co-activation 

constraints in static optimization in upper extremity 
simulations [3] but often fails when used on more complex 

gait models. Thus, the purpose of this project was to develop 

and test a framework for amending the static optimization 

objective function (OF) to encourage muscle co-activation.  

Methods  

Kinematic, kinetic and electromyography (EMG) data were 

collected from an individual with post-stroke hemiparesis 

during treadmill walking. These data were used to create a 

model and simulation using OpenSim 4.0. EMG data was 

processed using non-negative matrix factorization (NNMF), 

which indicated that this specific individual had a merged 

muscle module consisting of the paretic plantarflexors and 

knee extensors, which were co-activated throughout stance. 

At each 0.01 second time step, Matlab was used to update the 

state of the OpenSim model with coordinate position and 

velocity results from the OpenSim residual reduction 

algorithm (RRA). The fmincon function iterated through 

muscle activations to minimize an OF using the interior point 

solver. Initial activation guesses were the previous activations, 

and upper and lower bounds were determined from muscle 
activation/deactivation dynamics. For comparison with 

OpenSim static optimization results, tendons were assumed to 

be inextensible and muscles produced no passive force.  

The original OF included penalties for matching joint torques 

(in contrast to the OpenSim tool, which matches accelerations) 

and for minimizing muscle activations. An additional penalty 
term was then added to encourage the co-activated muscle 

groups to increase/decrease activations at the same rate 

relative to the previous magnitudes. This penalty was defined 

as the root-mean-squared error of each muscle’s percentage 

change in activation relative to the mean percentage change. 

After a number of iterations with different OF formulations, 

each penalty was given equal weight. 

Results and Discussion 

For the OF including only torque and activation terms, the 

joint torques matched RRA results and muscle activations and 

forces were close to OpenSim static optimization results. 

However, the original OF did not produce the co-activation of 

the vasti and knee extensors throughout stance that was 

indicated by the EMG signals (Figure 1A). In contrast, the OF 

with the additional co-activation term produced the correct 

joint torques along with the desired muscle co-activations seen 
in the experimental data (Figure 1B). 

 

      

 
 

Figure 1: Paretic muscle activations during stance from the objective 
function A) without the co-activation penalty and B) with the co-

activation penalty. 

Conclusions 

In summary, an easily amendable code for static optimization 

was implemented in Matlab. A drawback of this particular OF 
is that it is sensitive to initial conditions. Future work will 

further refine the OFs and test the sensitivity of subsequent 

analyses to the co-activation penalty.  
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Summary 

Recording electromograpy (EMG) signals of deeply located 
muscles (e.g. iliopsoas) is challenging. The conventional 
surface and intramuscular EMG recording techniques present 
potential defects and risks, especially for the patients with 
pathological tissue close to the measurement site. In this study, 
an approach to construct unmeasured muscle excitations with 
the measured muscle synergies extracted by principal 
component analysis (PCA) was developed. By reducing the 
dimensionality of muscle excitations, synergy extrapolation can 
provide benefits over the reported methods (e.g. static 
optimization) in improvement of accuracy and efficiency for 
muscle excitation prediction. 

Introduction 

Muscle synergies represent the operation regularities how our 
neural motor systems interact with the complex environment 
and accomplish the dynamic motor tasks [1]. Previous work has 
shown that the muscle synergies extracted from a group of 
muscle excitations performed well in reconstruction of the 
excitations of the other muscles [2]. The goal of this study is to 
predict the unmeasured synergy weights by tracking the 
experimental joint moments instead of by fitting the 
experimental unmeasured muscle excitations, which are 
inviable to obtain in practice. The proposed approach 
incorporates the patient-specific EMG-driven musculoskeletal 
modelling into the calibration process of the unmeasured 
synergy weights by minimizing the difference between 
predicted and experimental joint moments and the predicted 
unmeasured muscle excitations simultaneously. 

Methods 

The dataset (joint kinematics, ground reaction force, 16-channel 
EMGs) collected from the non-paretic leg of a post-stroke 
patient during walking at his self-selected speed (0.5m/s) was 
utilized to analyze the performance of synergy extrapolation. 
To test our hypothesis, iliopsoas was taken out as ‘unmeasured’ 
muscle, and the remaining 15 muscles were assumed to be 
‘measured’. The muscle parameters within a customized 5-
DOF 35-muscle lower-extremity musculoskeletal model [3] 
were calibrated first. The forward joint moments were then 
calculated by holding the iliopsoas excitation reconstructed 
through the synergy extrapolation approach. To obtain the 
optimal synergy weights and mean excitation value of iliopsoas, 
the objective function that was minimized frame by frame was: 
                         min J = µ JtrackMom + (1- µ)  JminExc               (1) 
where JtrackMom is the sum of squared errors between forward and 
experimental joint moments and JminExc is the sum of squares of 
unmeasured muscle excitations. The similarity in the shape and 

amplitude between experimental and reconstructed unmeasured 
muscle excitation was quantified by the root mean square error 
(RMSE) and Pearson correlation coeeficient (r) with the 
number of synergies varying from 4 to 7 and a weight factor (µ) 
varying from 0.2 to 0.9. 

Results and Discussion 

The JtrackMom versus JminExc relationship was represented by L-
curves for 8 values of µ (Fig.1B). The elbow points of 4 all L 
curves were located around µ = 0.7, where the lowest RMSE 
values were observed (Fig.1A). The increase of number of 
synergies led to smaller JtrackMom and JminExc, but also resulted in 
smaller r-values (Fig.1C) and greater RMSE values (Fig.1A). 
Therefore, by taking µ as 0.7 and 4 synergies, the best 
prediction of iliopsoas excitation can be obtained (Fig.1D). 

 

Figure 1 (A&C) values of RMSE and r at each number of synergies 
and value of µ; (B) relationship between JtrackMom and JminExc across 
all µ values; (D) exemplary unmeasured muscle excitations;  

Conclusions 

The proposed synergy extrapolation approach showed the 
feasibility of using a small number of measured muscle 
synergies to construct unavailable muscle excitations, which 
could be useful in applications where direct EMG recording is 
not possible.  
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SUMMARY 

Recent reports have suggested that high loading rates, typically 

associated with a rearfoot strike (RFS) pattern, during running 

may be related to overuse injuries. With the recent increase in 

wearable sensors it is important to identify paradigms where 

footstrike pattern (FSP) can be detected from minimal data. 

Two machine learning (ML) classification techniques, Support 

Vector Machines (SVM) and Neural Networks (NN), were 

employed to identify running FSP using tibial acceleration 

(TA). SVM and NN models were trained and validated using 

this data set. These ML techniques were able to identify FSP 

with 86.1% and 96.1% accuracy for SVM and NN respectively. 

INTRODUCTION  

While running-related overuse injuries are multifactorial, many 

common injuries have been associated with high impact loading 

[1-3]. High-impact loading, characterized by a high vertical 

loading rate, is influenced by the manner with which the foot 

strikes the ground [4]. While most runners strike the ground 

with the heel first (RFS), evidence suggests that these runners 

are injured more frequently than those who strike the ground 

with the forefoot first, so-called forefoot strike (FFS) [5]. Thus, 

in the interest of reducing overuse injuries, it may be helpful to 

use wearable technology to identify FSP in this population.  

Many new types of wearable technology use accelerometery to 

characterize biomechanical parameters in runners. This study 

proposes to apply ML paradigms on TA data to characterize 

FSP in runners. Given the success of ML in other gait-

classification studies [6], it is hypothesized this method will 

successfully characterize FSP. 

METHODS 

55 runners were instructed to run with RFS and FFS patterns on 

a treadmill at a self-selected speed. FSP was determined based 

on visual determination and high-speed camera (120Hz) for 

borderline cases (natural FSP: 17 RFS, 21 mid-foot, 17 FFS). A 

uniaxial accelerometer (PCB Piezoelectronics, Depew, NY) 

was placed on the distal-medial aspect of the tibia on the 

dominant limb. Five stance phases were collected for each 

condition (1000Hz) and time normalized to 100% stance.  

Normalized acceleration data were used as features in two ML 

classification procedures that identify a FSP as either FFS or 

RFS. The two ML techniques were (1) a Support Vector 

Machine (SVM) using a Gaussian kernel and (2) a Neural 

Network (NN) using one hidden layer with ten nodes. For the 

NN, 51 models were created for each subject using a random 

selection of 70% of data to train the model and 30% to validate. 

Test data were put into the models and a majority vote was 

performed to determine the FSP of each trial.  

Leave-one-out cross-validation was used to assess the accuracy 

of the two ML techniques. Here, models were trained and 

validated using trials from all but one subject. The trained 

model was then tested on the trials of the never-before-seen 

subject. The number of correctly identified FSPs (of ten) was 

calculated. This process was repeated for all 55 subjects to 

create a distribution of expected identification accuracies. 

Means of the two distributions were compared using two-sided 

bootstrap analysis with 100,000 resamples.  

RESULTS AND DISCUSSION 

The mean accuracy of the SVM was 86.1%, with a median of 

100%. The mean accuracy using NN was 96.1% with a median 

of 100%. A boxplot of testing results is shown in Fig. 1 and its 

confusion matrix displayed in Table 1. The mean accuracy was 

found to be significantly higher for NN than SVM (𝑝 ≪ 0.001).  

 

Figure 1: Boxplot of the accuracy of techniques using leave-one-out 

cross-validation. The mean accuracy of NN is significantly larger 

than that of SVM (𝑝 ≪ 0.001). 

Table 1: Confusion matrices of percent identified FSP. 

  Predicted (SVM) Predicted (NN) 

  FFS RFS FFS RFS 

True 
FFS 82.4 17.6 95.7 4.25 

RFS 10.9 89.1 3.64 96.4 

CONCLUSIONS 

The two ML techniques show promising results by reliably 

identifying the type of FSP on novel subjects. As more subjects 

are added to the training pool, the accuracy of the techniques 

should further improve.  

A trained model could be employed on a wearable device that 

assesses the FSP of the wearer in real-time. Feedback could 

then be sent to the runner to help transition to a FFS pattern.  
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Summary 

Differences in ankle joint work between foot strike patterns 

may influence Triceps Surae (TS) muscle metabolic energy 

consumption and hence whole body metabolic energy 

consumption. Here, we used a dynamic optimization approach 

to estimate muscle forces, lengths and activations of 43 lower 

limb muscles during the stance phase of 8 habitual rearfoot 

strike (RFS) and 10 habitual mid- or forefoot strike (FFS) 

runners at 10 and 14 km/h. From these muscle states we then 

computed muscle metabolic energy consumption using three 

different models. No differences in TS metabolic energy 

consumption between foot strike patterns, regardless of the 

used model, were detected (p > 0.19). Moreover, the ratio of 

metabolic energy used by the TS relative to whole body 

metabolic energy consumption was not different between foot 

strike patterns. Hence, our results suggest that no energetic 

benefit exists between foot strike patterns. 

Introduction 

Foot strike pattern, i.e. rearfoot, midfoot or forefoot strike, has 

been suggested to alter metabolic energy consumption. 

Especially the energy consumed by the TS may be different 

due to changes in ankle joint work and greater Gastrocnemius 

medialis (GM) contraction velocity but smaller forces in RFS 

versus FFS [1,2]. Experimentally measuring energy 

consumption of individual muscles is difficult and hence here 

we use simulations to estimate TS and whole body metabolic 

energy consumption of habitual RFS and habitual FFS during 

running. Several models to estimate metabolic energy 

consumption exist, all slightly different from each other. To 

ensure model independence we used 3 different models. 

Methods 

We had 8 habitual RFS and 10 habitual FFS run on a force 

measuring treadmill while we collected ground reaction force 

data, kinematics and dynamic ultrasound images of the GM. 

To estimate individual muscle metabolic energy consumption 

during stance we first used a dynamic optimization algorithm 

to solve the muscle redundancy problem. By minimizing the 

muscle activation squared we estimated the muscle forces, 

activations and lengths of 43 lower limb muscles [3]. We 

adjusted the stiffness of the GM, Gastrocnemius medialis (GL) 

and Soleus (SOL) tendon to ensure the closest match between 

simulated and measured GM fascicle length changes. Using 

the muscle states of the 43 lower limb muscles, individual 

muscle metabolic energy consumption as well as whole body 

metabolic energy consumption was computed using three 

different models: Umberger 2003 [4], Umberger 2010 [5] and 

Uchida 2016 [6]. 

 

Results and Discussion 

Mean foot strike angle at initial ground contact was more than 

15° different between both groups. Metabolic energy 

consumption of the TS muscle was not different between foot 

strike patterns, regardless of speed or used metabolic energy 

model (p > 0.19; figure 1). Also the metabolic energy 

consumption of the individual TS muscles were not different 

between foot strike patterns (p > 0.10), except for GL 

metabolic energy consumption that was higher in RFS 

compared to FFS at 14 km/h when using Umberger 2010 to 

calculate metabolic energy consumption (p = 0.02). 

Furthermore, TS metabolic energy consumption accounted for 

16.6 to 20.3% of the whole body metabolic energy consumed 

but was not significantly different between foot strike pattern, 

again regardless of running speed or metabolic energy model 

used (p > 0.33). 

 

Figure 1: Triceps Surae (TS) - with Soleus (black), Gastrocnemius 

medialis (grey) and lateralis (light gray) - metabolic energy 

consumption per kg muscle, computed with three different models.  

Conclusions 

Our results suggest that TS metabolic energy consumption is 

not different between foot strike patterns. As such, it provides 

additional, new scientific evidence that rearfoot and mid-

/forefoot strike patterns are energetically equivalent [7]. 
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Summary 

Runners who forefoot strike are thought to increase strain on 

the plantar fascia and reduce the fascial stiffness, but there is 

limited quantitative evidence to support this view. Ultrasound 

shear wave elastography was performed to compare the plantar 

fascia elasticity among runners. Twenty-one rearfoot strikers 

and 14 forefoot strikers were identified and recruited. The B-

mode ultrasound images and shear wave elastographic images 

of the plantar fascia were collected and reviewed for each 

runner. The results showed that there were no significant 

differences in the fascial thickness and hypoechogenicity 

between groups (p > 0.05). However, forefoot strikers 

exhibited reduced shear wave velocity in the plantar fascia 

compared to rearfoot strikers (p = 0.012, Cohen’s d = 0.91). 

Reduced soft tissue elasticity makes the fascia more vulnerable 

to strain under loading and may increase the risk of plantar 

fasciitis.  

Introduction 

Compared to rearfoot strike, forefoot strike is a softer landing 

skill in running that recently is gaining popularity. 

Nevertheless, forefoot strike also produces a large bending 

force to the foot arch, causing higher load on the plantar fascia 

and increasing its injury risks [1]. Soft tissue subjected to 

repeated overload could reduce its elasticity and exert a lower 

shear wave velocity (SWV) [2], which was frequently observed 

by ultrasound shear wave elastography.  

Therefore, we hypothesized that forefoot strikers would have 

reduced plantar fascia elasticity (as assessed with ultrasound 

shear wave elastography) when compared to rearfoot strikers.       

Methods 

Twenty-one rearfoot strikers and 14 forefoot strikers were 

recruited from a local running club. All participants were 

recreational runners with weekly running volume of at least 

15km and reported no medical histories prior to the tests. The 

runner’s foot arch type and foot strike patterns were quantified 

by foot arch index and strike index, respectively, using plantar 

pressure data collected from the treadmill during standing and 

running trials. Runners with normal foot arch were included 

and grouped based on the results. 

Eligible runners then had their plantar fascia examined using 

an ultrasound transducer (Supersonic Imagine Aixplorer, 

France). Ten images acquired for each runner were assessed on 

the fascial thickness and hypoechogenicity based on a grading 

scheme [3]. The averaged SWV in the plantar fascia was 

calculated upon imaging quality control using an established 

processing method [4]. Continuous and ordinal variables were 

compared between groups using independent student’s t-test 

and Mann-Whitney U test, respectively, with alpha set at 0.05. 

Results and Discussion 

Overall agreements between the investigators in the image 

review outcomes were good (ICC:0.955-0.977, κ: 0.886). 

There were no significant differences in the fascial thickness 

and hypoechogenicity on the gray-scale images between the 

two groups (p > 0.05). The shear wave elastography showed 

that forefoot strikers had reduced plantar fascia elasticity 

compared to rearfoot strikers (p = 0.012, Cohen’s d = 0.91, 

Table 1). Shear wave elastography demonstrated merits over 

the conventional ultrasound measures in identifying biological 

tissue changes in asymptomatic individuals. The results 

indicated that forefoot strikers had a softer plantar fascia than 

rearfoot strikers, though the degree of the reduced elasticity 

may be pre-clinical. 

Table 1: Outcomes of the ultrasound measurements 

Plantar fascia Rearfoot 

Strikers 

Forefoot 

Strikers 

p 

value 

Effect 

size 

Hypoechogenicity  Grade I: 15 

Grade II: 5 

Grade III: 1 

Grade I: 8 

Grade II: 4 

Grade III: 2 

0.33 0.16 

Thickness (10-3 m) 3.08 ± 0.35  3.41 ± 0.89 0.21 0.52 

SWV (m/s) 6.67 ± 0.48 6.20 ± 0.56 0.01 0.91 

Conclusions 

A plantar fascia with reduced elasticity is less resistant to strain. 

Additional research is needed to understand whether reduced 

elasticity influences injury risk.  
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Summary 

Impact sound has been suggested to be an auditory feedback 

to modify footstrike pattern with an intention to reduce the 

vertical loading rates and injury risk in runners. However, 

the isolated effect of a change in footstrike pattern on the 

impact sound and vertical loading rates remains unclear. 

Thirty runners completed overground running trials with 

rearfoot (RFS), midfoot (MFS) and forefoot strike (FFS) in a 

randomized order. Landing with MFS or FFS resulted in 

greater peak sound amplitude (ps<0.001) than RFS. MFS 

exhibited highest median frequency among three footstrike 

patterns, while FFS also demonstrated higher median 

frequency than RFS (ps<0.001). We did not find significant 

relationship between vertical loading rates and any impact 

sound parameters (ps>0.115). The results suggest that impact 

sound characteristics may be able to be used to differentiate 

footstrike patterns in runners. However, impact sound should 

not be used to predict impact loading. 

Introduction 

Running kinetics has been found to be a controllable risk 

factor of overuse injuries in distance runners [1], and 

reducing vertical loading rates has been shown to prevent 

running-related musculoskeletal overuse injuries [2]. 

Anecdotally, listening to the foot-ground impact sound may 

provide real time feedback to control the impact loading.  

Two previous studies have reported that when runners were 

instructed to run quietly, the peak sound amplitude and 

vertical loading rates were reduced [3-4]. However, running 

quietly may not necessarily due to a footstrike pattern 

switch. Instead, lower foot-ground impact sound can be a 

consequence of other gait modifications, such as vertical 

body stiffness adjustment. To our best knowledge, no past 

studies have determined whether differences in the impact 

sound amplitude exist between footstrike patterns.   

Hence, this study compared differences of peak sound 

amplitude and median frequency for the three footstrike 

patterns. We also examined the relationship between selected 

sound parameters and the vertical loading rates.  

Methods 

Thirty regular distance runners were recruited from local 

running clubs. They underwent an instrumented overground 

running gait assessment at 3.5 m/s (±5%) with standardized 

footwear using RFS, MFS, and FFS, in a random order. Ten 

successful trials for each footstrike pattern were collected for 

analyses.  

Kinetic data were collected using an in-ground force plate 

sampling at 1,000 Hz and sound data were collected using a 

unidirectional shotgun microphone at 21.6 kHz. Average and 

instantaneous loading rates (VALR and VILR) were 

measured and computed based on previously reported 

algorithms [2]. One way ANOVA was conducted to analyze 

the peak sound amplitude and median frequency between the 

three footstrike patterns. 

Results and Discussion 

Significant differences in both peak sound amplitude and 

median frequency were found between footstrike patterns (p 

< 0.001). Post-hoc analyses suggested peak sound amplitude 

of RFS was significantly quieter than MFS and FFS and the 

peak sound amplitude of the MFS was significantly louder 

than FFS (Figure 1). Similarly, RFS has significantly lower 

sound frequency than MFS and FFS, while MFS has 

significantly higher sound frequency than RFS and FFS 

(Figure 1). 

 

 

Figure 1: Peak sound amplitude and median frequency between 

footstrike patterns. * p < 0.005 

 

There was no significant relationship between any selected 

sound parameters and vertical loading rates (ps>0.115). 

Conclusions 

Our findings suggest that specific sound characteristics may 

assist runners or coaches to differentiate footstrike patterns. 

However, there was no correlations between impact sound 

parameters and vertical loading rates. It is not recommended 

to predict vertical loading rates using impact sound 

examination. 
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Summary 
There is limited information on the effect of foot strike angle 
(FSA) on the resultant ground reaction force vector angle 
(θR-GRF) and the leg vector angle (θL). Human participants ran 
on a treadmill with a forefoot strike (FF) and a rearfoot strike 
(RF) according to biofeedback criteria of their foot 
progression angle. Results show that the initial impact of RF 
running patterns had θR-GRF significantly more vertically 
oriented and more closely aligned with the θL, compared to 
FF running. The results provide new information for 
understanding the effect of FSA on running biomechanics.    

Introduction 
FSA when running is recognised as an influencial factor for 
limb stiffness and subsequent nature of the ground reaction 
force [1]. Studies show that FSA is related to the vertical 
GRF loading rate [2]. The effect of FSA on the 
biomechanics of running has often been studied by 
investigating runners adopting their preferred pattern under 
different conditions. An alternative design is to prescribe a 
target FSA using realtime biofeedback during an extended 
run. While this approach forces participants to adopt a non-
habitual pattern, it provides a within-subject investigation of 
the effect of FSA on running biomechanics.   
The spring-loaded-inverted-pendulum model (SLIP) is the 
simplest template for understanding essential biomechanical 
features of human running [3]. However, in its simplest 
form, the model implies that the external force (θR-GRF) will 
closely match the orientation of the leg geometry (θL) and 
longer running strides will result in more acute angles of θL 
and θR-GRF during initial impact. Indeed, the SLIP model is a 
poor predictor of horizontal forces during human running 
[3]. Understanding the effect of FSA on the orientation of 
the external force will assist development of robust SLIP-
like models of running. The aim of this study is to 
demonstrate the effect of FSA on the orientation of the 
external force experienced during human treadmill running.  

Methods 
3D kinematics and kinetics of 13 participants were recorded 
from two 2-minute 12 km/h treadmill runs where FSA 
biofeedback was provided using visual target and the signal 
of foot angle during impact: FF (< 0°) and RF (> 6°). θL was  

defined by the center of pressure and the pelvis center of 
mass, and θR-GRF was defined by the dot product of GRF 
vector and an anterior directed unit vector. Parameters θL and 
θR-GRF were taken at two events during impact phase (25% 
and 100% of body weight for the normalized R-GRF vector) 
and a third event at mid-support. A third parameter described 
the signal difference between θR-GRF and θL during initial 
impact period (from 25% to 100% of normalized R-GRF) by 
standard Root Mean Square Error method. A paired-sample 
t-test identified the effect of FSA (FF vs. RF) on the three 
parameters during initial impact and mid-support.  

Results and Discussion 
The FF condition θR-GRF had a significantly more posterior 
horizontal alignment at 25% BW and 100% BW compared 
to the RF condition (Table 1). However, at GRF peak, the 
RF condition was significantly more posterior. Similarly, the 
θL during the FF condition were more posterior at 25% and 
100% BW than the RF condition; no significant difference 
between foot fall pattern was observed at GRF peak. The θR-

GRF with respect to the θL had a significantly closer alignment 
(i.e. lower RMSE) for the RF condition. Running with a FF 
foot fall pattern resulted in poorer alignment of θR-GRF and θL 
vectors. This suggests that the SLIP model may be a weaker 
represneation of FF running than RF running. Further 
consideration needs to be given to the habitual foot fall 
pattern of each runner and future SLIP models may need to 
consider the nuances in force and limb orientation that arise 
from FSA.  

Conclusions 
Variations of the basic SLIP model need to account for foot 
strike type. 
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Table 1. Results from paired-sample t-test (n = 26; 13 subjects, 2 limbs) 

 θR-GRF 25% BW θL 25% BW θR-GRF 100% BW θL 100% BW θR-GRF GRF Peak θL GRF Peak RMSE 25-100% 
BW 

FF 114.66 ± 4.07 101.43 ± 1.99 100.19 ± 4.49 100.50 ± 1.40 93.82 ± 0.88 91.25 ± 1.38 8.99 ± 3.52 
RF 95.57 ± 6.31 96.22 ± 1.86 92.34 ± 2.89 96.97 ± 1.59 94.48 ± 0.62 91.53 ± 1.13 6.23 ± 2.05 
p <.001 <.001 <.001 <.001 <.01 0.3781 <.01 
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